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Abstract

Purpose of Review Transplant recipients are at risk for cytomegalovirus (CMV) infection and associated morbidity and mortality.
We summarize recently introduced or currently investigated modalities for prevention and treatment of CMV infection in
hematopoietic cell (HCT) and solid organ transplant (SOT) recipients.

Recent Findings Letermovir was recently approved for CMV prevention in HCT recipients. Data from real world studies support
its role to improve outcomes in this population. Letermovir is currently under investigation for broader patient populations and
indications. Maribavir is in late stages of development for CMV treatment and may provide a safer alternative to currently
available anti-CMV drugs. Promising CMV vaccine candidates and adoptive cell therapy approaches are under evaluation. CMV
immune monitoring assays are predicted to play a more central role in our clinical decision making.

Summary In recent years, major advances have been made in CMV prevention and treatment in transplant recipients. Rigorous
research is ongoing and is anticipated to further impact our ability to improve outcomes in this population.

Keywords Cytomegalovirus (CMV) - Hematopoietic cell transplant (HCT) - Solid organ transplant (SOT) - Cell-mediated

immunity (CMI) - Prophylaxis - Preemptive treatment

Introduction

Cytomegalovirus (CMV) infection is the most significant viral
infection in hematopoietic cell and solid organ transplant re-
cipients and is associated with increased mortality [1-4]. In
addition to the direct impact of CMV end-organ disecase
(EOD), CMV is associated with increased incidence of oppor-
tunistic infections, graft-versus-host disease (GVHD) in he-
matopoietic cell transplant (HCT) recipients [5], allograft loss
in solid organ transplant (SOT) recipients [6], and immune
tolerance in liver transplantation [7].

This article is part of the Topical Collection on Transplant and Oncology

>4 Genovefa A. Papanicolaou
papanicg@mskcc.org

Anat Stern

sterna@mskcc.org

Infectious Disease Service, Memorial Sloan Kettering Cancer Center,
NY1250 Ist Avenue, New York, NY 10065, USA

A major recent advance in the field is the FDA approval of
letermovir (Prevymis™) for CMV prevention in HCT recipi-
ents in November 2017 [8]. In the therapeutic area, two phase
3 studies of Maribavir for treatment of CMV are more than
half accrued. In the diagnostic area, several assays measuring
CMV cell mediated immunity are available as an adjunct tool
to guide clinical decisions [9]. Progress has also been made in
the standardization of the quantitation of CMV viral load [10],
and the acceptance of CMV viral load as a surrogate endpoint
by the FDA is a milestone for the clinical development of
future drugs for the treatment or prevention of CMV [11].

In this review, we summarize these recent advances, their
clinical implications, and potential future directions.

Prophylaxis

Universal post-transplant prophylaxis with valganciclovir or
ganciclovir ranging from 3 to 12 months is widely adopted for
high-risk SOT recipients [12] and has demonstrated a signif-
icant reduction in the risk of CMV disease and of all-cause
mortality [13]. A meta-analysis comparing prophylaxis with
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preemptive therapy in SOT demonstrated that prophylaxis and
preemptive strategies were both effective in reducing the inci-
dence of CMV disease; however, no direct comparison could
be made [14]. In a recent multi center randomized control
study in donor seropositive/recipient seronegative liver trans-
plant recipients, patients treated preemptively had significant-
ly less CMV disease compared to those receiving prophylactic
valganciclovir [15]. In the recently published American
Transplant Society guidelines for CMV management in SOT
recipient, both prophylaxis and preemptive therapy are given
similar grade of recommendation in various scenarios [16].

Studies demonstrating the negative impact of CMV infec-
tion on survival after HCT in the era of preemptive therapy [1,
3] provide supportive evidence that prophylaxis should be the
preferred strategy in HCT. However, the toxicities of DNA
polymerase inhibitors ganciclovir, valganciclovir, foscarnet,
and cidofovir preclude their use as prophylaxis in HCT.
Ganciclovir and valganciclovir are associated with
myelosuppression [17] while foscarnet and cidofovir with
nephrotoxicity and electrolyte imbalance [18, 19]. In a ran-
domized trial in HCT, ganciclovir prophylaxis for the first
100 days failed to show a survival benefit and was associated
with substantial neutropenia [20].

Over the last decade, three anti-CMYV antivirals (maribavir,
brincidofovir, and letermovir) have been evaluated for CMV
prevention in HCT. Maribavir, an inhibitor of UL97/threonine
kinase, failed to demonstrated a benefit over placebo at a dose
of 100 mg BID in phase 3 trials in HCT [21] and liver trans-
plant recipients [22]. Brincidofovir (CMX001), an orally bio-
available conjugated nucleotide analog of cidofovir also failed
to show an advantage over placebo through week 24 post-
HCT and was associated with unacceptable gastrointestinal
toxicity [23]. Consequently, further development of
brincidofovir for CMV prophylaxis or treatment was
terminated.

A major advance in CMV prevention has been the approval
of letermovir in November 2017. Letermovir is a first in class,
highly potent, CMV-specific terminase enzyme inhibitor
which inhibits CMV replication by binding to components
of the terminase complex (UL51, UL56, or both) [24]. Since
there is no human analogue of the CMV terminase complex,
no human toxicity is predicted. In a phase 3 randomized, dou-
ble blind placebo-controlled trial of CMV-seropositive HCT
recipients, letermovir prophylaxis significantly reduced the
risk of clinically significant CMV infection defined as initia-
tion of preemptive therapy for viremia or CMV end-organ
disease (37.5% in letermovir arm versus 60.6% in placebo
arm, p <0.001).All-cause mortality at week 24 was lower in
letermovir recipients (10.2%) versus placebo (15.9%, p <
0.03). At week 48, a persistent numerical survival advantage
was found for letermovir recipients (20.9%) compared to pla-
cebo recipients (25.5%) though the difference was not signif-
icant. Letermovir was not associated with myelosuppression,
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making it feasible to start prior to neutrophil engraftment. Side
effects were mild and included mainly vomiting, edema, and
mild cardiac arrhythmias [25]. In a post-hoc analysis,
letermovir recipients who developed clinically significant
CMYV infection had improved survival compared to placebo
recipients [26].

In our center, adoption of letermovir prophylaxis has dras-
tically reduced the need for preemptive therapy for CMV even
in high-risk patients such as recipients of cord blood or T cell
depleted allografts. Patients on letermovir require the addition
of acyclovir for prevention of herpes simplex virus and
Varicella zoster virus. Letermovir is an inducer of cytochrome
P450 (CYP)3A, and an inhibitor of CYP2C8 and organic
anion transporting polypeptide (OATP)1B and therefore in-
creases the levels of calcineurin inhibitors (CNI) [27]. Dose
modification is established for patients receiving cyclosporin
A. In our clinical experience, the increase in CNI levels is mild
and compensated for by adjusting doses of CNI based on
levels, which is the standard of care.

Emergence of resistance during letermovir prophylaxis was
rare in the phase 3 study and mapped on codons 231 to 369 of
the UL56 gene [28]. The mutation C325Y has been reported
in clinical isolates [29]. These mutations are not associated
with cross-resistance to other CMV-antivirals. Genotypic as-
says for detection of letermovir resistance have become avail-
able, and continued vigilance is required to assess the frequen-
cy and circumstances under which resistance emerges in the
real-world setting.

In the phase 3 study, patients that developed CMV infection
after discontinuing letermovir had baseline risk factors such as
HLA-mismatched donor, umbilical cord blood or T cell-
depleted allograft or graft versus host disease (GVHD) requir-
ing immunosuppression [30] providing supportive evidence
that prolonged prophylaxis may be beneficial for these pa-
tients. A randomized study is currently accruing to evaluate
the benefit of letermovir prophylaxis for 3 versus 6 months in
high-risk patients (NCT03930615). Letermovir prophylaxis is
also currently being evaluated in other populations including a
phase 2 open label study in pediatric HCT (NCT03940586),
and a phase 3 randomized study with valganciclovir as com-
parator in kidney transplant recipients (NCT03443869).

Another potential use of letermovir is in secondary prophy-
laxis for patients that require CMV suppression after complet-
ing preemptive therapy. A small observational study of 35
high-risk patients showed promising results [31]. We are cur-
rently conducting a single-center phase 2 study of letermovir
as secondary prophylaxis at our institution.

Vaccines

While vaccination is an attractive strategy in transplantation,
patients who will benefit most from vaccines are those that are
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least likely to respond to vaccines (for example recipients of T
cell depleted HCT or those with GVHD and immune suppres-
sion). Protective immunity may differ between HCT and SOT
recipients. Neutralizing antibodies prevent cell to cell CMV
transmission and thus, are important in prevention of primary
infection and are likely important for CMV protection in do-
nor seropositive/recipient seronegative SOT recipients. The
CMV envelope glycoprotein gB plays a role in host cell entry,
cell to-cell virus transmission, and fusion of infected cells
[32]. In liver and kidney transplant recipients, a gB targeted
vaccine showed similar rates of viremia compared to placebo
but increased anti-gB levels which were correlated with de-
creased duration of viremia and shortened treatment duration
[33]. The protective effect elicited by the gB vaccine may not
be dependent solely on neutralizing antibodies [34].

In HCT, CMV-specific T cells are required for protective
immunity [35]. While the exact target repertoire is not well
defined, presence of EI- and pp65- specific T cells correlates
with protection [36].

The ASPO0113, a bivalent plasmid-DNA vaccine composed
of two plasmids encoding pp65 and gB failed to show a ben-
efit over placebo in HCT or SOT recipients [37] and has not
been developed further.

The CMV PepVax is a chimeric peptid-based vaccine com-
posed of covalently linked pp65 and the helper T cell epitope
P2 (from tetanus toxin), adjuvanted with PF03512676 (a Toll-
like receptor 9 agonist). In a phase 1b randomized trial of
CMV-seropositive HCT recipients, the vaccine was safe and
well tolerated and achieved virologic endpoints and relapse-
free survival [38]. A larger phase 2 placebo-controlled trial of
PepVax in HCT is ongoing (NCT02396134).

The Triplex CMV vaccine is based on a modified vaccinia
Ankara (MVA) vector encoding three full-length highly rec-
ognized CMYV antigens: pp65, IE1-exon4, and IE2-exon5.
Safety and tolerability was demonstrated in healthy adults
[39] and clinical trials are ongoing in HCT recipients and
donors.

The HB-101 vaccine is based on a recombinant lympho-
cytic choriomeningitis virus (tLCMV) vector expressing pp65
and a truncated isoform of gB. A randomized, placebo-
controlled phase 2 trial in donor seropositive/recipient sero-
negative kidney transplant candidates is currently ongoing
(NCT03629080). Ongoing vaccine studies are summarized
on Table 1.

Treatment

Preemptive therapy (PET) has been the most common ap-
proach to CMV management in HCT and has effectively re-
duced rates of CMV end-organ disease and associated mortal-
ity [40, 41]. CMV viral load thresholds for initiation of PET
are not well established; however, most centers use a risk-

adapted approach where PET is initiated at lower viral loads
for high-risk patients (mismatched donors or receipt of T cell
depleting agents). Although currently available antivirals are
effective for CMV treatment, safer alternatives are needed.

Maribavir is currently in clinical trials for CMV treatment.
Maribavir, a CMV selective inhibitor of UL97 threonine ki-
nase, interferes with viral synthesis, packaging, and egress of
virions from the nucleus [42]. Maribavir has an excellent oral
bioavailability and is not associated with myelosuppression or
nephrotoxicity [43]. Two recently completed studies of
maribavir (dosing from 400 to 1200 mg BID) have shown
promising results for treatment of CMV in HCT and SOT.
For preemptive treatment, maribavir had comparable efficacy
with valganciclovir. Twenty-two percent (22/98) of those in
the maribavir arm versus 18% (5/28) in the valganciclovir arm
developed CMV recurrence. There were more GI adverse
events (23%) and dysgeusia (40%) in the maribavir arm com-
pared with valganciclovir (10-15% and 3%, respectively). In
contrast, neutropenia was less common in the maribavir (5%)
versus valganciclovir arm (18%) [44]. A phase 3 study in
HCT recipients is currently ongoing (NCT02927067).

Treatment of resistant CMV

The terms “resistant” or “refractory” CMYV infection are used
in clinical practice for infections that fail to respond to com-
mercially available antivirals. CMV anti-viral resistance
ranges from 1 to14% in certain high-risk HCT recipients
[45]. Similar rates have been reported in SOT recipients
[46]. Mortality rates are high in patients with resistant CMV
[47, 48]. Recently, consensus definitions of resistant and re-
fractory CMV were established [49]. In most patients with
ganciclovir resistance, mutations are present on the UL97 ki-
nase clustered at codons 460, 520, and 590 to 607 [50]. CMV
that is ganciclovir resistant due to mutations in UL97 remains
susceptible to foscarnet and cidofovir. Viral UL54 DNA po-
lymerase gene mutations can confer cross-resistance to the
traditional CMV polymerase inhibitors ganciclovir, foscarnet,
and cidofovir. UL54 mutations cluster in certain functional
domains resulting in distinct resistance phenotypes [50]. In
general, mutations conferring ganciclovir and cidofovir
cross-resistance map to the exonuclease and thumb domains
and do not confer foscarnet cross resistance [51]. In contrast,
foscarnet resistance mutations tend to cluster in different struc-
ture domains, typically confer 3—5-fold increase in IC50 and
may confer a low-grade ganciclovir + cidofovir cross-
resistance [50].

In a phase 2 study, maribavir showed promising results for
treatment of resistant or refractory (R/R) CMV in HCT or SOT
recipients. Overall, 67% of patients with R/R CMYV achieved
virologic suppression within 6 weeks of treatment. Of these,
35% had a recurrent CMV infection. UL97 mutations
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conferring maribavir resistance were found in a substantial
proportion of patients who developed recurrence while on
maribavir. Recurrence was more common in patients with
continued immunosuppression underscoring the importance
of immune recovery for long-term protection from CMV
[52]. A phase 3 study comparing maribavir to the best avail-
able treatment in transplant recipients with R/R CMV is ap-
proximately 70% accrued at this time (NCT02931539).

The clinical experience with letermovir for treatment is
limited. Small proof of concept studies and case reports has
shown a virologic effect [53, 54]. A low genetic barrier to
resistance was observed in vitro [28] raising concerns about
emergence of resistance in a setting of high-grade viral repli-
cation. Case series of HCT and SOT recipients with refractory
CMYV, using variable doses and duration of letermovir,
showed mixed virologic and clinical responses and emergence
of resistance [55, 56]. A study of letermovir treatment for
patients experiencing refractory or resistant CMV infection
or disease with concurrent organ dysfunction is ongoing
(NCT03728426).

Adoptive Cytotoxic T Cells (CTL) Immune
Therapy

Lack of CMV-specific T cells is a risk factor for CMV disease
[57], and restoration of CMV T cell immunity correlated with
protection against CMV disease [58]. Multiple studies have
provided proof of concept that adoptive cell therapy can re-
store CMV immunity using a variety of cellular products, for
different indications (prophylaxis vs. preemptive therapy vs.
treatment of CMV disease) in diverse HCT types. The lack of
appropriate control groups in these studies preclude compari-
sons and limit the applicability in the clinical setting. In addi-
tion, logistic hurdles and cost of cellular therapy are consider-
able [59-61]. Ongoing clinical trials are summarized in
Table 1.

CMVpp65-specific donor-derived CTLs given for preemp-
tive therapy along with antiviral therapy in high-risk haplo-
identical HCT recipients reduced the risk of persistent and late
CMYV infection and improved 1-year overall survival com-
pared to matched controls [62].

An alternative approach to donor-derived CTL is “third
party” CTL generated from unrelated donors partially
matched to the recipient. A bank of cellular products covering
the most common HLA alleles could provide “off the shelf”
cellular therapy.

In a small study from our center, 73.3% patients responded
to third party CMV-CTL [63]. Unlike donor-derived CTL that
may persist in the recipient for up to 10 years, third-party T
cells do not achieve durable engraftment and are commonly
detected only for about 90 days post administration. Thus,
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multiple infusions may be required to maintain therapeutic
effect [64].

Studies of third party CTL with specificity against multiple
viruses (EBV, CMV, adenovirus, HHV-6, and BK) have also
showed safety and efficacy in small uncontrolled studies in
HCT recipients [65] and several prospective multicenter trials
are in progress.

The therapeutic use of CTLs has been less extensively
studied in SOT recipients. CMV-specific T cell response
is often attenuated due to immunosuppressive therapy,
and the importance of CMV immune-reconstitution has
been demonstrated in this population [66]. SOT recipients
are not tolerant to donor-derived CTL [67]; nevertheless,
successful treatment of resistant/refractory CMV infection
in SOT recipients with CMV-specific CTLs has been
demonstrated in case reports [68—71], and there is increas-
ing interest in “off the shelf” CTLs using HLA-matched
third-party banked cells for SOT.

Assessment of CMV Immune Reconstitution

Quantitative assessment of CMV Cell-mediated immunity
(CMI) reconstitution may assist in risk stratification and
enable an individualized approach for initiation or
discontinuation of prophylaxis and preemptive therapy [9].
CMI assays in clinical trials are listed in Table 1.

The enzyme-linked immunosorbent spot (ELISPOT) as-
says quantify both CD4+ and CD8+ T cells producing
IFN-y in response to CMV by measuring [FN-y as spot
forming colony (SFC)/cells. Two ELISPOT assays (T-Track
® CMV Lophius Biosciences, Germany, and T-SPOT.CMV
®, Oxford Immunotec, UK) are currently marketed in Europe
and used as a laboratory developed test (LDT) in the USA.
Several recent studies in kidney transplant recipients support
the clinical utility of ELISPOT assays at various time points. A
positive CMI response 1 month following transplant was as-
sociated with protection against CMV reactivation [72], and a
negative response has shown to predict the risk for CMV
viremia at 3-month post-transplant [73, 74]. Pre-transplant
evaluation of CMI using ELISPOT was highly predictive of
post-transplant CMV outcomes in SOT recipients [75, 76].

In a prospective observational trial in HCT recipients, re-
sults of the ELISPOT assay correlated with clinically signifi-
cant CMV infection [77].

The Quantiferon-CMV® assay (Qiagen Ltd) is a commer-
cially available kit that uses enzyme-linked immunosorbent
assay (ELISA) to detect IFN-y secretion by CD8 T cells after
peptide stimulation. It is simple and rapid and thus may be
easily incorporated in clinical settings. Studies in SOT recip-
ients support the utility of Quantiferon-CMYV assay to predict
risk for CMV disease [78, 79], assist in decision making for
safe discontinuation of antiviral treatment [80], and optimize
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duration of prophylaxis in lung transplant recipients [81]. A
study is ongoing to evaluate the utility of Quantiferon-CMV as
a tool to guide administration of primary prophylaxis
(NCT02784756).

Limitations of the IFN-y-based assays include the difficul-
ty to interpret the results in cases of negative mitogen controls
representing T helper cell activity [82], but the utility of these
assays in these cases merits further evaluation. IFN-y-based
assays cannot be performed in profoundly lymphopenic
patients.

Intracellular cytokine staining (ICS) provides functional
immunophenotyping and can detect multiple cytokines and
cell surface markers and differentiate T cell phenotypes
[83—86]. Until recently, ICS was only available in research
setting. Currently an ICS-based assay is offered by Viracor
(Eurofins, Lee’s Summit, MO, USA), and two clinical trials
to evaluate its clinical use in SOT are ongoing
(NCT03924219, NCT01558037).

In summary, a growing clinical experience to date supports
the clinical utility of CMV monitoring immune assays as an
adjunct tool in the management of CMV in transplantation.
Controlled studies are critical for validation of these assays,
establishing relevant cut offs and determining optimal fre-
quency of monitoring and the type of assay best suited for
each patient population.

Summary

It has taken a village of scientists, clinicians, and industry over
30 years to catch up with the “troll of transplantation”. The
year 2019 is an exciting time for CMV. After more than two
decades of no new anti-CMYV antivirals, letermovir, a first in
class, CMV-terminase inhibitor, was approved for CMV pre-
vention in HCT recipients. Real-world data to date supports
the efficacy of letermovir in preventing CMV infection with-
out any new safety concerns. Letermovir provides us a pow-
erful tool to assess the impact of CMV prevention on long-
term outcomes such as survival beyond the duration of pro-
phylaxis [26].

Maribavir is in late stages of development for CMV
treatment and may provide a safer alternative to DNA
polymerase inhibitors for treatment of CMV. Promising
CMYV vaccine candidates and adoptive cell therapy ap-
proaches are under evaluation. The optimal way to incor-
porate cellular therapies in the era of letermovir remains
open. CMV immune monitoring assays are predicted to
play a more central role in our clinical decisions. The ulti-
mate challenge will be to close the survival gap of disad-
vantaged CMV R/D serostatus in transplantation. While
there will be challenges along the way, the outlook is clear-
ly positive for CMV in transplantation.
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