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Cytomegalovirus (CMV) infection is a

significant complication in hematopoietic

cell transplantation (HCT) recipients. Four

antiviral drugs are used for preventing or

treating CMV: ganciclovir, valganciclovir,

foscarnet, and cidofovir. With prolonged

and repeated use of these drugs, CMV can

become resistant to standard therapy,

resulting in increased morbidity and mor-

tality, especially in HCT recipients. Antivi-

ral drug resistance should be suspected

when CMV viremia (DNAemia or antigene-

mia) fails to improve or continue to

increase after 2 weeks of appropriately

dosed and delivered antiviral therapy.

CMV resistance is diagnosedby detecting

specific genetic mutations. UL97 muta-

tions confer resistance to ganciclovir and

valganciclovir, and a UL54 mutation con-

fers multidrug resistance. Risk factors for

resistance include prolonged or previous

anti-CMV drug exposure or inadequate

dosing, absorption, or bioavailability.

Host risk factors include type of HCT and

degree of immunosuppression. Depend-

ing on the genotyping results, multiple

strategies can be adopted to treat re-

sistant CMV infections, albeit no random-

ized clinical trials exist so far, after

reducing immunosuppression (if possi-

ble): ganciclovir dose escalation, ganci-

clovir and foscarnet combination, and

adjunct therapy such as CMV-specific

cytotoxic T-lymphocyte infusions. Novel

therapies such as maribavir, brincidofo-

vir, and letermovir should be further

studied for treatment of resistant CMV.

(Blood. 2016;128(23):2624-2636)

Introduction

Cytomegalovirus (CMV) infection is ubiquitous and largely
asymptomatic in individuals with a competent immune system.1,2

However, it is a clinically significant complication in cancer patients
with impaired cellular immunity, particularly hematopoietic stem
cell transplantation (HCT) recipients.3-5 Despite the decrease in the
prevalence of early CMV disease to 3% to 6% with widespread
antiviral use, an optimal prevention strategy has not been identified.
Early CMV reactivation remains associated with lower overall
survival and higher nonrelapsemortality.6 In an earlier study, the risk
of late CMV disease was as high as 18%, with a mortality rate of
46%.7 However, with polymerase chain reaction (PCR)–guided
preemptive therapy or prophylaxis with oral valganciclovir, the
incidence of late CMV disease and all-cause mortality after HCT
could be as low as 5% and 17%, respectively.8 In addition to directly
causing end-organ disease, CMV infection may be associated with
“indirect effects” manifesting as graft failure,9 graft-versus-host
disease (GVHD),10 accelerated atherosclerosis,11 and secondary
bacterial and fungal infections.12

Two strategies are adopted for prevention of CMV infection and/
or disease in HCT recipients: universal prophylaxis and the preferred
preemptive therapy.13-15 Four effective antiviral drugs are used for
the prevention or treatment of CMV infection: ganciclovir, the
ganciclovir prodrug valganciclovir, foscarnet, and cidofovir.3,13,16

Despite reducing the risk of CMV infection after HCT,8,17-24

universal prophylaxis remains unpopular owing to the increased risk
of treatment-related toxic effects (mainly myelosuppression with
subsequent bacterial and fungal infections).17,20,25 Prophylactic use
of foscarnet remains dubious; uncontrolled studies have reported
breakthrough CMV infections, renal toxicities, and electrolyte
imbalances.26-28

Before ganciclovir was approved for use as anti-CMV therapy,
ganciclovir-resistant CMV strains were generated in the laboratory29

and subsequently detected in clinical settings, leading to treatment
failures.30 During prolonged and repeated use of anti-CMV therapies,
as doses are adjusted to prevent or reverse subsequent toxic effects,
CMV can develop resistance to standard therapy.With the widespread
use of anti-CMV drugs and the availability and access to genotypic
antiviral resistance testing inHCT recipients, CMV resistance to one or
more standard antivirals has been increasingly recognized, along with
cross-resistance that may be conferred by various mutations. Although
CMV resistance remains uncommon in HCT recipients from matched
related or unrelated donors in particular (range, 0% to 7.9%),8,31-33 in
high-riskpatients, the incidenceofCMVresistance hasbeen reported to
be as high as 14.5%.34 Nevertheless, to date, there are no systematic
evaluations of different outcomes including morality when comparing
CMV infections with wild-type vs resistant strains.

How I treat

To illustrate howwe approach resistant or refractory CMV infection in
HCT recipients inour practice,wepresent 2 cases. It is important to note
that none of the recommendations are based on randomized controlled
clinical trials, and the proposed algorithms are, in some important
aspects, basedonour expert opinion (thewaywe approach such clinical
scenarios at the University of TexasMDAnderson Cancer Center) and
the opinions of others in the field. The algorithms are intended as
general guidance for management of this specific type of an infection,
and data from randomized clinical trials are crucial.
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Case 1

A 55-year-old, CMV-seropositive (R1) man with acute myeloge-
nous leukemia underwent matched unrelated HCT from a CMV-
seronegative (D2) donorwhowas a completeHLAmatch. The patient
had received conditioning with busulfan, fludarabine, and antithymo-
cyte gammaglobulin (ATG). Standard prophylactic therapy was
started, and he engrafted at day 12 after HCT (D112). On D133,
serum CMV PCR analysis was positive for 570 IU/mL, without
evidence of CMVdisease, and the patient was started on valganciclovir
induction therapy at a dose of 450 mg twice daily, adjusted for
creatinine clearance (CrCl) of 59 mL/min. Five days into his antiviral
therapy, serum CMV increased to 1276 IU/mL but then decreased to
,137 IU/mL at day 12 of therapy. The patient subsequently developed
nausea and vomiting, and upper endoscopy showed acute gastrointes-
tinal GVHD, for which he received high-dose corticosteroids. The
patient was switched to intravenous ganciclovir at a dose of 2.5 mg/kg
every 12 hours.After 3weeks of induction therapy, the ganciclovirwas
decreased to amaintenance dose of 1.25mg/kg daily and then switched
to valganciclovir. The patient then developed recurrent gastrointestinal
GVHD, for which he received further corticosteroids, and at D178,
his serum CMV had increased to 10 320 IU/mL while receiving
valganciclovir for secondary prophylaxis. The ganciclovir induction
was restarted at a doseof 2.5mg/kg every 12hours,maintainingCrCl at
48 mL/min. Repeat upper and lower endoscopy showed CMV disease
with CMV enterocolitis, which was confirmed by histopathologic
analysis. After 2 weeks of treatment with ganciclovir, the patient’s
serum CMV decreased to ,137 IU/mL and, while on ganciclovir,
peaked again, at D198, at 22 829 IU/mL; absolute lymphocyte count
was 470 cells/mm3. At that point, empiric treatment with foscarnet was
started, and CMV genotypic analysis showed only the C592G UL97
mutation. Within 2 weeks of starting treatment with foscarnet, the
patient’s serum CMV was,137 IU/mL, and he was asymptomatic.

Case 2

A 27-year-old, CMV R1 woman with T-cell acute lymphoblastic
leukemia underwent double cord blood HCT following conditioning
with busulfan, clofarabine, ATG, and total body irradiation. Standard
prophylactic therapywas startedand sheengraftedonD118.OnD130,
her course was complicated by human herpesviurs-6 reactivation.
She was treated for 2 weeks with foscarnet. While receiving this
therapy, she developed acute kidney injury and severe electrolytes
imbalance, which resolved after completion of therapy. On D160,
PCR analysis showed that serumCMVwas detectable at 255 IU/mL,
for which she again started treatment with foscarnet at a dose of
90mg/kg every 12 hours for 21 days. Initially, serumCMV increased
to 2,370 IU/mL but then decreased to,137 IU/mL after 11 days of
antiviral therapy. While receiving foscarnet, she had recurrent acute
kidney injury requiring dose adjustment for decreasedCrCl. Following
induction therapy, the patient completed 2 weeks of maintenance
therapy with foscarnet and then received valganciclovir as secondary
prophylaxis thereafter. At D1112, she developed recurrent CMV
reactivation with serum CMV of 377 IU/mL. She again started
treatmentwith foscarnet; however, within 7 days of antiviral treatment,
serumCMVpeaked at 38 440 IU/mL.Ganciclovir at a dose of 5mg/kg
every 12 hours was added, and genotypic analysis showed evidence of
aV715MUL54mutation; foscarnetwas discontinued.After 21 days of
treatment with ganciclovir, serumCMVdecreased to,137 IU/mL.At
D1169, she developed nausea and vomiting, and upper endoscopy
revealed gastrointestinal GVHD, for which she received high-dose
corticosteroids. CMV reactivated again at 475 IU/mL, and treatment

with ganciclovir was restarted; however, after 2 weeks of antiviral
therapyat optimal dosing, serumCMVremainedhighat 12 552 IU/mL,
without evidence of CMV end-organ disease. Absolute lymphocyte
count was 170 cells/mm3. Genotypic analysis showed V715M UL54
and a newA594VUL97mutation. Both foscarnet and ganciclovirwere
stopped, and the patient received cidofovir, leflunomide, and 2 CMV-
specific CTL infusions. Twoweeks into the new regimen, serumCMV
decreased to 907 IU/mL. Two additional CMV-specific CTL infusions
and a total of 4weeks of intravenous cidofovir at a dose of 5mg/kgonce
per week were given, while the patient maintained treatment with
leflunomide at serum levels$50mg/mL. At D1253, serumCMVwas
,137 IU/mL, and she continued leflunomide monotherapy with
intermittent CMV “blips” ranging from 137 to 250 IU/mL without
overt CMV disease.

Diagnosis of resistant or refractory
CMV infection

Definitions

Antiviral drug resistance can manifest as true virological resistance
secondary to one or a combination of clinically significant mutations
or as “clinical resistance” in the absence of these mutations. The
distinction between these two entities is important, as clinical resistance
is mainly secondary to host or viral factors rather than genotypic
mutations, and altering antiviral therapy without addressing the host
factors could be detrimental to the patients in many instances.

Antiviral drug resistance should be suspected when CMV viremia
(DNAemia or antigenemia) fails to improve (ie, .1 log10 increase in
CMV DNA levels in blood or serum) after 2 weeks of appropriately
dosed and delivered antiviral therapy. Antiviral drug resistance should
also be suspected when CMV end-organ disease occurs during
prolonged antiviral therapy (.6 weeks of antiviral drug exposure,
including2weeksof full-dose therapy) in thepresenceof risk factors. In
drug-naive patients, owing to underlying immunosuppression and
corticosteroid use,35-37 a modest quantitative increase in viral loads (or
antigenemia) during the first 2 weeks of anti-CMV therapy may occur;
this is not an indication of drug resistance and may not necessitate a
change of therapy.36 In adult drug-naive patients, it is unusual for
resistance to develop during the first 6 weeks of therapy,38,39 despite
some reports in pediatric HCT recipients40,41 or patients with primary
congenital immunodeficiency who underwent T-cell–depleted
HCT,42,43perhaps related to high CMV viral loads. Furthermore, in
some instances, certain CMVdiseases are not always associatedwith
measurable viral loads in blood, and a low threshold for suspicion is
warranted when a lack of improvement is observed or progression
occurs, because these findings could be the only indications of drug
resistance. Refractory CMV infection is defined similarly to antiviral-
drug–resistant CMV infection, except that known genetic mutations
conferring resistance are not detected (clinical resistance).

Laboratory assays

There are 2 types of assays to diagnose antiviral drug resistance: the
classic phenotypic plaque reduction assay (PRA) and the more
common and practical genotypic analysis. The PRA was the first such
assay to be developed and was considered the “gold standard.”44,45

Despite efforts for standardization,44 interassay and interlaboratory
variability remain a problem. In addition, PRA is time-consuming (it
takes up to 4 to 6 weeks to complete) and labor-intensive. Nowadays,
phenotypic methods are rarely done, because they are not practical for
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clinical use. Recombinant mutation phenotypic methods are now used
only to confirm new genotypic drug resistance. The latter can also be
confirmed using marker transfer of the mutated gene in a wild-type
virus.

Genotypic assays have the advantages of rapid diagnosis of drug
resistance (turnaround time varies from hours to few days), objective
identification of mutations, and ability to differentiate drug resistance
fromclinical resistance secondary to host factors. In addition, genotypic
analysis canbeperformeddirectly onclinical isolates in blood,fluids, or
tissue specimens with or without cell cultures.46 Multiple genotypic
techniques have been reported,47,48 but DNA sequencing is currently
the standard for detection of drug resistance, and the analysis is more
reliable if the CMV viral load is at least 1000 IU/mL. However,
interpretation of the results remains a challenge, because random and
irrelevant mutations associated with natural polymorphism may be
detected. Moreover, false negatives can occur, because mutant strains
comprising ,20% to 30% of the viral population are not reported.49

This limitation might be overcome with the recently developed deep
sequencing techniques that detect smaller subpopulations50; however,
this technology is not readily available and is currently expensive.

Antiviral activity and genetic mechanisms of
CMV drug resistance

CMV genome structure and key proteins

CMV is the largestmember of theBetaherpesvirinae subfamily and the
most complex human herpesvirus in this subfamily. TheCMVgenome
is a linear, double-stranded DNA molecule comprising a total of 236
kilobase pairs51 containing nonoverlapping open reading frames
(ORFs) that encode 164 proteins (Figure 1).52,53 The DNA genome
is formed by 2 covalently linked genome segments, each consisting of a
central unique region (Figure 1).54 These unique regions are flanked by
inverted repeats either at the ends or internally at the intersection of long
and short segments (Figure 1).

The CMV genome encodes for its own DNA polymerase, which
has conserved functional regions.55 All currently approved anti-CMV
drugs target and inhibit this DNA polymerase by incorporating a

deoxyguanosine triphosphate into the replicating viralDNA.ORFs and
their corresponding proteins are named by the unique segment and the
numerical order in which they occur. ORF UL54 (pol) encodes
the highly conserved CMV DNA polymerase56 (Pol or pUL54). The
highly conserved regions are the 39-59 exonuclease domains (I-III) and
the polymerization domains I to VII (Figure 2). pUL97, a protein
kinase, is the product of the UL97 ORF.57,58 pUL97 phosphorylates
some CMV viral and cellular proteins58 and controls the phosphory-
lation of ganciclovir inCMV-infected cells.DuringCMVreplication, a
single long DNA chain is synthesized and then cleaved into multiple
gene sequences that form the genetic material for each virion
(Figure 1).59 This process of replication, cleavage, and packaging is
performed by a terminase complex.60 pUL56, which is encoded by
UL56 ORF, is 1 of 2 proteins forming the CMV terminase complex.

Ganciclovir, valganciclovir, and UL97

Ganciclovir, a nucleoside analog, is currently the drug of choice to treat
CMV infections.61-63 Ganciclovir is administered intravenously and
undergoes activation to ganciclovir-triphosphate upon phosphorylation
by pUL97 and cellular kinases in CMV-infected cells (Figure 3).64,65

Ganciclovir-triphosphate is a potent inhibitor of CMV polymerase
enzyme; it competitively inhibits the incorporation of deoxyguanosine
triphosphate, which grows viral DNA, and slows viral DNA replica-
tion by incorporating at the end of the elongating viral DNA.66

Valganciclovir, the valine ester of ganciclovir, undergoes hydrolysis
upon administration by a human intestinal mucosal valine esterase, and
it then enters systemic circulation as ganciclovir. It has ;60%
bioavailability, which is 10-fold higher than oral ganciclovir,67 with the
same mechanism of action and toxicity profile.68

CMVresistance toganciclovir can result fromeithermodificationof
pUL97or alteration of pUL54 (discussed in the next section) (Figure 4).
Multiple UL97 mutations with amino acid substitutions have been
described,69,70 and the 7 most common “canonical” mutations,
constituting.80% of the UL97 resistance mutations, confer a 5- to
15-fold increase in IC50 (Table 1). Other deletionmutations conferring
varying levels of resistance have been reported in the codon range 590
to 607. With mutations in this region, pUL97 fails to recognize
ganciclovir as a substrate. Mutations at codons 460 and 520 are more
critical to overall kinase activity by modifying adenosine triphosphate

Nucleocapsid

Glycoprotein
Complex

Genome

Tegument

Membrance

UL

TRL

IRL

IRs

Us

TRs 230 kb dsDNA

UL97

UL54

UL27

Terminase
Complex

Figure 1. Human CMV virion structure and struc-

tural components. The genome is packaged in an

icosahedral capsid surrounded by a lipid envelope.

Viral phosphoproteins (eg, pp65 antigen) are found in

the tegument, a space between the nucleocapsid and

the envelope. The DNA genome is formed by 2

covalently linked genome segments (L, long; S, short),

each consisting of a central unique region (UL, unique

long; US, unique short). These unique regions are

flanked by inverted repeats either at the ends (IR,

inverted repeat; TR, terminal repeat) or internally at the

intersection of the long and short segments (IRL,

internal repeat long; IRS, internal repeat short). Vertical

arrows show the direction of the open reading frame for

each gene of interest for drug resistance (UL97, UL54,

and UL27). During CMV replication, a single long DNA

chain is synthesized. This chain contains multiple

repeated gene sequences known as concatemers.

Each concatemer is cleaved into multiple gene

sequences known as monomers, forming the genetic

material for each virion. This process of replication,

cleavage, and packaging is performed by a terminase

complex. dsDNA, double-stranded DNA.
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(ATP)binding.69Rare invitromutationshavebeendescribed, but their
clinical relevance is yet to be determined.71,72

Because C592G UL97mutation confers low-level resistance to
ganciclovir (Table 1), when managing CMV resistance for case 1,
we could have increased the ganciclovir dose up to double the
standard induction dose, with successful outcomes in some
reported cases (Figure 5).73,74 However, in our patient with CMV
disease, switching empirically to foscarnet was thought to be more
appropriate. For patients with UL97 mutations conferring a 5- to
10-fold or more increase in ganciclovir resistance, we recom-
mend an immediate switch to foscarnet and avoiding high-dose
ganciclovir monotherapy. Although our patient had renal dysfunc-
tion, an empirical switch to foscarnet was proper because of his
prior exposure to ganciclovir and the high likelihood of emergence
of UL97 before a UL54 mutation.

Cross-resistance: foscarnet, cidofovir, ganciclovir,

valganciclovir, and UL54

Foscarnet is an organic pyrophosphate analog that reversibly inhibits
pUL54 by blocking the pyrophosphate binding site75 without
incorporation into the elongating viral DNA (Figure 3).76 High in-
tracellular foscarnet levels are required to inhibitUL54.77 Cidofovir is a
nucleotide analog of cytosine with potent activity against CMV. After
phosphorylation by cellular kinases,78 cidofovir triphosphate inhibits
pUL54, and similar to ganciclovir, cidofovir incorporates into the viral
DNA, disrupting further elongation (Figure 3).79

All approved CMV antivirals inhibit pUL54 as a final target.
UL54mutations induce various patterns of cross-resistance among
all these drugs. UL54 mutations distributed over large areas
(covering the codon range 300-1000) have been reported, and
unlike with UL97 mutations, there is no short list of canonical
mutations (Table 1).69,71 Most UL54 mutations occur within the
cluster of conserved regions of homology (exonuclease domains I
through III and polymerization domains I through VII). Mutations
conferring resistance to one or more of these CMV antivirals are
found within different exonuclease and polymerization domains
(Figure 2). Ganciclovir and valganciclovir are affected by both
UL97 and UL54 mutations.80 In clinical settings, UL97 mutations
are much more likely (.90%) to emerge first.80 In the setting of
prolonged ganciclovir exposure,UL54 resistance mutations would
more commonly confer additional resistance to preexisting UL97
mutations.81-84 Foscarnet and cidofovir activity is independent of
pUL97 and is therefore unaffected by these mutations.

For case 1, another option would have been cidofovir, because
its phosphorylation is independent of UL97. However, experience
with cidofovir in HCT recipients remains limited.85 In addition,
transient efficacy has been reported and concerns about low
thresholds for resistance and significant kidney injury have been
raised. Furthermore, if the patient had a concomitant UL54
mutation, cidofovir should be avoided because almost all UL54
mutations that confer ganciclovir resistance confer cidofovir cross-
resistance. In these instances, wemay use an empirical ganciclovir-
foscarnet combination86-90 or an investigational agent if possible.
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Figure 2. Map of the CMV DNA polymerase gene (UL54 or pol). Most of the UL54 mutations occur within the cluster of conserved regions of homology (Exo I through III

and polymerization domains I through VII). Mutations conferring ganciclovir (GCV) and cidofovir (CDV) cross-resistance are most commonly found within the exonuclease

domains and polymerization region V. Mutations conferring resistance to foscarnet (FOS) are located in the dC/Exo III domains and polymerization II and III domains. FOS,

GCV, and valganciclovir cross-resistance mutations are located in polymerization regions VI and III. Mutations conferring resistance to all 4 drugs (FOS, GCV, valganciclovir,

and CDV) are located in Exo III domains and polymerization regions III, VII, and V, and those conferring resistance to only CDV are in polymerization region III. (A) Functional

regions of the DNA polymerase. (B) UL54 mutations with corresponding antiviral resistance profiles. (C) Codons corresponding to functional DNA polymerase regions and

UL54 mutations. Reprinted from Lurain and Chou69 with permission.
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As for case 2, because V715M UL54 confers resistance only to
foscarnet (Figure 2), ganciclovir was used. Perhaps, the availability
of a more rapid genotypic testing and results would have made the

switch to an appropriate antiviral agent timelier in both cases.
Whether it would have an impact onmorbidity ormortality needs to
be determined in future studies.
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Risk factors and clinical outcomes of resistant
or refractory CMV

CMV drug resistance appears to be an emerging problem in patients
with specific underlying risk factors (Table 2). It has been shown that
prolonged drug exposure (.3 months, before or after HCT) and
incomplete viral replication with subtherapeutic drug activity play a
major role in the development of resistance.35,91-93 Furthermore,
subtherapeutic antiviral levels could lead to the emergence of resistance
in HCT recipients,94 and therapeutic drug monitoring, a relatively
common practice in pediatric patients,95 has been suggested. Since the
serum concentrations of valganciclovir are quite difficult to predict,
therapeutic drug monitoring could be helpful in some instances.
Previous drug exposure for CMV prophylaxis was found to be another
important risk factor,91,93 although preemptive therapy seems to be
protective against drug resistance.31 Other risk factors include T-cell
depletion,42,96 high peak CMV viral loads,34,71 and recurrent CMV
infections.33 On the one hand, intermittent low-level viral replication
with profound immunosuppressionmay induce resistance; on the other
hand, in some instances, there is evidence of slow response to
preemptive antiviral therapy, with persistent low-level viremia without
evidence of resistance.97 The type of HCT has also emerged as a risk
factor; haploidentical, allogeneic unrelated, and cord blood HCT
increase the risk.3,34,41 With these types of HCT, the delay in immune
reconstitution and impaired crosstalk or interactions betweendonor and
recipient T cells may result in ongoing viral replication.34

Case 1 had a constellation of risk factors for developing CMV drug
resistance: allogeneic HCT, CMVR1/D2, active GVHD treated with
high-dose corticosteroids, prolonged anti-CMV drug exposure
(.6 weeks), rebound in CMV viremia after clearance, and CMV end-
organdisease.Thepatient alsohadrenal insufficiency,whichcomplicated
the picture because the patient was receiving a renally adjusted dose of
valganciclovir with an unclear absorption pattern. Case 2 also had risk

factors predisposing her to resistantCMV:cordbloodHCT,prolonged
anti-CMV drug exposure (.6 weeks), GVHD and corticosteroid
immunosuppression, CMV R1, and a conditioning regimen contain-
ing ATG.

Outcomes of drug-resistant CMV infections have ranged from
complete recovery to fatal disease. Clinical features are nonspecific and
mostly similar to CMV disease; however, life-threatening infections
have been described in the setting of a paucity of effective antiviral
therapy. Interestingly, previously uncommon central nervous system
CMV disease and retinitis have been found to be associated with
ganciclovir-resistant CMV strains.97-99

Novel and future therapies

Maribavir

Maribavir, a benzimidazole antiviral agent, competes with ATP for
binding to pUL97.100-102 This mechanism of action is novel, because it
does not require intracellular phosphorylation and is independent of
pUL54. Similar to deletions inUL97, maribavir severely inhibits CMV
growth.103-105 After successful phase 1 and 2 trials,106,107 maribavir, at
a potentially suboptimal selected dosage, failed to show efficacy in the
prevention of CMVdisease in a phase 3 trial.108 However, a case series
of ganciclovir-resistant CMV infection showed that maribavir had
potential activity.109 Still, maribavir may not completely inhibit CMV
replication, resulting in persistent low-level viremia.109,110 A phase 2
randomized study assessingmaribavir for resistant CMV infections has
been completed and on intent-to-treat analysis, 68% of the patients had
undetectable plasma CMV viral loads within 6 weeks; however, 68%
developed serious treatment related adverse eventswithin25weeks and
25%had recurrentCMVinfectionwithin 36weeks (www.clinicaltrials.
gov #NCT01611974). Although various in vitro mutations have been
shown to confer maribavir resistance by modifying the pUL97 ATP
binding site,100,102,111 CMV isolates that are resistant to maribavir
remain susceptible to ganciclovir (and vice versa). Only 2 of these in
vitro mutations have confirmed clinical significance: T409M and

Table 1. Clinically relevant, confirmed CMV resistance substitution
mutations occurring in UL97, identified by recombinant
phenotyping

Codon number
Wild-
type Mutant

GCV
ratio* References

Canonical

mutations

460 M I 5 47,72,80,142,152-163

460 M V 8.3 43,47,80,82,83,142,154-156,

159-161,164-169

520 H Q 10 47,72,83,142,154,155,159,161,

164,165,169-171

592 C G 2.9 72,80,82,83,142,153,154,159-

161,163,165,166,172,173

594 A V 8.3 43,72,80,82,83,152-156,158-161,

164-166,171,173

595 L S 9.2 43,72,80,82,83,153-155,158-166

603 C W 8 72,80,83,142,153-155,159-

161,163,164,171,172,174,175

Other clinically

relevant

substitution

mutations

595 L F 15.7 72,156,161,175

595 L W 5.1 72,154,155,159-161,175

*GCV ratio 5 IC50 of mutant/IC50 of wild-type (IC50 5 50% inhibitory

concentration, the concentration at which there is a 50% reduction in the number

of plaques on a phenotypic plaque reduction assay; GCV IC50 values#6 mM indicate

sensitivity, and values .6 mM indicate resistance44).

Table 2. Risk factors for CMV resistance in HCT recipients

Host factors

Prolonged antiviral CMV drug exposure (.3 mo)

Previous antiviral CMV drug exposure

Recurrent CMV infection

Inadequate antiviral CMV drug absorption and bioavailability

Inadequate antiviral CMV oral prodrug conversion

Variation in antiviral CMV drug clearance

Subtherapeutic antiviral CMV drug level

Poor compliance

T-cell depletion

Haploidentical, allogeneic, and cord blood HCT

Delayed immune reconstitution

CMV-seropositive recipient

Treatment with antithymocyte antibodies

Active GVHD

Young age

Congenital immunodeficiency syndromes

Viral factors

CMV viral load rise while receiving treatment (after .2 wk with adequate dosing)

Failure of CMV viral load to fall despite appropriate treatment

Rise in CMV viral load after decline while receiving appropriate therapy

Intermittent low-level CMV viremia

High CMV viral loads

BLOOD, 8 DECEMBER 2016 x VOLUME 128, NUMBER 23 TREATING RESISTANT CMV INFECTION IN HCT RECIPIENTS 2629

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/23/2624/1397134/blood688432.pdf by guest on 18 M

ay 2024

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


H411Y.112 However, since maribavir inhibits UL97, it impairs
phosphorylation of ganciclovir; in theory, these 2 drugs should not
be co-administered.113 This potential antagonistic effect seems not
to be a concern when combining maribavir and foscarnet.

Brincidofovir

Brincidofovir is the oral lipid conjugate of cidofovir. It is more potent
and less nephrotoxic and achieves higher serum concentrations than
cidofovir.114,115 After crossing the intestinal wall into the bloodstream,
brincidofovir reaches the target cells, where the lipid moiety is cleaved
and the cidofovir component is phosphorylated by cellular kinases;
inhibitionofpUL54 thenensues.However, brincidofovir (administered

weekly) is associated with increased gastrointestinal toxicities (mainly
diarrhea) compared with cidofovir.116 Unfortunately, in a phase 3 trial,
brincidofovir failed to prevent clinically significant CMV infection
through week 24 after HCT.117 Resistance to brincidofovir is expected
to be similar to cidofovir aftermutations inUL54, although in vitro novel
resistance mutations have been identified as well.118 Brincidofovir
can be used for ganciclovir-resistantCMV infection, unless resistance is
acquired through a UL54 mutation (Figure 2).119,120

Letermovir

Letermovir has a novel mechanism of action: it inhibits CMV DNA
synthesis at a late step by targeting the pUL56 subunit of the terminase

≤5-fold GCV EC50
(M460I, C592G, L595W)

Refer to (+) UL54 mutation(s)
management algorithm

(+) UL54 mutation(s)(+) UL97 mutation(s)

Switch to FOS*
AND

Check for genotypic analysis for drug resistance
AND

Reduce immunosuppression if possible

Was the patient receiving GCV or VGCV?

Refractory CMV or CMV drug resistance suspected
CMV viremia (DNAemia or antigenemia) not improving or

increasing after 2 weeks of adequate therapy in drug-naïve patients
OR

New or worsening CMV end-organ disease with >6 weeks of therapy

YES

YES

NO

Suspected or confirmed
CMV end-organ disease?

Increase GCV dose
(x2 standard dose, i.e.,

7.5 to 10 mg/kg twice daily
intravenously or

corresponding dose adjusted
for renal insufficiency,
consider G-CSF when

using GCV) AND
consider half dose of FOS
(90 mg/kg intravenously

every 24 hours)

Continue FOS monotherapy
AND

consider adding leflunomide
as adjunt therapy, particularly

for maintenance therapy

Continue FOS monotherapy
AND

consider adding leflunomide
as adjunct therapy, particularly for

maintenance therapy

If no response or serious
toxicities, consider one or a

combination of investigational
agents

If no response or serious toxicities,
consider one or a combination of

investigational agents

>5-fold GCV EC50
(i.e., M460V, H530Q, A594V,
L595S, C603W, and L595F)

Figure 5. MD Anderson Cancer Center proposed algorithm for management of refractory or resistant CMV infection with UL97 mutation(s). *While awaiting

genotypic analysis results, maintaining GCV or VGCV and refraining from switching to FOS in low-risk patients (ie, HLA-identical HCT recipients without GVHD and/or without

risk factors for CMV resistance) may be considered. EC50, concentration of a drug that gives half-maximal response; G-CSF, granulocyte colony-stimulating factor.

Professional illustration by Patrick Lane, ScEYEnce Studios.
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enzyme complex.121-123 Letermovir is the most potent in vitro anti-
CMVagent to date, with a low nanomolar IC50

121 and no tolerability or
safety issues reported in either phase 1 or phase 2 studies.123 With its
distinct mode of action, letermovir can overcome any mutation
conferred through exposure to any of the other anti-CMVdrugs, aswas
shown in a lung transplantation recipient inwhom letermovir controlled
a multidrug-resistant strain of CMV.124 However, in vitro letermovir
resistance mutations in the codon range 231 to 369 of UL56 have
already been identified, suggesting a low genetic barrier to resis-
tance.125 The clinical implications of these in vitro resistancemutations
have yet to be determined. Because letermovir does not prevent viral
DNA synthesis, CMV DNAemia may remain detectable early on in
patients receiving treatment with letermovir without evidence of drug
resistance.126Surrogatemonitoring techniques for response to treatment
with letermovir may become necessary in the future,127 and current
treatment algorithms would need to be revised.

CMV-specific CTLs

Cellular adoptive immunotherapy has proven efficacious for the
treatment of CMV infection after transplantation by restoring CMV-
specific T-cell responses.128-132 More recently, cellular adoptive

immunotherapy has been used to treat CMV infections that are unre-
sponsive to antiviral therapy, with promising results.133 However, use
of cellular adoptive immunotherapy has been limited by logistical
difficulties: availability, cost, time to generate adequate cells for
infusion, limited use in patients receiving high-dose corticosteroids or
with significant GVHD, and durability of immunity. When treating
resistant CMV infections, we recommend cytotoxic T-lymphocyte
(CTL) infusions when available as adjunct therapy, particularly if
multidrug resistance is identified. Multiple infusions maybe needed,
especially if the initial response is suboptimal or rebound of CMV
viremia occurs. Interestingly, in a case report of a patient with a
multidrug-resistant CMV infection, adoptive transfer of CMV-specific
T cells was preceded with retransplantation from a CMV-seropositive
donor.134 However, major adverse events, such as graft failure and
transplantation-associated microangiopathy, have been reported in
a very small number of patients undergoing donor-derived CTL
infusions.132

Other therapies

Several drugs with anti-CMV activity have been repurposed for the
treatment of resistant CMV infections; however, no controlled clinical

Switch to CDV AND
consider adding leflunomide

as adjunct therapy, particularly
for maintenance therapy

If no response or serious
toxicities, consider one or

a combination of
investigational agents

GCV-FOS cross-resistance GCV-CDV cross-resistance GCV-CDV-FOS cross-resistance FOS resistance

(+) UL54 mutation(s) (Figure 2)

Add GCV (5 mg/kg twice daily intravenously, or corresponding
dose adjusted dose for renal insufficiency)

AND
Consider continuing FOS

AND
Check for genotypic analysis for drug resistance

AND
Reduce immunosuppression if possible

Was the patient receiving FOS?

YES

Refractory CMV or CMV drug resistance suspected
CMV viremia (DNAemia or antigenemia) not improving or

increasing after 2 weeks of adequate therapy in drug-naïve patients
OR

New or worsening CMV end-organ disease with >6 weeks of therapy

Continue FOS AND
consider adding leflunomide

as adjunct therapy, particularly
for maintenance therapy

If no response or serious
toxicities, consider one or

a combination of
investigational agents

If no response or serious
toxicities, consider one or

a combination of
investigational agents

Continue FOS AND add
hig-dose GCV (x2 standard dose,

i.e., 7.5 to 10 mg/kg twice daily
intravenously or corresponding

dose adjusted for renal
insufficiency, consider G-CSF

when using GCV) AND
consider adding leflunomide

as adjunct therapy, particularly
for maintenance therapy

Stop FOS and continue GCV
(5 mg/kg twice daily intravenously
or corresponding dose adjusted

for renal insufficiency) AND
consider adding leflunomide

as adjunct therapy, particularly
for maintenance therapy

If no response or serious
toxicities, consider one or

a combination of
investigational agents

Figure 6. MD Anderson Cancer Center proposed algorithm for management of refractory or resistant CMV infection with UL54 mutation(s). Professional illustration

by Patrick Lane, ScEYEnce Studios.
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trials are available to confirm the efficacy of these treatments.
Leflunomide, approved for the treatment of rheumatoid arthritis,
inhibits protein kinase activity and may interfere with CMV virion
assembly.135,136 Because leflunomide showed in vitro activity against
wild-type and ganciclovir-resistant CMV,135 it has been used to treat
multidrug-resistant or refractory CMV infections, with variable
results.137-140 We recommend leflunomide as adjunct therapy in
addition to other anti-CMV drugs or other strategies. Higher doses and
monitoring of teriflunomide (activemetabolite) levels in the serummay
be necessary to keep drug levels above 40 mg/mL. In some instances,
low-level CMV viremia without overt CMV disease persists in
clinically stableHCT recipientswho are receiving only leflunomide.141

Moreover, we closely monitor patients for leflunomide side effects,
which may include elevated liver enzymes, impaired bone marrow
function, and potential severe life-threatening toxicities.

Artesunate, an antimalarial agent, has shown in vitro activity against
ganciclovir-resistant CMV.142 Artesunate interferes with the host cell
kinase signaling system required for CMV replication.143 The clinical
efficacy of artesunate remains questionable, because only a few cases
were reported, with variable success.144,145 Artesunate is generally
well-tolerated; however, transient neurologic abnormalities and
neutropenia have been observed in patients treated for malaria.146

We suggest using artesunate as an adjunct therapy and only when
everything else has failed.

The mammalian target of rapamycin drugs sirolimus and ever-
olimus may reduce the incidence of CMV infections in HCT
recipients.147 The mechanism of action of these drugs against CMV
is still unclear; however, it is thought that these drugs have an
indirect effect by inhibiting host cell proliferation and signaling
pathways.148,149 Whether switching to a mammalian target of
rapamycin drugs inhibitor could be beneficial for management of
resistant CMV infection still need to be determined in future trials.

CSJ148, a combinationof 2newlydiscoveredmonoclonal antibodies
against CMV, binds and inhibits the CMVviral glycoprotein B (gB) and
gH/gL/UL128/UL130/UL131, a pentameric complex essential forCMV
infectivity.150 CSJ148 showed 100- to 1000-fold more potency than
CMV hyperimmunoglobulin at inhibiting CMV replication. In the first-
in-human study, CSJ148 was safe and well tolerated by healthy
volunteers.151 Interestingly, no resistance was seen when CMV was
cultured in the presence of the compound for .400 days. Currently,
CSJ148 is being studied for its efficacy in preventingCMVreplication in
HCT recipients (www.clinicaltrials.gov #NCT02268526).

The use of CMV intravenous immunoglobulins as adjunct therapy
forCMVend-organdisease, particularly forCMVpneumonitis, inHCT
recipients remains at best controversial. To date, available data on the
utility of adding CMV intravenous immunoglobulins for the treatment
of resistant CMV infection in this patient population are lacking.

WhenUL97was detected for case 2, the addition of cidofovir along
with adjunct therapy with leflunomide and CMV-specific CTLs

controlled CMV viremia, with persistent low-level “blips” and no overt
CMV disease. Investigational therapies such as maribavir or brincido-
fovir could have been used in this case (Figure 6).

Conclusions

CMV resistance to the available antiviral agents remains a major threat
to HCT recipients. While treating CMV reactivation, the clinician
should be vigilant to the risk factors for drug resistance and perform
genotypic analysis when indicated. Multiple approaches, basedmainly
on expert opinion, exist for the treatment of resistant CMV infections;
however, because of major side effects and limited drug options with
currently approved antiviral agents, there is an urgent need for
randomized trials to identify novel therapies with fewer toxicities,
greater potency, and lack of cross-resistance with current therapies.
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