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Background. (Val)ganciclovir resistance mutations in CMV UL97 (UL97-GCV-R) complicate anti-CMV therapy in recipients
of solid organ and hematopoietic stem cell transplants, but comprehensive data on prevalence, emergence, and outcome are scarce.

Methods. Using next-generation sequencing (NGS; Illumina MiSeq platform), we analyzed UL97-GCV-R in patients with avail-
able plasma samples and refractory CMV replication/DNAemia (n = 87) containing viral loads >910 IU/mL. Twenty-one patients
with CMV DNAemia resolving under antiviral therapy were analyzed as controls. Detected mutations were considered induced and
of potential clinical significance if they increased by >10% compared with the first detected frequency or if they had a maximum
frequency >25%.

Results. Nineteen of 87 (21.8%) with refractory CMV replication had >1 UL97-GCV-R detected by NGS, in comparison to 0/21
of the controls (P = .02). One-third of the recipients had 2 or more induced UL97-GCV-R mutations. The most frequently induced
mutations affected codons 595 (42% [8/19]), 594 (32% [6/19]), and 603 (32% [6/19]). C592G was present in all episodes of both cases
and controls at frequencies <15%, but never induced. UL97-GCV-R tended to be more frequent in donor/recipient CMV immuno-
globulin G mismatch or following failure to complete primary prophylaxis, and many developed invasive CMV disease.

Conclusions. UL97-GCV-R is common among transplant patients with refractory CMV replication. Early testing by NGS al-
lows for identification of major mutations at codons 595, 594, and 603 and excludes a major role of C592G in ganciclovir resistance.

Large prospective studies on UL97-GCV-R are warranted.
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The currently available treatment options for post-transplant
cytomegalovirus (CMV) DNAemia are generally effective,
though their use is limited by toxic side effects and drug resist-
ance [1-4]. Consequently, CMV DNAemia remains a challenge
following the course of solid organ transplantation (SOT) and
hematopoietic stem cell transplantation (HSCT) [5-8]. Of par-
ticular concern is the intrapatient emergence of CMV variants
refractory or resistant to antiviral drugs, such as the first-line
drug ganciclovir (GCV) and its oral prodrug valganciclovir

Received 23 July 2021; editorial decision 27 August 2021; accepted 3 September 2021.
Correspondence: Isabelle P. Lodding, MD, PhD, CHIP — Section 2100, Blegdamsvej 9, DK-2100
Copenhagen @, Denmark (paula.isabelle.lodding@regionh.dk).

Open Forum Infectious Diseases®2021

© The Author(s) 2021. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons  Attribution-NonCommercial-NoDerivs  licence  (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the
work, inany medium, provided the original work is not altered or transformed in any way, and that
the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/ofid/ofab462

[9-11]. (Val)ganciclovir resistance mutations are frequently
localized in the CMV UL97 phosphotransferase gene (UL97-
GCV-R); some of the most frequent UL97-GCV-R mutations
confer up to a 15-fold increase in the IC_ and have been dem-
onstrated to be associated with increased morbidity and mor-
tality [9, 12]. Risk factors for development of UL97-GCV-R
include, among others, prolonged exposure to (val)ganciclovir,
CMYV immunoglobulin G (IgG) mismatch of the donor (D) and
recipient (R; ie, D+/R- for SOTs and D-/R+ for HSCTs), graft-
vs-host disease (GVHD) in HSCTs, recurrent CMV DNAemia,
failure to clear CMV DNAemia despite adequate dosages of
therapy, and subtherapeutic levels of (val)ganciclovir [4, 9, 10].
The clinical picture in the UL97-GCV-R-infected patient may
range from mild asymptomatic DNAemia to severe or fatal
CMYV organ disease [11], and it often necessitates a change of
treatment to the second-line drugs foscarnet or, more rarely,
cidofovir. Despite being equally as effective as (val)ganciclovir,
foscarnet is considerably more nephrotoxic and only avail-
able as an intravenous formulation [3]. Similar limitations are
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even more pronounced with cidofovir, which is rarely used
due to significant nephrotoxicity [13]. Maribavir is currently
under investigation for treatment of refractory and resistant
CMV DNAemia and disease and is showing promising results
[14]. Whether the more recently available terminase inhibitor
letermovir will play a major role in the treatment of refractory
resistant CMV DNAemia is currently under investigation for
SOT and HSCT recipients (ClinicalTrials.gov: NCT03728426).

In general, studies focusing on CMV resistance are limited
by low power, making data on the prevalence and dynamics of
UL97-GCV-R scarce. Furthermore, the current golden standard
for detection of UL97-GCV-R is by Sanger sequencing, a
method that is unable to detect viral subpopulations <20% [4,
10, 15]. Consequently, the early induction of resistance mu-
tations may be missed by Sanger sequencing. In comparison,
newer technologies using next-generation sequencing (NGS)
can detect viral subpopulations already at frequencies around
1%-3%, yet data from studies using this method remain sparse
(16-18].

The main objective of this study was to describe the viral ev-
olution of UL97-GCV-R in a large cohort of SOT and HSCT
recipients with refractory CMV DNAemia using NGS. To fur-
ther the understanding, key samples from a control group of
transplant recipients with uncomplicated CMV DNAemia with
adequate response to (val)ganciclovir were also analyzed for
comparison.

METHODS

Study Population and CMV Definitions

AllISOT (heart,kidney,lung, andliver) and HSCT (myeloablative
conditioning [MAC], nonmyeloablative conditioning regimen
[NMA], and umbilical cord blood [UCB]) patients transplanted
at Rigshospitalet in Copenhagen, Denmark, and included in the
MATCH programme [19, 20] between January 1, 2010, and July
11, 2018, with >1 positive (>273 IU/mL) CMV DNAemia were
evaluated for inclusion in the study. Clinical information on the
infectious episodes was collected from the PERSIMUNE data
warehouse (https://www.persimune.dk/).

CMV PCR was performed on plasma samples acquired as
part of routine clinical follow-up post-transplantation. The
COBAS Amplicor Kit was used for CMV PCR analysis up until
2011; since then, the COBAS AmpliPrep/COBAS TagMan has
been used [21]. During the overlap period in 2011, the 2 kits
were tested simultaneously, and a conversion factor of 1:1 be-
tween the 2 platforms was established. The reported DNAemia
loads were converted from copies/mL to IU/mL using the con-
version factor for COBAS AmpliPrep/COBAS TagMan (1 copy/
mL = 0.91 IU/mL).

CMV DNAemia was defined as 2 or more consecutive CMV
PCRs with a CMV DNA load >273 IU/mL taken 2 weeks apart,
or as >1 sample with viral load >2730 IU/mL. Solitary CMV

DNAemia reads <2730 IU/mL were considered CMV blips
[22]. The CMV DNAemia episodes were considered treat-
ment responsive if there was an adequate response to treat-
ment within 2 weeks after treatment initiation (viral load
decrease >1 log) or if CMV DNAemia episodes cleared within
4 weeks on treatment. CMV DNAemia episodes with no de-
cline in CMV DNAemia load (<1 log) despite 2 or more weeks
on adequate treatment, or if the CMV DNAemia lasted more
than 4 weeks despite adequate treatment, were considered re-
fractory. For refractory cases, it was also noted whether CMV
DNAemia occurred while (val)ganciclovir prophylaxis or treat-
ment was administered. CMV-UL97-GCV-R was defined as a
CMV DNAemia episode where genotypic resistance was dem-
onstrated with NGS. Detected mutations were considered in-
duced and of potential clinical significance if they increased
by >10% compared with the first detected frequency or if they
had a maximum frequency >25%. The GCV ratio (IC, of mu-
tant/IC_; of wild-type), as previously determined by others, is
reported to illustrate the diminished effect of (val)ganciclovir in
the presence of specific UL-97-GCV-R mutations [12].

Management of Post-transplant CMV Infection

The management of post-transplant CMV DNAemia in the
MATCH programme at Rigshospitalet has been described pre-
viously [20, 23].

Most SOTs received 3 months of valganciclovir prophylaxis,
with subsequent preemptive screening following prophylaxis
discontinuation until 1 year post-transplantation. During the
study period, primary prophylaxis consisted of valganciclovir
900 mg daily (adjusted for kidney function) for all SOTs except
the kidney recipients, who received 450 mg every other day.
The HSCTs were managed solely preemptively. In case of detec-
tion of CMV DNAemia <2730 IU/mL in an asymptomatic pa-
tient, the test was usually repeated, and if positive, preemptive
treatment with valganciclovir was initiated. In cases of CMV
DNAemia >2730 IU/mL or in a patient with possible CMV-
related symptoms, preemptive valganciclovir treatment was
commenced immediately.

Selection of Samples for NGS

All CMV DNAemia episodes of the included transplant patients
were retrospectively evaluated for refractory CMV replication.
Cases with CMV DNAemia <910 IU/mL were excluded due
to the risk of introducing variability during sequencing when
using low-level DNAemia loads (Figure 1).

The last positive available sample >910 IU/mL of all re-
fractory episodes was selected for NGS analysis. In case of
detection of UL97-GCV-R >10% in these episodes, all avail-
able samples >910 IU/mL for that patient were collected and
analyzed with NGS. A selection of patients with treatment-
responsive CMV episodes was also identified based on sample
availability, and then matched by cohort characteristics (type of
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Figure 1. Flowchart showing inclusion of 108 patients with either UL97-GCV-R or refractory CMV infection and control cases. Refractory CMV DNAemia was defined
as no decline in CMV DNAemia load despite >2 weeks with adequate treatment or CMV infection >4 weeks despite treatment. Abbreviations: CMV, cytomegalovirus;
HSCT, hematopoietic stem cell transplantation; GRM, ganciclovir resistance mutation; MAC, myeloablative conditioning regimen; NGS, next-generation sequencing; NMA,
nonmyeloablative conditioning regimen; PCR, polymerase chain reaction; SOT, solid organ transplantation; UCB, umbilical cord blood.

transplantation [SOT vs HSCT], CMV IgG serostatus, gender,
and age). CMV PCR samples >910 IU/mL from these patients
were then selected as controls for NGS analysis (Figure 1).

Amplicon Generation and Sequencing

Total nucleic acids from 200 pL of plasma were extracted using
Biomerieux easyMag. CMV UL97 amplicons were gener-
ated with Roche High Fidelity PCR Master (Roche, Penzberg,
Germany). The amplicon starts at codon position 439
(TGGCCGACGCTATCAAATTT) and ends at position 619
(AGGCGCCGTAGCTCATTT) of UL97 (GenBank: X17403.1),
giving a total length of 543 nucleotides. The PCR products were
purified using Ampure XP (Agencourt) PCR purification ac-
cording to the manufacturer’s instructions. The UL97 amplicons
were pooled for each sample before library preparation. Libraries
were prepared using a Nextera XT (Illumina, Carlsbad, CA, USA)
sample preparation kit. We used a modified protocol, where
input DNA and reagent volumes were halved, except for library
normalization, in which 1.5 times the volume of magnetic nor-
malization beads was used, compared with the manufacturer’s in-
structions. DNA libraries were sequenced on an Illumina MiSeq
machine using a MiSeq 150-cycle V3 reagent kit (Illumina,
Carlsbad, CA, USA), producing 75 base-pair paired-end reads.

Sequence Data Analysis
Raw reads were quality controlled by filtering low-quality
reads and adapter and human sequence contamination.

Trimmomatic.036 [24] was used for quality and adapter trim-
ming, and bowtie2 and the human genome (GRCh38) were
used for removal of human sequence reads [25]. The remaining
reads were mapped to CMV (acc.no.X17403) using BWA-MEM
[26] with the following parameters: bwa mem -t 4 -M -k 16 -r
1.0. Variants were called using LoFreq* [27]. Functional anno-
tation of the variants was done with Annovar [28]. Frequencies
of UL97-GCV-R detected with Lofreq* in any sample were cal-
culated based on samtools mpileup results [29]. Depths of less
than 1000 were considered insufficient data. Resistance variants
were classified as dominant (ie, the most frequently detected
variant at a specific codon/amino acid) or minority (less fre-
quently detected at a specific codon/amino acid). Heat maps
were generated using R and the package gplots (R package, ver-
sion 3.0.1; https://CRAN.R-project.org/package=gplots).

Statistical Analysis

Patient demographics and characteristics were compared with
standard descriptive statistics using SAS statistical software
(Cary, NC, USA). Ninety-five percent Cls were calculated when
relevant.

Patient Consent

All applicable regulatory and ethical approvals related to the
project were obtained in accordance with the Danish national
legislation. Collection of clinical data from the PERSIMUNE
data warehouse was approved by the Danish National Board of
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Health and the Data Protection Agency. The clinical biobank
containing plasma samples from CMV DNAemia episodes was
approved by the Data Protection Agency. Furthermore, the cur-
rent study was approved by Danish Data Protection and the
National Committee on Health Research Ethics. Exemption
from informed consent for the NGS analysis of plasma samples
was sought and granted by the National Committee on Health
Research Ethics, as the study was retrospective and utilized
stored samples in a clinical biobank.

RESULTS

Patients and Samples Selected for NGS

There were 385 transplant recipients with >1 positive CMV
PCR sample available for inclusion; out of these, 100/385 pa-
tients (26%) had at least 1 episode that was classified as refrac-
tory CMV DNAemia (corresponding to 303 samples) (Figure
1). Of these, plasma samples from 13 patients (89 samples)
were unavailable. Of the remaining 87 patients (54 SOT and 33
HSCT), 212 samples were available for further analysis. The last
available sample >910 IU/mL of each episode was selected for
NGS analysis, and in case of detected UL97-GCV-R at a fre-
quency >10%, all available plasma samples >910 IU/mL of that
patient were selected for NGS analysis (n = 22), but for 3 cases (1
kidney recipient and 2 recipients of HSCT') additional data were
unavailable, and thus induced resistance could not be proven.
Thus, in total, 19 patients (6 HSCT and 13 SOT) with refractory
CMYV DNAemia had proven induced UL97-GCV-R mutations

explaining the refractory course, whereas the remaining 68 pa-
tients (27 HSCT and 41 SOT) with refractory CMV DNAemia
had no confirmed UL97-GCV-R to explain the refractory clin-
ical course (Figure 1).

Twenty-one patients with CMV DNAemia episodes that re-
solved during (val)ganciclovir treatment were identified, and
available plasma samples with CMV viral loads >910 IU/mL
were analyzed by NGS as controls (Figure 1).

Age, gender, type of transplantation, and CMV IgG D/R
status, stratified for type of transplantation and clinical pres-
entation (refractory with UL97-GCV-R [from now on referred
to as “resistant”], refractory without detected resistance [from
now referred to as “refractory”], or control group), for the in-
cluded recipients are listed in Table 1.

Clinical Features of CMV DNAemia in Resistant Episodes
Details on clinical and genotypic features of the 19 recipients
with induced UL97-GCV-R are shown in Table 2.

CMV IgG D/R mismatch was found in 5/6 of the HSCT
and 12/13 of the SOT recipients with UL97-GCV-R (Table
2). Most HSCTs had received an MAC regimen before trans-
plantation, and 2 were pediatric patients. CMV disease was a
dominant feature, with 4 cases of gastrointestinal disease and
1 case of CMV retinitis. The remaining case was a patient with
a complex cycle of severe intestinal GVHD necessitating in-
tensification of immunosuppressive treatment, followed by
multiple episodes of recurrent CMV DNAemia. CMV disease

Table 1.

Baseline Demographics of 108 Included Transplant Recipients, Stratified by Clinical Presentation and Overall Type of Transplantation

Resistant Cases (n = 19)

Refractory Cases (n = 68)

Control Cases (n = 21) Total (n = 108)

Demographics

SOT (n=13) HSCT (n=6) SOT (n=41)

HSCT (n=27) SOT (n=14) HSCT(n=7) SOT(n=68) HSCT (n=40)

Age and gender

Median (IQR) age at transplantation, y 470 42.5 53.0
(38.0-51.0)  (4.0-45.0) (42.0-64.0)
Proportion male 9/13 5/6 24/41
Type of transplantation
SOT
Kidney 8/13 NA 24/41
Liver 3/13 NA 7/41
Lung 2/13 NA 7/41
Heart 0/13 NA 3/41
HSCT
MAC NA 5/6 NA
NMA NA 1/6 NA
ucB NA 0/6 NA
Donor/recipient CMV IgG
D+/R+ 113 0/6 10/41
D+/R- 12/13 0/6 25/41
D-/R+ 0/13 4/6 3/41
D-/R- 0/13 1/6 1/41
Unknown 0/13 1/6 2/41

48.0 55.0 15.0 515 43.0
(25.0-62.0) (43.0-63.0)  (8.0-40.0) (40.56-61.0)  (16-54.5)
13/27 8/14 3/7 41/68 21/40
NA 6/14 NA 38/68 NA
NA 414 NA 14/68 NA
NA 3/14 NA 12/68 NA
NA 114 NA 4/68 NA
13/27 NA 5/7 NA 23/40
1/27 NA 2/7 NA 14/40
3/27 NA 0/7 NA 3/40
12/27 714 3/7 18/68 15/40
1/27 6/14 0/7 43/68 1/40
13/27 0/14 a/7 3/68 21/40
0/27 0/14 0/7 1/68 1/40
1/27 1/14 0/7 3/68 2/40

Abbreviations: CMV, cytomegalovirus; D, donor; HSCT, hematopoietic stem cell transplantation; IgG, immunoglobulin G; IQR, interquartile range; MAC, myeloablative conditioning regimen;
NMA, nonmyeloablative conditioning regimen; R, recipient; SOT, solid organ transplantation; UCB, umbilical cord blood.
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Table 2. Details on Clinical and Genotypic Features of 19 Transplant Recipients With Induced Ganciclovir Resistance Mutations in the CMV UL97 Gene

Codon in Amino Acid

Pa- Tx Pre-tx Donor/Re- 460 520 594 595 596 603 607 No. of Induced
tient  Type cipient CMV IgG Clinical Presentation IN Q V/G S/F G W Y/F GRMs/Patient
1 MAC D-/R+ CMV colitis, retinitis, and suspected pneumonia ++° 2
2 MAC D-/R+ CMV colitis ++ 1
3 MACP D-/R- CMV retinitis ++ ++ 2
4 MAC® D-/R+ CMV colitis ++ ++ 2
5 MAC D-/R+ None proven ++ 1
6 NMA D-/R+ CMV colitis ++ 1
7 Liver D+/R- CMV pneumonia ++ ++ 2
8 Liver D+/R- Asymptomatic ++ 1
9 Liver D+/R- Asymptomatic ++ 1
10 Lung D+/R- CMV pneumonia ++ 1
1" Lung D+/R- CMV colitis ++ 1
12 Kidney — D+/R- Asymptomatic ++ ++ ++ 3
13 Kidney — D+/R- Asymptomatic ++ 1
14 Kidney  D+/R- Asymptomatic ++ ++ ++ 3
15 Kidney  D+/R- CMV pneumonia ++° ++ 3
16 Kidney  D+/R- Asymptomatic ++ 1
17 Kidney  D+/R+ Asymptomatic ++ 1
18 Kidney  D+/R- Asymptomatic ++ 1
19 Kidney  D+/R- Asymptomatic ++ 1

No. of patients with mutation
% with mutation induced

2/19 2/19 6/19 819 1/19 6/19  2/19
105 105 316 421 5.3 316 105

Patient number corresponds to numbering in Figure 3A.

Abbreviations: CMV, cytomegalovirus; D, donor; GRMs, ganciclovir resistance mutations; HSCT, hematopoietic stem cell transplantation; MAC, myeloablative conditioning regimen; NMA,
nonmyeloablative conditioning regimen; R, recipient; SOT, solid organ transplantation; Tx, transplantation; UCB, umbilical cord blood.

#Both mutation in same codon.

®Pediatric patients.

was suspected but never confirmed. Most SOTs were kidney
recipients, and only 1 of these had CMV disease. Furthermore,
prophylaxis breakthrough was common amongs the SOTs

There was a trend toward higher frequencies of high-risk
CMV IgG D/R mismatch among UL97-GCV-R cases for both
SOT and HSCT (Figure 2), even though the 95% Cls were

(Figure 2). overlapping for both types of transplantations. For HSCTs,
. B Refractory high risk
Ml Resistant high risk
A soT B HSCT i
B Refractory disease
100 = 100 =

80 = 80 =

60 = 60 =
40 = 40 =

20 20

% of CMV DNAemia Episodes
% of CMV DNAemia Episodes

Bl Resistant disease
I Refractory breakthrough

Hl Resistant breakthrough

Figure 2. Comparison of clinical factors of CMV DNAemia between included refractory and resistant cases. Comparison between the proportion of cases with (1) high-
risk serostatus, (2) CMV disease, and (3) breakthrough CMV replication on antiviral treatment, stratified by refractory and resistant CMV DNAemia in SOT (A) and HSCT (B).
High-risk serostatus in SOT is associated with pretransplant CMV IgG D+/R- in SOT and D-/R+ in HSCT. Disease refers to CMV end organ disease in HSCT and CMV end
organ disease and/or CMV syndrome in SOT. “Breakthrough” refers to prior treatment failure. Abbreviations: CMV, cytomegalovirus; D, donor; HSCT, hematopoietic stem cell

transplantation; IgG, immunoglobulin G; R, recipient; SOT, solid organ transplantation.
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there was also a trend toward higher frequencies of CMV dis-
ease among cases with UL97-GCV-R (33.3%; 95% CI, 15.5%-
51.1%; vs 83.3%; 95% CI, 53.4%-113.1%; for refractory and
resistant cases, respectively), a trend that was less pronounced
among the SOTs (Figure 2).

Prevalence of Induced UL97-GCV-R
Of the 87 recipients with refractory CMV replication, 19 (22%)
had >1 induced UL97-GCV-R detected by NGS. In compar-
ison, 0/21 (0%) of the controls had any induced UL97-GCV-R
mutations (P = .02). The majority of the 19 resistant recipients
(63%) only had 1 dominant UL97-GCV-R induced, whereas 2
induced UL97-GCV-R were detected in 21%. In the remaining
16%, 3 different induced UL97-GCV-R were detected (Table 2).
Separate heat maps of the detected UL97-GCV-R mutations
stratified for type of transplantation were constructed for the 19
cases with confirmed induced mutations, as well as for the 68
cases with refractory/breakthrough CMV DNAemia and the 21
controls with treatment-responsive CMV DNAemia (Figures
3A-C respectively). The diversity of detected mutations was
more pronounced among the 19 cases with induced UL97-
GCV-R, with 20 different amino acid substitutions detected in
this group, compared with 5 among the 68 refractory cases and
6 among the 21 control cases (Figures 3A-C). The C592G mu-
tation, conferring low-level resistance against (val)ganciclovir,
was present in low frequencies, but never induced in any of the
3 patient populations (Figures 3A-C).

Dynamics of Induced UL97-GCV-R
In 14/19 of the resistant cases, plasma samples were available
for NGS within 4 weeks from onset of CMV DNAemia (corre-
sponding to a total of 20 induced mutations). In these earliest
samples, the UL97-GCV-R detected later in the clinical course for
each patient was either not detected (n = 11), detected as a mi-
nority variant (n = 7), or detected as a dominating variant (n = 2).
The most frequent UL97-GCV-R affected codons 595 (42%),
594 (32%), or 603 (32%). The proportion of C592G was low in
all episodes (<15%) during the whole course (Figures 3A-C,
Table 2).

DISCUSSION

In this study, we systematically explored the emergence of
GCV resistance using NGS in 87 transplant patients with re-
fractory CMV DNAemia. Our results show that drug resistance
mutations documented to confer a 3-10-fold increase in IC_
are emerging in >20% of the recipients with refractory CMV
DNAemia. In line with previous observations, important clin-
ical factors such as CMV IgG D/R mismatch and failure of prior
treatment tended to be more common among these cases [9,
30-35].

We have previously reported a higher rate of CMV break-
through during primary prophylaxis among kidney recipients

in our center due to the administration of (val)ganciclovir pro-
phylaxis of 450 mg every other day [34], and this lower dosage
may very well account for some of the UL97-GCV-R observed
among the kidney recipients in the current study. The results
of these two studies have prompted an increase in the admin-
istered dosage of valganciclovir prophylaxis for the kidney re-
cipients at our center and underline the importance of optimal
dosing of primary prophylaxis.

The development of UL97-GCV-R was heterogeneous in this
cohort; 55% of the induced UL97-GCV-Rs were not detected
with NGS within the first 4 weeks of replication. The remaining
cases were either found as minority variants or only in a few
cases detected as the dominating mutant within 4 weeks of in-
fection offset. This observation implies a clinical challenge in
the timing and interpretation of NGS technology for the diag-
nosis of UL97-GCV-R and highlights the highly complex and
dynamic interactions between the immunocompromised host
and CMV [36, 37]. To properly address this research ques-
tion, larger, prospective, and better powered studies on UL97-
GCV-R are warranted.

Whether the use of NGS provides a significant clinical ad-
vantage over Sanger sequencing cannot be addressed using
the results of this study. It may be that as NGS becomes
cheaper and more accessible, it could be more integrated into
clinical practice. Alternatively, the results generated using
NGS may provide crucial information on key mutations
leading to refractory CMV DNAemia and disease, and these
can be assessed in the clinical setting using more traditional
technologies. Regardless, more studies are needed to better
understand the impact of these lower allele frequency muta-
tions on the clinical course of refractory CMV DNAemia and
disease. Furthermore, future studies need to focus on molec-
ular validation and external quality assurance programs in
order to enhance the specificity of allele calling, something
the present study is lacking. This may not only enhance our
management of CMV DNAemia and disease based on (val)
ganciclovir, but also provide important insights into and les-
sons in the context of newer antiviral agents such as maribavir
and letermovir.

In the CMV UL97 phosphotransferase gene, there are certain
hot-spots for mutations that have been documented in the liter-
ature [4, 11, 35]. These mutations are usually referred to as the 7
canonical mutations of UL97, and they are believed to account
for most of the observed clinical cases of UL97-GCV-R, as is
also seen in our data. Interestingly, one of the most common
of the canonical mutations, C592G, which confers low-grade
resistance toward (val)ganciclovir, was present in all selected
episodes in low frequencies (<15%), regardless of whether the
patient was a control (ie, treatment responding), refractory, or
verified resistant case (Figures 3A-C). However, C592G was
never induced in any of the patients, suggesting that this muta-
tion may be hitchhiking during the selective sweep of the virus
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A, Sequential NGS data for 19 patients with refractory CMV DNAemia and induced UL97-GCV-R
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C, Sequential NGS data for 21 control patients with treatment-responsive CMV DNAemia
» Oeq p P
| I I Mutation | GCV-ratio
Transplant type

B MAC HSCT D456N | 12
B NMA HSCT
O Lung

O Heart M460T | 9.3
B Kidney
@ Liver

C518Y 12

Variant frequencies
No data 592G | 29
0%
>0-2%
>2-20%
>20-40%
>40-60%
>60—80%
>80—100%

E596G 2.3

C603R 3.8-8.3

EEEROOOOO

Figure 3. A, Sequential NGS data for 19 patients with CMV DNAemia with known induced UL97-GCV-R. In case of detection of UL97-GCV-R at variant frequencies >10%,
all available samples =910 IU/mL for that patient were collected and analyzed with NGS in a second round of analysis. The colors in the heat map indicate the frequencies of
the detected known UL97-GCV-R mutations. The numbers above the heat map refer to patient number and correspond to patient numbers in Table 2. B, NGS data for 68 cases
with refractory CMV DNAemia. In cases with refractory CMV replication without known UL97-GCV-R, the last available sample of each episode =910 IU/mL was selected
for NGS analysis. The colors in the heat map indicate the frequencies of the detected known UL97-GCV-R mutations. *Three patients in whom NGS detected resistance
mutations >10% but <25%, but where no additional data were available. C, Sequential NGS data for 21 control cases with treatment-responsive CMV DNAemia. A selection
of patients with treatment-responsive CMV episodes were identified, and available CMV PCR samples >910 IU/mL from these patients were selected as controls for NGS
analysis. The colors in the heat map indicate the frequencies of the detected known UL97-GCV-R mutations. The width of each patient column varies depending on how many
sequential samples matching the inclusion criteria were available for sequencing with NGS for each individual patient. Abbreviations: GCV-ratio, ganciclovir ratio; IC, of mu-
tant, IC,, of wild-type; HSCT, hematopoietic stem cell transplantation; MAC, myeloablative conditioning regimen; NGS, next-generation sequencing; NMA, nonmyeloablative
conditioning regimen; SOT, solid organ transplantation; UCB, umbilical cord blood.
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during treatment with (val)ganciclovir. Thus, if this mutation
is detected in a patient, it should potentially be considered a
normal variation and not associated with treatment resistance.

Interestingly, more than 70% of the refractory episodes did
not have induced UL97-GCV-R in this study; however, there are
a couple of caveats to consider in relation to this observation.
First, it should be noted that because CMV DNA measured in
plasma is unencapsulated and thus subject to DNase breakdown,
plasma measurements of DNA may not be entirely representative
[38]. Second, although the data in our biobank were collected
prospectively, they were analyzed retrospectively in the current
study. We were not able to retrospectively analyze all available
plasma samples of the refractory infections with NGS, but used
the last available sample >910 IU/mL of these episodes as a proxy
for resistance (assuming the refractory nature would be most
likely to be more reflected toward the end of the episode) and
only selected those episodes with a mutation frequency >10%
in this sample. However, it is plausible that some of the refrac-
tory episodes with mutation frequency <10% were indeed the
result of UL97-GCV-R. Furthermore, some patients had missing
data, preventing full NGS on samples that were suspected to
contain UL97-GCV-R. Thus, it is possible that the prevalence of
UL97-GCV-R among the refractory CMV DNAemia episodes
is in fact underestimated in this study. Finally, at the time, we
were unable to sequence the DNA polymerase gene UL54 and
can consequently not make any assumptions about the devel-
opment and presence of cross-resistance among the presented
cases. However, a thorough investigation of UL54 mutations is
underway and will be published in due time.

There are several strengths of the present study. The
sequenced data are generated from a large, standardized, and
prospectively collected biobank, with detailed corresponding
clinical data. Furthermore, the longitudinal structure of the
data allowed analysis of the dynamics of UL97-GCV-R devel-
opment. The use of NGS enabled investigation of both domi-
nant mutants and minor variants. However, the present study,
as well as most other studies on CMV resistance mutations,
is hampered by the low number of actual resistant cases to
study [18, 36, 37]. Despite having a relatively large sample size,
UL97-GCV-R is a rare event, emphasizing the need for larger
multicenter studies. In order to increase the studied population,
this study includes both recipients of SOT and HSCT. However,
it is important to remember that SOT and HSCT represent two
very heterogenous groups of patients, and caution should be
taken before drawing overall conclusions based on these data.
It should also be noted that the definition used for refractory
CMYV infection in this study differs slightly from the recently
published definitions by Chemaly et al. [11], the main differ-
ence being that we did not differentiate between “probable re-
fractory CMV DNAemia” and “refractory CMV DNAemia,”
thus losing granularity and applicability to other cohorts using
this newer definition. Future studies are encouraged to use the

published definitions on refractory CMV DNAemia for wider
applicability.

In conclusion, the use of NGS technology provided detailed in-
sights into the heterogenous and dynamic development of UL97-
GCV-R among transplant recipients. Resistant CMV DNAemia
remains a serious challenge and is common among refractory CMV
replication, and the need for novel, less toxic anti-CMV drugs for
primary prophylaxis and treatment of refractory CMV DNAemia
is evident. In order to properly address this issue, large prospective
and multicenter studies on UL97-GCV-R are warranted.
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