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A B S T R A C T
(Val)ganciclovir (vGCV) or foscarnet (FCN) as preemptive therapy (PET) for cytomegalovirus (CMV) after alloge-
neic hematopoietic cell transplantation (HCT) is associated with myelosuppression and nephrotoxicity, respec-
tively. We analyzed a cohort of CMV-seropositive (R+) HCT recipients managed preemptively at a single center.
The objectives of our study were to (1) quantify the frequencies of neutropenia and acute kidney injury (AKI)
through day +100 (D100) post-HCT and at PET discontinuation and (2) assess the impact of PET on neutropenia
and AKI in multivariate models. This was a retrospective cohort study of adult CMV R+ recipients who underwent
allo-HCT at Memorial Sloan Kettering Cancer Center from March 18, 2013, through December 31, 2017, and were
managed with PET. Patients were grouped by receipt of PET (PET and no PET). Neutropenia and AKI were defined
by Common Terminology Criteria for Adverse Events version 4. Frequencies of toxicities by D100 were compared
between relevant groups. The impact of PET on toxicities was examined in univariate and multivariate Poisson/
negative binomial regression models. Of 368 CMV R+ HCT recipients, 208 (56.5%) received PET. Neutropenia by
D100 occurred in 41.8% and 28.6% patients in PET and no PET, respectively (P = .0009). PET increased the risk of
neutropenia (adjusted relative risk = 1.81; 95% confidence interval [CI], 1.48 to 2.21; P < .0001) in multivariate
analyses. AKI by D100 occurred in 12.0% and 7.8% patients in PET and no PET, respectively (P = .19). PET increased
the risk of AKI by 2.75-fold (95% CI, 1.71 to 4.42; P < .0001). When PET recipients were grouped by first antiviral,
neutropenia by D100 occurred in 34.8% and 48.9% of vGCV and FCN recipients, respectively, (P = .08), and AKI
occurred in 13.0% and 34.0% of vGCV and FCN recipients, respectively (P = .001). At discontinuation of vGCV or
FCN, neutropenia was present in 11.2% versus 2.1% patients, respectively (P = .08), and AKI was present in 1.9% of
versus 12.8% patients respectively (P = .005). Preemptive therapy for CMV increased the risk of neutropenia and
AKI in the first 100 days post-HCT by 1.8-fold and 2.8-fold, respectively. Our results underscore the need for safer
antivirals for CMV management in HCT recipients.

© 2020 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.
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Cytomegalovirus (CMV) infection is the most common clini-
cally significant viral infection following hematopoietic cell
transplantation (HCT), occurring in 40% to 90% of CMV R+ recipi-
ents [1-4]. Risk factors for CMV infection includ HLA-mis-
matched or CMV-seronegative donor, T cell depletion (TCD),
and graft-versus-host disease (GVHD). CMV infection has been
associated with bacterial and fungal infections, end-organ
dysfunction, GVHD, and worse overall survival [2,5-7]. The pre-
emptive therapy (PET) strategy entails routine monitoring for
CMV replication in whole blood or plasma by sensitive quantita-
tive PCR assays and initiation of CMV antiviral therapy when
CMV viremia occurs. There are no validated viral load thresh-
olds for initiation of PET. Universally acceptable thresholds are
difficult to establish due to variability across assays and testing
material (whole blood or plasma) [8]. PET is usually given until
resolution of CMV infection; however, a longer duration may be
given to prevent CMV recurrence in the absence of CMV
immune reconstitution [6,9-13].

Ganciclovir and valganciclovir (vGCV) are effective as PET
but are associated with exposure-dependent myelosuppression
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[14,15]. Absolute neutrophil count (ANC) <1,000/mm3 and
<500/mm3 occurred in 30% to 58% and 11% to 33% patients,
respectively, in clinical trials of ganciclovir prophylaxis in HCT
recipients [6,16,17]. Ganciclovir-induced neutropenia was asso-
ciated with a 4-fold increased risk of nonviral infections [16]
and increased mortality [18]. Due to substantial myelosuppres-
sion and lack of survival benefit, vGCV prophylaxis has not been
widely adopted in HCT recipients. Oral valacyclovir is less mye-
losuppressive, albeit less effective compared to ganciclovir
[16,19-21]. In a retrospective study where ganciclovir was used
for PET, 80 of 160 (50%) patients developed ganciclovir-related
neutropenia, including 39 patients with grade 3 and 41 patients
with grade 4 neutropenia [22].

Foscarnet (FCN) has been shown to be as effective as ganci-
clovir for PET [12]; however, it is nephrotoxic and requires
intravenous administration, making it less desirable as a pro-
phylactic agent. Deterioration in renal function was reported
in 27% of HCT recipients treated with FCN [23]. In a different
study, 50% of patients had a decline in serum creatinine (sCr)
clearance [12]. Among solid organ or HCT recipients treated
with FCN for resistant CMV, 51.2% had a >20% increase in sCr
at discontinuation of FCN [24]. Higher rates of nephrotoxicity
have been reported in the setting of concomitant nephrotoxic
medications [25]. In addition, electrolyte abnormalities related
to FCN require aggressive supplementation, which affect
patients’ quality of life and pose a burden on health care
resources. Thus, the use of FCN for PET is limited to patients
who have contraindications to vGCV.

The toxicities of PET in contemporary clinical practice have
not been quantified in detail. In real life, the choice of antivirals
for PET is based on baseline laboratory values and potential
risk of toxicity, assessed by the clinicians. As opposed to clini-
cal trials, clinical decisions in real life are dynamic and individ-
ualized. PET entails a strategy rather than a fixed dose and
duration of a specific antiviral guided by prespecified end-
points. We analyzed a cohort of CMV-seropositive recipients
who received their first HCT from March 2013 through 2017 at
our institution and were treated preemptively for CMV. The
purpose of our study was to estimate the impact of PET on
neutropenia and acute kidney injury (AKI) in the first 100 days
post-HCT. In addition, we report the frequency and patterns of
PET utilization and compare the frequencies of toxicities at dis-
continuation of first PET between PET recipients who received
vGCV or FCN.

METHODS
Study Population

Retrospective review was conducted in adult CMV R+ recipients of first
peripheral blood (PB) or bone marrow HCT at Memorial Sloan Kettering Can-
cer Center from March 18, 2013, through December 31, 2017. Patients who
received cord blood allograft, participated in clinical trials of CMV antivirals,
or received antivirals with anti-CMV activity for non-CMV indications were
excluded from the analyses. Data were extracted from the electronic medical
record and hospital databases. The study was reviewed by the Memorial
Sloan Kettering Institutional Review Board and was granted a waiver of
authorization (IRB #16-920).

Conditioning Regimens and Graft Manipulation
Conditioning regimens for acute leukemia or myelodysplastic syndrome,

including myeloablative and reduced intensity, have been previously
described [26,27]. Briefly, patients with acute leukemia in first complete
remission and those with myelodysplastic syndrome received ex vivo TCD/
CD34-selected HCT unless contraindicated or insurance refused coverage.
TCD was performed by the CliniMACS CD34+ reagent system (Miltenyi Biotec,
Gladbach, Germany) [28]. Patients undergoing HCT for lymphoma generally
received conventional HCT after reduced-intensity conditioning regimens
with low-dose total body irradiation or busulfan and fludarabine [26].
Patients with multiple myeloma received ex vivo T cell depleted allografts as
described [29].
GVHD Prophylaxis
Recipients of ex vivo TCD allografts did not receive additional pharmacologic

GVHD prophylaxis. Recipients of conventional allografts received GVHD prophy-
laxis with tacrolimus (or sirolimus) + mycophenolate mofetil § methotrexate
[30] or tacrolimus (or sirolimus) + mycophenolate mofetil + posttransplant cyclo-
phosphamide (post-CY) for haploidentical donor allografts [31].

CMVManagement
Patients were managed per institutional standards of care. CMV R+ recipients

were routinely monitored for CMV at least weekly from D 14 through D100. CMV
monitoring started prior to D14 for patients with a history of CMV infection prior
to HCT or clinical concern for CMV infection or end-organ disease. Patients were
categorized into 2 CMV risk groups: high risk (HR) included conventional HCT
from haploidentical or mismatched donors or TCD HCT, regardless of donor type.
Low risk (LR) comprised conventional matched related donor HCT. Thresholds for
PET initiation were�2 consecutive viral loads>300 IU/mL for LR patients and �1
CMV viral loads >137 IU/mL or 2 consecutive detectable (at any level) viral loads
for HR patients. For patients with adequate counts (ANC >2,000/mm3, platelets
count >100,000/mm3), induction dose vGCV (valganciclovir 900 mg per os [PO]
q12h or ganciclovir 5 mg/kg i.v. q12h) was the preferred PET. When vGCV was
contraindicated, foscarnet (90mg/kg i.v. q12h) induction was initiated.

After 1 to 2 weeks of induction and documented viral suppression, main-
tenance doses of the same agent (valganciclovir 900 mg PO q24h, ganciclovir
5 mg/kg i.v. q24h, or foscarnet 90 mg/kg i.v. q24h) were used based on
patient risk. In rare instances of early, low-level CMV viremia, maintenance
doses were used with close monitoring of CMV viral load. Dosing of valganci-
clovir, ganciclovir, and foscarnet was adjusted for patients’ renal function
according to package inserts.

Supportive Care
Bacterial and fungal prophylaxis have been previously described [32,33].

The preferred prophylaxis against Pneumocystis jirovecii was trimethoprim/
sulfamethoxazole starting on D21. Patients unable to tolerate or allergic to
trimethoprim/sulfamethoxazole received inhaled pentamidine or oral atova-
quone. Acyclovir (400 mg PO q12h or 250 mg/m2 i.v. q8h) was administered
for prevention of herpes simplex virus and varicella zoster virus starting
from admission for HCT [20]. Treatment with growth factors (granulocyte-
colony stimulating factor [G-CSF]) was administered as part of transplant
protocol routinely starting D7 once daily until neutrophil engraftment. In
case of neutropenia occurring after engraftment, G-CSF treatment was at the
discretion of the treating physician.

Laboratory Methods
CMV IgG levels were determined using an automated semiquantitative

ELISA (VIDAS; Biomerieux, Inc., Durham, NC). Routine monitoring for CMV
was performed by the CobasAmpliprep/CobasTaqman plasma quantitative
PCR assay (Roche Diagnostics, Basel, Switzerland). The linear range of quanti-
fication was >137 to 9.1 £ 106 IU/mL [34].

Definitions
CMV infection was defined as �1 detectable CMV viral load. CMV end-

organ disease (EOD) was scored as previously described [35].
Patients were categorized into 2 mutually exclusive groups based on

receipt of PET by D100. PET recipients were further categorized into 2 treat-
ment categories (vGCV or FCN), based on the first PET antiviral they received.

A course of PET was defined as the administration of a single antiviral class
(vGCV or FCN) with interruption �3 days. Changes in formulation (ie, ganciclo-
vir to valganciclovir or vice versa) and/or dose modification (induction versus
maintenance) or dose adjustments (for renal function or toxicity) were at the
discretion of the clinician within the same PET course. Switching to a different
antiviral class at any time or reinitiation of the same antiviral class after
>3 days of interruption was considered a new course. Neutrophil engraftment
was defined as ANC �500/mm3 for 2 consecutive measurements. GVHD diag-
nosis and grading were based on consensus guidelines [36].

Toxicity Definitions and Grading
Neutropenia and AKI were graded by the Common Terminology Criteria

for Adverse Events version 4 (https://ctep.cancer.gov/protocolDevelopment/
electronic_applications/ctc.htm).

Patients with�1 value of ANC<1,000/mm3 or sCr>2.0£ baseline sCr from
D21 to D100 were considered to have neutropenia or AKI, respectively. To com-
pare toxicities between PET and no PET groups, we excluded patients who died
before D21. For the remaining patients, toxicity was assessed weekly from D21
through D100 or death. A toxicity episode was defined as �1 value of ANC
<1,000/mm3 or sCr>2.0£ baseline sCr (sCr on D21) for each week interval. The
maximumnumber of episodes for each toxicity was 11 per patient.

Toxicities at discontinuation of first PET were defined as ANC <1,000/
mm3 or sCr >2.0 £ baseline sCr (sCr at start of PET) for neutropenia and AKI,
respectively. The absolute change in laboratory values was calculated as the
difference between values at the end and start of first PET.

https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm
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Table 1
Baseline Characteristics of the Cohort (N = 368)

Characteristic N (%)

Age, years, median (IQR) 59 (48-66)

Age groups, years

18-39 52 (14.1)

40-64 201 (54.6)

�65 115 (31.3)

Sex

Female 155 (42.1)

Male 213 (57.9)

Race

White 265 (72.0)

African American 31 (8.4)

Asian 26 (7.1)

Hispanic/Latino 24 (6.5)

Other/unknown 22 (6.0)

Underlying disease

AML/ALL/CML/MDS 231 (62.8)

Lymphoma 51 (13.9)

Multiple myeloma 39 (10.6)

Other* 47 (12.8)

Donor type

Matched related 117 (31.8)

Mismatched related 22 (6.0)

Matched unrelated 192 (52.2)

Mismatched unrelated 37 (10.1)

Donor CMV serostatus

Negative 145 (39.4)

Positive 223 (60.6)

Stem cell source

Bone marrow 49 (13.3)

Peripheral blood 319 (86.7)

Conditioning regimen intensity

Ablative all chemotherapy 175 (47.6)

Ablative containing TBI 51 (13.9)

Reduced 111 (30.2)

Nonablative 31 (8.4)

GVHD prophylaxis

Tacrolimus/sirolimus + MMF (§MTX) 178 (48.4)

Tacrolimus/sirolimus + MMF + post-CY 34 (9.2)

Ex vivo CD34-selected TCD 156 (42.4)

GVHD grade

0-1 237 (64.4)

2-4 127 (34.5)

NA 4 (1.1)

CD34 dose (106/kg)

�6.4 179 (48.6)

>6.4 189 (51.4)

Maximum viral load (IU/mL)

�300 169 (45.9)

>300 193 (52.4)

NA 6 (1.6)

ATG

No 183 (49.7)

Yes 185 (50.3)

CMV risky

Low 176 (47.8)

High 192 (52.2)

Values are presented as number (%) unless otherwise indicated.
AML indicates acute myeloid leukemia; ALL, acute lymphoid leukemia; CML,
chronic myeloid leukemia; MDS, myelodysplastic syndrome; TBI, total body

irradiation; MMF, mycophenolate mofetil; MTX, methotrexate; NA, not appli-
cable; ATG, anti-thymocyte globulin.
* Myeloproliferative disorder (13), chronic leukemia (12), acute leukemia

mixed phenotype (9), aplastic anemia (9), immune deficiency (1), paroxysmal
nocturnal hematuria (1), and other hematologic malignancy (2).

y Low CMV risk included matched related allografts; high CMV risk included
conventional haploidentical or mismatched allografts or T cell depleted
allografts.
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Statistical Methods
The sample size was determined by the size of the cohort. Descriptive

statistics were used to summarize demographic and clinical characteristics,
CMV infection, CMV EOD, PET exposure, G-CSF use, and toxicities attributed
to PET. Categorical variables were compared using the chi-squared tests, and
continuous variables were compared using Mann-Whitney rank-sum tests
between relevant groups.

The incidences of CMV infection and PET use were estimated using the
cumulative incidence analysis. Univariate and multivariate analyses were
performed to identify risk factors for PET use and risk factors for neutropenia
and AKI in the first 100 days for the entire cohort and risk factors for toxicities
among PET recipients. To identify risk factors for PET use, we used logistic
regression.

Due to overdispersion, negative binomial regression was used to assess
the impact of PET on neutropenia and AKI by D100. PET was included as a
variable in the models. Additional variables included patient characteristics
(age, sex, race, underlying disease), transplant characteristics (donor type,
donor CMV status, stem cell source, conditioning regimen intensity, GVHD
prophylaxis, CD34 cell dose), acute GVHD by D100, and virologic characteris-
tics (maximum CMV viral load by D100). As the variable of interest, PET use
was kept in the multivariable models regardless of significance. To adjust for
different follow-up time, the period from the first laboratory test to the last
test within D21 to D100 or death per recipient was included as an offset in
the negative binomial regression.

To define risk factors for toxicities among PET recipients, we included all
the above variable in the multivariable models and also included first drug
type, time to first PET, and numeric laboratory values at the start of first PET,
including WBC (K/mm3), ANC (K/mm3), platelets (K/mm3), and sCr (mg/dL).

For all performed multivariate analyses, variables with P < .3 in the uni-
variate models entered the multivariate models. Forward stepwise selection
was used to keep variables with P < .1 in the final models. Statistical analyses
were performed with R, version 3.5.1 (R foundation for Statistical Computing,
Vienna, Austria).
RESULTS
Study Population

During the study period, 394 CMV R+ patients received
their first PB or marrow HCT. Twenty-six patients were
excluded from the analyses because they received investiga-
tional antivirals with anti-CMV activity (brincidofovir or mari-
bavir) or received foscarnet or cidofovir for treatment of
human herpes virus 6 (HHV-6) or adenovirus, respectively.
The study cohort consists of the remaining 368 CMV R+ HCT
recipients.

Table 1 shows the baseline characteristics of the cohort. The
median age was 59 years, and the indication for HCT was leu-
kemia or myelodysplastic syndrome in 62.8% of patients;
86.7% patients received peripheral blood HCT and 61.5%
patients received a myeloablative conditioning regimen. In
total, 156 (42.4%) patients received ex vivo TCD/CD34-selected
grafts, and 192 (52.2%) patients were high risk for CMV. Sup-
plementary Table S1 shows the baseline characteristics for
patients by CMV risk category.
Incidence of CMV Infection and PET Utilization
Of 368 patients in our cohort, 273 (76.4%) developed CMV

infection by D100. Among patients with CMV infection, 208
(76.2%) received PET (Figure 1). The remaining 65 patients did
not receive PET because they did not meet viral load thresh-
olds for PET initiation or died shortly after detection of CMV



76.4% (273/368)

58.7% (208/368)

Figure 1. Time to CMV infection and PET initiation. Cumulative incidence of
CMV infection and PET initiation by D100 for entire cohort (N = 368). CMV
infection occurred at a median of 26 days (IQR, 18 to 33) after HCT. PET initia-
tion occurred at a median of 35 days (IQR, 28 to 41) after HCT.

Figure 2. Time to first course of vGCV and FCN among PET recipients. Cumula-
tive incidence of vGCV and FCN initiation as first PET by D100 among PET
recipients (n = 208). vGCV was initiated at a median of 34 days (IQR, 29 to 40)
after HCT. FCN was initiated at a median of 36 days (IQR, 24 to 48) after HCT.
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viremia. When we stratified patients by CMV risk, the inciden-
ces of CMV infection and PET were 67.5% and 34.9%, respec-
tively, for LR and 84.3% and 80.0%, respectively, for HR
patients. HR patients started PET earlier post-HCT compared
with LR patients (median, 32 days [interquartile range (IQR),
27 to 38] versus 41 [36 to 51], respectively, P < .0001) (Supple-
mentary Figure S1).

CMV resistance by D100: Seven patients had mutations con-
ferring CMV resistance. Five patients had UL97 mutations
(conferring ganciclovir resistance), and 2 patients had UL54
mutations conferring resistance to FCN (with coresistance to
cidofovir in 1 patient).

CMV EOD by D100: Twelve patients developed CMV EOD
(4.4% of patients with CMV infection). The median time from
HCT to EOD was 45 days. EOD involved the gastrointestinal tract
in 10 patients and lungs in 2 patients. Among patients with EOD,
the maximum CMV viral load was a median of 5,232 IU/mL com-
pared with a median of 1,177 IU/mL for patients without EOD
(P = .08). None of the patients with EOD were found to have con-
firmed resistance to any of the PET agents.

PET Courses
Of the 208 PET recipients, 161 (77.4%) started on vGCV and

47 (22.6%) on FCN. Figure 2 shows the cumulative incidence of
vGCV or FCN initiation among PET recipients. Supplementary
Figure S2 shows the cumulative incidence of vGCV or FCN initi-
ation by CMV risk.

We next examined the sequence of antivirals for patients
who received multiple PET courses and the average time to ini-
tiation and average duration for each PET course. In total, 144
patients (69.2%) received only 1 course of PET (vGCV in 120
and FCN in 24), 46 (22.1%) patients received 2 courses, and 18
(8.7%) received more than 2 PET courses. Of patients receiving
vGCV as first PET, 34 (21.1%) were later switched to FCN, while
of patients receiving FCN as first PET, 21 (44.7%) were later
treated with vGCV (Figure 3A,B).

For the first PET course, 179 patients received induction
and 28 received maintenance. Of the 179 patients who started
on induction, 108 also received maintenance. Of the 28
patients who started on maintenance, 12 were switched to the
induction dose due to rising CMV viremia. Doses of first PET
were renally adjusted in 15 patients (5 receiving FCN and 10
receiving vGCV).

Risk Factors for PET Initiation
We examined risk factors for PET use in our cohort in uni-

variate and multivariate models. In univariate analysis, race,
underlying disease, donor HLA match, conditioning regimen,
and TCD/CD34-selected HCT were risk factors for PET. In multi-
variate analysis, only African American, Asian, or Hispanic/
Latino race; HLA-mismatched donor; and TCD/CD34-selected
HCT remained significant (Table 2).

Impact of PET on Toxicities by D100
To assess the impact of PET on toxicities, PET was entered

as a variable in multivariable models. To exclude episodes of
AKI and neutropenia associated with conditioning and pre-
engraftment complications (such as sepsis), we assessed tox-
icities weekly starting from D21 (week 4) through D100 or
death, whichever came first. After excluding 6 patients who
died before D21, 362 patients were included in the final
model, including 208 in the PET group and 154 in the no PET
group.

Neutropenia
Eighty-seven (41.8%) patients in the PET group and 44

(28.6%) patients in the no PET groups developed neutropenia
by D100 (P = .0009) (Table 3). G-CSF utilization was higher in
the PET group compared to the no PET group, with 154
patients (74%) of PET group receiving G-CSF from D7 posten-
graftment to D100 post-HCT, compared to 82 patients (51.3%)
in the no PET group (P = .04). The median number of G-CSF
orders was 5 for the PET group and 3 for the no PET group
(P = .01) (Supplementary Table S2).

Next, we evaluated the impact of PET on the number of
neutropenia episodes in univariate and multivariate models.
PET was entered as a categorical variable in the model. In



Figure 3. (A) Flowchart of PET courses among PET recipients by type of antiviral. Overall, 144 patients received only 1 PET course, 46 received 2 courses, and 18 received
>2 courses. (B) Average time to start and duration of vGCV (marked orange) and FCN (marked blue) courses. Each line represents a unique PET course sequence.
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multivariate analyses, PET use was associated with increased
neutropenia (adjusted relative risk [RR] = 1.81; 95% confidence
interval [CI], 1.48 to 2.21; P < .0001) (Figure 4A). Additional
risk factors for neutropenia were age group 40 to 64 years
(RR = 1.4; 95% CI, 1.05 to 1.88; P = .02), lymphoma (RR = 1.62;
95% CI, 1.21 to 2.17; P = .001) and “other” as underlying dis-
eases (RR = 1.92; 95% CI, 1.47 to 2.51; P < .0001) , matched
unrelated donor allograft (RR = 1.51; 95% CI, 1.23 to 1.86; P <

.0001), CMV seropositive donor (RR = 1.39; 95% CI, 1.15 to
1.66; P = .0005), nonablative conditioning (RR = 1.79; 95% CI,
1.27 to 2.53; P = .0009), and GVHD grade �2 (RR = 1.24; 95% CI,
1.02 to 1.5; P = .03). In contrast, PB (versus marrow) allograft
was associated with decreased neutropenia risk (RR = 0.73;
95% CI, 0.55 to 0.96; P = .03). Detailed results of univariate and
multivariate analyses are shown in Supplementary Table S3A.
Acute Kidney Injury
Of the 362 patients, 37 (10.2%) had �1 episode of AKI,

including 25 (12.0%) in the PET group and 12 (7.8%) in the no
PET group (P = .19) (Table 3).

Next, we evaluated the impact of PET on the number of AKI
episodes in univariate and multivariate analyses. In multivariate
analyses, PET increased the risk for AKI episodes by 2.75-fold
(95% CI, 1.71 to 4.42; P < .0001) (Figure 4B). Additional risk fac-
tors for AKI were age between 40 and 64 years (RR = 2.06; 95%
CI, 1.06 to 4.00; P = .03) and post-CY GVHD prophylaxis
(RR = 3.57; 95% CI, 1.88 to 6.76; P < .0001). In contrast, male sex
(RR = 0.42; 95% CI, 0.28 to 0.63; P < .0001) and TCD allograft
(RR = 0.42; 95% CI, 0.26 to 0.69; P = .0007) were associated with
decreased risk prophylaxis. Detailed results of univariate and
multivariate analyses are shown in Supplementary Table S3B.



Table 2
Univariate and Multivariate Risk Factors for PET (N = 368)

Factor Univariate Multivariate

OR 95% CI P Value OR 95% CI P Value

Race

White Reference Reference

African American 3.4 (1.4-8.1) .01 3.1 (1.1-8.2) .03

Asian 4.1 (1.5-11.3) .01 4.6 (1.5-13.8) .01

Hispanic/Latino 3.0 (1.1-7.7) .03 2.7 (1.0-7.9) .06

Other/unknown 1.0 (0.4-2.4) .97 0.9 (0.3-2.5) .86

Underlying disease

AML/ALL/CML/MDS Reference

Lymphoma 0.6 (0.3-1.1) .11

Multiple myeloma 7.0 (2.4-20.3) .0004

Other 0.7 (0.4-1.3) .27

Donor type

Matched related Reference Reference

Mismatched related 5.8 (1.6-20.7) .01 13.3 (3.5-50.7) .0001

Matched unrelated 1.0 (0.6-1.6) .96 1.3 (0.7-2.2) .38

Mismatched unrelated 2.9 (1.2-6.6) .01 2.9 (1.1-7.4) .03

Conditioning regimen intensity

Myeloablative Reference

Reduced 0.3 (0.2-0.4) <.0001

Nonmyeloablative 0.5 (0.2-1.0) .04

Ex vivo CD34 selected T cell depletion

No Reference Reference

Yes 5.6 (3.5-9.0) <.0001 6.9 (4.2-11.4) <.0001

OR indicates odds ratio.
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Toxicities among PET Recipients
Neutropenia: We compared the frequencies of grade 3 (ANC

<1,000/mm3) and grade 4 (ANC <500/mm3) neutropenia from
the start of PET through D100 between patients who received
vGCV or FCN as first PET. Frequencies of grade 3 and 4 neutro-
penia were similar between vGCV and FCN recipients (Table 4).

AKI: We compared the frequencies of grade 2 (sCr)
>2.0 £ and grade 3 (sCr >3.0 £ baseline sCr) AKI from the start
of PET through D100 between patients who received vGCV or
FCN as first PET. AKI occurred more frequently among FCN
recipients. Twelve (7.5%) vGCV recipients had grade 2 AKI
compared with 11 (23.4%) FCN recipients (P = .002) (Table 4). A
similar number of patients in both groups had grade 3 AKI.
Among patients with grade 3 AKI, 2 patients required renal
replacement therapy (grade 4 AKI).
Table 3
Frequency of Neutropenia and AKI by D100 among All Patients Alive by D21 (N = 362)

Neutropenia Overall (N = 362) P

Neutropenia*

Number (%) of patients 131 (36.2) 8

Number of episodes 258 1

Mean (SD) 0.7 (1.2) 0

Median (IQR) 0 (0-1) 0

AKIy

Number (%) of patients 37 (10.2) 2

Number of episodes 89 6

Mean (SD) 0.2 (0.9) 0

Median (IQR) 0 (0-0) 0

* Neutropenia episode was defined as �1 value of ANC <1,000/mm3 assessed for e
episode during the follow-up period were defined as neutropenia patients.

y AKI episode was defined as the maximum value of sCr >2.0 £ baseline sCr (sCr on
ents with at least 1 episode during follow-up period were defined as AKI patients.
Toxicities at Discontinuation of First PET
To provide a more direct measure of toxicities attributed to

PET, we evaluated toxicities at discontinuation of first PET. We
compared the proportion of patients meeting criteria for neu-
tropenia and/or AKI at first PET discontinuation. We also report
the absolute change in ANC and sCr value at the discontinua-
tion of PET from start of PET.

At discontinuation of first PET, neutropenia occurred in
11.2% of patients who received vGCV compared with 2.1% of
those who received FCN (P = .08) (Figure 5A). Compared to
ANC at PET initiation, ANC decreased with a median of �0.7
(IQR, �2.6 to 0.3) K/mm3 at discontinuation of vGCV as first
PET but increased with a median of 1.3 (IQR, 0.1 to 3.7) K/
mm3 at discontinuation of FCN as first PET (P < .0001)
(Figure 5B).
ET (n = 208) No PET (n = 154) P Value

7 (41.8) 44 (28.6) .0009

70 88

.8 (1.2) 0.6 (1.2) .06

(0-1) 0 (0-1) .008

5 (12.0) 12 (7.8) .19

7 22

.3 (1.1) 0.1 (0.5) .04

(0-0) 0 (0-0) .17

ach week interval from D21 through D100 or death. Recipients with at least 1

D21) assessed for each week interval from D21 through D100 or death. Recipi-



Figure 4. Forest plot of risk factors for neutropenia (A) and AKI (B) episodes. Adjusted RR and 95% CI from multivariate negative binomial regression models evaluat-
ing risk factors for neutropenia (A) and AKI (B) episodes among entire cohort (N = 357). PET was entered to the model as a categorical variable. Six patients who died
before D21 post-HCT and 5 patients who had no maximum viral load values were excluded from the analyses.
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AKI was more common at discontinuation of FCN compared
to vGCV. AKI was present in 1.9% and 12.8% of patients at dis-
continuation of vGCV and FCN, respectively (P = .005)
(Figure 6A). sCr at discontinuation of vGCV was same as base-
line (sCr change of 0; IQR, �0.1 to 0.1 mg/dL). In contrast,
Table 4
Frequency of Neutropenia and AKI by D100 among PET Recipients

Characteristic vGCV* (N = 161) FCN* (N = 47) P Value

No. (%) No. (%)

Neutropenia

Gradey

3 38 (23.6) 14 (29.8) .39

4 18 (11.2) 9 (19.1) .15

3 + 4 56 (34.8) 23 (48.9) .08

AKI

Gradez

2 12 (7.5) 11 (23.4) .002

3 9 (5.6) 5 (10.6) .32

2 + 3 21 (13.0) 16 (34.0) .001

* Patients were grouped according to antiviral used as first PET.
y Occurrence of �1 value below threshold as defined by Common Terminol-

ogy Criteria for Adverse Events version 4.0 from start of PET through D100 or
death (whichever occurred first). Grade 3 defined as ANC <1,000 and �500/
mm3 and grade 4 as ANC <500/mm3.

z Occurrence of �1 value below threshold as defined by Common Terminol-
ogy Criteria for Adverse Events version 4.0 from start of PET through D100 or
death (whichever occurred first). Grade 2 AKI was defined as sCr >2.0 and
�3.0 £ baseline sCr, and grade 3 was defined as >3.0 £ baseline sCr. Baseline
sCr was defined as sCr at start of first PET.
compared to baseline, the change in sCr at discontinuation of
FCN was a median of 0.1 (IQR, 0 to 0.4) mg/dL (P < .0001)
(Figure 6B).

Multivariate Risk Factors for Toxicities in the PET Group
We conducted multivariate analyses to identify predictors

for neutropenia or AKI by D100 among the 208 PET recipients.
After adjusting for other variables, factors associated with
more neutropenia episodes were FCN as first PET (RR = 1.45;
95% CI, 1.10 to 1.91; P = .01), diagnosis of lymphoma
(RR = 1.64; 95% CI, 1.21 to 2.23; P = .002), CMV seropositive
donor (RR = 1.32; 95% CI, 1.07 to 1.64; P = .01), maximum CMV
viral load >300 IU/mL (RR = 1.56; 95% CI, 1.10 to 2.2; P = .01),
and lower platelet counts at PET start (RR = 0.98, 95% CI, 0.95
to 0.99; P = .02).

Factors associated with more AKI episodes were FCN as first
drug (RR = 5.49; 95% CI, 3.03 to 9.9; P < .0001), age group 40 to
64 years (RR = 5.04; 95% CI, 2.01 to 12.65; P = .0006), reduced
(RR = 3.27; 95% CI, 1.37 to 7.82; P = .01) or nonmyeloablative
conditioning regimen (RR = 6.08; 95% CI, 2.17 to 17.04;
P = .0006), GVHD prophylaxis with post-CY (RR = 10.38; 95%
CI, 4.39 to 24.51; P < .0001), and CD34 dose >6.4 £ 106/kg (RR
= 3.79; 95% CI, 2.16 to 6.63; P < .0001).

DISCUSSION
Rates of cytopenia and nephrotoxicity have been quantified

in clinical trials of vGCV and FCN [12,13,16,18,21,23,37]. In
clinical practice, multiple factors may influence the types and
frequencies of toxicities. Treatment decisions and modifica-
tions are dynamic and reflect evolving clinical events. In the



Figure 5. Proportion of neutropenia (A) and absolute ANC changes (B) at discontinuation of first PET. (A) Proportion of patients with neutropenia at end of vGCV
(n = 161) and FCN (n = 47) as first PET. (B) Absolute change in ANC (K/mm3) from start of first PET to discontinuation of first PET for vGCV and FCN.
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end, treatment is tailored to the individual patient. We aimed
to characterize toxicities associated with PET in the first
100 days post-HCT in a cohort treated preemptively in a single
institution. Approximately half of our patients were consid-
ered “high risk” for CMV and 42.5% received ex vivo TCD HCT.

We show variability with regard to first PET selection,
sequence, and duration of antivirals, highlighting the differences
between clinical trials and the “real world.” In agreement with
published literature, multivariate risk factors for PET were allo-
graft from mismatched donor, T cell depletion, and diagnosis of
multiple myeloma [38-40]. In addition, we show that nonwhite
race was an independent risk factor for PET.

Our primary objective was to evaluate the impact of PET on
neutropenia and AKI by D100. To exclude toxicities associated
with conditioning or early complications, we excluded
patients who died before D21 and assessed toxicities from
Figure 6. Proportion of AKI (A) and absolute sCr changes (B) at discontinuation of fi
(n = 47) as first PET. (B) Absolute change in sCr (mg/dL) from start of first PET to discon
D21. By D100, more PET recipients had �1 episode of neutro-
penia compared to no PET (41.8% versus 28%; P = .0009). Simi-
lar rates of neutropenia (40% to 60%) have been reported in
clinical trials of ganciclovir in HCT patients [6,16,17]. When we
compared utilization of G-CSF between PET and no PET recipi-
ents, a greater proportion of PET recipients received G-CSF
(74% versus 51.3%) for a greater number of G-CSF doses
(median 5 versus 3) compared to no PET recipients. In multi-
variate models, PET increased the risk of neutropenia 1.8-fold
after adjusting for transplant characteristics and duration of
follow-up. While our study was limited to the first 100 days,
neutropenia has been reported as a negative predictor of over-
all survival and nonrelapse mortality by 1 year [18].

We next examined the impact of PET on AKI. By D100, the
proportion of patients with �1 episode of AKI was similar
between PET and no PET group (12.7% and 7.8%; P = .19). The
rst PET. (A) Proportion of patients with AKI at end of vGCV (n = 161) and FCN
tinuation of first PET for vGCV and FCN.



1490 P. Zavras et al. / Biol Blood Marrow Transplant 26 (2020) 1482�1491
number of AKI episodes, however, was higher among PET
recipients. In multivariate models, PET recipients had a 2.8-
fold increased risk for AKI compared to no PET patients. Use of
post-transplant cyclophosphamide for GVHD prophylaxis was
associated with a 3.75-fold increased risk (P < .0001) while T
cell depletion was associated with decreased risk (RR = 0.42;
P = . 0007) compared to calcineurin-based regimens. We have
previously shown that T cell depletion was associated with
less chronic kidney disease at 2 years post-HCT compared to
calcineurin-based GVHD prophylaxis [41].

Next, we compared the frequencies of toxicities by D100
between patients who received vGCV or FCN as first PET
course and examined the association of each antiviral with
toxicities. The frequency of neutropenia was similar between
patients who received vGCV or FCN. Surprisingly, in multivari-
ate analysis, FCN (as opposed to vGCV) as first PET was associ-
ated with neutropenia. This finding could be partially
explained by preferential use of FCN in patients with cytope-
nias. To get a more direct assessment of treatment-emergent
neutropenia, we examined ANC counts at discontinuation of
first PET. More vGCV recipients (11.2%) versus FCN recipients
(2.1%) had ANC <1,000/mm3 at first PET discontinuation. In a
recent randomized trial, 18% of HCT recipients treated with
valganciclovir had ANC <1,000/mm3 compared to 5% of
patients treated with maribavir for CMV [42]. Ganciclovir
induces neutropenia by dose-dependent inhibition of DNA-
polymerase in hematopoietic progenitor cells [43]. Ganciclovir
is mainly eliminated through the kidney by glomerular and
tubular secretion with a large fraction of unchanged ganciclo-
vir found in urine [44]. Thus, differences in the metabolism of
vGCV by sex and race [45] may result in different GCV expo-
sures and could partially explain differential risk for neutrope-
nia in certain groups.

Nephrotoxicity is a well-recognized side effect of FCN and
may occur more frequently in the setting of concomitant neph-
rotoxic medications or pre-existing renal impairment [23-25].
In our cohort, FCN was used as first PET in 22% of patients. The
frequency of AKI was approximately 3 times higher among
FCN versus vGCV recipients (34% versus 13%, respectively,
P = .001). In multivariate analysis, FCN as first PET was associ-
ated with a 5.5-fold increased risk for AKI compared to vGCV
after adjusting for other factors associated with renal toxicity.

In summary, we show that PET recipients had a 1.8- and 2.8-
fold increased risk for neutropenia and AKI, respectively, by
D100. The direct impact of toxicities on health care resource uti-
lization and cost was beyond the scope of our study and would
likely vary across centers and geographic regions. In addition,
neutropenia and AKI may influence selection of immunosup-
pressants for GVHD or anti-infective prophylaxis agents (eg, tri-
methoprim/sulfamethoxazole for P. jirovecii), which may affect
HCT outcomes beyond the first 100 days post-HCT.

Implementation of letermovir for CMV prevention was
associated with a 90% decrease in PET utilization by D100 [46].
The impact of letermovir on rates of neutropenia and AKI
needs to be factored in cost-benefit analyses. Maribavir, cur-
rently developed for CMV treatment, has not been associated
with neutropenia and nephrotoxicity to date [42,47], making
maribavir a safer alternative to currently available antivirals
for treatment of CMV [42]. Nonpharmacologic approaches
such adoptive transfer of CMV-specific T cells or vaccination
currently under investigation have not been associated with
toxicities and have the potential of inducting long-term immu-
nity against CMV [1].

Our study has several limitations inherent to its observational,
retrospective design. Practice and patient differences among and
within centers may affect rates and outcomes of observed toxic-
ities. The direct impact of CMV infection on neutropenia or AKI
could not have been evaluated in our study [48].

Acknowledging these limitations, our study provides a real-
world quantification of clinically relevant toxicities associated
with preemptive therapy for CMV after HCT. Our findings
underscore the challenges of PET administration and support
the need for safer alternative strategies for prevention or treat-
ment of CMV post-HCT.
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