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A B S T R A C T
Human cytomegalovirus (CMV) infection and disease remains a significant cause of morbidity and mortality for
hematopoietic cell transplantation (HCT) recipients. Disruption of or weak reconstitution of virus-specific cellular
immune function, such as with certain HCT approaches, poses significant risk for CMV-related complications. The
incidence of and risk factors for CMV infection and the nature of CMV disease were evaluated retrospectively
among 356 consecutive HCT recipients transplanted at the National Institutes of Health using all graft sources,
including bone marrow, peripheral blood stem cell (PBSC), and umbilical cord blood (UCB), and a range of in vivo
and ex vivo approaches for graft-versus-host disease (GVHD) prophylaxis. The cumulative incidence of CMV infec-
tion was higher for CMV-seropositive recipients at 33%, regardless of donor CMV serostatus. Patients transplanted
with CMV-seropositive donors had a significantly shorter duration of antiviral therapy. Among graft sources UCB
was associated with the highest cumulative incidence of CMV infection at 65% and significantly longer treatment
duration at a median of 36 days, whereas PBSC HCT was associated with the lowest incidence at 26% and the
shortest CMV treatment duration at a median of 21 days. There were significant differences in the cumulative inci-
dence of CMV infection by T cell manipulation strategy when systemic steroids were included as a risk-modifying
event. Over one-third of CMV infections occurred in the setting of systemic steroid administration. CMV disease
occurred in 5% of HCT recipients, with 70% of cases in the setting of treatment for GVHD. Although factors related
to serostatus, graft source, and GVHD prophylaxis were associated with varied CMV infection incidence,
unplanned post-HCT corticosteroid therapy contributed greatly to the incidence of both CMV infection and dis-
ease across HCT approaches, highlighting this post-HCT intervention as a key time to potentially tailor the
approach to monitoring, preemptive therapy, and even prophylaxis.
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INTRODUCTION
Allogeneic hematopoietic cell transplantation (HCT) is a

potentially curative therapy for a variety of benign and
malignant hematologic and immunologic conditions.
Despite diagnostic and therapeutic advances in the man-
agement of post-HCT opportunistic infections, human cyto-
megalovirus (CMV) remains associated with significant
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morbidity, organ toxicity, and transplant-related mortality
[1�3]. Uncontrolled CMV infection can lead to pneumonitis
or enterocolitis and, more rarely, hepatitis, retinitis, and
encephalitis. CMV infection increases the risk of secondary
bacterial and fungal infections [4,5], whereas antiviral ther-
apies incur morbidity from myelotoxicity (ganciclovir) or
nephrotoxicity (foscarnet). In addition, CMV infection
increases the risks of graft failure and graft-versus-host dis-
ease (GVHD), whereas treating CMV infection in the pres-
ence of poor graft function or in conjunction with
immunosuppressive agents (especially steroids) for GVHD
increases the risk from infections [4,6,7]. Finally, the treat-
ment of CMV-associated complications post-HCT is associ-
ated with longer hospital length of stay, and CMV therapy
carries a substantial financial burden [8,9].

Although letermovir is now approved for CMV prophylaxis
in all CMV-seropositive recipients in the first 3 months post-
HCT, the benefit is seen mainly in recipients at high risk for
CMV disease. Administering letermovir to all CMV-seropositive
recipients is expensive and increases pill burden and the
chance of drug interactions. Therefore, determining which HCT
recipients are most appropriate for letermovir is an important
question [10]. Furthermore, identifying recipients who need
monitoring for CMV infection beyond day +100 post-HCT and
require extended prophylaxis requires a better understanding
of pre- and post-HCT factors that affect the risk from CMV.

Post-HCT CMV infection risk increases at times when cellu-
lar immunity is hindered or compromised, such as with GVHD
or post-HCT relapse and their treatments, or in the setting of
graft failure or poor immune reconstitution [11]. This risk
period varies with the HCT regimen and with the pace of
immune reconstitution and post-HCT events such as GVHD
and its treatment. Thus, although grafts depleted of donor T
cells may carry an increased risk of viral infection, they incur
less risk of GVHD and treatment with systemic steroids, which
particularly impair immune reconstitution.

At the National Institutes of Health (NIH) the HCT platforms
used within the Clinical Center vary widely, including umbilical
cord blood (UCB) HCT, ex vivo T cell depletion (TCD), in vivo
TCD with proximal serotherapy, calcineurin inhibitor (CNI) or
mammalian target of rapamycin inhibitor (mTORi)-based phar-
macologic GVHD prophylaxis, and in vivo immunomodulation
with high-dose post-transplantation cyclophosphamide (PTCy).
Despite this diversity, all NIH Clinical Center HCT recipients are
uniformly monitored for CMV in the blood using quantitative
PCR (qPCR) performed in a central clinical laboratory, and
patients with CMV infection or disease are treated under
NIH-wide HCT guidelines. This unique combination of diverse
HCT approaches within a single center that applies a uniform
approach to CMV monitoring and treatment offers an opportu-
nity to comprehensively evaluate the cumulative incidence
(CInc) of and risk factors for post-HCT CMV infection and disease
across different HCT regimens and across all graft sources. Addi-
tionally, this framework allowed the evaluation of the impact of
systemic steroids after HCT on the CInc of CMV infection,
accounting for differences in the incidence of this risk-modify-
ing event within individual HCT platforms.

METHODS
Clinical Record Review

After Institutional Review Board approval we retrospectively evaluated
the incidence and risk factors for CMV infection among patients undergoing
allogeneic HCT at the NIH between August 10, 2011 and February 11, 2017.
All patients transplanted at the NIH were enrolled on prospective clinical tri-
als, and enrollment lists from all HCT trials actively accruing during the study
interval were used to generate a list of all HCT recipients. The Biomedical
Translational Research Information System and the Clinical Research
Information System were queried for HCT and CMV data. Of 390 consecutive
HCT recipients transplanted during the study period, recipients were
included if the following criteria were met: first allogeneic HCT, clinical
follow-up of survivors through 1 year post-HCT, and at least 64% of weekly
CMV qPCRs, equating to at least 9 of 14 weekly specimens for survivors
through day +100 or fewer specimens but meeting at least the 64% threshold
for those with death before day +100. Recipients on single-patient HCT proto-
cols, an HCT protocol that included prophylactic post-HCT virus-specific cyto-
toxic T cell therapy, and those who died before receipt of donor cells on day
0 were excluded.

All HCT recipients at the NIH remained under direct local NIH care for at
least 100 days post-HCT. The approaches to monitoring, preemptive therapy,
and treatment of CMV infection and disease are uniform across HCT proto-
cols, as formalized by NIH Bone Marrow Transplant Consortium Infectious
Disease guidelines. All recipients were monitored at least weekly with blood
CMV qPCR through day +100 post-HCT, with twice weekly monitoring for
UCB HCT recipients, ex vivo TCD HCT, and haploidentical (haplo) recipients
with hemoglobinopathy/thalassemia. Standard blood components for HCT
recipients were leukoreduced to reduce the risk of CMV transmission, but
CMV-seronegative recipients with CMV-seronegative HCT donors were
not exclusively given blood components from CMV-seronegative donors.

Recipients were considered to be at risk for CMV infection if either donor or
recipient were CMV-seropositive. For recipients of dual HLA- haplo CD34+-
selected peripheral blood stem cell (PBSC) and UCB (haplo-UCB) grafts, recipients
were considered at risk for CMV infection only if the recipient was CMV-seroposi-
tive. UCB HCTs were classified to include all HCTs using UCB as a graft source and
included haplo-UCB because the engrafting component of the haplo-UCB almost
always comes from the UCB component.

T cell manipulation strategies to prevent GVHD were grouped into 4 strat-
egies: PTCy, proximal serotherapy (alemtuzumab starting day �12 or more
proximal to day 0 or antithymocyte globulin days �5 to �2), ex vivo TCD, and
CNI/mTORi-based. HCTs using both PTCy and proximal serotherapy were des-
ignated as serotherapy transplants, because serotherapy so proximal to the
graft infusionwas considered to have the dominant effect on graft immunomo-
dulation. Within the serotherapy group the approach to HCT conditioning was
distinct for recipients with hemoglobinopathy and thalassemia (minimal-
intensity conditioning with serotherapy and radiation) as compared with
recipients with primary immunodeficiency disease (PID) or malignancy who
received a mostly myeloablative chemotherapy�based conditioning. Thus, the
serotherapy group was further subdivided by recipient diagnosis (hemoglobin-
opathy/thalassemia versus other) for some exploratory analyses.

Definitions of Endpoints
CMV infection (synonymous with CMV reactivation) was defined as any

of the following: 2 qPCR values between 3.08 and 4.11 log10 IU/mL separated
by 1 week, 1 qPCR value > 4.11 log10 IU/mL, or sufficient clinical suspicion for
CMV disease to prompt therapy, regardless of CMV qPCR level. Before October
10, 2014 CMV qPCR was reported as log10 copies/mL (minimum level of
detection < 2.40 log10 copies/mL, equivalent to <250 copies/mL); as of Octo-
ber 10, 2014 CMV qPCR was reported as log10 IU/mL (same minimum level of
detection, reported as <3.08 log10 IU/mL). For results before this change val-
ues were converted to log10 IU/mL by adding 1.1 to the log10 copies/mL value.

The CMV qPCR is a laboratory developed assay designed and validated by
the Molecular Lab of the NIH Department of Laboratory Medicine. Recurrent
infection was defined according to a published definition as a subsequent epi-
sode of CMV infection meeting the above criteria, after prior post-HCT CMV
infection followed by at least a 4-week period of no virus detection on weekly
monitoring [6]. Recipients were designated as having CMV disease if the
treating HCT team at the time documented such a diagnosis in the chart or
based on autopsy findings. CMV infection data were captured through day
+100 post-HCT, and disease data were captured through 1 year post-HCT,
because it was presumed that the occurrence of CMV disease in the first year
post-HCT would be known to the HCT team, even if diagnosed and treated at
another hospital. Treatment of CMVwas defined as the administration of gan-
ciclovir, valganciclovir, foscarnet, or cidofovir for CMV infection or disease.

Competing risks (CRs) for CMV infection included death from any cause
and the risk-modifying events of graft failure, malignancy relapse requiring
systemic therapy, second HCT, donor lymphocyte infusion, and systemic ste-
roid use. Systemic steroid use was chosen as a CR given that it is an objective
event that would be expected to modulate CMV infection risk and was an
event that captured all patients with GVHD requiring first-line therapy, as
well as the use of steroids for other post-HCT complications. Graft failure was
defined as the absence of hematopoietic recovery post-HCT or, in the setting
of autologous recovery or secondary graft failure, myeloid chimerism < 5%
donor cells. Malignancy relapse was defined as post-HCT recurrence or pro-
gression of a hematologic malignancy requiring systemic therapy. Systemic
steroid use was defined as the post-HCT administration of �.5 mg/kg/day of
prednisone or prednisone equivalent, excluding hydrocortisone, based on
patient weight on starting steroid therapy. Data were locked for analysis on
March 1, 2018.
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Statistical Analyses
Descriptive statistics were used for HCT characteristics and the timing

and duration of CMV therapy. Comparisons of HCT characteristics across sub-
groups were performed using the chi-squared test for categorical variables
and the Kruskal-Wallis test for continuous variables.

One hundred�day post-HCT CMV-free survival was defined as survival of
recipients who did not have CMV infection or death occur within 100 days post-
HCT, with CMV-infection-free survivors censored at 100 days post-HCT. CMV
infection-free, steroid-free, graft failure�free survival was defined as survival of
recipients who did not have CMV infection, graft failure, or systemic steroid use
within 100 days post-HCT, with event-free survivors censored at 100 days post-
HCT. The corresponding survival curves were constructed using the Kaplan-Meier
method and compared using the log-rank P value.

CInc curves of CMV infection were constructed using the method of Fine
and Gray and compared using K-sample tests [12,13]. Death, malignancy
relapse requiring systemic therapy, graft failure, second HCT, and donor lym-
phocyte infusion were considered CRs in every analysis. A second set of CInc
curves were constructed including systemic steroid use as an additional CR to
account for the risk modification of increased systemic immunosuppression,
most often in the setting of acute GVHD.

Survival curves were generated using GraphPad Prism, version 7.01 (Graph-
Pad Software, La Jolla, CA; www.graphpad.com). CInc curves were generated
using R program, version 3.3.3 (R Core Development Team, Vienna, Austria).

Multiple logistic regression analyses to evaluate risk factors for CMV
infection were performed. Univariate associations between a set of parame-
ters and CMV infection were initially determined before performing multiple
logistic regression analyses. After the initial univariate screening analyses,
multiple logistic regression analyses were used to determine the association
between HCT characteristics and CMV infection. These analyses were per-
formed using SAS 9.3 (SAS Institute, Cary, NC).

For all the above non-CInc analyses, results were considered statistically
significant if 2-tailed P< .05. For the CInc analyses, because of the exploratory
nature of some of the analyses and the varying degrees of independence of
the tests performed, no formal adjustment for multiple tests was performed
Table 1
Recipient, Donor, and Transplant Characteristics

Patients
(n = 356)

CNI/mTORi- based
(n = 145)

Seroth

Male 215 (60) 82 (56) 61 (7
Age at HCT, yr, median (range) 31 (3-71) 38.5 (8-71) 28 (4
Diagnosis

Malignancy 178 (50) 112 (77) 9 (1
Primary immunodeficiency 97 (27) 20 (14) 29 (3

Hemoglobinopathy/thalassemia 44 (12) 0 44 (5
Aplastic anemia 37 (10) 13 (9) 0

Intensity of conditioning
NMA/RIC 196 (55) 92 (63) 53 (6
Myeloablative 160 (45) 53 (37) 29 (3

Graft source
PBSC 264 (74) 118 (81) 80 (9
Bone marrow 67 (19) 27 (19) 2 (2
UCB or CD34+ selected haplo+UCB 25 (7) 0 0

Donor type
HLA-matched related 183 (51) 107 (74) 33 (4
HLA-matched unrelated 84 (24) 33 (23) 32 (3
HLA-haplo 56 (16) 0 15 (1
UCB or CD34+ selected haplo+UCB 25 (7) 0 0
HLA-mismatched unrelated 8 (2) 5 (3) 2 (2

Donor age, yr, median (range)* 32 (4-71) 38 (5-71) 30 (4
Female �>male HCT 89 (25) 32 (22) 29 (3
At risk for post-HCT CMV infection y 263 (74) 118 (81) 55 (6
D/R CMV serostatusz

+/+ 161 (45) 78 (54) 33 (4
�/� 88 (24) 27 (18) 26 (3
�/+ 67 (19) 23 (16) 14 (1
+/� 31 (9) 17 (12) 8 (1

T cell dose, £107/kg, median (IQR)x 10.5 (2.0-22.7) 12.1 (3.9-19.3) 31.5 (2

Values are n (%) unless otherwise defined. NMA indicates nonmyeloablative; RIC, redu
* Excluding UCB and haplo-UCB because engrafting cells are UCB.
y Recipients were considered at risk for CMV infection if either donor or recipient w
z D/R unknown for 10 recipients (3%); for HCT using haplo+UCB donors, UCB was pr

mine at-risk designations for recipients, because it was presumed that a CMV-seropos
ever, haplo donor serostatus was not used to designate donor CMV serostatus for use
provided by the UCB donor.

x T cell dose unknown in 18 recipients (5%).
and P values are presented without any correction. However, in view of the
number of tests performed, to provide proper interpretation P values are
interpreted such that P < .01 would be considered statistically significant but
P between .01 and .05 would be considered to be associated with a trend
toward statistical significance.

RESULTS
Recipient, Donor, and HCT Characteristics

Of 390 HCT recipients transplanted during the study period,
356 (91%) met inclusion criteria. Reasons for exclusion included
<64% of CMV qPCRs despite survival through 100-days post-HCT
(n = 14), second HCT (n = 8), survivor with less than 1 year fol-
low-up (n = 8), death before day 0 (n = 2), single-patient protocol
(n = 1), and receipt of prophylactic virus-specific cytotoxic T cells
(n = 1). Of the 356, 263 (74%) were at risk for post-HCT CMV
infection, with no significant difference among T cell manipula-
tion strategies.

The recipient, donor, and HCT characteristics for the 356
HCTs are shown in Table 1, grouped by T cell manipulation
strategy. There were significant differences among groups
with respect to these characteristics, as expected given that
different T cell manipulation strategies at the NIH were used in
the setting of clinical trials, which were largely disease- and
HCT approach-specific.

Survival and Freedom from CMV Infection
Survival point estimates are shown in Table 2. There was no

difference in 1-year overall survival by donor/recipient (D/R)
erapy (n = 82) PTCy-based (n = 58) TCD (n = 46) UCB (n = 25) P

4) 28 (49) 29 (63) 15 (60) .02
-68) 22 (6-66) 30 (6-70) 20 (3-52) <.0001

<.0001
1) 10 (17) 44 (96) 2 (8)
5) 48 (83) 0 1 (4)
4) 0 0 0

0 2 (4) 22 (88)
<.0001

5) 15 (26) 12 (26) 24 (96)
5) 43 (74) 34 (74) 1 (4)

<.001
8) 20 (35) 46 (100) 0
) 38 (65) 0 0

0 0 25 (100)
<.0001

0) 6 (10) 38 (83) 0
9) 12 (21) 7 (15) 0
8) 40 (69) 0 0

0 0 25 (100)
) 0 1 (2) 0
-67) 34 (5-65) 30 (12-69) n/a .02
5) 8 (14) 11 (24) 9 (36) .03
7) 43 (74) 30 (65) 17 (68) NS

<.001
0) 27 (47) 22 (48) 0
2) 12 (21) 15 (33) 8 (32)
7) 7 (12) 6 (13) 17 (68)
0) 5 (9) 1 (2) 0
1.9-38.8) 6.17 (3.8-20) .09 (.06-.13) .74 (.5-1.1) <.0001

ced-intensity conditioning; IQR, interquartile range.

ere CMV-seropositive, including the haplo donor of haplo-UCB HCTs.
esumed CMV-seronegative and haplo donor CMV serostatus was used to deter-
itive CD34+ selected haplo product could transmit CMV to the recipient. How-
as a variable for CMV infection risk analyses, because the T cell immunity was

http://www.graphpad.com


Table 2
Kaplan-Meier Survival Curve Point Estimates

1 Year Overall
Survival

P Day +100 CMV-Free
Survival

P Day +100 CMV-Free, Steroid-Free,
GF-Free Survival

P

D/R serostatus NS <.0001 <.0001
�/� 86% (77-92%) 93% (85-97%) 51% (40-61%)
�/+ 76% (64-85%) 39% (28-51%) 27% (17-38%)
+/� 84% (65-93%) 84% (66-93%) 55% (36-70%)
+/+ 78% (71-84%) 41% (33-49%) 25% (19-32%)

Graft source NS .01 .08
Bone marrow 83% (72-90%) 55% (42-66%) 35% (24-46%)
PBSCs 79% (74-84%) 62% (56-67%) 37% (31-43%)
UCB 84% (63-94%) 40% (21-58%) 20% (7-37%)

T-cell manipulation strategy NS .08 NS
PTCy-based 84% (72-91%) 57% (43-69%) 39% (27-52%)
Serotherapy 91% (83-96%) 67% (56-76%) 41% (31-52%)
TCD 87% (73-94%) 60% (44-73%) 29% (17-42%)
CNI/mTORi-based 78% (70-84%) 58% (44-65%) 35% (28-43%)

95% confidence interval is in parantheses.
GF indicates graft failure.
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CMV serostatus, graft source, or T cell manipulation strategy.
Among graft sources UCB was associated with lower CMV
infection�free survival as compared with bone marrow and
PBSC grafts (P = .01) (Figure 1). There were no differences in
CMV infection�free, steroid-free, graft failure�free survival
estimates by graft source or T cell manipulation strategy.

Impact of CMV Serostatus and Graft Dose on CMV Infection
The 100-day CInc of CMV infection differed by donor and

recipient CMV serostatus (P < .001), with CMV infection CInc
the highest for CMV-seropositive recipients, regardless of
donor serostatus (Table 3). When evaluating the impact of
T cell graft dose, not accounting for the effect of the various in
vivo T cell manipulation strategies, there was no difference in
the 100-day CInc of CMV infection among at-risk recipients
(n = 263) who received 1 to 9.9£ 108 CD3 cells/kg compared
with those who received 1, 2, or >2 log fewer T cells/kg,
Figure 1. Kaplan-Meier curve of CMV infection-free sur
although the 100-day CInc of CMV infection trended upward
with each grouped decrease in T cell graft dose (Table 3).

Impact of Systemic Steroids and HCT Approach on CMV
Infection

The CInc of CMV infection, with and without steroids as a
CR, are shown in Table 3. For the at-risk cohort the estimated
100-day CInc of CMV infection was 47% (95% confidence inter-
val [CI], 40% to 52%) without steroids as a CR and 30% (95% CI,
24% to 35%) with steroids as a CR, demonstrating that many
CMV infections occurred after the initiation of systemic steroid
therapy. Of the 124 recipients with CMV infection in the first
100 days post-HCT, 45 recipients (36%) developed CMV infec-
tion after initiation of steroids. UCB grafts were associated
with the highest CInc of CMV infection among graft sources
(Figure 2). By T cell manipulation strategy there were signifi-
cant differences between groups with regard to the estimated
vival through day +100 post-HCT by graft source.



Table 3
CInc of CMV Infection and CR Events

100-DAY CInc of CMV Infection,
Including Steroids as CR

P 100-Day CInc of CMV Infection,
Excluding Steroids as CR

P

Entire at-risk cohort 30% (24-35%) 47% (40-52%)
D/R serostatus <.0001 <.0001

�/� 2% (0-7%) 4% (0-9%)
�/+ 33% (22-44%) 52% (40-63%)
+/� 9% (2-21%) 12% (4-25%)
+/+ 33% (26-40%) 53% (45-60%)

Graft source .001 .0001
Bone marrow 33% (20-46%) 54% (39-67%)
PBSCs 26% (20-33%) 43% (36-49%)
UCB 65% (34-84%) 82% (51-95%)

T-cell manipulation strategy .007 NS
PTCy-based 26% (14-40%) 49% (32-63%)
Serotherapy 36% (24-49%) 44% (30-56%)
TCD 47% (28-64%) 60% (40-75%)
CNI/mTORi-based 19% (13-27%) 40% (31-49%)

Graft T cell dose NS NS
<1£ 106 CD3/kg 41% (23-57%) 56% (37-72%)
1-9.9£ 106 CD3/kg 33% (11-58%) 53% (25-75%)
1-9.9£ 107 CD3/kg 33% (23-43%) 52% (40-62%)
1-9.9£ 108 CD3/kg 24% (17-31%) 40% (32-49%)

95% confidence interval is in parantheses.
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100-day CInc of CMV infection but only when including ste-
roids as a CR, highlighting the significant impact of steroids in
changing the CMV risk associated with specific HCT
approaches (Figure 2).

Figure 3 shows the CInc estimates of CMV infection and
CRs, including steroids, by T cell manipulation strategy to
demonstrate the overall rates of experiencing CMV infection
or a CR event across HCT approaches. Because PTCy-based
and serotherapy-based approaches were associated with
some of the more moderate rates of both CMV infection and
CRs but the HCT approaches varied by HCT indication/disease,
these subgroups are also shown in Figure 3. The CInc of CMV
infection was further explored comparing HCT using PTCy
without serotherapy for recipients with PID (PTCy alone,
n = 34 at risk), HCT using serotherapy with or without PTCy
for recipients with hemoglobinopathy/thalassemia (serother-
apy-based, n = 34 at risk), and HCT using serotherapy with or
without PTCy for PID or malignancy (n = 21 at risk). Including
steroids as a CR, there were no significant difference in 100-
day CInc of CMV infection, estimated at 29% (95% CI, 15% to
45%) for recipients of serotherapy-based HCT for hemoglobin-
opathy/thalassemia, 29% (95% CI, 15% to 45%) for recipients of
PTCy alone HCT for PID, and 48% (95% CI, 25% to 67%) for
recipients of serotherapy with or without PTCy for PID or
malignancy. Among pharmacologic, non�PTCy-based and
non�serotherapy-based approaches to GVHD prophylaxis,
the CInc of CMV infection between CNI-based (n = 57) versus
CNI+mTORi-based (n = 61) approaches were compared among
at-risk recipients. The estimated 100-day CInc of CMV infec-
tion was significantly higher in the CNI-based group as com-
pared with the CNI+mTORi-based group, both with (32%
versus 8%, P = .001) and without (60% versus 21%, P < .001)
steroids as a CR. The incidence of CMV infection and CRs for
CNI-based approaches and CNI+mTORi-based approaches are
also shown in Figure 3.

Risk Factors for CMV Infection and Impact of HLA Mismatch
Based on univariate analyses of factors predicting CMV

infection, recipient CMV serostatus, D/R CMV serostatus, T cell
dose of the graft as a continuous variable, graft source, and
transplant indication (recipient disease) were included in the
multiple logistic regression model, whereas conditioning
intensity, T cell manipulation strategy, and recipient age were
parameters not carried forward to the multiple logistic regres-
sion model. Across all approaches this resulted in a classifica-
tion rule that ultimately included recipient CMV serostatus
alone to successfully predict 94.1% of recipients who developed
CMV infection by day +100. However, this rule only predicted
52.1% of recipients who did not develop CMV infection by day
+100.

Given that HLA mismatching has been associated with
increased risk of CMV infection and that a recipient may often
have multiple haplo donor options of different CMV serosta-
tuses [14,15], we specifically evaluated the CInc of CMV infec-
tion among PTCy-treated HCT recipients, because recipients of
haplo grafts (excluding haplo-UCB) all received PTCy. Among
PTCy-treated recipients an identical multiple logistic regres-
sion analysis was run. The only parameters carried forward to
the multiple logistic regression model were recipient CMV
serostatus and D/R CMV serostatus. The model reduced down
to just using D/R CMV serostatus to result in classification rule
where, in contrast to the findings across all approaches, both
donor and recipient CMV serostatus were necessary to include
to optimally predict 85.7% of recipients who developed CMV
infection by day +100 and 68.3% of those who did not develop
CMV infection by day +100. For exploratory purposes given the
multiple logistic regression model findings, we evaluated the
impact of D/R CMV serostatus on the CInc of CMV infection
among at-risk recipients of haplo grafts. Including steroids as a
CR, CMV infection only occurred among CMV-seropositive
recipients with CMV-seropositive donors, with a 100-day CInc
of CMV infection of 45%, compared with 0% in both D/R +/�
and �/+ groups (P = .03). We also evaluated the impact of HLA
match on the CInc of CMV infection for PTCy-treated recipients,
comparing at-risk recipients of HLA-matched related or unre-
lated grafts (n = 13) with at-risk recipients of haplo grafts
(n = 46). There was no difference in the CInc of CMV infection
or the CInc of CRs, with and without steroids as a CR, for haplo
graft recipients as compared with matched graft recipients,
with 100-day CInc of CMV infection of 38% versus 47%, respec-
tively, without steroids as a CR and 15% versus 30%, respec-
tively, with steroids as a CR.



Figure 2. CInc of CMV infection, not including (A, C, and E) and including (B, D, and F) systemic steroids as a CR. (A and B) One hundred�day CInc of CMV infection by
D/R serostatus. (C and D): One hundred�day CInc of CMV infection by graft source. (E and F) One hundred�day CInc of CMV infection by T cell manipulation strategy.
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Timing and Duration of CMV Infection
By T cell manipulation strategy there was no difference

among groups in the timing of CMV infection post-HCT or the
duration of therapy for infection, where the median day post-
HCT of CMV infection ranged from day +21 for PTCy, day +21
for serotherapy, day +23 for UCB, day +25 for TCD, and day +35
for CNI/mTORi-based approaches. Treatment duration was lon-
ger for recipients of UCB grafts at a median of 36 days, as com-
pared with 27 days for bone marrow and 21 days for PBSCs
(P =.03). Treatment duration was longer for recipients of grafts
from CMV-seronegative donors with a median duration of 30
treatment days, as compared with recipients of grafts from
CMV-seropositive donors with a median duration of 21 treat-
ment days (P = .02). When non-UCB CMV-seronegative grafts
were considered as a separate group and compared with UCB
grafts and CMV-seropositive grafts, the treatment duration
was different between groups with median of 21 days with
CMV-seropositive grafts; 29 days for non-UCB, CMV-



Figure 3. One hundred�day CInc of CMV infection and CRs, including steroids, by HCT approach, shown as a percentage where the remainder to reach 100% are
event-free through day +100. Subgroups of the serotherapy-based and PTCy-based approaches, by recipient diagnosis, and subgroups of CNI-based and CNI+mTORi-
based pharmacologic approaches to GVHD prophylaxis are also shown.
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seronegative grafts; and 36 days for UCB grafts (P = .04). The
timing of CMV infection requiring treatment post-HCT did not
differ by donor serostatus or whether the seronegative donor
was UCB.

At-risk recipients of HCT for hemoglobinopathy/thalasse-
mia received CMV treatment significantly less frequently as
compared with recipients of HCT for malignancy, PIDs, or
aplastic anemia (chi-square P = .0005). Among recipients of
serotherapy-based HCT, those transplanted for a diagnosis of
hemoglobinopathy/thalassemia had a shorter treatment dura-
tion (median, 16 days) as compared with those transplanted
for malignancy or PID (median, 31 days; P = .008).

Antiviral resistance mutation testing was performed in 9
HCT recipients. In 4 recipients with CMV infection, no resis-
tance mutations were found. In 5 recipients, all with CMV dis-
ease, resistance mutations were found (Table 4).
CMV Disease
In the year post-HCT 19 recipients (5%) had 21 CMV disease

events (colon, 7; lungs, 7; upper gastrointestinal tract, 5; reti-
nitis, 1; central nervous system, 1) at a median of 88 days post-
HCT, although 10 recipients were diagnosed beyond day +100
(Table 4). Two cases were resistant to ganciclovir, foscarnet,
and cidofovir; 2 cases were resistant to ganciclovir and foscar-
net; and 1 case was resistant to foscarnet. Three cases of CMV
disease developed without prior CR, whereas 12 cases were in
the setting of GVHD, 3 in the setting of relapse and GVHD, 2 in
the setting of relapsed hematologic malignancy requiring sys-
temic therapy, and 1 in the setting of second HCT for graft fail-
ure. One case was a D/R �/� recipient who had received
granulocytes post-HCT, whereas 2 were D/R �/+ and 2 D/R
+/�. All but 2 cases occurred in recipients of PBSC grafts. One
patient, after developing resistance to antiviral therapy,
received multiple infusions of CMV-specific cytotoxic T cells
without response.
DISCUSSION
In the modern era of improved methods to monitor, treat,

and even prevent CMV infection after HCT, understanding the
circumstances in which HCT recipients are or become at risk of
CMV infection post-HCT remains an important focus [16]. Our
results are consistent with those from a Center for Interna-
tional Blood and Marrow Transplant Research study demon-
strating that recipient CMV serostatus is the main determinant
of CMV infection incidence post-HCT across HCT approaches.
Our data also indicate that among PTCy-treated recipients,
donor CMV serostatus also may inform CMV infection risk [17].
The mechanism behind donor CMV seropositivity contributing
to the prediction of CMV infection risk among PTCy-treated
recipients is unclear but might relate to differences in



Table 4
Recipient, Transplant, and Clinical Characteristics of Cases of CMV Disease

Days Post -
HCT of Diagnosis

Graft HCT Indication
(Disease)

HCT Approach Organ D/R CMV
Serostatus

Setting of
CMV Disease

CMV Infection in
First 100 Days

Day of Post-
HCT Death

Antiviral
Resistance

Other Infectious
Issues

Cause of Death

+34 PBSC Malignancy CNI/mTORi Colon +/+ Relapse Day +31 +38 None Relapse
+84 PBSC Malignancy CNI/mTORi Stomach +/+ GVHD, relapse Day +61 +258 Giardia Relapse
+29 BM Malignancy CNI/mTORi Lung +/� No events Day +29 Alive None N/A
+212 PBSC Malignancy CNI/mTORi Colon +/+ GVHD Day +49 +372 Ganciclovir (F412L,

V812L in UL54 gene),
foscarnet (V812L),
cidofovir (F412L,
V812L)

Paecilomyces sinusitis, VRE bacteremia,
C. difficile colitis, BK-associated cystitis

GVHD with infectious
complications

+254 PBSC Malignancy TCD Retina +/+ After second HCT for
graft failure

+897 HHV6 reactivation, EBV elevation in blood,
Klebsiella and E. coli UTIs, S. pneumoniae
pneumonia

CNS relapse after
second HCT

+237 PBSC Malignancy CNI/mTORi Lung +/� Relapse, GVHD Day +42 +255 Foscarnet (S585A
in UL54 gene)

Aspergillus pneumonia Secondary malignancy

+88 PBSC PID Serotherapy Lung �/� GVHD Day +8 +93 Ganciclovir and
foscarnet (A809V
in UL54 gene)

Pyrenochaeta liver abscess, P. romeroi
pneumonia, Klebsiella pneumonia and
bacteremia

GVHD with infectious
complications

#1: +22 PBSC Malignancy CNI/mTORi #1: Stomach +/+ #1: CMV just
before GVHD

Day +6 +710 #1: H. pylori gastritis, BK viremia, E. faecalis
bacteremia, S. epidermidis bacteremia

Relapse

#2: +85 #2: Colon #2: GVHD #2: Cholecystitis
+30 PBSC Malignancy CNI/mTORi Esophagus +/+ Relapse - second HCT,

then relapse again
Day +30 +261 HHV6 reactivation Relapse

+42 PBSC PID PTCy CNS +/+ GVHD Day +43 +83 HHV6 reactivation, EBV elevation in blood,
BK-associated cystitis, Cryptosporidium,
S. aureus bacteremia, Pseudomonas
bacteremia, disseminated Basidiomycetes
infection

GVHD with infectious
complications

+237 UCB Aplastic Anemia UCB Lung �/+ GVHD Day +22 +416 Ganciclovir (T503I,
A809V in UL54 gene),
foscarnet (A809V),
cidofovir (T503I);
CMV-CTLs

HHV6 reactivation, RSV LRTI, Cryptococcal
sinusitis, MAC pneumonia,
Aspergillus pneumonia

CMV pneumonitis

+15 PBSC Malignancy Serotherapy Colon +/+ GVHD Day +21 +83 HSV viremia, EBV elevation in blood Relapse
+269 PBSC Malignancy CNI/mTORi Lung +/+ GVHD Day +51 Alive Adenoviremia N/A
+108 PBSC PID Serotherapy Colon +/+ GVHD Day +91 +277 Adenoviremia, EBV elevation in blood,

BK-associated cystitis, Legionella peritonitis,
Candida glabrata fungemia, VRE bacteremia,
C. difficile colitis

GVHD with infectious
complications

+346 PBSC Malignancy TCD Colon +/+ Relapse - second HCT,
then GVHD

+595 Disseminated Fusarium, S. mitis bacteremia,
Klebsiella pneumoniae bacteremia

Relapse with infectious
complications

+145 PBSC Malignancy CNI/mTORi Colon +/+ GVHD Alive BK-associated cystitis
+340 PBSC Malignancy Serotherapy Lung �/+ GVHD Day +12 +398 Ganciclovir (C603W

in UL97 gene), foscarnet
(V715M in UL54 gene)

HHV6 reactivation, BK-associated cystitis GVHD, uncontrolled
CMV, TMA

#1: +48 PBSC PID PTCy #1: Stomach +/+ #1 and 2: GVHD Day +49 +414 BK-associated cystitis,
primary EBV infection

GVHD with uncontrolled
CMV

#2: +385 #2: Lungs
+25 PBSC Hemoglobinopathy Serotherapy Colon +/+ No events Day +19 Alive None N/A

BM, indicates bone marrow; CMV-CTLs, CMV-specific cytotoxic T lymphocytes; VRE, vancomycin-resistant enterococcus; BK, BK virus; HHV6, human herpesvirus-6; EBV, Epstein-Barr virus; UTI, urinary tract infection; RSV, respiratory
syncytial virus; LRTI, lower respiratory tract infection; MAC,M avium complex; HSV, herpes simplex virus; TMA, thrombotic microangiopathy.
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immunomodulation of donor-derived antiviral immunity by
PTCy that depend on donor/graft serostatus. Furthermore, our
finding that UCB was associated with high rates of CMV infec-
tion and prolonged treatment duration are consistent with a
prior study [18]. Unique to our study is how post-HCT events,
particularly steroid use, modify the known pre-HCT predictive
factors. Furthermore, given that CMV diagnosis and treatment
as well as other supportive care elements were standardized
across patients, this study eliminates confounding influences
present in the Center for International Blood and Marrow
Transplant Research registry study. Although the level of detail
available to investigate CMV infection and risk modifiers
exceeds a registry-based approach, our study is limited by the
fact that the variables evaluated across the HCT approaches
investigated herein such as disease type, graft source, and
T cell manipulation strategy were determined in aggregate by
protocol design and not as independent variables.

The degree of HLA matching and donor relatedness are
known determinants of CMV infection among at-risk recipi-
ents [14], although it is difficult to separate the GVHD prophy-
laxis approach and the risk for developing GVHD determined
by HLA match from differences in post-HCT CMV-specific
immunity related directly to the degree of HLA matching.
Among recipients of haplo grafts, others have shown that in
vivo TCD with antithymocyte globulin carries higher rates of
CMV infection and viral infection�related mortality when
compared with PTCy-based approaches to haplo HCT [15]. In
an exploratory analysis we found no difference in CMV infec-
tion incidence between PTCy-treated recipients by degree of
HLA match, even when accounting for post-HCT steroid use as
a CR. These findings likely are related at least in part to overall
low incidences of severe acute and chronic GVHD and thus low
immunosuppressive burdens in patients treated with PTCy.
This is further supported by our overall data illustrating the
impact of post-HCT interventions, such as steroid therapy for
GVHD, on CMV infection incidence, regardless of other specif-
ics of the approach [19,20].

In comparing CNI-based GVHD prophylaxis with CNI
+mTORi-based approaches, the latter was associated with
less CMV infection. There are data to suggest that mTORi
may protect against CMV infection [21], although 2 random-
ized trials of CNI/methotrexate versus CNI/mTORi reported
no differences in CMV infection incidence between treat-
ment arms, with similar rates of GVHD between the arms
[22,23]. However, the relationship between GVHD onset/
treatment and CMV infection was not examined for differen-
ces between arms in either trial [22,23]. Because mTORi have
been shown to not directly inhibit CMV replication [24], any
protective effect of mTORi, if real, would seem to be indirect
and related to reconstitution of CMV-specific cellular immu-
nity. Additionally, recipients transplanted for hemoglobin-
opathy/thalassemia received alemtuzumab during
conditioning and post-HCT mTORi without CNI, with a rela-
tively low incidence of CMV infection despite the proximal
serotherapy they received. Our finding of lower CMV inci-
dence in recipients of mTORi is interesting in that it suggests
mTORi may indirectly mitigate CMV infection risk, perhaps
related to the early mixed chimerism often observed in these
recipients of mTORi-based GVHD prophylaxis [25�27].

Our data support that unplanned, post-HCT events, particu-
larly steroid use, contribute greatly to the incidence of CMV
infection. Analyses with and without steroids as a CR quantify
the added risk posed by this very common post-HCT interven-
tion. Of the recipients in this study who had CMV disease,
post-HCT risk-modifying events were a co-factor in most cases.
As reported by others [28] and also illustrated here, CMV dis-
ease resulting in death was often in the seen with multiple
concurrent infectious complications arising in the setting of
steroid-refractory GVHD.

These data illustrate the utility in tailoring the monitoring
and preemptive treatment, strategies in a dynamic manner,
based on the nature and severity of post-HCT risk-modifying
events and on an individual level. Our analysis from the pre-
letermovir era should serve as an historical comparison as new
prophylactic approaches are incorporated into practice. Dura-
ble restoration of CMV-specific cellular immune function
should mark the point post-HCT when risk for clinically signifi-
cant CMV infection and disease ends for a given individual.
However, post-HCT factors may weaken or incapacitate CMV-
specific cellular immunity and make patients again at risk for
CMV infection or disease. Although assays to quantify CMV-
specific cytotoxic T cells are now clinically available, what rep-
resents a protective, functional level of cellular immunity is
still largely investigational, and the clinical application of these
tests post-HCT remains very much uncharted [29,30]. Further
work may provide insight into whether these assays are more
informative when applied to recipients recovering from a
risk-modifying event, such as tapering off unplanned immuno-
suppression or recovering from chemotherapy plus donor lym-
phocyte infusion for relapse, to provide additional insight at
that time into CMV-specific immunity and guide CMV moni-
toring approach moving forward. Letermovir is now approved
for CMV prophylaxis in CMV-seropositive recipients through
day +100 [10]; however, the recipients most vulnerable to sig-
nificant CMV infection and disease may be best identified not
just by their serostatus pre-HCT or the HCT platform used, but
by post-HCT events that impair immune reconstitution, even
after day +100.
ACKNOWLEDGMENTS
The authors thank Seth Steinberg for his input and guid-

ance regarding the statistical design and analyses. The authors
thank the research teams and patients for their contributions
and participation in the research.

Financial disclosure: This project has been funded in part
with federal funds from the National Cancer Institute, NIH,
under Contract No. HHSN261200800001E. The content of this
publication does not necessarily reflect the views or policies of
the Department of Health and Human Services, nor does men-
tion of trade names, commercial products, or organizations
imply endorsement by the US Government.

Conflict of interest statement: There are no conflicts of inter-
est to report.
REFERENCES
1. Crocchiolo R, Bramanti S, Vai A, et al. Infections after T-replete haploident-

ical transplantation and high-dose cyclophosphamide as graft-versus-host
disease prophylaxis. Transpl Infect Dis. 2015;17:242–249.

2. Illiaquer M, Imbert-Marcille BM, Guillaume T, et al. Impact of stem cell
graft on early viral infections and immune reconstitution after allogeneic
transplantation in adults. J Clin Virol. 2017;93:30–36.

3. Styczynski J. Who is the patient at risk of CMV recurrence: a review of the
current scientific evidence with a focus on hematopoietic cell transplanta-
tion. Infect Dis Ther. 2018;7:1–16.

4. Camargo JF, Komanduri KV. Emerging concepts in cytomegalovirus infec-
tion following hematopoietic stem cell transplantation. Hematol Oncol
Stem Cell Ther. 2017;10:233–238.

5. Boeckh M, Ljungman P. How we treat cytomegalovirus in hematopoietic
cell transplant recipients. Blood. 2009;113:5711–5719.

6. Ljungman P, Boeckh M, Hirsch HH, et al. Definitions of cytomegalovirus
infection and disease in transplant patients for use in clinical trials. Clin
Infect Dis. 2017;64:87–91.

http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0001
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0001
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0001
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0002
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0002
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0002
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0003
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0003
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0003
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0004
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0004
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0004
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0005
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0005
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0006
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0006
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0006


586 R. Melendez-Munoz et al. / Biol Blood Marrow Transplant 25 (2019) 577�586
7. Miller HK, Braun TM, Stillwell T, et al. Infectious risk after allogeneic
hematopoietic cell transplantation complicated by acute graft-versus-host
disease. Biol Blood Marrow Transplant. 2017;23:522–528.

8. Jain NA, Lu K, Ito S, et al. The clinical and financial burden of pre-emptiveman-
agement of cytomegalovirus disease after allogeneic stem cell transplantation-
implications for preventative treatment approaches. Cytotherapy. 2014;16:
927–933.

9. Robin C, Hemery F, Dindorf C, et al. Economic burden of preemptive treat-
ment of CMV infection after allogeneic stem cell transplantation: a retro-
spective study of 208 consecutive patients. BMC Infect Dis. 2017;17:747.

10. Marty FM, Ljungman P, Chemaly RF, et al. Letermovir prophylaxis for cyto-
megalovirus in hematopoietic-cell transplantation. N Engl J Med.
2017;377:2433–2444.

11. Hill JA, Mayer BT, Xie H, et al. Kinetics of double-stranded DNA viremia
after allogeneic hematopoietic cell transplantation. Clin Infect Dis.
2018;66:368–375.

12. R: A language and environment for statistical computing [computer pro-
gram]. 2017. https://www.R-project.org/

13. Bob Gray (2014) cmprsk: Subdistribution analysis of competing risks.
R package version 2.2�7. https://CRAN.R-project.org/package=cmprsk.

14. Atay D, Akcay A, Erbey F, Ozturk G. The impact of alternative donor types
on viral infections in pediatric hematopoietic stem cell transplantation.
Pediatr Transplant. 2018;22. http://dx.doi.org/10.1111/petr.13109.

15. Tischer J, Engel N, Fritsch S, et al. Virus infection in HLA-haploidentical
hematopoietic stem cell transplantation: incidence in the context of
immune recovery in two different transplantation settings. Ann Hematol.
2015;94:1677–1688.

16. Styczynski J. Who is the patient at risk of CMV recurrence: a review of the
current scientific evidence with a focus on hematopoietic cell transplanta-
tion. Infect Dis Ther. 2018;7:1–16.

17. Teira P, Battiwalla M, Ramanathan M, et al. Early cytomegalovirus reacti-
vation remains associated with increased transplant-related mortality in
the current era: a CIBMTR analysis. Blood. 2016;127:2427–2438.

18. Ramanathan M, Teira P, Battiwalla M, et al. Impact of early CMV reactiva-
tion in cord blood stem cell recipients in the current era. Bone Marrow
Transplant. 2016;51:1113–1120.

19. Kanakry CG, Bolanos-Meade J, Kasamon YL, et al. Low immunosuppressive
burden after HLA-matched related or unrelated BMT using posttransplan-
tation cyclophosphamide. Blood. 2017;129:1389–1393.
20. McCurdy SR, Kanakry CG, Tsai HL, et al. Grade II acute graft-versus-host
disease and higher nucleated cell graft dose improve progression-free sur-
vival after HLA-haploidentical transplant with post-transplant cyclophos-
phamide. Biol Blood Marrow Transplant. 2018;24:343–352.

21. Pinana JL, Perez-Pitarch A, Guglieri-Lopez B, et al. Sirolimus exposure and
the occurrence of cytomegalovirus DNAemia after allogeneic hematopoi-
etic stem cell transplantation. Am J Transplant. 20181–10. http://dx.doi.
org/10.1111/ajt.14754. [Epub ahead of print].

22. Torlen J, Ringden O, Garming-Legert K, et al. A prospective randomized
trial comparing cyclosporine/methotrexate and tacrolimus/sirolimus as
graft-versus-host disease prophylaxis after allogeneic hematopoietic stem
cell transplantation. Haematologica. 2016;101:1417–1425.

23. Cutler C, Logan B, Nakamura R, et al. Tacrolimus/sirolimus vs tacrolimus/
methotrexate as GVHD prophylaxis after matched, related donor alloge-
neic HCT. Blood. 2014;124:1372–1377.

24. Glover TE, Kew VG, Reeves MB. Rapamycin does not inhibit human cyto-
megalovirus reactivation from dendritic cells in vitro. J Gen Virol. 2014;95
(Pt 10):2260–2266.

25. Fowler DH, Mossoba ME, Steinberg SM, et al. Phase 2 clinical trial of rapa-
mycin-resistant donor CD4+ Th2/Th1 (T-Rapa) cells after low-intensity allo-
geneic hematopoietic cell transplantation. Blood. 2013;121:2864–2874.

26. Mossoba ME, Halverson DC, Kurlander R, et al. High-dose sirolimus and
immune-selective pentostatin plus cyclophosphamide conditioning yields
stable mixed chimerism and insufficient graft-versus-tumor responses.
Clin Cancer Res. 2015;21:4312–4320.

27. Hsieh MM, Fitzhugh CD, Weitzel RP, et al. Nonmyeloablative HLA-
matched sibling allogeneic hematopoietic stem cell transplantation for
severe sickle cell phenotype. JAMA. 2014;312:48–56.

28. Erard V, Guthrie KA, Seo S, et al. Reduced mortality of cytomegalovirus pneu-
monia after hematopoietic cell transplantation due to antiviral therapy and
changes in transplantation practices. Clin Infect Dis. 2015;61:31–39.

29. Gratama JW, Boeckh M, Nakamura R, et al. Immune monitoring with iTAg
MHC Tetramers for prediction of recurrent or persistent cytomegalovirus
infection or disease in allogeneic hematopoietic stem cell transplant recip-
ients: a prospective multicenter study. Blood. 2010;116:1655–1662.

30. Borchers S, Bremm M, Lehrnbecher T, et al. Sequential anti-cytomegalovi-
rus response monitoring may allow prediction of cytomegalovirus reacti-
vation after allogeneic stem cell transplantation. PLoS One. 2012;7:
e50248.

http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0007
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0007
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0007
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0008
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0008
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0008
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0008
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0009
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0009
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0009
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0010
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0010
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0010
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0011
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0011
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0011
https://www.R-project.org/
https://CRAN.R-project.org/package=cmprsk
http://dx.doi.org/10.1111/petr.13109
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0013
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0013
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0013
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0013
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0014
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0014
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0014
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0015
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0015
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0015
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0016
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0016
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0016
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0017
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0017
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0017
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0018
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0018
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0018
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0018
http://dx.doi.org/10.1111/ajt.14754
http://dx.doi.org/10.1111/ajt.14754
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0020
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0020
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0020
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0020
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0021
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0021
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0021
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0022
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0022
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0022
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0023
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0023
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0023
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0024
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0024
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0024
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0024
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0025
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0025
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0025
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0026
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0026
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0026
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0027
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0027
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0027
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0027
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0028
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0028
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0028
http://refhub.elsevier.com/S1083-8791(18)30644-X/sbref0028

	Cytomegalovirus Infection Incidence and Risk Factors Across Diverse Hematopoietic Cell Transplantation Platforms Using a Standardized Monitoring and Treatment Approach: A Comprehensive Evaluation from a Single Institution
	Introduction
	Methods
	Clinical Record Review
	Definitions of Endpoints
	Statistical Analyses

	Results
	Recipient, Donor, and HCT Characteristics
	Survival and Freedom from CMV Infection
	Impact of CMV Serostatus and Graft Dose on CMV Infection
	Impact of Systemic Steroids and HCT Approach on CMV Infection
	Risk Factors for CMV Infection and Impact of HLA Mismatch
	Timing and Duration of CMV Infection
	CMV Disease

	Discussion
	Acknowledgments
	References


