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Strategies to prevent active infection with certain double-stranded DNA (dsDNA) viruses
after allogeneic hematopoietic cell transplantation (HCT) are limited by incomplete
understanding of their epidemiology and clinical impact. We retrospectively tested
weekly plasma samples from allogeneic HCT recipients at our center from 2007 to 2014.
We used quantitative PCR to test for cytomegalovirus, BK polyomavirus, human
herpesvirus 6B, HHV-6A, adenovirus, and Epstein-Barr virus between days 0 and 100
post-HCT. We evaluated risk factors for detection of multiple viruses and association of
viruses with mortality through day 365 post-HCT with Cox models. Among 404 allogeneic
HCT recipients, including 125 cord blood, 125 HLA-mismatched, and 154 HLA-matched
HCTs, detection of multiple viruses was common through day 100: 90% had =1, 62% had
22, 28% had =3, and 5% had 4 or 5 viruses. Risk factors for detection of multiple viruses
included cord blood or HLA-mismatched HCT, myeloablative conditioning, and acute
graft-versus-host disease (P values <.01). Absolute lymphocyte count of <200 cells/mm?
was associated with greater virus exposure on the basis of the maximum cumulative viral
load area under the curve (AUC) (P = .054). The maximum cumulative viral load AUC was the best predictor of early (days 0-100) and
late (days 101-365) overall mortality (adjusted hazard ratio [aHR] = 1.36, 95% confidence interval [CI] [1.25, 1.49], and aHR = 1.04, 95%
CI [1.0, 1.08], respectively) after accounting for immune reconstitution and graft-versus-host disease. In conclusion, detection of
multiple dsDNA viruses was frequent after allogeneic HCT and had a dose-dependent association with increased mortality. These data
suggest opportunities to improve outcomes with better antiviral strategies. (Blood. 2017;129(16):2316-2325)

Key Points

* We demonstrate frequent
plasma detection of multiple
double-stranded DNA viruses
after allogeneic hematopoietic
cell transplantation.

e There was a dose-response
relationship of the cumulative
burden of virus exposure with
early (days 0-100) and late
(days 101-365) mortality.

Introduction

Double-stranded DNA (dsDNA) viruses contribute to substantial
morbidity after allogeneic hematopoietic cell transplantation (HCT)
despite major advances in treatment and prevention. Clinically relevant
dsDNA viruses include the herpesviruses, BK polyomavirus (BKV),
and adenovirus (AdV). Preventive strategies reduce disease due to
herpes simplex virus (HSV), varicella zoster virus (VZV), and human
cytomegalovirus (CMV) after HCT," but other dsDNA viral infections
lack definitive treatment and continue to contribute to morbidity and
mortality.® Use of alternative donor sources and graft manipulation
(eg, cord blood cells and haploidentical donors, T-cell depletion) allows
for greater access to HCT but may result in delayed engraftment and
adaptive immune reconstitution with a consequent increased burden of
dsDNA virus-associated complications.”'°

The relative lack of approved antiviral therapies for dSsSDNA viruses,
and the toxicities of currently available medications, are key factors
limiting broader antiviral prevention strategies. However, novel
therapeutics with broad activity are in varying stages of development
and may improve HCT outcomes.''* Although many studies have

reported the epidemiology of individual dsDNA virus infections after
HCT, few of them comprehensively describe the clinical significance of
multiple dsDNA viruses. Additionally, the attributable impact of viral
reactivation on outcomes in the context of poor immune reconstitution
is not well studied. To inform the application of new therapeutic ap-
proaches, we performed a retrospective observational study of plasma
detection of CMV, BKV, human herpesvirus 6B (HHV-6B), HHV-6A,
AdV, and Epstein-Barr virus (EBV) in a large cohort of allogeneic HCT
recipients.

Materials and methods

Patients and samples

We identified patients of any age who received a first allogeneic HCT at our
center. We prespecified a target cohort enriched for higher-risk patients that
consisted of human leukocyte antigen—matched (HLA-matched) HCT recipients
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(ie, 10/10 allele or antigen match), HLA-mismatched HCT recipients, and cord
blood HCT recipients with 125 to 150 patients per group. These 3 groupings were
specified a priori on the basis of expected differential risks for viral infections and
to establish cohorts of sufficient size for informative analyses. We selected
consecutive patients who had availability of =60% of possible weekly plasma
samples while alive between days 0 and 100 post-HCT. Specimens were left over
from clinical CMV testing and preserved when available in an unbiased fashion.
To establish the prespecified cohort, we included patients through February
2007. Our center performed 1926 allogeneic HCTs during this period. Of these
patients, we included 125 (54%) of 232 cord blood HCT recipients, 125 (41%) of
302 HLA-mismatched HCT recipients (including 47 haploidentical donors), and
154 (11%) of 1392 HLA-matched HCT recipients. Additional details of donor
relatedness and matching are in Table 1.

We excluded patients who received experimental therapies for dsSDNA virus
prophylaxis as part of a clinical trial. Two patients with likely inherited
chromosomally integrated (ci)HHV-6 were excluded.™

All patients provided written consent, and the protocol was approved by the
Fred Hutchinson Cancer Research Center institutional review board.

Antiviral prophylaxis and treatment per clinical standards
of care

All patients seropositive for HSV or VZV received acyclovir prophylaxis
through =100 or 365 days post-HCT, respectively.! CMV seropositive cord
blood HCT recipients received an intensified strategy using ganciclovir pre-HCT
and high-dose valacyclovir post-HCT after June 2008."> CMV reactivation was
monitored by polymerase chain reaction (PCR) and treated per clinical standards
of care.'>'® Ganciclovir was the first-line antiviral postengraftment, and
foscarnet was the second. Clinical testing and treatment of non-CMV viruses
was at the discretion of treating providers and HCT protocols.

Virologic testing

Samples were retrospectively tested for BKV, HHV-6B, HHV-6A, AdV, and
EBV. CMV results were obtained from routine clinical testing. Real-time
quantitative PCR with a lower limit of detection of 1 copy of virus DNA/reaction
(50 copies/mL of plasma) was performed for each virus as previously
described.'”?' These cutoffs were optimized to minimize the proportion of
false positives or false negatives. CMV results reported as international units
were converted to copies per milliliter to allow for comparisons on the same scale.
Technicians were blinded to patients’ clinical status. Patients with HHV-6
detection in >50% of samples were tested for inherited ciHHV-6 by droplet
digital PCR as previously described.'*

Immune reconstitution

For the entire cohort, we captured neutrophil engraftment, absolute lympho-
cyte count (ALC) of <200 cells/mm?, and absolute monocyte count (AMC) of
<300 cells/mm® at day 30 +2 days post-HCT as biomarkers for immune
reconstitution.”?* Neutrophil engraftment was defined as the first of 3
consecutive days of an absolute neutrophil count of >500 cells/mm°.
Additionally, we captured the dose and days of steroid use during the first 100
days post-HCT. Steroid use was categorized as 0, <1 mg/kg, 1 to <2 mg/kg,
and =2 mg/kg prednisone equivalent per day.

Among the cord blood HCT group, we also captured absolute CD3 count of
<50 cells/mm3, absolute CD4 count of <50 cells/mm?> , absolute CD8 count of
<50 cells/mm®, and absolute CD56 count of <50 cells/mm® at day 28 post-HCT
as additional biomarkers of immune reconstitution.”>>* Data were available for
87 (70%) of the 125 cord blood HCT recipients included in this study.

Definitions

Overall mortality was defined as mortality occurring for any reason. Nonrelapse
mortality (NRM) was defined as mortality occurring for reasons other than
relapse in patients receiving myeloablative HCTs or for reasons other than
relapse or progression of underlying disease in patients receiving nonmyeloa-
blative HCTs. Cause of death was classified by using an established hierarchical
schema.?® Definitions of other covariates and secondary endpoints are in Table 1
and the supplemental Methods (available on the Blood Web site), respectively.
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Statistical analyses

We abstracted demographic and clinical information from medical records and
databases. Cumulative incidence curves for the number of viruses detected
between days 0 and 100 post-HCT were generated, treating death or second HCT
as competing risk events. We used Cox proportional hazards regression models
to evaluate univariate and multivariate hazard ratios (HRs) and their 95%
confidence intervals (CIs) for characteristics associated with detection of multiple
viruses.

Cox models were used to analyze the association of virus detection between
days 0 and 100 post-HCT, the primary predictor of interest, and an endpoint of
overall mortality through day 365. Viral detection was incorporated as a time-
dependent variable during the testing period through day 100 and in separate
models as a time-invariant variable between days 101 and 365, using the last
recorded time-dependent value. We tested 4 primary models, each using a
different definition of virus detection. Virus detection was analyzed as a (1)
categorical variable (0-1, 2-3, =4 viruses) determined from the cumulative
number of different viruses detected at any time, (2) discrete variable (0-5) for the
cumulative number of different viruses detected at any time, and (3) discrete
variable for the cumulative maximum number of different viruses detected at the
same time. Any single positive test counted as detection of a given virus. In a
fourth model, we accounted for the cumulative burden of viral exposure by
calculating the average area under the curve (AUC) (log;o copies/mL) for each
virus. Individual virus AUCs were summated to calculate a cumulative viral load
AUC per patient. We also performed these analyses using a weighted viral load
AUC to account for differential viral loads per virus. Similar models were used
for an endpoint of NRM. We also generated a model among day-30 survivors to
incorporate biomarkers of immune reconstitution. Kaplan-Meier plots of time to
overall survival and cumulative incidence curves of time to NRM were generated
to display the data.

Secondary endpoints that were explored in additional analyses included
National Institutes of Health late acute or chronic graft-versus-host disease
(GVHD), chronic kidney disease, acute kidney or liver injury, lower respiratory
tract disease, and respiratory failure (see the supplemental Methods section).

We performed an a priori power calculation to inform sample size on the
basis of estimated minimum detectable HRs for the association of multiple
viruses with overall mortality (see the supplemental Methods section). For
adjusted analyses, variables with P = .2 in univariable analyses and those
considered to have important biological relevance were selected. Variables were
retained in final models if P < .1 or if their inclusion modified the effect of the
primary predictor of interest by >10%. To account for multiple comparisons,
P values between .05 and .01 should be considered suggestive and those that
are =.01 considered significant. SAS version 9.3 (SAS Institute, Cary, NC) was
used for analyses.

Statistical considerations relating to weighted analyses to adjust for HCT type
sampling, variable selection, interactions, and methods for secondary endpoint
and exploratory analyses are in the supplemental Methods section.

Results

We included 404 pediatric and adult first allogeneic HCT recipients
from 2007 to 2014. Patient demographics and clinical characteristics for
the study cohort and the overall cohort from which they were selected
are shown in Table 1. The distribution of characteristics was similar
between selected and unselected patients aside from HCT type (as
prespecified) and CMV serostatus. Supplemental Table 1 demonstrates
characteristics stratified by the number of viruses detected.

Detection of dsDNA viruses

We retrospectively tested a total of 4996 plasma samples obtained
between days 0 and 100 post-HCT. The majority of patients had weekly
samples available for each time point, with a median of 13 samples per
patient (interquartile range [IQR], 12-14) and 7 days between samples
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Table 1. Demographic and clinical characteristics of the study cohort compared with all other HCT recipients during the study period

Characteristic

All HCTs during study period, n (%); N = 1926

Selected cohort; N = 404 Unselected cohort; N = 1522*

Age >21y 1591 (83)
Female sex 809 (42)
White 1430 (74)
CMV donor negative, recipient negative 563 (29)
HCT comorbidity indext
Low (0) 223 (18)
Intermediate (1-2) 391 (31)
High (=3) 658 (52)
Underlying disease
Acute leukemia 928 (48)
Chronic leukemia 186 (10)
Lymphoma 232 (12)
Nonmalignant 158 (8)
Other 422 (22)
Higher-risk diseasef} 394 (20)
Myeloablative conditioning regimen§ 683 (35)
HCT typell
HLA matched 1392 (72)
HLA mismatched 302 (16)
Cord blood 232 (12)
Donor related 703 (37)
Acute GVHD, grade 3-49 246 (13)

358 (89) 1233 (81)
179 (44) 630 (41)
277 (69) 1153 (76)
57 (14) 506 (33)
70 (17) 153 (18)
133 (33) 258 (30)
201 (50) 457 (53)
195 (48) 733 (48)
58 (14) 128 (8)
41 (10) 191 (13)
24 (6) 134 (9)
86 (21) 336 (22)
75 (19) 319 (21)
155 (38) 528 (35)
154 (38) 1,238 (81)
125 (31) 177 (12)
125 (31) 107 (7)
131 (32) 572 (38)
46 (11) 200 (13)

*Unknown data for N patients in the following categories: 89, race; 54, CMV serostatus; 654, HCT comorbidity index.

1Based on the HCT comorbidity index.*°

fHigher-risk disease refers to diagnoses other than acute myeloid leukemia, acute lymphoblastic leukemia, or lymphoma in first remission, chronic myeloid leukemia in

chronic phase, and refractory anemia without excess blasts.

§Myeloablative regimens included any regimen containing =800 cGY total body irradiation, any regimen containing carmustine/etoposide/cytarabine/melphalan (BEAM),
or any regimen containing busulfan/cyclophosphamide with or without antithymocyte globulin.

lICategories included related and unrelated donors. HLA-matched HCTs included 76 related donors and 78 unrelated donors. HLA-mismatched HCTs included 55 related
donors and 70 unrelated donors; this group consisted of 47 haploidentical donors, 76 9/10-matched donors, and 2 8/10-matched donors. All cord blood HCTs were

mismatched, and 12 were single unit.

fAcute graft-versus-host disease grades were categorized as previously described.*!

(IQR, 7-7). CMV was the most frequently detected virus (65% of
patients), followed by BKV (54%), HHV-6B (46%), AdV (10%), and
EBV (9%) (Figure 1A). HHV-6A was detected in 1 (0.2%) patient who
did not have inherited ciHHV-6A;; this patient is included in the HHV-
6B category for analyses. Median viral loads were 191 copies/mL (IQR,
81-617) for CMV, 3090 (617-16 596) for BKV, 741 (229-3236) for
HHV-6B, 1023 (91-16 982) for AdV, and 195 (91-589) for EBV.

CMV, BKV, and HHV-6B were the viruses most frequently seen in
combination. CMV was the most frequently detected in isolation
(24%), whereas AdV and EBV were detected as the sole virus in only
2% and 3% of patients, respectively (Figure 1B). HHV-6B detection
peaked the earliest, followed by CMV and then BKV; AdV and EBV
were detected at relatively stable rates throughout this period (Figure 1C).

The cumulative incidence of detection of multiple viruses based on
any single positive PCR result at any time within 100 days post-HCT
was frequent; 90% of patients had =1, 62% had =2, 28% had =3, and
5% had 4 or 5 viruses detected (Figure 2A). Median time to first virus
detection was day 20 (IQR, 13-32), and median time to the maximum
number of viruses detected per patient was day 31 (IQR, 21-48).
Cumulative incidences were higher in each category after cord blood
and HLA-mismatched HCT in comparison with HLA-matched HCT
(Figure 2B-D).

When assessed by the maximum number of viruses detected at the
same time in the overall cohort, 37% of patients had 2 viruses and 12%
had 3 or 4 viruses in the blood concurrently. The proportion of patients
with multiple viruses detected per week is depicted in Figure 3A. Single
and multiple virus detection peaked by week 6 and remained relatively
stable through week 14. Patients receiving cord blood HCTs had the
earliest, most frequent, and most persistent detection of viruses
(Figure 3B). HLA-mismatched HCT recipients had a similar pattern

(Figure 3C), whereas HLA-matched HCT recipients had less viral
detection overall (Figure 3D). The subgroup of haploidentical
HCT recipients (n = 47) had higher rates of detection than did other
patients in the HLA-mismatched group and the cord blood group
(data not shown).

Clinically guided testing for dsDNA viruses (except CMV) detected
~75% fewer patients with any given virus (see the supplemental
Results section). Antiviral treatment was administered to 247 patients
(61%) within the first 100 days (Figure 1C). Ganciclovir, foscarnet, and
cidofovir were administered in 128 (32%), 108 (27%), and 20 (5%) patients
at any time during this period, respectively (not mutually exclusive).

Risk factors for detection of dsDNA viruses

In adjusted models, patients receiving a cord blood or HLA-
mismatched HCT had a significantly higher risk for detection of =2,
=3, and = viruses with increasing adjusted hazard ratios (aHRs)
ranging from 2.03 to 7.36 (Table 2). Acute GVHD grade 3 to 4 was
associated with detection of =2 viruses (aHR, 2.14).

Myeloablative conditioning was associated with a significantly
higher risk for =3 (aHR, 1.36) and =4 viruses (aHR, 4.64; see Table 2
footnote). Age of =21 years was associated with detection of =4
viruses (aHR, 2.65).

In a linear regression model among day-30 survivors to incorporate
biomarkers of immune reconstitution, day 30 ALC < 200 cells/mm’
was associated with a higher maximum cumulative viral load AUC
(P = .054); no association was seen with day 30 AMC < 300 cells/mm’,
neutrophil engraftment, or cumulative steroid dose AUC. In a
subgroup analysis of 87 cord blood HCT recipients with CD3, CD4,
CD8, and CD56 cell counts tested at day 28 post-HCT, none of these
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Figure 1. Proportion of patients with dsDNA virus detection. (A) Proportion of patients with individual viruses detected through day 100 post-HCT, as well as the
proportion with additional viruses detected. (B) Venn diagram depicting the number of patients with detection of dsDNA viruses alone and in combination; ovals are not to

scale. (C) Proportion of patients with detection of each virus by week post-HCT.

parameters were significantly associated with the maximum cumula-
tive viral load AUC in an adjusted model (data not shown).

Association of dsDNA virus detection with overall mortality
and NRM

There were 125 deaths (32%) by day 365 post-HCT; 36 patients (9%)
died in days O to 100, and 89 patients (23%) died in days 101 to 365
(supplemental Table 2). End-organ disease and death clinically
attributed to dsDNA viruses was infrequent (see the supplemental

Results section). Patients with more viruses detected in their plasma had
significantly increased risk for overall mortality after day 100 post-
HCT, as demonstrated in Kaplan-Meier plots (Figure 4). This effect
appeared to be driven by patients with >3 viruses at any time or =2
viruses at the same time. Analyses that focused on higher viral load
thresholds resulted in similar patterns of association with overall mortality
(see the supplemental Results and supplemental Figure 1).

The independent association of additional virus detection (any
positive PCR test) with overall mortality as a time-dependent variable
through day 100 and a time-invariant variable between days 101 and
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Figure 2. Cumulative incidence plot of time to any dsDNA virus detection by day 100 post-HCT. (A) The cumulative incidence of each category of the number of viruses
detected is demonstrated in the entire cohort. The cumulative incidences are higher in each category among cord blood HCT recipients (B) and HLA-mismatched HCT

recipients (C) than among HLA-matched HCT recipients (D).

365 post-HCT was recapitulated in adjusted Cox models. The cu-
mulative viral load AUC definition of virus detection was most
consistently associated with overall mortality and NRM and will be
the focus of these results. For each log;( copies/mL increase in the
cumulative viral load AUC per patient, there was a 1.37 increased
hazard for overall mortality through day 100 and a 1.04 increased
hazard between days 101 and 365 (Figure 5A) in a model adjusted for
age, underlying disease risk, HCT comorbidity index, conditioning
regimen, acute GVHD grade (time dependent), and cumulative steroid
dose AUC (time dependent). Other significant risk factors included
age, acute GVHD grade 3 to 4, high-HCT comorbidity index score,
high-risk disease, and the cumulative steroid dose AUC (data not
shown). HCT type (ie, HLA matched, HLA mismatched, or cord
blood) and antiviral use were not associated with overall mortality
after accounting for other variables. Analyses using a weighted viral
load AUC to account for differential viral loads per virus showed
similar findings but were less interpretable in a clinical context (data
not shown). Similar findings were demonstrated for NRM (data not
shown).

Models incorporating alternative definitions of virus detection,
that is, as the number of viruses detected at any time or the same time,
also demonstrated that a higher number of viruses was associated with
overall mortality and NRM (supplemental Figure 2). Comparison of

specific viruses and virus combinations lacked power to detect an
association with mortality (see the supplemental Results section and
supplemental Figure 3).

Association of dsDNA virus detection and overall mortality with
adjustment for immune reconstitution

We developed additional models that considered biomarkers of early
immune reconstitution at day 30 =2 days. ALC < 200 cells/mm>,
AMC < 300 cells/mm’, and neutrophil engraftment were associated
with overall mortality in a univariate model (data not shown). In a
multivariable model, neutrophil engraftment was protective (aHR,
0.48; P < .001) and AMC < 300 cells/mm? increased risk (aHR, 1.23;
P = .001) for overall mortality. The cumulative viral load AUC
remained a significant predictor of early and late overall mortality when
added to this model (Figure 5B). Supplemental Figure 2 presents the
association of the number of viruses detected with overall mortality
after adjusting for immune reconstitution. Similar patterns were seen for
NRM (data not shown).

In a subgroup analysis of 87 cord blood HCT recipients with
CD3, CD4, CD8, and CD56 cell counts tested at day 28 post-HCT,
CD56 < 50 cells/mm? (aHR, 1.45; P = .04) and the number of viruses
detected at the same time (aHR, 2.44 per additional virus; 95% CI
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[1.5,3.98]; P < .001) were both associated with overall mortality when
included in the same model.

Association of dsDNA viruses and mortality stratified by GVHD

We identified an interaction between acute GVHD and the number
of viruses detected. Accordingly, we modeled the impact of the
cumulative viral load AUC in different strata of acute GVHD
severity. This demonstrated that the association between cumu-
lative viral load AUC and overall mortality by day 100 was
maintained, regardless of acute GVHD severity (Figure 5B).
Increased virus detection through day 100 was not associated with
death after day 100 among patients who had grades 3 to 4 acute
GVHD.

Association of dsDNA virus detection with other outcomes

Models exploring the association of virus detection with other clinically
relevant endpoints, including respiratory failure, lower respiratory tract
disease, late-onset acute GVHD or chronic GVHD, acute kidney or
liver injury within 100 days post-HCT, and chronic kidney disease are
presented in the supplemental Results section.

Discussion

We demonstrated frequent and persistent detection of single and
multiple dsDNA viruses in the first 100 days after allogeneic HCT.
Important risk factors included cord blood or mismatched HCT, myelo-
ablative conditioning, younger age, and day 30 ALC < 200 cells/mm”.

We found that the net burden of virus exposure, or cumulative viral
load AUC in the first 100 days post-HCT, was consistently associated
with increased risk for early (by day 100) and late (between days
101 and 365) overall mortality and NRM in multivariable models

Table 2. Multivariable Cox models of risk factors for detection of

multiple viruses

Covariate

22 viruses
aHR (95% CI)

23 viruses
aHR (95% ClI)

24 viruses*
aHR (95% CI)

Age =21y

Male

White

CMV donor or
recipient positive

Donor related

HCT comorbidity
index
Low
Intermediate
High

Myeloablative
conditioning

HCT type
HLA-matched
HLA-mismatched
Cord blood

Acute GVHD
grades 3-4

1.18 (1.04-1.33)f

2.47 (1.91-3.19)t

0.93 (0.81-1.07)

Ref
1.03 (0.86-1.24)
1.07 (0.90-1.28)

Ref
2.03 (1.75-2.37)t
2.60 (2.16-3.14)t
2.14 (1.54-2.97)t

3.10 (1.95-4.94)1

1.00 (0.80-1.25)

Ref
1.64 (1.22-2.22)t
1.13 (0.83-1.53)
1.36 (1.11-1.67)t

Ref
3.32 (2.64-4.18)t
3.29 (2.46-4.40)t

2.65 (1.46-4.81)t

Ref
7.36 (4.13-13.1)t
3.45 (1.62-7.36)1

Ref, reference.

*This model supported only 2 variables because of limited events. Myeloablative
conditioning was also significant after adjustment for HCT type: aHR, 4.64; 95% Cl, <0.001.
1P = .001; P = .01.
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Figure 4. Plots of time to overall mortality and NRM through day 365 post-HCT among day-100 survivors (n = 358). Kaplan-Meier plots of overall mortality stratified by
the cumulative number of different viruses detected at any time by day 100 (A) and cumulative maximum number of viruses detected at the same time by day 100 (B).
Cumulative incidence curves of NRM stratified by the cumulative number of different viruses detected at any time by day 100 (C) and cumulative maximum number of viruses

detected at the same time by day 100 (D).

adjusted for important confounders. Increased virus detection
remained an important predictor of overall mortality after accounting
for biomarkers of delayed immune reconstitution, acute GVHD severity,
and steroid use.

Three or more dsDNA viruses were detected in the plasma in 28%
of this patient population. The additive effects of multiple virus
reactivations or infections in allogeneic HCT recipients are not well
studied. One observational study of CMV, HHV-6, EBV, and AdV
detection in 124 pediatric patients reported infection with =1
herpesvirus in 74% of patients and =2 in 35% of patients.?® Patients
with =2 herpesvirus infections had increased risk for chronic GVHD
and allograft failure. Similar findings of high viral burden and associ-
ation with chronic GVHD were reported in an observational study of
215 pediatric patients.” Patients with detection of multiple viruses
also have increased health care utilization.”” Smaller studies of HCT
recipients have explored multiple viral reactivation events but were
limited by intermittent testing, heterogeneous test methods, or analyses
restricted to individual viruses.?*°

Cord blood and HLA-mismatched HCTs, myeloablative condi-
tioning, acute GVHD, age of =21 years, and low ALC at day 30
increased risk for virus detection in this study. Discerning the
attributable impact of dsDNA viremia on mortality in the context of
poor immune function is challenging, because delayed immune
reconstitution by day 30 was also associated with higher overall

mortality in this study and others.>>* However, the association of
greater virus detection with overall mortality was maintained after
adjusting for multiple biomarkers of immune reconstitution, acute
GVHD severity, and cumulative steroid dose AUC. Defined T-cell
subsets did not predict viral reactivation in a subgroup of cord blood
HCT recipients, although future studies should consider incorporating
T-cell subsets in addition to ALC, AMC, and neutrophils.

There were only 34 patients with end-organ disease and 8
deaths attributed to dsDNA viruses in this cohort (see the supple-
mental Results section). Whether dsDNA viremia without appar-
ent end-organ disease modulates morbidity and mortality remains
poorly understood. Direct virus-mediated tissue injury may be
underrecognized or misattributed to other causes in the HCT
setting, which in turn would predispose patients to greater
toxicity from other insults. Viremia with dsDNA viruses may
have indirect effects due to increased production of proin-
flammatory and immunomodulatory cytokines that contribute to
the pathogenesis of important complications after HCT.*' This phenom-
enon is well described in the setting of CMV and HHV-6B,*** and
viremia has been associated with increased risk for bacterial and fungal
infections, prolonged hospitalization, and death.®'®**3* Immunomo-
dulation is therefore a plausible, albeit unproven, mechanistic link
between increased burden of viruses and worse outcomes through
independent or synergistic pathways.
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A Day 0-100 Overall Mortality

Cumulative viral load AUC per log10 copies/mL, all patients?

Cumulative viral load AUC among day 30 survivors,
adjusted for immune reconstitution®

Day 101-365 Overall Mortality

Cumulative viral load AUC per log10 copies/mL, all patients?

Cumulative viral load AUC among day 30 survivors,
adjusted for immune reconstitution®
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aHR (95% CI), p-value

- 1.37 (1.25-1.49), p<.001
- 1.36 (1.25-1.49), p<.001
= 1.04 (1.01-1.08), p=0.021
™ 1.04 (1.00-1.08), p=0.033
0.5 1 15 2

Adjusted hazard ratio

aHR (95% Cl), p-value

—_— 1.31 (1.17-1.46), p<.001
—_— 1.43 (1.17-1.75), p<.001
- 1.23 (1.15-1.31), p<.001
in 1.07 (0.95-1.19), p=0.269
0.5 1 15 2

Adjusted hazard ratio

Figure 5. Forest plot demonstrating the association of the cumulative viral load AUC with overall mortality from adjusted Cox models. (A) Models of the association
of the cumulative viral load AUC with overall mortality in the entire cohort and among day-30 survivors with adjustment for immune reconstitution parameters. (B) Models that
considered the effect of the cumulative viral load AUC within strata of acute GVHD to account for effect modification. In all models, viral detection was included as a time-
dependent variable for overall mortality by day 100 and a time-invariant variable for overall mortality between day 101 and day 365 (because virus testing stopped at day 100).
2Adjusted for age, HCT comorbidity index, underlying disease risk, conditioning regimen intensity, and acute GVHD (time dependent), and cumulative steroid dose AUC.
bAdjusted for age, HCT comorbidity index, underlying disease risk, conditioning regimen intensity, and acute GVHD (time dependent), day 30 neutrophil engraftment, day 30
ALC < 200 cells/mm?, day 30 AMC < 300 cells/mm?, and cumulative steroid dose AUC. Adjusted for age, HCT comorbidity index, conditioning regimen intensity, and

underlying disease risk.

Our analyses demonstrated novel associations between greater virus
detection and respiratory failure, which may account for some of the
association with mortality (see the supplemental Results section).
Clinically guided testing for dSDNA viruses (except CMV) missed an

average of ~75% of patients with any given virus in comparison with
weekly screening (see the supplemental Results section), suggesting
opportunities for intervention through strategies such as multivirus-
specific T cells'' and novel small molecules.'*'* Methods to further


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on July 26, 2018. For personal use only.

2324 HILL et al

improve immune reconstitution, such as adoptive transfer of immune
cell subsets or progenitor cells,”*® and to reduce the incidence of acute
GVHD, such as post-HCT cyclophosphamide,3 7 have great potential to
mitigate virus reactivation and other complications leading to poor
outcomes.

Strengths of our study include the use of a large cohort of diverse
HCT recipients and donor types with weekly plasma samples available
for dsDNA virus testing by sensitive quantitative PCR assays. Use of
plasma samples limited confounding introduced by detection of latent
virus in whole blood samples. We used any positive test for virus
detection in these analyses rather than specific thresholds, which are
poorly established (except for CMV) and dictated by treatment
toxicities, to allow for an objective approach to any virus detection. This
also allowed us to analyze the cumulative viral load AUC as a novel
predictor of mortality. Detection of herpesviruses in plasma may
underestimate tissue-level reactivation,38 and safer interventions may
allow for prophylactic or earlier preemptive treatment in the future. The
study design allowed for comprehensive analyses of virus detection in
time-dependent models adjusted for important risk factors, including
biomarkers of immune reconstitution and cumulative steroid dose
exposure.

This study also had limitations. Although we did not separate the
type of HCT by degree of mismatch due to limited numbers of patients
available for inclusion in each group, the increased cumulative
incidence and weekly proportion of multivirus detection in HLA-
mismatched and cord blood groups in comparison with the HLA-
matched group supports our patient-grouping approach. Whether
past infection (ie, seropositivity) with these viruses can modulate
the immune system such that patients have worse outcomes indepen-
dent of viral reactivation, as has been shown in the setting of CMV
seropositivity,* is not well understood. Although our models demon-
strate a dose-response relationship between dsDNA virus burden and
mortality, these variables are less predictive at the individual patient
level. It remains unclear whether detection of multiple dsDNA viruses
is simply a useful biomarker for poor outcomes or whether it lies on the
causal pathway for mortality in the absence of prospective interven-
tional studies.

In conclusion, we demonstrate a high burden of dsDNA virus
detection in a large and diverse cohort of allogeneic HCT recipients.
Detection of a greater cumulative burden of dsDNA viruses was
associated with increased mortality independent of poor immune
reconstitution and acute GVHD. These data provide the rationale and
inform clinical and virologic endpoints for the development and
implementation of randomized prevention and treatment trials using
novel antiviral strategies to determine whether prevention of single or
multiple viral infections will improve outcomes.
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