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Abstract

Background—Adenoviral infections cause morbidity and mortality in blood and marrow
transplantation and pediatric oncology patients. Cidofovir is active against adenovirus, but must be
used judiciously because of its nephrotoxicity and unclear indications. Therefore, before
introducing cidofovir use during an adenoviral outbreak, we developed a clinical algorithm to
distinguish low risk patients from those who merited cidofovir therapy because of significant
adenoviral disease and high risk for death.

Objective—This study was conducted to determine whether the algorithm accurately predicted
severe adenovirus disease and whether selective cidofovir treatment was beneficial.

Study Design—A retrospective analysis of a pediatric oncology/ blood and marrow
transplantation cohort prealgorithm and postalgorithm implementation was performed.

Results—Twenty patients with adenovirus infection were identified (14 high risk and 6 low
risk). All low-risk patients cleared their infections without treatment. Before algorithm
implementation, all untreated high-risk patients died, 4 out of 5 (80%), from adenoviral infection.
In contrast, cidofovir reduced adenovirus-related mortality in the high-risk group postalgorithm
implementation (9 patients treated, 1 patient died; RR 0.14, P<0.05) and all treated high-risk
patients cleared their virus.
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Conclusions—The clinical algorithm accurately identified patients at high risk for severe fatal
adenoviral disease who would benefit from selective use of cidofovir.
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Adenoviral infections present a threat to immunocompromised blood and marrow transplant
(BMT) recipients and oncology patients.1=4 Pediatric and adult case series have suggested
that the mortality of disseminated, untreated, adenoviral disease after BMT approaches
60%2%45 and fatalities have also been documented in other oncology patients.6” No single
factor has identifed patients likely to die from adenovirus, although studies have associated
allogeneic BMT, T cell depletion, acute or chronic graft-versus-host disease, intensive
preparative regimens, young age, adenovirus seropositive donor, solid organ transplantation,
positive blood polymerase chain reaction (PCR), and high viral load in the plasma with
increased risk of morbidity and/or mortality from adenovirus. 1:48-10 Until recently, the lack
of mortality predictors was of little significance due to an absence of treatment
strategies,*11-14 however, cidofovir has emerged as a therapy for adenoviral disease with
reported clinical efficacy approaching 98%.15-20 Unfortunately, renal toxicity, with rates of
up to 50%, has limited its use.1:16:21.22 Fyrthermore, adenoviral clearance without cidofovir
treatment has been observed in some pediatric BMT patients, although adenovirus-related
deaths did occur in the cohort.23 Taken together, the published experience suggests that
cidofovir may be of value for the treatment of adenoviral disease in certain pediatric
oncology and BMT patients. Given the potential toxicity of this therapy, it is important to
identify the cohort at highest risk for adenoviral-related mortality, who would most benefit
from cidofovir treatment. As significant is delineating patients less likely to suffer
adenoviral-related mortality, in whom potentially toxic therapy can be deferred. We
developed a clinical algorithm to identify those patients at high risk of fatal adenoviral
infection. The objective of this study was to validate the clinical algorithm in a historical
cohort. The risk stratification algorithm was developed to classify patients most likely to
benefit from the treatment. We hypothesized that mortality would be high in untreated high-
risk patients and low in untreated low-risk patients. To test this hypothesis, outcomes were
assessed in a retrospective cohort with adenoviral infections during a 2-year period before
and after algorithm implementation.

METHODS
Clinical Algorithm Adopted During the Adenoviral Outbreak

Between 2003 and 2004, an unusually high incidence of adenoviral disease in the pediatric
oncology unit prompted the development and implementation in December 2003 of a
clinical algorithm to identify patients at high risk for fatal therapy (Table 1). Published data
on risk factors for adenoviral mortality and current definitions of adenoviral infection and
disease were used in algorithm generation. 210.17 At our institution, cidofovir had not
previously been used for the treatment of adenoviral disease. The presence of adenovirus
was identified either by viral surveillance cultures (nasopharynx, urine, and stool) performed
weekly on pediatric oncology unit patients or by site-directed workup prompted by
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symptoms including: fever, cough, rhinorrhea, sinusitis, pneumonia, hematuria,
hematochezia, hematemesis, and elevated liver function tests.

Patients were deemed high risk for adenoviral mortality if (1) host features suggested severe
immune compromise and (2) infectious disease features suggested disseminated or invasive
adenoviral infection. These patients were termed high-risk host and infectious disease
(HRHI). All other patients were designated low-risk host and/or infectious disease (LRHI)
because either the host risk was low or the adenoviral disease risk was low, or both (Table
1). High-risk host features of severe immunocompromise included: <180 days after
allogeneic BMT, patients with acute or chronic graft-versus-host disease, <60 days after
autologous BMT, oncology patients receiving immunosuppressive regimens causing
functional immunodeficiency (eg, alemtuzumab or rituximab), or protracted leukopenia.
High-risk adenoviral disease was defined by evidence of dissemination or invasion. Invasive
disease was defined as severe signs or symptoms from a site, with concordant culture,
histology, or PCR. Qualifying signs and symptoms included sinusitis, lower respiratory tract
disease, hematuria, hematochezia, hematemesis, and biopsy-proven hepatitis. Liver enzyme
elevation alone did not constitute invasive adenoviral disease, as multiple confounders can
elevate liver enzymes in this population. Fever was not sufficient to define invasive disease
but may have prompted investigation for infection. Disseminated disease was defined as
more than 2 sites positive for adenovirus (counting urine and stool as a single site in young
children due to frequent cross-contamination) or positive PCR from blood. Patients were
classified as LRHI or HRHI at the time of the first positive test for adenoviral infection. All
patients identified as HRHI after the introduction of this algorithm received cidofovir. LRHI
patients were monitored without cidofovir therapy.

Chart Review to Validate the Clinical Algorithm in Patients With Adenoviral Infections

To validate the ability of the algorithm to anticipate which patients would do poorly, an
institutional review board approved retrospective medical chart review of clinical and
microbiologic data on adenoviral infection cases occurring in pediatric oncology patients
before algorithm implementation (July 2001 to November 2003) and postalgorithm
implementation (December 2003 to July 2004) was conducted. Data were collected from
electronic and paper hospital records. Patient data were assessed for at least 1 year from the
date of the last identified infection or until death (1 to 3 y). Patient risk classification was
assigned at the first positive adenoviral test and determined without knowledge of outcome
in the retrospective cohort. No patients in the prealgorithm group received cidofovir for their
adenoviral disease. All HRHI patients in the postalgorithm groups were treated with
cidofovir.

Adenovirus Detection and Serotyping

Adenoviruses were detected from blood, urine, and relevant tissue by PCR using previously
published methods, obtained weekly for postalgorithm patients.24 The assay detects at least
20 adenovirus serotypes and strains from all 5 adenovirus serogroups (A to E) with an
analytical sensitivity of 500 copies/mL. Adenoviruses were detected from other sites
(respiratory, conjunctiva, stool, and urine) by shell vial and tube culture with monoclonal
antibody confirmation. Serotyping of randomly selected isolates was performed by
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amplification and sequencing of a 301 bp region of the hexon gene.2> After diagnosis,
during the outbreak period, PCR of blood and urine samples were performed on a weekly
basis.

Definition of Outcome

Adenovirus disease clearance was defined as symptom resolution, with lymphoid function
reconstitution and negative virologic test results from all previously positive sites.
Recrudescence of occult adenoviral infection was defined as clearance followed by renewed
detection. Overall and adenovirus-specific mortality were determined in the cohort.
Adenovirus-specific mortality was defined as (1) evidence of only adenoviral disease at
autopsy, (2) listing of adenoviral disease in the clinical summary without other possible
cause of death identified, or (3) microbiologic evidence of adenoviral disease at the time of
death with no other identified cause. Adenovirus-related mortality was ascribed to any death
with evidence of active adenoviral disease, regardless of the identification of other primary
cause of death. When data on a site were unavailable, the site was presumed negative.

Cidofovir Regimen

Patients identified as HRHI after the introduction of the algorithm were treated once weekly
with intravenous cidofovir (5 mg/kg/dose); patients with severe renal dysfunction (n=2)
received a modified regimen (Table 1). All cidofovir doses were administered with
probenecid and hydration to decrease nephrotoxicity (Table 1). Cidofovir was administered
until patients either no longer met high-risk host criteria or had 3 negative tests separated by
at least 1 week from all available prior sites of adenoviral disease. Change in renal function
was calculated as the difference/change between baseline creatinine (1mo before
identification of adenoviral infection) and average creatinine (assessed at weekly intervals)
at completion of cidofovir therapy. Renal failure was defined as the need for dialysis.
Supportive care for patients routinely included intravenous immunoglobulin; oral
immunoglobulin was given to one infant with severe adenoviral gastrointestinal disease.

Statistical Analyses

We evaluated 3 groups: HRHI treated, HRHI untreated (prealgorithm), and LRHI
(prealgorithm and postalgorithm). The primary outcome was adenoviral-related mortality.
An odds ratio (OR) was obtained by univariate logistic regression to assess the relationship
of risk categorization with mortality in the absence of cidofovir treatment. Univariate
logistic regression was performed to assess the relationship of our clinical risk
categorization with the following objective predictor variables: age in years, prior BMT,
absolute lymphocyte count (ALC), absolute neutrophil count (ANC), and days post-BMT.
Because ALC and ANC were significantly associated with risk categorization, the ability of
these objective variables to replace our clinical risk categorization was tested using stepwise
multivariate logistic regression for the primary outcome of adenoviral-related mortality,
using a significance level of 0.2 for removal of a factor from the model. Overall survival
curves were generated by the method of Kaplan-Meier. Stata Version 9 (College Station,
TX) for Windows was used for statistical analysis.

J Pediatr Hematol Oncol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Williams et al. Page 5

RESULTS

Assessment of the Adenoviral Algorithm

Twenty pediatric oncology and BMT patients with adenoviral infection were identified (Fig.
1). Using the algorithm, 5 HRHI patients were identified preimplementation (Fig. 1; Table 2,
patients A to E). These untreated patients died primarily of adenoviral-related disease (100%
overall mortality; 80% [4 out of 5] due to adenovirus). In contrast, all 6 LRHI patients
(Table 2 patients O to T) initially cleared their infection without treatment. Logistic
regression indicated that the clinical algorithm correctly identified patients at high risk of
adenoviral-specific mortality (OR=20 in the HRHI-untreated vs. LRHI groups, P=0.056).

Evaluation of Treatment Efficacy and Toxicity in HRHI Patients

To evaluate the potential benefit of cidofovir, we compared the outcomes of HRHI patients
before (Fig. 1, n=5; Table 2, patients A to E) and after (Fig. 1, n=9; Table 2, patients F to N)
algorithm implementation. Notably, the treated HRHI patients did not differ significantly
from the historical untreated HRHI control patients (Table 3). Compared with 80%
adenoviral-specific mortality in untreated HRHI patients, only 11% (1 out of 9) of cidofovir-
treated HRHI patients died of adenoviral-related disease (Table 4). Overall survival was
superior with cidofovir in the HRHI patients (Fig. 2). Cidofovir treatment was associated
with significantly lower adenovirus-related mortality in HRHI patients [relative risk (RR)
0.14, P<0.05] (Table 4). Of the 9 treated HRHI patients, all initially cleared their
adenovirus. One died of disseminated fungal disease shortly after adenovirus was detected in
bronchoalveolar lavage fluid (patient 1); however, no evidence of adenovirus infection was
found postmortem.

Surprisingly, treated HRHI patients had less renal dysfunction than untreated HRHI patients.
Treated HRHI patients had a median change in creatinine of 0.06 mg/dL (0 to 0.2 mg/dL,
SD 0.08), excluding the 2 patients on hemodialysis at baseline. Fewer patients developed
renal failure with cidofovir than without: 22% of treated (2 out of 9) compared with 80% of
untreated (4 out of 5, P=0.05) and untreated HRHI patients had significantly higher baseline
creatinine values than treated HRHI patients (P<0.01). Only 2 of the treated HRHI patients
required dose reductions of cidofovir for renal insufficiency and both had multiple
coincident renal complications including hemolytic-uremic syndrome (HUS). Patients
received a median of 8 doses of cidofovir (3 to 32). Notably, renal dysfunction did not tend
to progress with increasing numbers of (or subsequent) cidofovir doses.

Analyses of Risk Factors in HRHI Patients

Although 4 out of 6 LRHI patients were deemed high-risk hosts, because they exhibited
low-risk patterns of adenoviral infection, the algorithm identified them as LRHI.
Demographic data for HRHI and LRHI were similar with respect to patient age, transplant
type, and days post-therapy (Table 3). We explored the relationship of other clinical
variables with adenovirus-related mortality to identify potential ways to improve risk
stratification. No potentially confounding viral coinfections [cytomegalovirus and other
respiratory viruses (influenza, respiratory syncytial virus, parainfluenza, rhinovirus)] were
identified in this cohort. Using molecular serotyping, a single, circulating causative
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adenoviral strain was not detected (data not shown). The median ANC for LRHI patients
was 6.8 (1.2 to 26.1) x10° versus 0.44 (0.0 to 24.1) x10° neutrophils/L for the HRHI
patients (P=0.06, OR=0.16). The median ALC for HRHI was significantly lower than that of
the LRHI group 0.24 (0.35 to 1.87) x10° versus 1.150 (0 to 1.90) x10° lymphocytes/L
(OR=0.04, P<0.05, Table 3). To address the concern that superior outcomes in the treated
HRHI group may have resulted from differences in host immunity, we compared the
leukocyte counts of the treated and untreated HRHI groups. The median ALC and ANC
were higher in the untreated HRHI group versus the treated group (0.54x10° vs. 0.20x10°
lymphocytes/L and 0x10° vs. 2.06x10° neutrophils/L).

Four HRHI patients developed HUS and died (A, F, I, and O at recrudescence). The
diagnosis of HUS preceded the diagnosis of adenoviral disease (thus before the introduction
of cidofovir) in 3 of 4 patients. All but one HRHI patients with HUS received cidofovir.

DISCUSSION

Because of the risk of renal toxicity associated with cidofovir, an algorithm would be helpful
to identify those patients at highest risk for severe adenoviral disease who will benefit from
cidofovir therapy. Currently, there is no consensus cidofovir treatment strategy. Our data
suggest that this algorithm is a multifaceted clinical strategy taking into consideration
patient factors, symptoms, and adenovirus diagnostics that may help guide clinical decision
making regarding cidofovir treatment.

The algorithm was able to correctly identify patients at highest risk for adenoviral-related
mortality as evidenced by the high adenoviral-related mortality (80%) in untreated HRHI as
compared with LRHI and the benefit of cidofovir therapy is reflected in lower mortality
(11%) in treated HRHI patients. Treatment offered a survival advantage for HRHI patients
without increased nephrotoxicity, presumably due to the high rate of adenovirus-associated
renal dysfunction in this population. The observation of low mortality in LRHI patients was
as important as low mortality in cidofovir-treated HRHI patients. Furthermore, 83% of
LRHI patients achieved sustained viral clearance without treatment. Finally, although one
LRHI patient recrudesced and died, HRHI criteria were met at recrudescence and were
associated with severe disease; however, death occurred before treatment could be initiated.
Our findings are similar to those for a prospective trial that tested a high-risk adenoviral
disease classification. 26 Our study further explores the addition of patient risk factors, to
assist in clinical decision-making, and is one of the first to suggest a benefit in survival with
preemptive treatment over historical controls.

A low ANC, ALC, and HUS were poor prognostic factors in our cohort. Although a
correlation between lymphopenia and adenoviral disease severity has been reported,23-27 our
data demonstrate a statistically significant association with HRHI patients, likely because
adenoviral clearance is dependent on effective T-cell immunity.28 Further support of these
data is that adoptive immunotherapy and removal of immunosuppression has been
associated with clearance of adenoviral disease in 4 BMT patients.2930 Although ALC was
not part of our initial HRHI criteria, we propose that cidofovir should be considered in high-
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risk hosts with lymphopenia and adenoviral infection even without dissemination or
invasion.

All 4 patients with HUS were identified as HRHI and died. Although there are many
etiologies of HUS, there may be a link between severe adenoviral disease and HUS,3! and
our findings suggest there should be a lower threshold for treatment initiation in the setting
of HUS and adenoviral infection. Atypical HUS has been previously associated with
diminished surface CD46 receptor expression, 32 which certain adenoviral strains use for
attachment and internalization.33 An attractive hypothesis is that CD46 may be down
modulated by adenovirus entry into the cell, leading to complement hyperactivation and
atypical HUS.

This study is limited by its small size, inherent heterogeneity among the patient cohort, and
retrospective design. Because patients with more severe disease are more likely to have
received a comprehensive workup, it is conceivable that this led to the capture of sicker
HRHI patients prealgorithm than postalgorithm during the outbreak. However, untreated
(prealgorithm) HRHI patients were similar to treated HRHI patients in extent of disease and
other clinical risk factors, including ALC at diagnosis. Although aggressive surveillance
during the outbreak may have identified more LRHI patients, the greater LRHI number in
the prealgorithm group does not indicate a strong ascertainment bias. Finally, variability of
lymphoid reconstitution among the cohort could have contributed to differences in clearance
of adenoviral disease. However, it is unlikely that differences in lymphoid reconstitution
account for the observed effect of cidofovir on survival among HRHI patients, who
continued to display profound T-cell deficiency and would typically require months to years
for immunologic recovery.34

The absence of a consistent surveillance strategy in the prealgorithm patients may have
limited the number of patients captured and limits our ability to comment on clearance
without treatment. Because our retrospective analysis was limited by the diagnostic work-up
completed at the time of infection, we assigned prealgorithm patients the minimal risk
possible. Finally, although improvements in supportive care could increase the apparent
benefit of cidofovir, there were no other major institutional changes in BMT or
chemotherapy protocols that would account for the magnitude of the observed difference in
outcome in the cidofovir-treated cohort. In addition, as adenovirus-related mortality was
ascribed to any death in the presence of active adenoviral disease, regardless of the
identification of other primary cause of death, it is possible that adenovirus might not be
directly responsible for all of the cases of adenovirus-related mortality.

These data suggests that the algorithm identifies pediatric oncology/BMT patients at high
risk for adenoviral mortality and thereby most likely to benefit from cidofovir treatment. In a
larger patient cohort, a prospective study to verify the utility of this algorithm, evaluate the
appropriate length of time to continue adenoviral screening, duration of therapy, and benefit
of cidofovir in lower risk patients may be of value.
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CONCLUSIONS

We have designed a clinical algorithm that identified patients at high risk for severe
adenoviral disease likely to benefit from cidofovir therapy and correctly predicted which
patients could be managed conservatively with close observation and no treatment. Using
this algorithm to select patients for therapy, our data suggests that cidofovir seems to be safe
and effective for pediatric oncology and BMT patients. Furthermore, we identified ALC as a
significant risk factors for mortality in this population. This clinical algorithm may provide
practitioners with a practical tool to distinguish those pediatric oncology and BMT patients
with adenoviral disease likely to receive a potential survival benefit from therapy and
deserves further evaluation in a larger prospective cohort.
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FIGURE 1.
Branching diagram of patients identified prealgorithm and postalgorithm.
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FIGURE 2.

Kaplan-Meier survival curve of high-risk and low-risk patients, stratified according to
treatment. Black dashed line indicates untreated LRHI patients; black solid line, untreated

HRHI patients; grey solid line, treated HRHI patients.
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TABLE 1
Algorithm Classification of HRHI and LRHI Patients and Guide to Observation or Therapy With CDV

High-risk Host?  High-risk Infection?  Algorithm Classification  Algorithm Recommendation

Yes® Yest HRHI Treatt

Yes No LRHI Observe
No Yes LRHI Observe
No No LRHI Observe

*

High-risk host describes patients with: (1) blood and marrow transplantation (allogeneic, <180 d posttransplant; autologous, or <60 d
posttransplant), (2) acute or chronic graft-versus-host disease, or (3) patients receiving immunosuppressive regimens with functional
immunodeficiencies (eg, acute myeloid leukemia therapy, acute lymphocytic leukemia induction, severe aplastic anemia, rituximab, or protracted
leukopenia).

THigh-risk infection describes patients with: invasive (symptoms of disease from a site with PCR/biopsy/culture evidence of adenovirus),
disseminated adenovirus more than 2 sites positive for adenovirus (excluding urine and stool in children in diapers), or blood PCR positive.

'JFCDV dose is 5mg/kg/dose 1V weekly unless there is evidence of renal dysfunction (1mg/kg/dose 1V 3 times weekly). Therapy should be
continued until 3 negative results have been obtained from all obtainable sites of disease or until the patient is no long a high-risk host. Hydration
should include 20 mL/kg normal saline pre-CDV and post-CDV infusion (or equivalent IV fluids). Probenecid should be administered as renal
protection at a dose of 1 to 1.25 mg/mzl dose 3 hours before and 1 and 8 hours at the end of CDV infusion to decrease nephrotoxicity (round to
nearest 250 mg).

CDV indicates cidofovir; HRHI, high-risk host and infectious disease; IV, intravenously; LRHI, low-risk host and/or infectious disease; PCR,
polymerase chain reaction.
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TABLE 3

Patient Baseline Characteristics by Risk Designation”

No. Patients
Low Risk High Risk
Variable Untreated Untreated Treated
Underlying disease
Acute leukemia 3 2 5
Chronic myelogenous leukemia 1
Solid tumor 2 3
Other 1 2 1
Clinical Setting
Autologous 3
Allogeneic 4 4 4
Chemotherapy 1 2
Solid organ transplant 1
Other 1
Period post-BMT
<30d 1 5
30-90d 2 2
>90d 3 2
Period postchemotherapy
<30d 1 2
Period postkidney transplant
>90 d 1
Other 1
Median age, y (range) 5(2-17) 14 (5-17) 3(0.2-18)

Absolute lymphocyte count median (x103)w 1.2 (0.3-1.9)  0.5(0.1-1.9) 0.2 (0-1.6)
Absolute neutrophil count median (x103)z 6.8(1.2-21.1) 2.1(0.7-24.1) 0(0-9.7)
GVHD (percentage of total number) 2(33) 4 (80) 2 (22)
CMV status (patient)

Positive 2 1
Negative 3 5 8
Unknown 1

*
P=Not significant for all values except for those below.

TOR=O.04, P<0.05.

iOR:O.16, P=0.06.

BMT indicates blood and marrow transplant; CMV, cytomegalovirus; GVHD, graft-versus-host disease
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