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Respiratory Syncytial Virus Lower Respiratory
Disease in Hematopoietic Cell Transplant
Recipients: Viral RNA Detection in Blood,
Antiviral Treatment, and Clinical Outcomes

Alpana Waghmare,'** Angela P. Campbell,"** Hu Xie,' Sachiko Seo,' Jane Kuypers,"? Wendy Leisenring,’'
Keith R. Jerome,"? Janet A. Englund,>* and Michael Boeckh'?
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Background. Respiratory syncytial virus (RSV) pneumonia after hematopoietic cell transplant (HCT) is associ-
ated with severe morbidity. Although RSV RNA has been detected in serum from patients with RSV lower respirato-
ry disease (LRD) after HCT, the association with clinical outcomes has not been well established in multivariable
models. Additionally, the role of antiviral treatment in HCT recipients has not been previously analyzed in multivar-
iable models.

Methods. We retrospectively identified HCT recipients with virologically confirmed RSV LRD and tested
stored plasma/serum samples by quantitative reverse transcription polymerase chain reaction for RSV RNA. Risk
factors for RSV RNA detection and the impact of RSV RNA in serum and antiviral therapy on outcomes were ana-
lyzed using multivariable Cox models.

Results. RSV RNA was detected in plasma or serum from 28 of 92 (30%) patients at a median of 24.5 days fol-
lowing HCT and 2 days following LRD. In multivariable models, neutropenia, monocytopenia, thrombocytopenia,
and mechanical ventilation increased the risk of plasma/serum RSV RNA detection; lymphopenia and steroid use
did not. RSV RNA detection increased the risk of overall mortality in multivariable models (adjusted hazard ratio
[aHR], 2.09 [P =.02]), whereas treatment with aerosolized ribavirin decreased the risk of overall mortality and pul-
monary death (aHR, 0.33 [P=.001] and aHR 0.31 [P =.003], respectively).

Conclusions. RSV RNA detection in plasma or serum may be a marker for lung injury and poor outcomes in
HCT recipients with RSV LRD. Treatment with aerosolized ribavirin appeared to be protective against overall and
pulmonary mortality.
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Respiratory syncytial virus (RSV) causes significant
morbidity and mortality, with a hospitalization rate of
55.3 per 100 000 person-years and death rate of 4.3 per
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100 000 persons annually [1, 2]. Immunocompromised
hosts are particularly affected, and recipients of hema-
topoietic cell transplant (HCT) have high rates of pro-
gression from upper respiratory disease (URD) to
potentially severe lower respiratory disease (LRD) [3-
7]. Overall mortality following development of RSV
LRD remains high without well-defined, specific risk
factors for death.

Centers caring for HCT patients have employed a
variety of treatment strategies for RSV including ribavi-
rin (aerosolized, intravenous, or oral) with or without
pooled intravenous immunoglobulin (IVIG), RSV-
specific immunoglobulin, or palivizumab [8-12]. Early
treatment appears to be more effective, although studies
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have been limited by small numbers of patients and have not
accounted for multiple risk factors such as disease severity [11-
14]. No randomized trials examining ribavirin for treatment of
RSV LRD have been reported, although 2 small randomized
trials examined its use as preemptive therapy [9, 15]. Cost and
difficulty in drug administration have also contributed to con-
troversy in the use of ribavirin.

Identifying biological markers of RSV disease severity and
poor outcomes is an important goal that may allow for im-
proved therapeutic intervention. Although it is clear that pres-
ence of viral nucleic acid in blood is relevant for viruses such as
cytomegalovirus and adenovirus, its role is less clear for respira-
tory viruses. Several studies have described the presence of viral
nucleic acid in serum, whole blood, and peripheral blood
monocytic cells of patients infected with respiratory viruses in-
cluding severe acute respiratory syndrome coronavirus, influen-
za virus, avian H5N1 influenza virus, rhinovirus, and RSV, and
have suggested a correlation with disease severity and poor out-
comes [16-25]. Recently, evaluation of serum influenza RNA in
HCT recipients found that influenza RNA detection was associ-
ated with hypoxemia, respiratory failure, and increased overall
and influenza-related death [26]. Initial studies at our center re-
ported that RSV RNA in serum is detectable and may be associ-
ated with poor outcomes, but formal risk factor and outcome
analyses are lacking [27].

The purpose of this retrospective study was to examine the
association of plasma or serum RSV RNA detection with
disease outcomes in HCT recipients with RSV LRD. Addition-
ally, we evaluated the clinical and virologic factors associated
with outcomes in a large cohort that allowed for analysis using
multivariable models.

METHODS

Patients and Samples

HCT patients with virologically confirmed RSV LRD between
January 1990 and April 2011 were included in this study. Clini-
cal data were collected from databases and supplemental review
of the medical record. This study was approved by the Institu-
tional Review Board at the Fred Hutchinson Cancer Research
Center. Subjects signed informed consent permitting the use of
data and stored samples for research.

RSV LRD was defined as RSV detection from bronchoalveo-
lar lavage (BAL), lung biopsy, or autopsy specimens in associa-
tion with lower respiratory tract clinical symptoms and/or
radiographic changes. The day of RSV LRD diagnosis was
defined as the date that RSV was detected in the lower tract
specimen. Virologic confirmation was obtained by direct fluo-
rescent antibody, shell vial centrifugation, or conventional viral
culture in lower respiratory tract samples; after 2007 patients
also had RSV detected by reverse transcription polymerase

chain reaction (RT-PCR). Stored serum or plasma samples
were available in a subset of patients. Weekly plasma or serum
samples collected within 4 weeks before and after diagnosis of
LRD were tested for RSV RNA by real-time RT-PCR.

RSV RNA Detection Methods

Serum or plasma frozen at <—20°C was thawed and extracted
in duplicate. Total nucleic acids were isolated from 280 uL of
specimen (QIAamp Viral RNA Mini Kit, Qiagen) and analyzed
for the presence of RSV A and RSV B viral RNA by quantitative,
real-time RT-PCR assays targeting the RSV matrix genes [28].
The RT-PCR assays were performed in duplicate to assess low
levels of viral RNA and optimize detection. Thus, a total of 4 RT-
PCR results were obtained for each specimen. To ensure that neg-
ative results were not due to poor nucleic acid extraction or inhi-
bition of the PCR assay, 1000 copies per reaction of a specimen
processing control was added to the lysis buffer during extraction.
All negative samples had evidence of amplification of the control.
One low-positive control containing 200-1000 copies per reac-
tion of RSV and 1 negative control consisting of cultured, unin-
fected human epithelial cells were processed with each batch of
patient specimens. Each assay reliably detected 10 viral copies per
reaction, which provided a sensitivity of 200 copies/mL (10 pL of
nucleic acid specimen added per reaction). All PCR assays were
performed according to the standards of the College of American
Pathologists, and the laboratories passed proficiency testing in
viral diagnostics.

Statistical Analysis

Patients were analyzed based on their first episode of RSV LRD.
The probability of overall survival was estimated using the
Kaplan-Meier method; the probability of mortality due to re-
spiratory failure (pulmonary death) was estimated with cumu-
lative incidence curves, with death from other reasons as a
competing risk. The log-rank test was used to compare mortali-
ty curves between subgroups. Cox proportional hazards models
were used to evaluate unadjusted and adjusted hazard ratios
(HRs) for RSV RNA detection, and for overall mortality and
pulmonary death at day 30 and day 90 following RSV LRD.
Poisson regression was used to evaluate unadjusted and adjust-
ed relative risk (RR) for respiratory failure, defined as the re-
quirement for mechanical ventilation. Covariates evaluated as
candidate risk factors for inclusion in multivariable models are
listed in Table 1. Variables with P <.2 in univariate analysis
were candidates for multivariable models. For model forma-
tion, risk factors of interest were selected a priori; factors signif-
icant in univariate models at P <.2 were added one by one to
those factors for evaluation. Models presented are those with
significant confounding variables. Given the extended study
period and the associated changes in transplant practices, year
of transplant was evaluated over 2 time periods as well as
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Table 1. Characteristics of Patients With Respiratory Syncytial
Virus (RSV) Lower Respiratory Disease, Including Subgroups
Tested for Presence of RSV RNA in Blood

Patients With Patients
RSV RNA Without RSV
All Detection RNA Detection
Patients Performed Performed

Variable (N=118) (n=92) (n=26)
Age, y, median (IQR) 42 (32-52) 42 (32.5-52) 39 (24-51)
Age,y

<21 11 (9%) 6 (7%) 5(19%)

21-60 94 (80%) 75 (81%) 19 (73%)

>60 13 (11%) 11 (12%) 2 (8%)
Sex®

Female 43 (36%) 29 (32%) 14 (54%)

Male 75 (64 %) 63 (68%) 12 (46%)
Year of transplant

1989-1997 69 (69%) 56 (61%) 13 (50%)

1998-2010 49 (41%) 36 (39%) 13 (50%)
Race

Unknown 4 (3%) 3(3%) 1(4%)

White 99 (85%) 77 (84%) 22 (88%)

Nonwhite 14 (12%) 12 (13%) 2 (8%)
Disease risk®

High 58 (49%) 47 (51%) 11 (42%)

Standard 60 (51%) 45 (49%) 15 (58%)
Cell source groups

PBSC 51 (43%) 36 (39%) 15 (58%)

BM/CB® 67 (57%) 56 (61 %) 11 (42%)
Donor type

Allogeneic 96 (81%) 76 (83%) 20 (77 %)

Autologous 22 (19%) 16 (17%) 6 (23%)
Conditioning regimen

MA + low TBI 44 (37 %) 34 (37 %) 10 (39%)

MA + TBI (>12 Gy) 56 (48%) 44 (48%) 12 (46%)

Nonmyeloablative 18 (15%) 14 (15%) 4(15%)
Pulmonary infiltrates

None 23 (19%) 19 (21%) 4(15%)

CXR or CT infiltrate 95 (81%) 73 (79%) 22 (85%)
WBC count, 10° cells/L

>1000 75 (64%) 58 (63%) 17 (65%)

<1000 43 (36%) 34 (37%) 9 (35%)
Lymphocyte count, 10° cells/L

>100 83 (70%) 63 (69%) 20 (77 %)

<100 35 (30%) 29 (31%) 6 (23%)
Neutrophil count, 10° cells/L

>100 90 (76 %) 72 (78%) 18 (69%)

<100 28 (24%) 20 (22%) 8(31%)
Monocyte count, 10° cells/L

>100 53 (49%) 38 (46 %) 15 (58%)

<100 55 (561%) 44 (54%) 11 (42%)
Platelet count, 10° cells/L

>10000 85 (72%) 90 (76%) 21 (81%)

<10000 33 (28%) 28 (24%) 5(19%)
Copathogen?

None 69 (59%) 55 (60%) 14 (54%)

Any copathogen 49 (41%) 37 (40%) 12 (46%)

Table 1 continued.
Patients With Patients
RSV RNA Without RSV
All Detection RNA Detection
Patients Performed Performed

Variable (N=118) (n=92) (n=26)
Oxygen at diagnosis of LRD

None to <2 L 70 (59%) 53 (68%) 17 (65%)

>2 L/ventilator® 48 (41%) 39 (42%) 9 (35%)
Steroid use at diagnosis of LRD

<2 mg/kg 106 (90%) 82 (89%) 24 (92%)

>2 mg/kg 12 (10%) 10 (11%) 2 (8%)
Palivizumab

No 76 (64%) 60 (65%) 16 (62%)

Yes 42 (36%) 32 (35%) 10 (38%)
IVIG'

No 69 (58%) 57 (62 %) 12 (46%)

Yes 49 (42 %) 35 (38%) 14 (54%)
Preemptive ribavirin prior to LRD

None 92 (78%) 69 (75%) 23 (88%)

<5d 10 (8%) 9(10%) 1(4%)

>6d 16 (14%) 14 (15%) 2 (8%)
Ribavirin treatment for LRD

None 17 (14%) 16 (17%) 1(4%)

Systemic® 13(11%) 11 (12%) 2 (8%)

Aerosolized" 88 (75%) 65 (71%) 23 (88%)'
FEV/FVC % prior to RSV LRD

>70 90 (81%) 71 (81%) 19 (83%)

<70 21 (19%) 17 (19%) 4(17%)
TLC % prior to RSV LRD

>80 96 (95%) 78 (95%) 18 (95%)

<80 5 (5%) 4 (5%) 1(5%)

Data are presented No. (%) unless otherwise specified. Patients’ demographic
characteristics were compared using x? test or Fisher exact test for categorical
variables, as appropriate.

Abbreviations: BM/CB, bone marrow/cord blood; CT, computed tomography;
CXR, chest radiography; FEV, forced expiratory volume; FVC, forced vital
capacity; 1QR, interquartile range; IVIG, intravenous immunoglobulin; LRD,
lower respiratory disease; MA, myeloablative; PBSC, peripheral blood stem
cell; RSV, respiratory syncytial virus; TBI, total body irradiation; TLC, total lung
capacity; WBC, white blood cell.

2 pP=.037.

® Underlying disease risk defined as previously described [29].

¢ Four cord blood, 63 bone marrow.

94 Copathogens defined as pathogenic bacteria, fungi, or opportunistic viruses
from bronchoalveolar lavage and/or blood obtained within 2 days of RSV LRD
diagnosis.
¢ Including those requiring continuous positive airway pressure and mechanical
ventilation.

fIVIG was administered at the discretion of the attending physician.

9 Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8
hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8
hours for 6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by
400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31]. Oral,
n =4; intravenous, n = 9.

" Current practice guidelines at our center involve treatment with aerosolized
ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18
hours or 2 g three times a day over 2 hours [15].

' Ten patients also received palivizumab; 9 patients also received IVIG.
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continuously. Time-dependent steroid use and mechanical ven-
tilation were included in all models for RSV RNA detection.
Treatment with ribavirin, oxygen requirement at diagnosis, and
cell source were included in all models for overall mortality;
treatment with ribavirin and oxygen requirement at diagnosis
were included in all models for pulmonary death. Oxygen re-
quirement at diagnosis and presence of RSV RNA were includ-
ed in all models of respiratory failure. Two-sided P values <.05
were considered to be statistically significant. Separate multi-
variable models were used to minimize the number of covari-
ates per model due to the limited number of outcome events.
All statistical analyses were performed using SAS 9.3 for
Windows (SAS Institute, Inc, Cary, North Carolina).

RESULTS

Characteristics of Patients and Samples

We identified 118 patients with RSV LRD from January 1990
through April 2011. Characteristics of the cohort are outlined
in Table 1. The median time to LRD after HCT was 52.5 days
(range, —1 to 3957 days). Among patients with URD prior to
LRD (n = 86), the median duration between URD and LRD di-
agnoses was 5 days (range, 0-74 days). Twenty-six (22%) pa-
tients received antiviral therapy prior to the development of
RSV LRD. Antiviral treatment for LRD was initiated at a
median of 1 day (range, 0-9 days) following LRD diagnosis.

Of the 118 patients with RSV LRD, 92 (78%) had serum
samples available for testing (Supplementary Figure 1). The pa-
tients with samples available for serum testing were representa-
tive of the entire cohort; sex was the only variable with
significant variation between the groups (P =.037; Table 1). A
total of 380 samples were tested for RSV RNA; an average of 4
samples were tested per patient (range, 1-10).

Frequency and Timing of Viral RNA Detection in Serum/Plasma
Overall, RSV RNA was detected in serum samples from 28 of
92 (30%) patients in 41 of 380 (11%) samples tested. The detec-
tion rate varied by year when analyzed over equal time periods:
1990-1994 (13/31 [42%] samples; 1995-1999 (4/28 [14%)]
samples); 2000-2004 (1/8 [13%] samples); and 2005-2011 (10/
24 [42%] samples). RSV RNA detection occurred a median of 4
days following LRD diagnosis (range, —20 to 20 days; Figure 1).
The median number of positive samples per patient was 1
(range, 1-5). The median maximum RNA load among positive
results was 2.74 log;, copies/mL (range, 2.03-4.17 log;, copies/
mL). Eleven of the 41 (27%) positive samples were positive in
both extraction aliquots. The median viral load for samples
positive in both duplicates was statistically higher than the
median viral load for single positive samples (3.11 vs 2.55 log;o
copies/mL; P =.007).

Twenty-four of the 28 patients with RSV RNA detected re-
ceived antiviral therapy (4 systemic ribavirin; 20 aerosolized
ribavirin). In 14 patients, RSV RNA was detected only once
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Table 2. Univariate Analysis of Risk Factors for Respiratory Syn-
cytial Virus RNA Detection in Blood (n =92)

Covariate HR (95% ClI) PValue
Transplant year

1989-1997 1.00

1998-2010 0.65 (.30-1.44) .289
Transplant year as 0.96 (.89-1.02) .186

continuous covariate
Age at transplant as 1.00 (.98-1.03) .78

continuous covariate
Cell source

PBSC 1.00

BM/CB 2.06 (.90-4.75) .088
Donor type

Autologous 1.00

Allogeneic 1.01 (.37-2.79) .98
Conditioning regimen

MA + TBI (=12 Gy) 1.00

MA + low TBI 1.68(.70-3.59) 271

Nonmyeloablative 0.81 (.26-2.57) 727
WBC count, 10° cells/L

>1000 1.00

<1000 3.34 (1.55-7.17) .002
Lymphocyte count, 10° cells/L

>100 1.00

<100 1.564 (.70-3.38) 282
Neutrophil count, 108 cells/L

>100 1.00

<100 3.82(1.76-8.28) <.001
Monocyte count, 10° cells/L

>100 1.00

<100 4.01(1.59-10.1) .003
Platelet count, 10° cells/L

>10000 1.00

<10000 2.52(1.18-5.38) .017
Day of RSV LRD following HCT

>30 1.00

<30 2.88(1.33-6.21) .007
Copathogen®

None 1.00

Any copathogen 0.87 (.40-1.91) .735
Oxygen at diagnosis of LRD

None to <2 L 1.00

>2 L/ventilator® 2.85 (1.30-6.24) .009
Mechanical ventilation as 18.9(7.80-45.7) <.001

time-dependent
Steroid use >2 mg/kg as 5.20 (1.51-18.0) .009

time-dependent
Palivizumab treatment

No 1.00

Yes 0.86 (.39-1.88) .698
Preemptive ribavirin prior to LRD

None 1.00

<5d 0.50 (.12-2.15) .354

>5d 0.46 (.14-1.53) 204

Table 2 continued.

Covariate HR (95% CI) PValue
Ribavirin treatment as 2.89(1.26-6.62) .012
time-dependent®?
Acute GVHD as time-dependent® 1.55(.63-3.77) .339
(grade 0-2 vs 3-4)
FEV/FVC % prior to RSV LRD
>70 1.00
<70 0.49 (.15-1.62) 241
TLC % prior to RSV LRD
>80 1.00
<80 2.25(.63-9.57) 273
IVIGf
None 1.00
Weekly 0.80(.30-2.18) .668
High 1.08 (.40-2.94) 877

Abbreviations: BM/CB, bone marrow/cord blood; Cl, confidence interval; FEV,
forced expiratory volume; FVC, forced vital capacity; GVHD, graft-vs-host
disease; HCT, hematopoietic cell transplant; HR, hazard ratio; IVIG, intravenous
immunoglobulin; LRD, lower respiratory disease; MA, myeloablative; PBSC,
peripheral blood stem cell; RSV, respiratory syncytial virus; TBI, total body
irradiation; TLC, total lung capacity; WWBC, white blood cell.

@ Copathogens defined as pathogenic bacteria, fungi, or opportunistic viruses
from bronchoalveolar lavage and/or blood obtained within 2 days of RSV LRD
diagnosis. Copathogens in 28 patients with RSV RNA detected: 2 rhinovirus, 1
adenovirus, 2 fungal, 3 bacterial, 4 multiple pathogens.

® Including those requiring continuous positive airway pressure and mechanical
ventilation.

¢ Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8
hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8
hours for 6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by
400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31].

d Current practice guidelines at our center involve treatment with aerosolized
ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18
hours or 2 g three times a day over 2 hours [15].

¢ Acute GVHD defined as previously described [32].
fIVIG was administered at the discretion of the attending physician.

(n=11) or twice (n = 3) during the course of antiviral therapy.
One patient had 5 positive samples while on therapy (6, 9, 13,
16, and 20 days after starting ribavirin; Figure 1).

Risk Factors for Viral RNA Detection

In univariate analysis, treatment with ribavirin, steroid use of >2
mg/kg, mechanical ventilation at time of diagnosis, leukopenia,
neutropenia, monocytopenia, and thrombocytopenia were associ-
ated with increased risk of RSV RNA detection in 92 patients
with serum samples available; lymphopenia was not significantly
associated with increased risk (Table 2). RSV RNA was detected
in 15 of 34 patients (44%) with profound leukopenia (white blood
cell [WBC] counts <1000 x 10%/L), compared with 13 of 58
(22%) patients with WBC counts >1000 x 10° cells/L (HR, 3.34
[95% confidence interval {CI}, 1.55-7.17], P =.002). In multivari-
able models adjusting for steroid use and either lymphopenia,
neutropenia, monocytopenia, or thrombocytopenia, mechanical
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ventilation consistently showed an association with RSV RNA
detection; neutropenia, monocytopenia and severe thrombocyto-
penia (platelet count <10 000 x 10° cells/L) also each showed in-
creased risk for RSV RNA detection (Table 3).

BAL viral loads were available in 30 of the 92 patients with
serum tested for RSV RNA. Among these patients, BAL viral
load above the median (>1.8 x 10° copies/mL) was associated
with an increased risk of serum RSV RNA detection (HR, 1.74
[95% CI, .74-4.13], P=.21) in univariate analysis. Multivari-
able analysis could not be performed due to the limited
number of subjects and events.

RSV RNA Detection as a Risk Factor for Outcomes
Among 92 patients with serum available for testing, RSV RNA
detection was evaluated in a time-dependent manner in univar-
iate and multivariable models. Detection of RSV RNA was a
statistically significant risk factor for death at day 90 following
RSV LRD in multiple models adjusting for ribavirin treatment
plus 1 other covariate (eg, adjusted HR [aHR] of 2.09 [95% CI,
1.15-3.81], P = .02, after adjusting for transplant year), with the
exception of the model including oxygen use (Figure 24). In
models for pulmonary death, statistical significance was not
reached. Of the 28 patients with RSV RNA detected, 22 died.
All 8 patients with detection of RSV RNA in >1 sample died.
When comparing patients with peak serum viral loads above
vs below the median and adjusting for the variables above,
higher RSV viral load was associated with increased risk of
overall death (Figure 2B). Additionally, we compared the effect
of 1 vs 2 positive RSV RNA detection results on mortality and
did not see significant changes in HRs (data not shown).

In univariate analysis, RSV RNA detection was associated
with an increased risk of respiratory failure (RR, 1.83 [95% ClI,
.99-3.38], P=.055). When multivariable models were per-
formed adjusting for oxygen use and 1 other covariate at a time
(copathogens, WBC count, platelet count, day of LTD after
transplant, age at transplant, and conditioning regimen), the
effect of RSV RNA detection was no longer significant (data
not shown).

The effect of RSV RNA detection on length of hospitaliza-
tion was evaluated by comparing days alive while not hospital-
ized within the first 28 days following diagnosis of LTD. For
patients with RSV RNA detected on or before LTD diagnosis
(n=11), the median number of days was 0 (range 0-16),
whereas the median number of days was 4 (range, 0-24) for pa-
tients without RSV RNA detected (P =.038). After adjusting
for oxygen use, RSV RNA detection remained a significant
factor affecting days alive and not hospitalized (mean diffe-
rence, —5.49 days [95% CI, 10.5 to —.47], P =.032).

Host and Transplant Factors Associated With Mortality

Among all 118 patients, overall mortality at day 30 and day 90
following RSV LRD was 39% (n = 46) and 47% (n = 56), respec-
tively. Death from respiratory failure was observed in 29%
(n=34) and 34% (n = 40) of patients at day 30 and day 90 fol-
lowing RSV LRD, respectively. In unadjusted models, patients
who received aerosolized ribavirin treatment had improved sur-
vival compared with those who did not receive any ribavirin
treatment after LRD (60% vs 24% for overall death and 73% vs
35% for pulmonary death; P <.0001 for both; Supplementary
Figure 2A and 2B). Survival curves stratified by patients who

Table 3. Multivariable Analyses of Risk Factors for Respiratory Syncytial Virus RNA Detection (n = 92)

Model 1

Model 2

Model 3 Model 4

HR P HR

Covariates (95% Cl) Value

(95% Cl)

P HR P HR P
Value (95% ClI) Value (95% Cl) Value

Steroid use >2 mg/kg 4.02 (.95-17.1) .059

as time-dependent

Mechanical ventilation 12.6(4.81-32.8) <.001

as time-dependent

Neutrophil count, 3.46 (1.47-8.18) .005
108 cells/L (<100 vs

>100)

Monocyte count,
108 cells/L (<100 vs
>100)

Lymphocyte count,
108 cells/L (<100 vs
>100)

Platelet count,
108 cells/L (<10000 vs
>10000)

2.92(.71-12.0) 136

13.6 (5.09-36.4)

2.65(.63-11.2) 184 2.61(.68-10.0) 163

<.001 16.1(6.22-41.5) <.001 16.5(6.73-40.5) <.001

2.86 (1.07-7.65) .036

1.05 (.44-2.47) 915

2.49(1.13-5.47) .023

Abbreviations: Cl, confidence interval; HR, hazard ratio.
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risk factor for overall mortality and pulmonary death by day 90 following RSV lower respiratory disease (LRD; n=92), including P values. Hazard ratios and
Pvalues shown are for RSV RNA detection. Models for outcomes at day 30 following RSV LRD similarly showed RSV RNA detection as a risk factor for
overall mortality and pulmonary death (data not shown). A, All models included presence of any RSV RNA and ribavirin treatment plus 1 other covariate. B,
All models include presence of RSV RNA above median (2.74 log;q copies/mL) and ribavirin treatment plus 1 other covariate. Abbreviation: WBC, white

blood cell.

did and did not receive oxygen therapy at LRD diagnosis for
those patients who received none or systemic ribavirin only are
shown in Supplementary Figures 2C-F.

Univariate analysis at day 90 following RSV LRD revealed
several factors that were statistically significantly associated
with overall mortality and pulmonary death including trans-
plant year, cell source, conditioning regimen, WBC count,

monocyte count, platelet count, oxygen requirement at diag-
nosis, steroid use at diagnosis, palivizumab treatment, and
ribavirin treatment following LRD (Supplementary Table 1).
Treatment with aerosolized ribavirin showed a protective effect
against mortality at day 90 in multiple models when adjusting
for cell source, oxygen requirement at diagnosis, WBC count,
and presence of copathogens (Table 4). The protective effect of
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Table 4. Multivariable Analyses of Risk Factors and Treatment Efficacy for Overall Mortality by Day 90 Following Respiratory Syncytial

Virus Lower Respiratory Disease (n=118)

Model 1 Model 2 Model 3

Covariates HR (95% ClI) PValue HR (95% CI) PValue HR (95% CI) PValue
Ribavirin treatment for LRD

Systemic® vs none 0.71(.28-1.76) 454 0.61 (.24-1.56) .303 0.86(.34-2.17) 751

Aerosolized® vs none 0.33 (.17-.64) .001 0.28 (.14-.55) <.001 0.39 (.20-.77) .006
Oxygen at diagnosis of LRD

>2 L/ventilator® vs none/<2 L 2.73 (1.58-4.71) <.001 2.50 (1.46-4.29) <.001 2.63 (1.53-4.51) <.001
Cell source

BM/CB vs PBSC 2.44 (1.28-4.64) .006 2.35(1.23-4.49) .01 2.81(1.49-5.30) .001
Steroid use at diagnosis of LRD

>2 mg/kg vs <2 mg/kg 2.46 (1.24-4.92) .01
WBC count, 10° cells/L

<1000 vs >1000 1.97 (1.14-3.41) .016
Copathogen®

Any vs none 1.86 (1.07-3.22) .027

Analysis of shorter-term mortality (day 30 following respiratory syncytial virus [RSV] LRD) showed similar results (data not shown).
Abbreviations: BM/CB, bone marrow/cord blood; Cl, confidence interval; HR, hazard ratio; LRD, lower respiratory disease; PBSC, peripheral blood stem cell; WBC,

white blood cell.

? Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8 hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8 hours for
6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31].

b Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2

g three times a day over 2 hours [15].

¢ Including those requiring continuous positive airway pressure and mechanical ventilation.

9 Copathogens defined as pathogenic bacteria, fungi or opportunistic viruses from bronchoalveolar lavage and/or blood obtained within 2 days of RSV LRD

diagnosis.

aerosolized ribavirin was also demonstrated in multivariable
models determining risk for pulmonary death (Table 5).

DISCUSSION

We have demonstrated several host, transplant, virologic, and
treatment factors associated with increased overall and pulmo-
nary death in HCT recipients with RSV LRD. In particular, we
have shown the presence of RSV RNA in blood in a significant
proportion (30%) of patients with RSV LRD and correlated RSV
RNA detection with mortality in multivariable models. Addi-
tionally, we have shown a protective effect of aerosolized ribavi-
rin for overall and pulmonary mortality in multivariable models.

Risk factors for RSV RNA detection in blood included me-
chanical ventilation, suggesting that acute lung injury plays a role
in pathogenesis of RSV infection and possibly in dissemination
of viral nucleic acid into the bloodstream. This hypothesis is also
supported by the association between thrombocytopenia and
RSV RNA detection, as well as the association between higher
BAL viral load and serum RSV RNA detection. Other risk factors
for RSV RNA detection in plasma/serum include neutropenia
and monocytopenia, implying that the inflammatory response

plays a part in viral containment within the respiratory system.
Pathological examinations in autopsy specimens have shown al-
veolar mononuclear cell infiltration in children with RSV [33],
and BAL specimens in children with RSV bronchiolitis have
shown that neutrophils comprise >80% of the inflammatory cell
infiltrate at the height of clinical symptoms [34]. Furthermore,
RSV nucleic acid has been demonstrated in monocytes and neu-
trophils in BAL and blood specimens in adults and children with
RSV infection [24, 25, 35, 36]. Interestingly, our study did not
show a substantial effect of lymphopenia or steroid use up to 2
mg/kg on RSV RNA detection, indicating that moderate immune
suppression does not impact blood RSV RNA detection.

The higher rate of serum RSV RNA detection in this study
compared to previous reports by our group may be explained
by duplicate extraction and RT-PCR testing [26, 27]. Although
duplicate testing is not a clinically practical method, it was per-
formed to maximize detection of viral loads near the limit of
detection (approximately 2.3 log;, copies/mL) and to account
for stochastic distribution. Patients with duplicate positive
samples had higher viral loads, and patients with viral loads
above the median have an increased risk for death compared to
patients with viral loads below the median.
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Table 5. Multivariable Analyses of Risk Factors and Treatment Efficacy for Pulmonary Death by Day 90 Following Respiratory Syncytial

Virus Lower Respiratory Disease (n=118)

Model 1 Model 2 Model 3

Covariates HR 95% ClI PValue HR 95% ClI PValue HR 95% ClI PValue
Ribavirin treatment for LRD

Systemic® vs none 0.55(.18-1.68) 296 0.47 (.16-1.37) 165 0.31(.10-.89) .031

Aerosolized® vs none 0.26 (.12-.55) <.001 0.31 (.15-.67) .003 0.19 (.09-.39) <.001
Oxygen at diagnosis of LRD

>2 L/ventilator® vs none/<2 L 3.42(1.78-6.57) <.001 2.05 (.96-4.35) .063 3.13 (1.63-6.00) <.001
Cell source

BM/CB vs PBSC 2.48(1.15-5.31) .02
Steroid use at diagnosis of LRD

>2 mg/kg vs <2 mg/kg 2.62 (1.20-5.72) .016
WBC count, 10° cells/L

<1000 vs >1000 2.15(1.13-4.06) .019

Analysis of shorter-term mortality (day 30 following RSV LRD) showed similar results (data not shown).

Abbreviations: BM/CB, bone marrow/cord blood; Cl, confidence interval; HR, hazard ratio; LRD, lower respiratory disease; PBSC, peripheral blood stem cell; WBC,

white blood cell.

@ Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8 hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8 hours for
6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31].

b Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2

g three times a day over 2 hours [15].

¢ Including those requiring continuous positive airway pressure and mechanical ventilation.

Detection of RSV RNA in serum or plasma was associated
with an increased risk of overall death in multivariable models,
as well as decreased time alive and not hospitalized. Serum
RSV RNA detection and its association with mortality and hos-
pitalization suggest a role of viral dissemination in disease se-
verity; however, this study did not directly investigate viral
replication outside of the respiratory tract. Future studies will
examine messenger RNA in peripheral blood samples to deter-
mine if a true viremic phase occurs in severe RSV infection.

This study allowed us to evaluate several clinical factors in
univariate and multivariable analysis. Factors associated with
increased mortality included use of oxygen at diagnosis, receipt
of a bone marrow or cord blood transplant, steroid use >2 mg/
kg prior to diagnosis, leukopenia, and presence of copathogens
(Supplementary Table 1). Additionally, we were interested in
the effect of ribavirin on clinical outcomes. We demonstrated
that treatment of RSV LRD with aerosolized ribavirin in HCT
recipients was consistently associated with decreased probabili-
ty of overall death and death due to respiratory failure in multi-
variable models. Although our results suggest a stronger
protective effect for aerosolized ribavirin over systemic ribavirin
(Supplementary Figures 2A and 2B), the number of patients
who received systemic ribavirin in this cohort is small (n = 13)
and therefore these results should be interpreted cautiously.

Ribavirin has been available for the treatment of RSV in-
fection for >30 years; its use in HCT recipients has been

controversial due to the low quality of evidence to support its
use. Treatment of RSV LRD with ribavirin has never been eval-
uated in randomized trials; however, many centers administer
ribavirin with or without pooled IVIG, RSV-specific immuno-
globulin, or palivizumab [8, 10]. A pooled analysis by Shah and
Chemaly suggested that HCT recipients treated with ribavirin
(with or without immunomodulators) had lower rates of mor-
tality in a review of 21 separate studies [8]. Our study is the first
analysis of a single cohort to show the protective effect of riba-
virin on overall and pulmonary mortality in HCT recipients
using multivariable models. Our data also show that all patients
who required oxygen therapy and were not treated with ribavi-
rin died.

HCT recipients with RSV who were transplanted earlier in
our study had worse outcomes than more recent patients. This
may be explained by improvement in supportive care and
changes in transplantation practices in recent years, and sug-
gests that earlier patients experienced more acute lung injury
related to RSV LRD. Similarly, patients requiring increased
oxygen support at time of LRD diagnosis were more likely to
die. Oxygen use may serve as a marker for extent of lung injury,
and its association with poor outcomes confirms previous find-
ings [26, 29, 37]. Patients who received peripheral blood stem
cell transplants had improved survival compared to patients
who received bone marrow or cord blood transplants, suggest-
ing an important role of immune reconstitution.
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Several factors were not significantly associated with mortali-
ty. Most notably, steroid therapy up to 2 mg/kg/day at the time
of diagnosis (given for treatment of GVHD) did not correlate
with increased risk of overall or pulmonary death. Although
palivizumab treatment was protective in univariate models, this
is likely due to inclusion of earlier patients who received
neither ribavirin nor palivizumab therapy. Palivizumab was not
protective in multivariable models, a finding that has recently
been analyzed separately in a homogenous cohort of patients
who received aerosolized ribavirin [29]. Interestingly, although
lymphopenia has been suggested as a risk factor for progression
from URD to LRD [4, 12], we did not find lymphopenia to be
associated with increased risk for death in patients with estab-
lished RSV pneumonia. Low total WBC count did correlate
with increased risk of death in multivariable analyses; monocy-
topenia correlated with increased death in univariate analysis.
These findings suggest a role for other immune responses in
disease severity.

Limitations of this study include the retrospective design and
the lack of randomization in evaluating the ribavirin effect. The
study period is long, and there have been changes in supportive
care practices. We accounted for this by including time and
transplant-related changes in our models. The relatively small
number of patients meeting clinical endpoints limited our
ability to establish a single model to account for all covariates.
However, separate multivariable models showed a protective
effect of ribavirin and the impact of serum/plasma RSV RNA
detection on overall and pulmonary death when adjusting for
important covariates. RNA degradation may have played a role
in observed differences in detection levels over time. Our study
tested only serum and plasma, whereas other studies have re-
covered RSV RNA from whole blood, peripheral blood mono-
cytes, and neutrophils [23, 25, 38, 39]. Currently, prospective
sample collection is under way to specifically evaluate these ad-
ditional cellular compartments for the presence of RSV
genomic RNA and RSV messenger RNA.

In conclusion, our data demonstrate the protective effect of
ribavirin on overall mortality and pulmonary death at day 30
and day 90 following RSV LRD in HCT recipients in multivari-
able models. Detection of RSV RNA in blood was associated
with an increased risk of death among HCT recipients with
RSV LRD, suggesting that RSV RNA detection in blood may
serve as a biomarker for poor overall outcomes and may indi-
cate the need for more aggressive therapy in this population.
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