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Newer diagnostic methods may link more idiopathic pneumonia syndrome (IPS) cases
to an infectious agent. Bronchoalveolar lavage (BAL) samples from 69 hematopoietic cell

¢ In patients with previously
diagnosed IPS, more than
half (57%) had pathogens
detected by currently
available diagnostic methods.

* Detection of a pathogen was
significantly associated with
high mortality regardless of
significance of pathogenicity
in lung.

transplant (HCT) recipients with IPS diagnosed between 1992 and 2006 were tested for 28
pathogens (3 bacteria and 25 viruses) by quantitative polymerase chain reaction and for
Aspergillus by galactomannan assay. Research BALs from 21 asymptomatic HCT patients
served as controls. Among 69 HCT patients with IPS, 39 (56.5%) had a pathogen detected.
The most frequent pathogens were human herpesvirus-6 (HHV-6) (N = 20 [29%)]) followed
by human rhinovirus (HRV), cytomegalovirus (CMV), and Aspergillus (N = 8 [12%] in each).
HHV-6 and HRV were rarely detected in controls, whereas CMV and Aspergillus were
occasionally detected with low pathogen load. Patients with pathogens had worse day-100
survival than those without (hazard ratio, 1.88; P = .03). Mortality in patients with only
pathogens of “uncertain” significance in lung was similar to that in patients with pathogens
of “established” significance. Metagenomic next-generation sequencing did not reveal
additional significant pathogens. Our study demonstrated that approximately half of pa-
tients with IPS had pathogens detected in BAL, and pathogen detection was associated with increased mortality. Thus, an expanded
infection detection panel can significantly increase the diagnostic precision for idiopathic pneumonia. (Blood. 2015;125(24):3789-3797)

Introduction

Idiopathic pneumonia syndrome (IPS) is a noninfectious pulmonary
complication with diffuse lung injury after hematopoietic cell trans-
plantation (HCT)."? According to previous reports, the incidence
rate of IPS after allogeneic HCT is 4% to 12%, and the mortality from
IPS remains high at 50% to 90%.>"'*

Current diagnostic criteria of IPS are based on fulfilling 2 major
requirements: (1) widespread alveolar injury with symptoms and
signs of pneumonia and (2) absence of active lower respiratory tract
infection.'? Detection of pathogens is a prerequisite to exclude in-
fections. In the original diagnostic criteria, conventional or shell viral
culture, direct fluorescent antibody testing, and pathological exami-
nation were used to detect pathogens.! However, new diagnostic
methods such as the biomarker galactomannan for Aspergillus and
multiplex polymerase chain reaction (PCR) for respiratory viruses
are now increasingly used. The recently modified diagnostic criteria
suggest using these methods to diagnose IPS.> Moreover, new patho-
gens, especially viruses such as human metapneumovirus (HMPV)
or novel coronaviruses (CoVs), have been discovered using

emerging technologies such as metagenomic next-generation se-
quencing (NGS)."*'*

To examine our hypothesis that previously diagnosed IPS cases
may include infectious pneumonia, we tested archived bronchoalveolar
lavage (BAL) samples to identify occult pathogens using currently
available techniques. Moreover, we evaluated the impact of these
pathogens on mortality.

Methods

Study design

This study cohort includes patients who underwent HCT between 1992 and 2006
at the Fred Hutchinson Cancer Research Center (FHCRC) and had IPS within
120 days after transplantation,® with an available BAL sample. To evaluate
occult pathogens in asymptomatic control patients, we also studied patients
transplanted between 1988 and 1991 at FHCRC who had no respiratory
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Table 1. Characteristics of patients with IPS and controls

Patients with IPS

Characteristics Controls (N = 21) Total (N = 69) Without pathogen (N = 31)* With pathogen (N = 38)
Sex

Male 12 (57) 35 (51) 15 (48) 20 (52)

Female 9 (43) 34 (49) 16 (52) 18 (48)
Age at transplantation, y

=20 0 (0) 4 (6) 1(3) 3(8)

21-60 21 (100) 63 (91) 29 (94) 34 (89)

>60 0 (0) 2(3) 1(3) 1(3)
Transplant year

1988-1998 21 (100) 32 (46) 12 (39) 20 (53)

1999-2006 0 (0) 37 (54) 19 (61) 18 (47)
Disease risk at transplantationt

Standard 7 (33) 37 (54) 18 (58) 19 (50)

High 14 (67) 32 (46) 13 (42) 19 (50)
Cell source

Bone marrow 21 (100) 51 (74) 22 (71) 29 (76)

Peripheral blood stem cell 0 (0) 18 (26) 9 (29) 9 (24)
Donor type

Matched related 12 (57) 23 (33) 10 (32) 13 (34)

Mismatched related 2 (10) 5(7) 3 (10) 2 (5)

Unrelated 7 (33) 41 (59) 18 (58) 23 (61)
Conditioning regiment

MA including high-dose TBI 18 (86) 47 (68) 20 (65) 27 (71)

MA without TBI 3 (14) 21 (30) 10 (32) 11 (29)

Reduced intensity 0 (0) 1) 1) 0 (0)
GVHD prophylaxis

CNI + MTX 14 (67) 62 (90) 27 (87) 35 (92)

Others§ 7 (33) 7 (10) 4 (13) 3(8)
CMV serostatus

Negative 5 (24) 33 (48) 19 (61) 14 (37)

Positive 16 (76) 36 (52) 12 (39) 24 (63)
% FEV4/FVC before transplantation

=70 18 (86) 55 (80) 23 (74) 32 (84)

<70 1 (5) 11 (16) 8 (26) 3(8)

Missing 2 (10) 3 (4) 0 (0) 3(8)
% TLC before transplantation

=80 19 (90) 57 (83) 28 (90) 29 (76)

<80 0 (0) (10) 3(10) 4 (11)

Missing 2 (10) (7) 0 (0) 5 (13)
Days between transplantation and

bronchoscopy

=30 0 (0) 48 (70) 9 (29) 12 (32)

31-120 21 (100) 21 (30) 22 (71) 26 (68)
Days between transplantation and 42 (40-46) 22 (4-119) 19 (4-99) 22.5 (8-119)

bronchoscopy, median (range)ll
Bacteremia/candidemia at bronchoscopy

No 20 (95) 64 (93) 28 (90) 36 (95)

Yes 1 (5) 4 (6) 2 (6) 2 (5)

Missing 0 (0) 1(1) 1(3) 0 (0)
White blood cell counts at bronchoscopy

>1.0 X 10 e%/L 21 (100) 36 (52) 15 (48) 21 (55)

=1.0 X 10 e°/L 0 (0) 33 (48) 16 (52) 17 (45)

All values are indicated as the number (percentage).

CNI, calcineurin inhibitor; CSP, cyclosporine; FEV;, forced expiratory volume in 1 s; FVC, forced vital capacity; GVHD, graft-versus-host disease; MA, myeloablative;
MMF, mycophenolate mofetil; MTX, methotorexate; TBI, total body irradiation; % TLC, percentage of predicted total lung capacity; TNF, tumor necrosis factor.

*This includes a patient with ciHHV-6.

tDisease risk group at transplantation was classified into 2 groups: standard and high as previously described.?”

fMyeloablative conditioning regimens mainly consisted of high-dose cyclophosphamide and busulfan with or without fractionated TBI (12.0 or 13.2 Gy). Reduced intensity
conditioning regimen consisted of fludarabine with a single fraction of TBI (2 Gy).

§Others include MTX alone, CSP alone, CSP + steroid, and CSP + MMF.

|IThis variable indicates median (range).

qSteroid dose before diagnosis of IPS was defined as peak dose from the period within 2 weeks before bronchoscopy.®®

#The treatment was started within 3 weeks after bronchoscopy. Steroid dose was defined as peak dose within 3 weeks after bronchoscopy. Three patients that received
TNF-receptor inhibitor were also included in the group of steroid >2 mg/kg.
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Table 1. (continued)

Patients with IPS

Characteristics Controls (N = 21) Total (N = 69) Without pathogen (N = 31)* With pathogen (N = 38)
Lymphocyte count at bronchoscopy

>0.2 X 10 e°/L 17 (81) 31 (45) 13 (42) 18 (47)

=0.2 X 10 e%L 4 (19) 37 (54) 17 (55) 20 (53)

Missing 0 (0) 1(1) 1(3) 0 (0)
Neutrophil count at bronchoscopy

>0.5 X 10 e°/L 21 (100) 37 (54) 14 (45) 23 (61)

=0.5 X 10 e%L 0(0) 32 (46) 17 (55) 15 (39)
Acute GVHD at bronchoscopy

Grade 0-1 7 (33) 20 (29) 14 (45) 6 (16)

Grade 2-4 14 (67) 49 (71) 17 (565) 32 (84)
Steroid dose before bronchoscopy(

No 9 (43) 37 (54) 20 (64) 17 (45)

<2 mg/kg 5 (24) 12 (17) 4 (13) 8 (21)

=2 mg/kg 6 (29) 20 (29) 7 (23) 13 (34)

Missing 1(5) 0(0) 0 (0) 0 (0)
DAH

No 21 (100) 46 (67) 23 (74) 23 (61)

Yes 0 (0) 23 (33) 8 (26) 15 (39)
Treatment after bronchoscopy#

None/steroid <1 mg/kg 11 (52) (12) 5 (16) 3 (8)

Steroid 1-2 mg/kg 9 (43) (32) 11 (34) 11 (29)

Steroid >2 mg/kg 1(5) (56) 15 (48) 24 (63)
TNF-receptor inhibitor 0 (0) (4) 3 (10) 0 (0)

All values are indicated as the number (percentage).

CNI, calcineurin inhibitor; CSP, cyclosporine; FEV4, forced expiratory volume in 1 s; FVC, forced vital capacity; GVHD, graft-versus-host disease; MA, myeloablative;
MMF, mycophenolate mofetil; MTX, methotorexate; TBI, total body irradiation; % TLC, percentage of predicted total lung capacity; TNF, tumor necrosis factor.

*This includes a patient with ciHHV-6.

tDisease risk group at transplantation was classified into 2 groups: standard and high as previously described.?”
$Myeloablative conditioning regimens mainly consisted of high-dose cyclophosphamide and busulfan with or without fractionated TBI (12.0 or 13.2 Gy). Reduced intensity

conditioning regimen consisted of fludarabine with a single fraction of TBI (2 Gy).
§Others include MTX alone, CSP alone, CSP + steroid, and CSP + MMF.
|IThis variable indicates median (range).

{Steroid dose before diagnosis of IPS was defined as peak dose from the period within 2 weeks before bronchoscopy.®®
#The treatment was started within 3 weeks after bronchoscopy. Steroid dose was defined as peak dose within 3 weeks after bronchoscopy. Three patients that received

TNF-receptor inhibitor were also included in the group of steroid >2 mg/kg.

symptoms and a research BAL sample obtained between days 35 and 45
after HCT.'3 The study was approved by the Institutional Review Board at
FHCRC.

Laboratory testing

To detect pathogens using a BAL sample, the following tests were routinely
performed until 2006 at our center: gram stain, fungal stain, and acid fast
bacilli stain; cytology examination; conventional cultures for bacteria, myco-
bacteria, fungi, and viruses; shell viral culture for cytomegalovirus (CMV)
and respiratory syncytial virus (RSV); and direct fluorescent antibody testing
for Legionella, Pneumocystis jiroveci, CMV, RSV, parainfluenza virus (PIV)
types 1 to 3, and adenovirus.'® For this study, BAL samples were further
tested by real-time PCR and reverse transcription—PCR assays for the de-
tection of 3 bacterial and 25 viral organisms: atypical bacteria (Legionella sp.,
Mycoplasma pneumoniae, and Chlamydia pneumoniae), herpesviruses
(herpes simplex virus [HSV] types 1 and 2, varicella-zoster virus, Epstein-
Barr virus [EBV], CMV, and human herpesvirus-6 [HHV-6]), polyomavi-
ruses (PyVs; BK virus [BKV], JC virus, WUPyV, and KIPyV), adenovirus,
parvovirus B19, enterovirus, parechoviruses, and respiratory viruses (RSV,
PIV types 1-4, influenza types A and B, HMPV, human rhinoviruses [HRVs],
human CoVs [0OC43, 229E, NL63, and HKU1], and human bocavirus).
Information about PCR analyses is provided in supplemental Table 1 (see the
Blood Web site). Only samples with 2 positive results in duplicate assays were
considered positive. For positive viral targets except HRV, pathogen load was
determined by quantitative PCR, provided that sufficient specimen was
available. High viral load was defined as >10’ copies per mL or a PCR cycle
threshold of =32 (when quantitation was not possible).

BAL and/or concurrent serum samples obtained between day —8 and day +6
at the time of BAL were examined for Aspergillus using the galactomannan
assay. An index of =0.5 was considered positive.'”

Sera obtained between day —8 and day +3 of the diagnosis were tested for
the pathogen(s) detected in the BAL sample to determine the possibility of blood
contamination of the BAL sample.

Follow-up BAL and/or autopsy samples obtained within 28 days after
diagnosis of IPS were tested for any pathogen detected in the initial BAL sample
to determine pathogen persistence and tissue invasion, respectively.

In patients whose BAL sample at diagnosis was positive for HHV-6,
chromosomal integration of HHV-6 (ciHHV-6) was analyzed by droplet
digital PCR using donor and/or recipient blood cells before HCT, if
available.'®

For NGS, 50 pL from 8 to 9 BAL samples was combined into individual
pools and treated with DNase prior to nucleic acid extraction.'® NGS libraries
were constructed using a modified Illumina TruSeq protocol as previously
described.” Samples were sequenced across 3 lanes of an Illumina HiSeq in-
strument. Analysis of NGS reads was performed using SURPI, a computational
pipeline for pathogen detection that classifies NGS reads bioinformatically
according to their origin (eg, human, bacteria, or virus).21

Definitions

Pathogens were categorized as “uncertain” if no consensus exists regarding their
pathogenicity in lung.?>?® Diffuse alveolar hemorrhage (DAH) was confirmed
by bronchoscopic ﬁndings,2 Death caused by respiratory failure was defined as
any death caused exclusively or predominantly by respiratory failure.””
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Table 2. Detected pathogens in BAL samples at diagnosis
IPS cases (N = 69) Controls (N = 21)

Pathogen load Pathogen load

Pathogenicity Detected Any High* Any High*

in lung pathogens (N=39) (N=12) (N=13) (N=1) Pt

Established Aspergillust 8 (12) N/A 3 (14) N/A 7
CmV 8 (12) 0 (0) 6 (29) 0 (0) .08
PIV 2(3) 0 (0) 0 (0) 0(0) 1.00
RSV 2 (3) 1(1) 0 (0) 0(0) 1.00
HMPV 2(3) 2 (3) 0 (0) 0(0) 1.00

Uncertain HHV-6 20 (29) 4 (6) 1(5) 0 (0) .020
HRV 8 (12) 6 (9) 1(5) 0 (0) .68
KIPyV 3(4) 1(1) 5 (24) 0 (0) .016
BKV 3 (4) 0 (0) 0 (0) 0(0) 1.00
HSV 2 (3) 0 (0) 0 (0) 0(0) 1.00
EBV 1(1) 0 (0) 2 (10) 0 (0) 14
WUPyV 1(1) 0 (0) 0 (0) 0(0) 1.00
CoV 0 (0) 0 (0) 1(5) 1(5) .23

All values are indicated as the number of cases (percentage of cases with
pathogens).

N/A, not applicable.

*High load: >10° copies per mL, <32 cycle threshold (for HRV).

1The values were obtained from the comparison in the number of patients with
any pathogens between IPS cases and controls.

1The median values of galactomannan were 0.65 (range, 0.57-2.37) in IPS
cases and 1.46 (range, 0.62-2.24) in controls.

Statistical analysis

The probability of overall survival was estimated using the Kaplan-Meier
method. The probability of mortality from respiratory failure was estimated
by cumulative incidence curves, treating death because of other causes as
a competing risk. The log-rank test was used to compare hazards of time-to-
event outcomes among patients’ categories. Cox proportional hazards models
were used to evaluate unadjusted and adjusted hazard ratios (aHRs) for mor-
tality or respiratory mortality. Variables with P = .1 in the univariable models
were candidates for multivariable models. Two-sided P values <.05 were
considered statistically significant. All statistical analyses were performed
using SAS 9.3 for Windows (SAS Institute Inc., Cary, NC).

Results
Patient characteristics

A total of 69 patients diagnosed with IPS as well as 21 asymptomatic
HCT control patients were evaluated. Characteristics of each group are
shown in Table 1. The median age of patients with IPS was 46.1 years
(range, 7-63). All patients in the control group underwent transplan-
tation in the earlier years of the study period, received hematopoietic
stem cells from bone marrow only, and were engrafted at the time of
bronchoscopy. IPS cases without pathogen showed a trend toward
being CMYV seronegative (P = .055) and were more likely to have no or
low-grade acute GVHD (P = .015).

Detection of occult pathogens

Among patients with IPS, 39 (56.5%) had occult pathogens (Table 2)
and 16 had multiple ones (2 in 14 and >3 in 2). Of the 28 pathogens
that were examined, 13 were detected at least once. We divided the
13 pathogens into 2 groups according to pathogenicity in lung: “estab-
lished” and “uncertain” (Table 2). Aspergillus and CMV were the most
common established pathogens, detected in 12% of the patients with
IPS. HHV-6 was the most common pathogen among the uncertain
group, detected in 20 patients (29%), 4 of whom had possible HHV-
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6—associated encephalitis (1 had HHV-6 DNA detected in cerebrospi-
nal fluid). ciHHV-6 was observed in 1 of 17 patients with available
cellular blood cell samples from donor and/or recipient before HCT
(data not shown). The second most common uncertain pathogen was
HRYV, which frequently presented with high viral load. Among 18
patients with uncertain pathogens alone, all but 2 had HHV-6 and/or
HRYV, and HSV and EBV were each detected in 1 patient. In the control
group, Aspergillus and CMV were also frequently detected, whereas
HHV-6 and HRV were rarely detected. KIPyV was also detected in
control patients with median viral load of 1.7 X 10* copies per mL
(range, 3.0 X 10° to 3.1 X 10%); 1 of the 5 KIPyV-positive patients had
concomitant detection in plasma (6.2 X 107 copies per mL). Overall,
only 1 of the samples from the controls showed high pathogen load.

To detect occult pathogens, unbiased metagenomic NGS was also
performed. Among 707 663 254 total reads, 27 080 corresponded
to significant viral pathogens (supplemental Table 2 and Table 3).
Notably, no additional pathogens beyond those detected by PCR testing
were observed except hepatitis C virus in 1 pool that included a virus
carrier (Table 3).

Table 3. Verified viral summary

Verified viral Reads % Target % Genomic
Samples signature identified reads coverage
BAL_Pool_1 HHV-6 805 0.0013 9.6
Rhinovirus B 150 0.00023 17.0
Hepatitis C virus 38 0.000059 10.7
Bovine viral 64 0.00010 7.5
diarrhea virus 1*
Anelloviridaet 23 0.00000036 N/A
BAL_Pool_2 RSV 228 0.00033 45.0
Rhinovirus B 115 0.00017 59.5
HHV-6 14 0.000020 0.8
CMV 2 0.0000029 0.1
Bovine viral 3 0.0000044 2.2
diarrhea virus 1*
BAL_Pool_3 HHV-6 348 0.00054 10.5
Rhinovirus B 1 0.0000015 1.4
Bovine viral 37 0.000057 12.3
diarrhea virus 1*
Anelloviridaet 8353 0.00013 N/A
BAL_Pool_4 HHV- 6 33 0.000048 1.2
Bovine viral 21 0.000031 12.8
diarrhea virus 1*
Anelloviridaet 306 0.0000045 N/A
BAL_Pool_5 Rhinovirus B 8 0.000011 5.2
CMV 1 0.0000013 0.0
Anelloviridaet 3 0.00000004 N/A
BAL_Pool_6 HHV-6 698 0.0011 24.9
Rhinovirus A 260 0.00040 76.7
Rhinovirus B 82 0.00013 39.8
KIPyV 5 0.0000077 9.2
CMV 2 0.0000031 0.1
Bovine viral 2 0.0000031 1.6
diarrhea virus 1*
Anelloviridaet 234 0.0000036 N/A
BAL_Pool_7 HMPV 104 0.00010 275
HHV-6 37 0.030036 1.6
Bovine viral 13 0.000013 6.6
diarrhea virus 1*
Anelloviridaet 17632 0.00017 N/A
BAL_Pool_8 HMPV 24062 0.021 99.4
HHV-6 51 0.000045 1.7
Anelloviridaet 219 0.0000019 N/A

*This is contamination of the sample of the libraries.
1This is nonpathological flora.
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Figure 1. Comparison of viral load between BAL A
and serum. (A) Viral load in samples from patients with

DAH (N = 20). Each group indicates viral load in BAL 0
(blue box) and serum (red box). P values are .002, .88,
.002, and .30 in total, CMV, HHV-6, and others, re-
spectively. (B) Viral load in samples from patients with-
out DAH (N = 19). Each group indicates viral titer in
BAL (blue box) and serum (red box). P values are .003,
.66, .030, and .055 in total, CMV, HHV-6, and others,
respectively.

ES

Viral load

Flpy

Total CMV

Confirmation of detected pathogens

Among 38 IPS cases with pathogen, excluding the 1 ciHHV-6 case,
16 had a follow-up BAL and/or autopsy sample within 28 days after
diagnosis (supplemental Table 4). The same pathogens detected at
diagnosis were again detected in all but 2 cases, and for 8 of 11
pathogens, pathogen loads were stable or increased.

To evaluate whether the viruses in BAL are a reflection of con-
taminated blood, we compared viral loads between BAL and con-
currently obtained serum in both DAH-positive cases (20 tests in 12
cases) (Figure 1A) and DAH-negative cases (19 tests in 18 cases)
(Figure 1B). Only HHV-6 (N = 11), CMV (N = 6), BKV (N = 1),
and HMPV (N = 1) were detected in sera (supplemental Table 5),
and no viruses except CMV in 4 out of 6 cases were detected in sera
during the clinical time course. Most cases had higher viral load in
BAL than serum, and only 3 cases with CMV and 1 case with BKV
showed higher viral load in serum than in BAL.

Mortality after IPS by presence of pathogen

Among the 69 patients with IPS, 38 patients had occult pathogens: 20
patients with established pathogens and 18 with uncertain pathogen
alone. One patient with ciHHV-6 was categorized as without pathogen.
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Overall survival by 100 days in IPS patients with pathogens was
significantly worse than that in patients without pathogens (P < .0001;
Figure 2A). Similar results were obtained in mortality from respiratory
failure (P < .0001; Figure 2B). This difference persisted for 5 years.
Transplant year did not affect the mortality. In a multivariable analysis,
detection of pathogen was significantly associated with high mortality
among patients with IPS (aHR, 2.08; 95% confidence interval [CI],
1.16-3.34; P = .03) (Table 4). For respiratory death, detection of a
pathogen was also an independently important factor (aHR, 2.28; 95%

CL 1.15-4.52; P = .02) (Table 4).

Effect of pathogen type and viral load on mortality

A comparison between uncertain and established pathogens on
mortality failed to show a significant effect of known pathogenicity
(Figure 2C-D; Table 4). Among patients with uncertain pathogen,
the survival in only patients with HHV-6 and/or HRV was also
similar to that in patients with established pathogen (supplemental
Figure 1). Among 36 patients with detected viruses, we compared
mortality after IPS with the level of viral load. Low viral load had
no survival advantage in both overall death and respiratory death
(Table 4).

Figure 2. Probability of overall survival and re-
spiratory death by presence of pathogens. (A)

Kaplan-Meier estimate of overall survival by presence
of pathogens. One patient with ciHHV-6 was included in

the IPS cases without pathogens. (B) Cumulative
incidence of respiratory death by presence of patho-
gens. (C) Kaplan-Meier estimate of overall survival by
pathogen type (aHR for established vs uncertain, 0.83

[0.41-1.69]; P = .61). (D) Cumulative incidence of re-
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spiratory death by pathogen type (aHR for established
vs uncertain, 0.73 [0.33-1.61]; P = .44).
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Table 4. Risk factors for mortality from all causes or respiratory
failure by day 100 after diagnosis of IPS, N = 69

Univariable Multivariable
analysis analysis
HR 95% CI P HR 95% Cl P

Overall mortality
Donor type

Matched related 1.00 1.00

Mismatched related/  0.48 0.28-0.84 .01 0.54 0.30-0.95 .03

unrelated
Bacteremia/candidemia

No 1.00 1.00

Yes 259 0.92-7.31 .07 3.09 1.06-9.04 .04
Steroid dose before

diagnosis

No 1.00 1.00

=1 mg/kg 2.25 1.09-4.65 .03 1.75 0.99-3.10 .05

>1 mg/kg 213 115395 .02
Steroid dose after

diagnosis*

=2 mg/kg 1.00 1.00

>2 mg/kg 2.86 1.07-7.63 .04 3.56 1.18-10.77 .02
DAH

No 1.00

Yes 1.73 0.98-3.06 .06
Detected pathogen

None 1.00 1.00

Established 1.80 0.94-3.43 .08 1.88 1.06-3.34 .03

Uncertain 1.78 0.92-3.47 .09
Viral loadt

Low 1.00

High 0.71 0.32-1.55 .38

Mortality from
respiratory failure

Donor type
Matched related 1.00 1.00
Mismatched related/ 0.48 0.26-0.91 .02 0.54 0.29-1.04 .06
unrelated
Bacteremia/candidemia
No 1.00 1.00
Yes 3.11  1.09-8.88 .03 376 1.25-11.37 .02
Steroid dose before
diagnosis
No 1.00 1.00
=1 mg/kg 2.99 1.83-6.71 .008 220 1.12-4.29 .02
>1 mg/kg 2.84 1.40-5.77 .004
Steroid dose after
diagnosis*
=2 mg/kg 1.00 1.00
>2 mg/kg 449 1.29-1563 .02 6.83 1.50-31.04 .01
DAH
No 1.00
Yes 2,59 1.39-4.83 .003
Detected pathogen
None 1.00 1.00
Established 2.09 0.99-4.43 .05 228 1.15-4.52 .02
Uncertain 224 1.05-4.79 .04
Viral loadt
Low 1.00
High 0.50 0.20-1.26 14

All variables in Table 1 were used for the univariable analysis. Only variables
with P < .1 are shown in this table. Viral load was shown regardless of P values.

HR, hazard ratio.

*Peak steroid doses after diagnosis and the peak date were recorded from within
2 weeks after diagnosis.®® These variables are analyzed as time dependent.

1This analysis was performed only among 38 patients with viral pathogens.
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Discussion

This study demonstrates that more than half of the patients with pre-
viously diagnosed IPS had occult pathogens using currently available
diagnostic methods and that detection of pathogens is significantly asso-
ciated with high mortality regardless of known pathogenicity in lung.

Although many studies on incidence, risk factors, or outcome of
IPS have been reported, the strategies of exclusion of infectious
pneumonia vary (supplemental Table 6).>'? All studies, including
those conducted at our center, are based on the classical diagnostic
criteria published by a National Institutes of Health workshop in
1993,"3® and most of the studies used only cultures and stains to
detect pathogens. Because the absence of lower respiratory tract
infection is an essential component of the diagnosis of IPS, the di-
agnostic precision depends on the diagnostic panel used on the BAL
fluid. Aspergillus galactomannan testing and multiplex respiratory
virus testing have become more prevalent in recent years. However,
these tests are not uniformly done by all centers for BAL workup.
Recent diagnostic criteria by the American Thoracic Society in 2011
have not yet been fully implemented, and even in a recently pub-
lished prospective study shown in supplemental Table 6, the micro-
bial testing to diagnose IPS was insufficient. Using an extensive panel
in this study, we found that more than half of the patients with pre-
viously diagnosed IPS had a pathogen detected and ~30% of the pa-
tients had a pathogen that is known to cause pneumonia.

A key question in interpreting the results relates to the relevance of
the detected organisms. To address this question, we divided pathogens
into those with established pathogenicity in the lung including CMV,
PIV, RSV, HMPV, and Aspergillus, and those of uncertain or poorly
established causes of pneumonia (Table 2). Of the established patho-
gens, the respiratory viruses and Aspergillus are now readily detectable
by multiplex PCR and galactomannan testing, respectively. Our data
indicate their significance and support the recently modified diagnostic
criteria reported by American Thoracic Society, which include these
diagnostic methods to rule out infection during workup of potential IPS
cases.”

CMV was the most commonly detected established pathogen. As
expected, low-level CMV DNA in the BAL was detected in both cases
and controls, which likely represents pulmonary CMV shedding rather
than invasive disease. Asymptomatic shedding of CMV is a well-
established phenomenon in HCT recipients that occurs in approxi-
mately one-third of seropositive recipients.'>® It is per se not indicative
of CMV pneumonia but constitutes a risk factor for subsequent pro-
gression to pneumonia when left untreated.?® This is consistent with our
finding that persistent CMV DNA detection in 1 follow-up BAL
and 2 autopsy samples from IPS cases did not result in CMV pneu-
monia (supplemental Table 4), whereas 4 control patients who had not
received preemptive therapy died of CMV pneumonia (Figure 2D).
There is no established viral load threshold that differentiates CMV
pulmonary shedding from invasive disease.

Aspergillus galactomannan was also detected in >10% of IPS
cases or controls. Most patients with IPS received anti-Aspergillus
agents, whereas control patients did not. The 3 control patients with
a positive galactomannan test did not progress to Aspergillus pneu-
monia despite a lack of treatment. These findings suggest that
Aspergillus galactomannan can be detected in asymptomatic HCT
patients after engraftment. Further studies are needed to define
galactomannan thresholds and the role of presence or absence of
neutropenia in asymptomatic HCT recipients.
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Among the pathogens of uncertain pulmonary pathogenicity,
HHV-6 and HRV were most frequently detected. Several lines of
evidence support the importance of these pathogens. First, similarly
high mortality rates were observed in patients with “established”
and “uncertain” pathogens regardless of pathogenicity in lung
(Figure 2C-D). Although both HHV-6 and HRV have been
suggested to be associated with pneumonia after HCT in previous
reports,>>?°3% we deliberately categorized them into “uncertain”
pathogens because the published literature is inconclusive and no
consensus exists.”>?® We found that ~90% of the patients with
uncertain pathogens had HHV-6 and/or HRV and that their outcome
was as poor as that with established pathogens (supplemental
Figure 1). Second, follow-up BAL and/or autopsy samples were
available in ~40% of the patients, and we detected the original
pathogen in most of the follow-up samples, often with increased or
persistent viral load, and even in autopsy samples (supplemental
Table 4). These findings argue against temporary self-limited in-
fection and support a pathogenic role of HHV-6 and HRV. Testing
for HHV-6 and HRV should be considered as recommended by
the recently modified diagnostic criteria of the American Thoracic
Society,” but studies are needed to validate this finding for the sig-
nificance of HHV-6 or HRV in lung.

To further establish the significance of the detected organisms,
we analyzed the impact of pathogen load on outcome. Pathogen
burden overall was, somewhat surprisingly, not associated with out-
come, possibly because of small sample size and nonstandardized
quantitation in this retrospective study, which did not allow us to
adjust for the dilution of the BAL fluid. There are presently no
established thresholds for specific pathogens that are associated with
pneumonia, and it is presently unknown whether low viral load can
cause lung injury. This is a fundamental question concerning the
significance of viral load in the development of pulmonary tissue
pathology and clinical pneumonia. Studies are needed to define
thresholds of viral load and specific etiologies of pneumonia. Among
patients with pathogens, 42% had multiple pathogens detected, and
most pathogens were continuously detected (supplemental Table 4).
It may be difficult to attribute outcome to 1 particular pathogen,
which is a common dilemma in infectious pneumonia in immuno-
compromised patients.

In addition to a comprehensive panel, we performed pathogen
discovery and surveillance studies using metagenomic NGS to de-
termine whether additional known, uncommon, or novel viral
pathogens could be detected. This strategy has been previously
shown to be effective in detection of bacteria'® and viruses®® in
clinical samples with sensitivity comparable to specific PCR
(supplemental Figure 2). Importantly, the NGS studies did not
reveal any additional known or novel pathogens that were not
already detected by specific viral PCR (Table 3). Bovine viral
diarrhea virus is likely a laboratory reagent contaminant from fetal
bovine serum. Viruses corresponding to the family, Anelloviridae,
were also seen in 7 of 8 pools. These genetically diverse viruses
have never been linked to disease and are considered to be part of
the nonpathogenic flora.>* Nevertheless, it has been suggested that
temporal fluctuations in the levels of Anelloviruses may serve as
markers of immunosuppression in transplant recipients> as well
as lung inflammation.*® Although the limits of detection of NGS for
broad-spectrum identification of infectious agents have yet to be
established, these NGS findings suggest that a significant fraction of
IPS cases may be because of noninfectious causes.

As for the association between pathogen detection and outcomes,
we found that patients with pathogens had worse survival than patients
without (Figure 2A-B). Considering that standard treatment of IPS is
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administration of high-dose corticosteroids,”” this result is reasonable
because of the known negative impact of high-dose steroids on in-
fectious pneumonia.®®**!' This finding also indicates that strict diag-
nostic criteria may identify cases of “true” IPS, which will be critical for
the interpretation of outcome studies and the design of future inter-
ventional strategies.

This study has strengths and limitations. This represents the largest
cohort of IPS patients studied with a broad range of diagnostic tests and
platforms using prospectively collected BAL, blood, and lung tissue
samples. This study also included a control cohort of asymptomatic
HCT recipients who underwent a research BAL and carefully
accounted for the possible effect of pulmonary hemorrhage as a
confounder. However, limitations should be noted. First, although
we tried to identify occult pathogens using quantitative PCR and
metagenomic NGS, we may have missed some pathogens, especially
those present at low titers. The sensitivity of pathogen detection using
NGS may be reduced by the pooled sample approach, and DNase
digestion prior to extraction to reduce host background may have
reduced sensitivity of their detection. However, we believe that the
significance of potentially missed low-level novel infection, especially
from uncommon or novel agents, would have been difficult to prove.
Another limitation is a small sample size, although the number is
substantial compared with other reports (supplemental Table 6). We
also could not analyze the effect of pathogen type by each uncertain
pathogen in a multivariable analysis, and the impact of pathogen load
on mortality remains unclear. Finally, the control group had limitations,
including an earlier era of transplantation, a narrower window and later
time after HCT, and a lack of patients undergoing peripheral blood
stem cell transplantation. These differences can affect detected path-
ogens or outcomes.

In conclusion, our findings show that approximately half of the
patients with previously diagnosed IPS had occult pathogens and the
presence of pathogens was associated with worse survival, even for
pathogens whose pathogenicity in lung has not been firmly established.
Thus, adding high-dose steroids in patients with detectable pathogens
may be harmful and should be carefully considered. Furthermore, NGS
did not seem to detect a significant number of pathogens that more
readily accessible diagnostics cannot identity. Our data provide strong
support for bronchoscopic examination and an intensive testing of
pathogens in patients who present with lower respiratory tract disease
to prevent misclassification of the disease and mistreatment in HCT
recipients with IPS. Moreover, the results of this study may also be
relevant to patients with acute lung injury after chemotherapy or im-
munotherapy for hematologic malignancies. We identified new viruses
as potential pulmonary pathogens in this study, which will impact both
daily clinical work and future studies. Further studies are required to
confirm the effect of pathogen type and load in order to develop
optimized treatment of IPS.
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