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Key Points

•We demonstrate risk
factors for HCoV LRTI
in allogeneic HCT
recipients and signifi-
cance of virologic doc-
umentation by BAL on
mortality.

•Hyperglycemia associ-
ated with steroid use
appears to be a strong
predictor of HCoV dis-
ease progression.

Data are limited regarding risk factors for lower respiratory tract infection (LRTI) caused by

seasonal human coronaviruses (HCoVs) and the significance of virologic documentation by

bronchoalveolar lavage (BAL) on outcomes in hematopoietic cell transplant (HCT) recipients.

We retrospectively analyzed patients undergoing allogeneic HCT (4/2008-9/2018) with HCoV

(OC43/NL63/HKU1/229E) detected by polymerase chain reaction during conditioning or post-

HCT. Risk factors for all manifestations of LRTI and progression to LRTI among those

presenting with HCoV upper respiratory tract infection (URTI) were analyzed by logistic

regression and Cox proportional hazard models, respectively. Mortality rates following

HCoV LRTI were compared according to virologic documentation by BAL. A total of 297

patients (61 children and 236 adults) developed HCoV infection as follows: 254 had URTI

alone, 18 presented with LRTI, and 25 progressed fromURTI to LRTI (median, 16 days; range,

2-62 days). Multivariable logistic regression analyses showed that male sex, higher

immunodeficiency scoring index, albumin ,3 g/dL, glucose .150 mg/dL, and presence of

respiratory copathogens were associated with occurrence of LRTI. Hyperglycemia with

steroid use was associated with progression to LRTI (P, .01) in Cox models. LRTI with HCoV

detected in BAL was associated with higher mortality than LRTI without documented

detection in BAL (P , .01). In conclusion, we identified factors associated with HCoV LRTI,

some of which are less commonly appreciated to be risk factors for LRTI with other

respiratory viruses in HCT recipients. The association of hyperglycemia with LRTI might

provide an intervention opportunity to reduce the risk of LRTI.

Introduction

Novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is currently circulating
worldwide, causing significant morbidity and mortality.1 Seasonal human coronaviruses (HCoVs) are
already known to be ubiquitous and recognized as respiratory pathogens in humans, typically causing
mild respiratory illness in immunocompetent individuals.2 Limited data suggest that detection of HCoVs
in lower respiratory tract specimens is associated with high rates of mortality in hematopoietic cell
transplantation (HCT) recipients.3 However, risk factors for progression to lower respiratory tract
infection (LRTI) among patients who presented with HCoV upper respiratory tract infection (URTI) and
the significance of HCoV detection in bronchoalveolar lavage (BAL), indicating lower respiratory tract
involvement, are rarely systematically evaluated in this high-risk population.4,5 Understanding these
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features of HCoVs is crucial when evaluating the significance of
SARS-CoV-2 in transplant recipients.6 The objective of this study
was to identify risk factors for HCoV LRTI in allogeneic HCT
recipients and investigate whether outcomes differ among patients
with LRTI according to virologic documentation of lower respiratory
tract involvement by BAL.

Methods

Study design

We reviewed allogeneic HCT recipients whose first HCoV infection
was documented during conditioning or after transplantation
through June 2019 to identify risk factors for LRTI.7 The transplant
recipients were identified from 2 cohorts at the Fred Hutchinson
Cancer Research Center (Fred Hutch). The first cohort included
patients who underwent transplantation between July 2009 and
September 2018 and had respiratory tract samples collected and
tested for clinical purposes. The second cohort was a subset of
patients from a prospective surveillance study of allogeneic HCT
recipients undergoing transplantation from April 2008 to February
2010 in which standardized respiratory symptom surveys and
multiplex respiratory polymerase chain reaction (PCR) tests were
performed regardless of symptoms at several timepoints: pre-HCT,
weekly during the first 100 days post-HCT, and at least every
3 months through 1 year post-HCT.8 Clinical samples were also
collected at clinicians’ discretion if respiratory symptoms were
noted. For the current study, we included subjects with respiratory
symptoms at the time of first detection of HCoV. For evaluation of
outcome following LRTI according to virologic documentation by
BAL, we included all transplant recipients with first HCoV LRTI.
Demographic and clinical data were extracted from Fred Hutch’s
database and medical chart review. The study was approved by the
Institutional Review Board at Fred Hutch and was conducted in
accordance with the Declaration of Helsinki.

Laboratory testing

Upper (nasopharyngeal and nasal wash) and lower (BAL) respira-
tory tract samples were tested by multiplex semiquantitative,
reverse-transcription PCR for 12 respiratory viruses. This laboratory
developed assay detects all 4 species of seasonal HCoVs (OC43/
NL63/HKU1/229E); however, strain-specific PCR is not routinely
performed.8-10 All PCR reactions were performed according to
College of American Pathologists standards. Some pediatric
transplant recipients underwent a commercial multiplex qualitative
respiratory PCR assay (FilmArray; BioFire Diagnostics, Salt Lake
City, UT) for an initial diagnosis, after which HCoV was evaluated by
the laboratory developed test for quantification.11 Institutional
standard investigation of BAL specimens includes broad diagnostic
tests, including multiplex PCR for respiratory viruses; conventional
cultures for bacteria, fungi, mycobacteria, and viruses; shell vial
culture for cytomegalovirus; immunofluorescent antibody staining
for Pneumocystis jirovecii; Aspergillus galactomannan enzyme-
linked immunosorbent assay; cytopathologic examination; and PCR
for Legionella and fungus.3

Definitions

URTI was defined as HCoV detection in an upper respiratory tract
sample with respiratory symptoms. As previously described, proven
or probable LRTI was defined as having virus detected from a lower
respiratory tract sample (BAL) with or without new pulmonary

infiltrates by chest radiography, respectively.12 Possible LRTI was
defined as having virus detected from an upper respiratory tract
sample with new pulmonary infiltrates (but without confirmation of
virus in a lower respiratory tract sample). Patients who met criteria
for LRTI within 1 day of URTI were considered to have LRTI at
presentation and were not included in the LRTI progression
analysis.7 A HCoV illness event was considered to be a new event
if $12 weeks elapsed between 2 positive samples or if there were
$2 negative HCoV samples between 2 HCoV-positive samples.13

A respiratory copathogen was defined as a pathogen detected
in a concurrent respiratory sample. A copathogen in blood was
defined as a pathogen or antigen (bacteria, fungi, virus, or
Aspergillus galactomannan enzyme-linked immunosorbent as-
say) detected in a blood sample obtained within 2 days of
diagnosis of HCoV infection.12 Nearest values of blood cell
counts and serum glucose within 2 weeks before HCoV
diagnosis were recorded. Similarly, lowest serum albumin value
and highest daily steroid dose within 2 weeks prior to HCoV
diagnosis were collected. Graft-versus-host disease (GVHD)
grades represent maximum grades. GVHD severity at the time of
HCoV infection was assessed by the highest daily corticoste-
roid dose administered within 2 weeks prior to the diagnosis of
HCoV infection. Glucose values were categorized as most
recent glucose value .150 mg/dL, #150 mg/dL, or missing.14

The variable of most recent glucose value .150 mg/dL was
further subcategorized according to whether the high glucose
values were observed repeatedly or not within 2 weeks before
HCoV diagnosis.

Statistical analysis

Patient characteristics were compared among disease catego-
ries using x2 or Fisher’s exact test for categorical variables and
Student t test or Wilcoxon rank-sum test for continuous variables
(as appropriate). The probability of progression to HCoV LRTI
among patients who presented with HCoV URTI was estimated
by cumulative incidence curves, treating death as a competing
risk. Gray’s test was used to compare cumulative incidence probabilities
between categories. Cox proportional hazards models were used to
estimate unadjusted and adjusted hazard ratios (HRs) for progression
to HCoV LRTI within 90 days of HCoV URTI. Logistic regression
models were used to evaluate cross-sectional association between
each risk factor and occurrence of LRTI among all patients with first
HCoV infection (including patients who presented with HCoV LRTI).
Overall survival rates followingHCoV LRTI were compared according to
virologic documentation by BAL (log-rank test).

All covariates with P values , 0.1 in the univariable analyses were
candidates for inclusion in the multivariable models. Immunodefi-
ciency scoring index (ISI) was originally developed to predict
progression to respiratory syncytial virus (RSV) LRTI as a discreate
variable in transplant recipients.15 ISI was treated as a continuous
variable in multivariable models given a limited number of outcome
events, and steroid use and blood cell counts were not included in
the same models with ISI, as these are components of ISI.15 For
multivariable Cox regression models, serum glucose levels were
correlated with steroid use, and it was not feasible to calculate
each effect given the sample size. Therefore, we created
a composite variable for glucose and steroid use to evaluate
the joint effects. For multivariable logistic regression models, we
also performed a sensitivity analysis where to evaluate whether
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Table 1. Characteristics of allogeneic HCT recipients with first documented HCoV infection (N 5 297)

Characteristics Categories Total (N 5 297) URTI (N 5 254) LRTI (N 5 43)

Age at HCoV diagnosis, y Median (IQR) 45 (25-60) 44 (23-60) 48 (34-62)

Children at HCoV diagnosis ,18 y old 61 (21) 55 (22) 6 (14)

Children’s age at HCoV diagnosis, y Median (range) 9 (0-18) 9 (0-18) 5 (0-18)

Sex Male 170 (57) 140 (55) 30 (70)

Female 127 (43) 114 (45) 13 (30)

Race White 239 (80) 206 (81) 33 (77)

Nonwhite 42 (14) 37 (15) 5 (12)

Others 16 (5) 11 (4) 5 (12)

Year of transplant 2008-2013 141 (47) 123 (48) 18 (42)

2014-2018 156 (53) 131 (52) 25 (58)

Transplant number First 238 (80) 206 (81) 32 (74)

Second or higher 59 (20) 48 (19) 11 (26)

Stem cell source Bone marrow 52 (18) 46 (18) 6 (14)

PBSC 206 (69) 177 (70) 29 (67)

Cord blood 39 (13) 31 (12) 8 (19)

Human leukocyte antigen-match/donor type Matched/unrelated 128 (43) 113 (44) 15 (35)

Mismatch/related or unrelated 32 (11) 28 (11) 4 (9)

Haplo-/related 23 (8) 16 (6) 7 (16)

Matched/related 75 (25) 66 (26) 9 (21)

Cord/unrelated 39 (13) 31 (12) 8 (19)

Recipient blood type O1 or O2 137 (46) 113 (44) 24 (56)

A1 or A2 109 (36) 94 (37) 15 (35)

B1 or B2 37 (12) 34 (13) 3 (7)

AB1 or AB2 10 (3) 10 (4) 0 (0)

Missing 1 (1) 3 (1) 1 (2)

Donor blood type O1 or O2 123 (41) 105 (42) 18 (42)

A1 or A2 105 (35) 93 (37) 12 (28)

B1 or B2 32 (11) 28 (11) 4 (9)

AB1 or A2 10 (4) 8 (3) 2 (5)

Missing 27 (9) 20 (8) 7 (16)

Conditioning regimen Myeloablative 192 (65) 163 (64) 29 (67)

Nonmyeloablative 105 (35) 91 (36) 14 (33)

Smoking status Current 1 (0) 1 (0) 0 (0)

Former 67 (23) 57 (22) 10 (23)

Never 228 (77) 195 (77) 33 (77)

Missing 1 (0) 1 (0) 0 (0)

Values are n (%) unless otherwise specified.
CMV, cytomegalovirus; Ct, cycle threshold; IQR, interquartile range, PBSC, peripheral blood stem cell.
*Overweight is defined as a body mass index$25 and,30 for adults and$85th percentile and,95th percentile for children of the same age and sex. Obesity is defined as a body mass index

$30 for adults and $95th percentile for children of the same age and sex according to the Centers for Disease Control and Prevention.
†Missing values exist.
‡At HCoV diagnosis.
§Copathogens: human rhinovirus 21, RSV 17, parainfluenza virus 14, human metapneumovirus 9, human bocavirus 8, influenza virus 6, adenovirus 5 (the total number of copathogens are larger

than that of patients with copathogens detected, since some patients had .1 pathogen).
||Defined as a pathogen or antigen (bacteria, fungi, virus, Aspergillus galactomannan enzyme-linked immunosorbent assay) detected in a blood within 2 d of HCoV diagnosis.
{Copathogens: cytomegalovirus (any positive) 27, adenovirus 3, Aspergillus galactomannan enzyme-linked immunosorbent assay 2, Candida albicans 1, Clostridium septicum 1, Viridans

Streptococcus 1, Hafnia alvei 1, EBV 1, human herpes virus 6 1, and BK virus 1 (the total number of copathogens are larger than that of patients with copathogens detected since some patients
had .1 pathogens).
#Using nearest value within 2 weeks before HCoV diagnosis.
**Lowest albumin value in the 2 weeks before HCoV diagnosis.
††Using values within 2 weeks before HCoV diagnosis.
‡‡Highest daily steroid dose in the 2 weeks before HCoV diagnosis.
§§Highest HbA1c within 3 months before HCoV diagnosis.
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Table 1. (continued)

Characteristics Categories Total (N 5 297) URTI (N 5 254) LRTI (N 5 43)

Body habitus* Normal or underweight 135 (45) 119 (47) 16 (37)

Overweight 88 (30) 72 (28) 16 (37)

Obese 74 (25) 63 (25) 11 (26)

Diabetic state at HCT Yes 20 (7) 17 (7) 3 (7)

No 216 (73) 184 (72) 32 (74)

Missing 61 (21) 53 (21) 8 (19)

Recipient CMV status Seropositive 197 (66) 167 (66) 30 (70)

Seronegative 100 (34) 87 (34) 13 (30)

Donor CMV status Seropositive 126 (42) 111 (44) 15 (35)

Seronegative 171 (58) 143 (56) 28 (65)

Days between date of HCT and onset of HCoV infection #30 43 (14) 37 (15) 6 (14)

31-365 158 (53) 133 (52) 25 (58)

.365 96 (32) 84 (33) 12 (28)

Days between date of HCT and onset of HCoV infection #Lower quartile (57) 71 (24) 63 (25) 8 (19)

Lower quartile (57) to median (155) 73 (25) 63 (25) 10 (23)

Median (155) to upper quartile (474) 78 (26) 61 (24) 17 (40)

.Upper quartile (474) 75 (25) 67 (26) 8 (19)

Acute GVHD Grade 0-1 83 (28) 69 (27) 14 (33)

Grade 2 179 (60) 158 (62) 21 (49)

Grade 3-4 35 (12) 27 (11) 8 (19)

Chronic GVHD Yes 286 (96) 246 (97) 40 (93)

No 11 (4) 8 (3) 3 (7)

HCoV species OC43 6 (2) 2 (1) 4 (9)

NL63 4 (1) 4 (2) 0 (0)

HKU1 4 (1) 2 (1) 2 (5)

229E 3 (1) 2 (1) 1 (2)

Missing 280 (94) 244 (96) 36 (84)

HCoV Ct values† Median (IQR) 26 (23-31) 26 (23-31) 28 (26-30)

Copathogen in upper respiratory tract‡§ Yes 67 (23) 52 (20) 15 (35)

No 230 (7) 202 (80) 28 (65)

Copathogen in blood||{ Yes 37 (12) 28 (11) 9 (21)

No 260 (88) 226 (89) 34 (79)

ISI‡ Low (0-2) 66 (22) 65 (26) 1 (2)

Moderate (3-6) 208 (70) 172 (68) 36 (84)

High (7-11) 23 (8) 17 (7) 6 (14)

Values are n (%) unless otherwise specified.
CMV, cytomegalovirus; Ct, cycle threshold; IQR, interquartile range, PBSC, peripheral blood stem cell.
*Overweight is defined as a body mass index$25 and,30 for adults and$85th percentile and,95th percentile for children of the same age and sex. Obesity is defined as a body mass index

$30 for adults and $95th percentile for children of the same age and sex according to the Centers for Disease Control and Prevention.
†Missing values exist.
‡At HCoV diagnosis.
§Copathogens: human rhinovirus 21, RSV 17, parainfluenza virus 14, human metapneumovirus 9, human bocavirus 8, influenza virus 6, adenovirus 5 (the total number of copathogens are larger

than that of patients with copathogens detected, since some patients had .1 pathogen).
||Defined as a pathogen or antigen (bacteria, fungi, virus, Aspergillus galactomannan enzyme-linked immunosorbent assay) detected in a blood within 2 d of HCoV diagnosis.
{Copathogens: cytomegalovirus (any positive) 27, adenovirus 3, Aspergillus galactomannan enzyme-linked immunosorbent assay 2, Candida albicans 1, Clostridium septicum 1, Viridans

Streptococcus 1, Hafnia alvei 1, EBV 1, human herpes virus 6 1, and BK virus 1 (the total number of copathogens are larger than that of patients with copathogens detected since some patients
had .1 pathogens).
#Using nearest value within 2 weeks before HCoV diagnosis.
**Lowest albumin value in the 2 weeks before HCoV diagnosis.
††Using values within 2 weeks before HCoV diagnosis.
‡‡Highest daily steroid dose in the 2 weeks before HCoV diagnosis.
§§Highest HbA1c within 3 months before HCoV diagnosis.
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Table 1. (continued)

Characteristics Categories Total (N 5 297) URTI (N 5 254) LRTI (N 5 43)

Neutrophil count# #500 3 106 cells/L 24 (8) 18 (7) 6 (14)

.500 3 106 cells/L 248 (84) 217 (85) 31 (72)

Missing 25 (8) 19 (7) 6 (14)

Lymphocyte count# #300 3 106 cells/L 44 (15) 37 (15) 7 (16)

.300 3 106 cells/L 226 (76) 196 (77) 30 (70)

Missing 27 (9) 21 (8) 6 (14)

#200 3 106 cells/L 30 (10) 25 (10) 5 (12)

.200 3 106 cells/L 240 (81) 208 (82) 32 (74)

#100 3 106 cells/L 15 (5) 12 (5) 3 (7)

.100 3 106 cells/L 255 (86) 221 (87) 34 (79)

Monocyte count# #300 3 106 cells/L 77 (26) 61 (24) 16 (37)

.300 3 106 cells/L 193 (65) 172 (68) 21 (49)

Missing 27 (9) 21 (8) 6 (14)

#200 3 106 cells/L 48 (16) 36 (14) 12 (28)

.200 3 106 cells/L 222 (75) 197 (78) 25 (58)

#100 3 106 cells/L 32 (11) 22 (9) 10 (23)

.100 3 106 cells/L 238 (80) 211 (83) 27 (63)

Albumin** #3 g/dL 51 (17) 35 (14) 16 (37)

.3 g/dL 214 (72) 189 (74) 25 (58)

Missing 32 (11) 30 (12) 2 (5)

Glucose# 0-100 mg/dL 73 (25) 60 (24) 13 (31)

101-150 mg/dL 127 (43) 118 (46) 9 (21)

151-200 mg/dL 35 (12) 24 (9) 11 (26)

.200 mg/dL 14 (4) 10 (4) 4 (10)

Missing 48 (16) 42 (17) 6 (14)

Glucose†† #150 mg/dL or unknown 195 (66) 172 (68) 23 (53)

.150 mg/dL on most recent day only 18 (6) 13 (5) 5 (12)

.150 mg/dL on most recent day and.150 mg/dL on another day 31 (10) 21 (8) 10 (23)

Any glucose value other than most recent .150 mg/dL 53 (18) 48 (19) 5 (12)

Steroid dose‡‡ None 134 (45) 122 (48) 12 (28)

,1 mg/kg 136 (46) 111 (44) 25 (58)

$1 mg/kg 27 (9) 21 (8) 6 (14)

HbA1c§§ ,6.5% 34 (11) 27 (11) 7 (16)

$6.5% 15 (5) 12 (5) 3 (7)

Missing 248 (84) 215 (85) 33 (77)

Values are n (%) unless otherwise specified.
CMV, cytomegalovirus; Ct, cycle threshold; IQR, interquartile range, PBSC, peripheral blood stem cell.
*Overweight is defined as a body mass index $25 and ,30 for adults and $85th percentile and ,95th percentile for children of the same age and sex. Obesity is defined as a body

mass index $30 for adults and $95th percentile for children of the same age and sex according to the Centers for Disease Control and Prevention.
†Missing values exist.
‡At HCoV diagnosis.
§Copathogens: human rhinovirus 21, RSV 17, parainfluenza virus 14, human metapneumovirus 9, human bocavirus 8, influenza virus 6, adenovirus 5 (the total number of copathogens are

larger than that of patients with copathogens detected, since some patients had .1 pathogen).
||Defined as a pathogen or antigen (bacteria, fungi, virus, Aspergillus galactomannan enzyme-linked immunosorbent assay) detected in a blood within 2 d of HCoV diagnosis.
{Copathogens: cytomegalovirus (any positive) 27, adenovirus 3, Aspergillus galactomannan enzyme-linked immunosorbent assay 2, Candida albicans 1, Clostridium septicum 1, Viridans

Streptococcus 1, Hafnia alvei 1, EBV 1, human herpes virus 6 1, and BK virus 1 (the total number of copathogens are larger than that of patients with copathogens detected since some
patients had .1 pathogens).
#Using nearest value within 2 weeks before HCoV diagnosis.
**Lowest albumin value in the 2 weeks before HCoV diagnosis.
††Using values within 2 weeks before HCoV diagnosis.
‡‡Highest daily steroid dose in the 2 weeks before HCoV diagnosis.
§§Highest HbA1c within 3 months before HCoV diagnosis.
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including steroid use and cell counts instead of ISI provided
a better-fitting model. Two-sided P values, .05 were considered
statistically significant. All statistical analyses were performed
using SAS 9.4 for Windows (SAS Institute, Cary, NC).

Results

Patient characteristics

Among 2553 patients undergoing allogeneic HCT during the study
period, 297 patients (61 children and 236 adults) had documented
symptomatic HCoV infection (supplemental Figure 1). Character-
istics of each HCoV infection group are shown in Table 1. The
majority of first HCoV infections occurred after day 30 following
HCT (254/297, 86%) with a median of 174 days and a range of29
to 3489 days relative to the date of HCT. Among patients with first
HCoV infection, 254 had URTI alone, 18 presented with LRTI, and

25 progressed from URTI to LRTI (progression rate of 9% after
a median of 16 days; range, 2-62 days). Among 254 patients who
had URTI only during first HCoV infection episodes, 10 patients
developed LRTI during the subsequent HCoV infection episodes.
The days from the first episode and subsequent episode of those
10 patients were as follows: median of 549 days, range of 38 days
to 795 days. A total of 53 patients (2.1%) were found to have HCoV
LRTI (16 proven/probable LRTI and 37 possible LRTI) in this entire
cohort.

Risk factors for occurrence of LRTI

In univariable logistic regression models, all variables shown in
supplemental Table 1 were evaluated to identify factors associ-
ated with occurrence of LRTI. In multivariable models including ISI
as a continuous variable, male sex, higher ISI, albumin level ,3 g/dL,
glucose value.150 mg/dL, and presence of respiratory copathogens

Glucose (>150 mg/dl vs. <=150 mg/dl or unknown)a
Odds ratio (95% Cl) P-value

3.13 (1.45-6.67) <0.01

3.22 (1.49-6.67) <0.01

2.80 (1.27-6.21) 0.01

2.36 (1.07-5.20) 0.03

2.30 (1.08-4.87) 0.03

2.16 (1.03-4.56) 0.04

1.19 (1.01-1.41) 0.04

1.20 (1.02-1.42) 0.03

2.15 (1.02-4.55) 0.05

1.38 (0.54-3.52) 0.50

Albumin (<=3 g/dl vs. >3 g/dl or unknown)b

Copathogen in upper respiratory tract (yes vs. no)c

lmmunoceficiency scoring index (as continuous)c

Gender (male vs. female)

Copathogen in blood (yes vs. no)d

0.5 1 2

Odds ratio (95% Cl)
4 8

model 1 model 2

A

Odds ratio (95% Cl) P-value

2.93 (1.35-6.35) <0.01

2.44 (1.12-5.26) 0.02

2.34 (0.94-5.82) 0.07

1.65 (0.78-3.52) 0.19

2.07 (0.98-4.36) 0.06

Glucose (>150 mg/dl vs. <=150 mg/dl or unknown)a

Albumin (<=3 g/dL vs. >3 g/dl or unknown)b

Monocyte count (<=100 vs. >100 or unknown)a

Steroid (yes vs. no)c

Copathogen in upper respiratory tract (yes vs. no)d

Odds ratio (95% Cl)
0.5 1 2 4 8

B

Figure 1. Multivariable logistic regression models for occurrence of HCoV LRTI among 297 patients with first HCoV infection (43 outcome events). (A) Models

including ISI. aNearest value within 2 weeks before HCoV diagnosis. bLowest albumin level in the 2 weeks before HCoV diagnosis. cAt HCoV diagnosis. dA pathogen or

antigen detected in a blood within 2 days of HCoV diagnosis. (B) Models including steroid use and monocyte count instead of ISI. aNearest value within 2 weeks before

HCoV diagnosis. bLowest albumin level in the 2 weeks before HCoV diagnosis. cHighest daily steroid dose in the 2 weeks before HCoV diagnosis. dAt HCoV diagnosis. CI,

confidence interval; OR, odds ratio.
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at HCoV diagnosis were associated with LRTI (Figure 1A).
Although steroid use and monocytopenia were associated with
LRTI in univariable models, these were not included in above
adjusted models, since cytopenia and steroid use are components
of ISI (as described in “Methods”). Therefore, we also performed
additional multivariable analyses to evaluate the independent
effects of steroid use and monocytopenia (instead of ISI); only
hypoalbuminemia (,3 g/dL) and hyperglycemia (.150 mg/dL)
remained significant (Figure 1B).

Risk factors for progression to LRTI

Univariable analyses for progression to HCoV LRTI revealed risk-
factor candidates, including transplant number, ISI, steroid dose,
and glucose value .150 mg/dL (supplemental Table 1). Given the
high collinearity between steroid use and hyperglycemia and the
limited number of events, a composite variable for glucose and
steroid was included into multivariable models to evaluate the effect
of both factors. Models consistently demonstrated significant
association of hyperglycemia with steroid use with progression to
LRTI (Table 2). Figure 2 shows the cumulative incidence curve of
progression to LRTI stratified by the categories of the composite
variable. The probability of progression to LRTI in patients with
hyperglycemia and steroid use at the time of HCoV URTI reached
100% at day 48 (P , .01 with Gray’s test). Furthermore, we
examined the relationship between highest daily steroid dose
(mg/kg) and glucose value (mg/dL) among 130 patients who had
systemic steroid use in the 2 weeks prior to HCoV URTI (Figure 3),
and the correlation was weak (R2 5 0.13). Of note, higher viral
load (lower Ct value) was not associated with increased risk of
occurrence of or progression to LRTI (supplemental Table 1).

Outcomes following proven/probable vs

possible LRTI

The probabilities of overall survival at 90 days following proven/
probable and possible LRTI are shown in Figure 4A (log-rank test,
P , .01). The outcomes following proven/probable LRTI were
worse than possible LRTI, and the trend appears to be consistent
after stratifying groups according to oxygen use at the time of LRTI
diagnosis (Figure 4B; log-rank test, P5 .03). Among 16 patients with
proven/probable LRTI, 8 patients were found to have respiratory
copathogens such as RSV, human metapneumovirus, rhinovirus,
Staphylococcus aureus, Elizabethkingia, and Aspergillus fumigatus,
and 3 of 8 patients with copathogens died within 90 days of LRTI
diagnosis. Similarly, 4 of 8 patients who had no respiratory copathogen
died within 90 days.

Discussion

This study demonstrated that hypoalbuminemia, male sex, high
serum glucose, presence of respiratory copathogens, and higher ISI
were associated with the occurrence of HCoV LRTI. Hyperglycemia
frequently occurred in the context of steroid use and appeared to be
unrelated to steroid dose. Steroids with hyperglycemia did increase
the risk of progression to LRTI among patients who presented with
HCoV URTI, but steroids without hyperglycemia did not. Mortality
rates following proven/probable HCoV LRTI were higher than
possible LRTI.

A novel finding is that hyperglycemia is an important risk factor for
occurrence of LRTI based on the multivariable logistic regres-
sion models. Similarly, Cox regression models using a composite
variable of glucose value and steroid use consistently demonstrated
a significant association between hyperglycemia with steroid use
and progression from URTI to LRTI (Table 2). Prior studies in HCT
recipients suggested that steroid use and active GVHD status were
associated with occurrence of HCoV LRTI; however, steroid dose
and serum glucose level were not evaluated.4,5 Systemic cortico-
steroid use, standard therapy for active GVHD, can induce
hyperglycemia, and higher doses of steroid use are a known risk
factor for progression to LRTI with other respiratory viruses in
transplant recipients; therefore, we hypothesized that the effect of
hyperglycemia primarily reflects the impact of steroid dose.7,13,16

However, there was only a weak correlation between steroid dose
and glucose value (Figure 3). Thus, it appears that glucose values
were independent of steroid dose and hyperglycemia in the context
of steroid use is a risk factor for progression to LRTI.

Whether hyperglycemia as a risk factor for respiratory viral disease
progression in immunocompromised hosts is poorly understood.
Jung et al reported that among cancer patients who received
steroids as part of induction therapy, steroid-induced hyperglyce-
mia was associated with serious infection (bacterial and fungal
infection).17 A recent study indicated that hyperglycemia (each
10-mg/dL increase in glucose level) was associated with increased
risk of viremia/viruria in transplant recipients.18 Hyperglycemia has
been recognized as a prognostic factor for poor outcomes in
patients with SARS-CoV-2 regardless of the previous history of
diabetes, and routine screening of hyperglycemia has been
proposed for hospitalized patients with SARS-CoV-2.19-21

Several clinical studies suggested that patients with diabetes
are at risk for severe H1N1 influenza infections.22 In an animal model,
diabetic mice had increased susceptibility to severe infections with
influenza virus, and the enhanced susceptibility was reversed with

Table 2. Multivariable cox regression models for progression to HCoV LRTI

Model 1 Model 2 Model 3

Covariates Categories HR (95% CI) P HR (95% CI) P HR (95% CI) P

Combined steroid and glucose, mg/dL*† Steroid 1 glucose (.150) vs no steroid 4.73 (1.60-14.0) ,.01 4.83 (1.61-14.5) ,.01

Steroid 1 glucose (#150 or unknown) vs no steroid 1.51 (0.58-3.98) .4 1.44 (0.54-3.84) .47

Transplant number Second or higher HCT vs first HCT 1.56 (0.63-3.90) .34 2.17 (0.92-5.09) .08

ISI‡ As continuous 1.07 (0.89-1.28) .47 1.14 (0.97-1.34) .12

Total of 25 LRTI events among 279 patients presenting with first HCoV URTI.
*Systemic steroids in the 2 weeks before HCoV diagnosis.
†Using nearest value within 2 weeks before HCoV diagnosis.
‡At HCoV diagnosis.
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insulin.23 Hyperglycemia affects innate immunity in various ways,
and the exact mechanisms remain to be elucidated.24,25 Recent
data highlighted the role of increased glucose metabolism in
influenza A virus–induced cytokine storm; influenza A virus
promotes O-linked b-N-acetylglucosamine transferase binding
to interferon regulatory factor 5, leading to subsequent downstream
inflammatory cytokine production.26 The role of hyperglycemia with
or without steroid use as well as glycemic control on progression to
LRTI due to HCoV or other respiratory viruses should be further
evaluated.

The role of HCoV infection in immunocompromised hosts has
not been well understood until recently, and particularly, data
concerning risk factors for LRTI in transplant recipients are still
limited.3-5,27-29 Our institutions have been consistently utilizing
multiplex PCR for clinically relevant respiratory viruses for over
a decade, allowing us to identify risk factors for HCoV LRTI in
the current PCR era. Multivariable logistic regression analy-
ses revealed additional risk factors, relatively less commonly

appreciated as risk factors for LRTI due to other respiratory
viruses in HCT recipients.7,13,15,16,30,31 Whether these factors
are also relevant to LRTI due to SARS-CoV-2 in this high risk
population requires further study, although some studies have
already shown male sex as a risk factor for poor outcomes
related to SARS-CoV-2 in cancer patients.32,33 The presence
of respiratory copathogens has not been well recognized as
a risk factor for progression to LRTI due to HCoV or other
respiratory viruses perhaps other than parainfluenza virus in
HCT recipients.4,5,7,13,29,31,34-36 It is possible that some previous
studies either did not evaluate this as a potential risk factor, or
did not have the diagnostic capability to assess for this in the
pre-PCR era. Overall, progression rates in patients with HCoV
URTI are lower than those with other respiratory viruses, which
may indicate that having more virulent respiratory viral copath-
ogens (eg, RSV, human metapneumovirus) increases the risk of
progression to LRTI.13,37,38 Revisiting the role of respiratory copath-
ogens in LRTI outcomes is worth considering in this current molecular
diagnostic era.
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Hypoalbuminemia was associated with occurrence of HCoV LRTI,
but not with progression from URTI to LRTI. Eichenberger et al also
reported hypoalbuminemia was associated with occurrence of LRTI
in logistic regression models in HCT recipients.5 Among our 43
patients with HCoV LRTI, 18 presented with HCoV LRTI, who were
included into logistic regression models, but not into Cox regression
models. This may partly explain the difference in association with
outcomes and implies that hypoalbuminemia is a marker of severe
illness due to LRTI rather than a risk factor for progression from
URTI to LRTI. A similar observation was found for ISI, although the
caveat is that our sample size only allowed us to use this scoring
index as a continuous variable in multivariable models.15 Assess-
ments of risk factors for progression from URTI to LRTI are
particularly relevant for the design of early-intervention strategies to
reduce the risk of disease progression. Further studies are needed
to assess whether ISI as a discrete variable can predict progression
to HCoV LRTI.

Important negative findings in the present study include that obesity
and higher viral loads were not associated with increased risk of
either occurrence of HCoV LRTI or progression to LRTI. Both
factors have been identified as risk factors for progressive disease

in SARS-CoV-2 infection.39-43 However, some studies in immuno-
compromised hosts did not demonstrate the association between
obesity and poor outcomes with SARS-CoV-2 infection.6,32 Similarly,
not all studies have been able to demonstrate a correlation of viral
loads with outcome after SARS-CoV-2 infection,44,45 and pre-
vious studies for other respiratory viruses in transplant recipients
also did not demonstrate that higher viral loads are a risk factor for
progression to LRTI.7,13,46

Cytopenia in $1 cell line has been well recognized as a risk factor
for LRTI due to majority of other clinically relevant respiratory viruses
in immunocompromised hosts.7,13,31,34,35 A recent paper has
shown an association with HCoV LRTI outcome, but another
has not.4,5 In our analysis, cytopenias were significant when analyzed
in univariable models and as part of the ISI but did not reach statistical
significance in adjusted models when analyzed individually (Figure 1;
supplemental Table 1). Our study also differs from other studies in
terms of overall rates of LRTI.4,5,27 This could be due to a differential
distribution of risk factors for LRTI as well as less complete virologic
documentation of mild URTI.

The current study showed that patients with proven/probable HCoV
LRTI had worse overall survival compared with those with possible
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LRTI. The mortality rates in patients with proven/probable HCoV
LRTI were high regardless of the presence of respiratory copath-
ogens, especially with oxygen requirement at the time of LRTI
diagnosis. Overall, these results are consistent with previous studies
of other respiratory viruses, suggesting the significance of virologic
documentation of lower respiratory tract involvement by BAL.12,47,48

Additional studies are needed to assess whether proven/probable
LRTI is an independent risk factor for mortality or whether the BAL
procedure is just a marker of severe illness (eg, sicker patients are
more likely to undergo BAL procedures).

This study has several limitations. Although this cohort represents
one of the largest number of allogeneic HCT recipients infected
with HCoV, the sample size was nonetheless too small to perform
full multivariable Cox models to assess the independent effect of
hyperglycemia on progression from URTI to LRTI from steroid dose.
HbA1c may be a better indicator to predict LRTI outcome than
glucose level given that HbA1c has less variability within subjects.
No significant association between HbA1c and LRTI outcome
was found in univariable analyses (supplemental Table 1);
however, a substantial proportion of subjects did not have an
HbA1c level within 3 months before HCoV diagnosis, and
further studies are needed to address this question. Proven/
probable LRTI may be more relevant outcomes given different
mortality rates seen between patients with proven/probable
LRTI and those with possible LRTI. However, our sample size did
not allow us to analyze for these outcomes separately. At our
institutions, HCT recipients with lower respiratory tract symp-
toms and radiographic abnormalities typically undergo BAL
procedures. Nevertheless, the ultimate decision was deferred to
the attending physicians, and some proven LRTI might have
been classified as possible LRTI. Since many institutions do not
routinely perform BAL for virologic confirmation, our results for
any LRTI outcomes, from a practical point of view, can be
broadly applicable. Many studies of respiratory viruses in HCT
recipients have used definitions of LRTI that include possible
cases.15,49-52 Lastly, given the nature of retrospective studies,
we cannot rule out the possibility of other confounders.

In conclusion, our risk factor analyses for HCoV LRTI outcomes
demonstrated unique features for HCoV compared with other
respiratory viruses previously evaluated in HCT recipients.
Whether these observations are also applicable to SARS-
CoV-2 in HCT recipients requires further study. Assessing the
independent effect of hyperglycemia from the use of steroids on
progression from URTI to LRTI due to HCoV or other respiratory
viruses is warranted, as this might provide an opportunity for

interventions, including glycemic control, to reduce the risk of
LRTI for this vulnerable population.
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