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BACKGROUND

Coronaviruses (CoV) are important human pathogens. During epidemics, CoVs contribute to
up to 20% of community-acquired respiratory infections in adults (1). These viruses also
play a major role in children—indeed, the endemic CoVs (CoV-NL63, 229E, HKU1, and
OC43) are the third most common virus pathogen among infants hospitalized for
bronchiolitis (“severe bronchiolitis”) (2). These endemic CoVs continuously circulate in the
human population and have annual peaks of activity in winter (3). Furthermore, a novel CoV
—severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)—is the cause of the
coronavirus disease 2019 (COVID-19) pandemic (1).

CoVs, a family within the Nidovirales order, are enveloped positive-stranded RNA viruses.
(4) In human CoVs, its subfamily is classified into two major genera: alpha (NL63 and
229E) and beta (HKU1, OC43, Middle East respiratory syndrome coronavirus [MERS-
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CoV], and SARS-CoV-1/2) (4). The sparse literature on severe respiratory infections by
endemic CoVs in children and adults is conflicting, with the clinical severity found to be
differ by virus type in some studies (5,6) but not others (7). Furthermore, the nove/ CoVs
(MERS and SARS-CoV-1/2) are known to cause fatal acute respiratory infection in some
populations (1). Despite the clinical and research importance, little is known about how
different endemic CoVs interact with the host and bacterial community in the airway niche
which contributes to downstream molecular pathways and pathobiology. Metabolome and
microbiome profiling address this knowledge gap by comprehensively profiling functional
small molecules and bacteria in the airway.

In this context, by using prospectively-collected multicenter cohort data, we investigated the
between-genus (alpha vs. beta) CoV differences in clinical characteristics, nasopharyngeal
airway metabolome, and microbiome profiles among infants with severe bronchiolitis.

METHODS

This is an analysis of data from the 35th Multicenter Airway Research Collaboration
(MARC-35) cohort study—a multicenter prospective cohort study of infants with severe
bronchiolitis. The details of the study design, measurements, and analysis are described in
the Online Supplement. Briefly, we enrolled 1,016 infants (aged <1 year) hospitalized with
bronchiolitis—according to the American Academy of Pediatrics guidelines (8)—in 17 sites
across 14 U.S. states (Table E1). Investigators collected nasopharyngeal airway samples
within 24 hours of hospitalization using a standardized protocol (9). These samples
underwent A) real-time PCR to test for respiratory viruses (2), B) ultra-performance liquid
chromatography-tandem mass spectrometry to profile the metabolome (10), and C) 16S
rRNA gene sequencing to profile the microbiota (11).

In the current analysis, focused on severe CoV bronchiolitis, we grouped infants into two
mutually-exclusive CoV genus categories: alpha (NL63, 229E) and beta (HKU1, OC43). To
derive metabolites that best discriminate the alpha and beta CoVs, we performed a sparse
partial least squares discriminate analysis (SPLS-DA) with Lasso penalization and cross-
validation to minimize potential overfitting, using R mixOmics package (12). For the
downstream analyses, we selected the top 30 metabolites that had a high variable
importance. Next, we computed Spearman’s correlations between viral genomic load
(measured as the inverse cycle threshold) and intensity of these selected 30 discriminatory
metabolites. We then tested for the association of CoV groups (alpha genus as the reference)
with each metabolite by constructing multivariable linear regression models adjusting for
four potential confounders (age, co-infection, CoV genomic load, and batch of
metabolomics testing) and patient clustering within hospitals to account for within-hospital
patient clustering. To detect biologically meaningful pathways, we also performed a pathway
analysis (metabolite-set enrichment analysis) using MetaboAnalyst 4.0. To ensure that
metabolomic signatures are not fully driven by respiratory syncytial virus (RSV)
coinfections, we also repeated sPLS-DA model to compare solo-RSV and CoV/RSV
infections. We also examined the association of CoV groups with four distinct
nasopharyngeal microbiota profiles according to a clustering method as previously described
(11). The data were analyzed using R version 3.6.1 (R Foundation, Vienna, Austria). The
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institutional review board at each of the participating hospitals approved the study. Informed
consent was obtained from all parents or guardians.

RESULTS

Of 1016 infants enrolled in the MARC-35 cohort, CoV was detected in 65 infants. Of these,
we excluded 4 infants who had both alpha and beta CoV detection and 1 infant who had
insufficient sequence depth for the microbiome testing. The remaining 60 infants with severe
bronchiolitis—31 alpha CoVs (NL63, 229E) and 29 beta CoVs (HKU1, OC43)—comprised
the analytic cohort. Overall, the median age was 3 months, 65% were male, 75% were co-
infected with RSV, and 22% underwent intensive care treatment. Between the two CoV
groups, there were no significant differences in most patient characteristics or clinical
outcomes—except for the proportion of breastfed infants (P=0.049)—in this sample of
infants with severe bronchiolitis (Table 1).

The nasopharyngeal metabolomic profiling identified a total of 285 metabolites from 76 sub-
pathways within 7 super-pathways. Based on the sSPLS-DA, the overall metabolome profiles
in each of these two CoV groups clustered with a partial overlap (Figure 1A). The sPLS-DA
selected 30 discriminatory metabolites—primarily involved in lipid metabolism—such as
lysoplasmalogen, lysophospholipid, and phospholipid metabolism (Figure 1A). In the
multivariable models adjusting for potential confounders (e.g., coinfection status), the
between-virus differences remained significant for 11 metabolites (P<0.05; Table E2). For
example, compared to the alpha CoV group, the beta CoV group had a significantly higher
intensity of glycerol-phosphoethanolamines (GPEs), glycero-phosphocholines (GPCs), and
glycosylphosphatidylinositol (GPI). In contrast, the beta CoV group had a significantly
lower intensity of phosphocholine. These differences between the qualitative virus status
were consistent with the correlations between quantitative virus status (genomic RNA load)
and metabolite intensity (Figure 1B). Consistently, the metabolite-set enrichment analysis
also identified 11 enriched pathways—e.g., sphingolipid, phosphatidylcholine, and
phosphatidylethanolamine metabolism pathways (P<0.05; Table E3). Additionally, the
sensitivity analysis that compares solo RSV and CoV/RSV infections showed differences in
correlations of genomic load with metabolite intensities, suggesting that RSV co-infection
alone cannot explain the CoV-specific metabolomic signatures (Figure E1). In the
comparison of nasopharyngeal airway microbiota, compared to infants with alpha CoV,
those with beta CoV bronchiolitis had a significantly higher proportion of Haemophilus-
dominant profile (10% vs. 31%, P=0.04; Figure E2 and Table E4).

DISCUSSION

In this multicenter prospective cohort of infants with severe CoV bronchiolitis, with
comprehensive profiling of the nasopharyngeal airway metabolome and microbiome, we
investigated potential differences between endemic alpha- and beta-CoVs. We found that,
compared to alpha CoV infection, infants with beta CoV bronchiolitis had a distinct
metabolomic signature that was primarily characterized by upregulated lipid mediators.
Additionally, we also found between-CoV differences in the nasopharyngeal microbiota
profile. To the best of our knowledge, this is the first investigation that has examined the
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relations of CoV genera with the metabolome and microbiota among children with acute
respiratory infection.

Although bronchiolitis has been conventionally considered a single disease entity that has
similar mechanisms and clinical characteristics (8), concordant with the current study, recent
studies demonstrate important between-virus (respiratory syncytial virus vs. rhinovirus,
including different species) differences in the upper airway metabolome (9,13) and
microbiome (14,15) profiles. The current study corroborates these prior reports, and extends
them by demonstrating between-CoV differences in these molecular characteristics among
infants with severe bronchiolitis. Our data showed that infants with beta CoV bronchiolitis
had a higher intensity of lysoplasmalogens—e.g., 1-(1-enyl-oleoyl)-GPE. These lipids are
known to function as anti-inflammatory mediators and have protective effects against
oxidation of lung surfactant lipids (16)—a composite of phosphatidylcholine,
phosphatidylinositol, and phosphatidylethanolamine which metabolism pathways were also
differentially enriched in our data. Additionally, research has demonstrated a decreased level
of plasmalogens in premature infants with bronchopulmonary dysplasia (17). We also found
that phosphocholine—an essential substrate of sphingolipids—is a discriminatory
metabolite. Sphingolipids are not only major structural component of cellular membranes
but also lipid mediators that play important roles in immune response and inflammation
(18). In addition to the between-CoV differences in the airway metabolome, we found that
infants with beta-CoV bronchiolitis had a higher likelihood of Haemophilus-dominant
microbiota profile, which has been associated with upregulated T2 and Ty17-type
inflammatory response in the airway (11). While the identification of exact mechanisms
underlying the CoV-airway metabolites-microbiota relationship is beyond scope of the
current study, these findings will help to advance research into the integrated role of
different CoVs, host immune response, and microbiome in the pathobiology of acute
respiratory infection.

The underlying mechanisms of virus-metabolome-microbiota relationships in the
bronchiolitis pathobiology merit further clarification. It is possible that the observed virus-
metabolome-microbiota associations may be causal—that is, specific respiratory virus
species induces distinct host response and metabolome signature, thereby leading to
overgrowth of specific bacteria in the airway niche. Alternatively, unique metabolome and
microbiota profiles in conjunction with airway immune response might have contributed to
susceptibility to specific virus infection. These potential mechanisms are not mutually
exclusive.

This study has several potential limitations. First, bronchiolitis involves inflammation of the
lower airways in addition to the upper airways. The present study was based on the upper
(nasopharyngeal) airway samples. Although research has shown that upper airway samples
reliably represent the lung inflammation (19) and microbiome (20) profiles, further
validation study using lower airways samples (e.g., bronchoalveolar lavage) is desirable.
Second, the current study did not have “healthy controls.” However, the study objective was
notto compare the metabolome and microbiome between CoV bronchiolitis and healthy
controls, but to examine between-CoV differences in these molecular characteristics within
infants with bronchiolitis. Third, because of the limited sample size, overfitting of data is
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possible, and this result may not ensure generalizability. Fourth, the majority of infants in
this cohort were co-infected with RSV, while the sensitivity analysis demonstrated
differences in the metabolomic signature between solo RSV and CoV/RSV infection groups.
To specifically investigate the metabolome signature of solo CoV infections, the observed
findings—albeit biologically-plausible—merit additional investigations using a larger
sample size of infants with solo CoV infection. Fifth, the inferences from this study using an
untargeted and hypothesis-free metabolomics approach warrant further validation with the
use of targeted approaches. Finally, although the cohort consisted of a racially/ethnically-
and geographically-diverse sample, inferences should be cautiously generalized beyond U.S.
infants hospitalized for bronchiolitis.

In conclusion, these multicenter data from infants with severe bronchiolitis demonstrated
that, despite the absence of apparent differences in clinical manifestations and a small
sample size, alpha versus beta CoV differ in their underlying pathobiology. Compared to
alpha CoV infection, infants with beta CoV infection had a distinct nasopharyngeal
metabolome signature (with upregulated biologically-active lipid mediators, even after
adjusting for coinfections), as well as distinct nasopharyngeal microbiota profiles. Our data
suggest that infection by beta CoVs (which also includes SARS-CoV-2) elicits unique
downstream effects in the host airway, thereby contributing to distinct pathobiology. While
causal inference remains to be elucidated, these findings should facilitate further
investigations into the complex interplay between different CoVs and host airway response
in children with acute respiratory infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Associations of coronavirus groups with nasopharyngeal airway metabolitesin infants
with severe bronchiolitis

A. Sparse partial least squares discriminant analysis (SPLS-DA) score plot of
nasopharyngeal airway metabolome according to alpha (blue) vs. beta (red) CoV infection.
Each dot represents the nasopharyngeal airway metabolome profile of a single infant, by
plotting the component scores in the smaller subspace spanned by latent variables of sPLS-
DA. The eclipses are 95% confidence intervals. The arrows start from the centroid of each
virus group and end for each infant belonging to each group.

B. Heatmap of Spearman’s correlations of the genomic load (measured as the inverse cycle
threshold value) of alpha and beta CoVs with the 30 most discriminatory nasopharyngeal
airway metabolites in the corresponding sSPLS-DA model (Table E2). Clustering is based on
Euclidean distance and Ward's minimum variance linkage algorithm. The color bar indicates
the correlation coefficients—red color indicates a positive correlation while blue color
indicates a negative correlation. Superpathway of each metabolite is color-coded for each
function.

Abbreviation: CoV, coronavirus

Pediatr Res. Author manuscript; available in PMC 2021 July 04.



Page 8

Fujiogi et al.

(0o
(0o

(62) 6
(v1) ez

36¢¢
€97IN
$9199dS SNJIABU0I0D

uaboyied paroaleg

620 (6L1-€9) L'TT (r'12-6'6) T'9T (401) uerpaw ‘(qw/Bd) @ uWeNARXOIPAY-GZ 93 WINIAS

(62) €2 (r2) ez %Y6=

WD v (€2) L %E6-06

(e (R %06>

850 uonejuasald Je uonelnyes usbAxQ

6£0 (89-0v) €5 (09-0v) 05 (401) uerpaw ‘(aInuiw 1ad) uoneiuasaid e sjes A1ojestdsay

vT°0 (91919 (z9T¥)es (4O1) ueipaw (6) uoelussaid e 1yBrap
uolyejussad [eojul|o

Ly'0 (8e) 11 (92) 8 8sn onolgnue o1WasAs 4o Aloisiy awineyi

99°0 (R (om e uornezijeydsoy Xapul 8y} 810J9q aSn P10IAISOIIU0D

760 (1) s (€D v awoy 1e ainsodxa ayows anasebiy

600 (99) 6T (62) 2T abe Jo yuow ¢ 1814 8y} 1oy payisealq Ao

280 (2987 (61)9 BWa299 JO AIOISIH

660 (1) s (671) 9 (foam 2£-z€) Anrewsald

650 (2987 (€2) L AJIBAI[BP UONS-D

050 (on) ¢ (61)9 KoueuBaid Burinp Bunjows [eulale|

(R o UMOUUN JO JaYIO

(8e) 11 €nv o1uedsiH

(R4 (ze) ot oe|q d1uedsiH-UON

900 (sv) et (s9) 2T a)yM o1UBdSIH-UON

Auouyrejeoey

L€0 (82) 8 (ev) €T Xas a[eN

TL0 (s2¢ (so¢ (401) uerpaw ‘(yruow) by
oS|I YD

anfend (%8v ‘62=U) (%S ‘1e=U)

(erD0 ‘TNMH) AoOeleg

(3622 ‘€97IN) A0D eyd|y

Author Manuscript

vJaual snJIABU010D 0) BUIPIODDL ‘SIIJOIYOUOIQ 8IBASS YIIM SIUBLUI JO SOMISIISOBIRYD JUallRd

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Pediatr Res. Author manuscript; available in PMC 2021 July 04.



Page 9

Fujiogi et al.

“reak

Buipaoaid ay3 ul swoldwAs pajejal-ewyise Jo (3sexn|aiuow ‘spiolalsooiiiod pajeyul ‘ajeyul josainge “Ha) asn uomedipaw ewyise Jaylia snid ‘sieak anly abe Aq ewise Jo sisoubelp-ueoisAyd Aq vmc:mo\\

"das|s 10a0e pue Aep auo 1Ses| Je I1Se| ey} Jeak auo ul saposida Buizaaym Inoy 1ses| Je 1o syjuow Xis ul swajqold Buiyiealq Buriinbai-pi01a1sod11i00 oMy 1ses) Je Jo uodal ewuased Ag paulkeq

§

“UOISSILIP. HUN 3182 SAISUSIUI JO/PUB UOIE[1IUSA 8inssald aAIsod 40 asn se paulyaq

t

*(uorrejnuaA ainssaid Aemure aAlIsod snonuRU0d “6'3) UOIIR|IIUBA [BIIUBLIAW SAISBAUI-UOU J0/pUB BAISBAUI JO 9SN Se pauled

g

"€-T SNUIA ezUBN[yureted ‘deiuownaud ewseidoay 'sIIA g 0 W Bzusnjjul ‘snaaownaudelsw UBWINY ‘SNIIAOISIUR 'SISSNLIad gffa1aplog ‘SNIINBI0( ‘SNIIAOUSPY
*

Author Manuscript

"paYedIPUI BSIMIBUIO SS3JUN SIUBJUI JO (95) U BJR Bleq

abues ajienbIalul *YO| ‘SNIIABUOI0D ‘ADD :SUONRINBIGAY

110 (18) 6 € v /SEekG Agq ewipsy
66°0 (82) 8 (92) 8 %Qm&.m Aq Buizeaym jualinoay
SSWI0INO0 [eJ1UI[D 210 YD
60 (522 (12 (401) uepaw ‘(Aep) Aess yo Lyibus| [endsoH
. uswieal) sAISualu
660 (12) 9 (€2) L AuBuIEaA BAISUSIU
. UoIB|1IUSA aInssald aAIISO
£9°0 ns (om ¢ Juonemn nisod
SOW02INO [eD1U[0 BINY
200 e (se) 1T - usboued Jau10
660 (2984 (om) s sniAouIyy
0€0 (e8) ¥Z (89) 12 snuIA [enAouAs Aloreaidsey
66'0 (98) 5z (18) L2 UoN98UI-09 AUy
- (8Y) ¥T (0o €700
- (59) 91 (0o TNMH
anfen-d (%8v ‘6¢=u) (%zs ‘Te=u)

(evD0 ‘TNMH) AoOerg

(3622 '€9IN) AoDeyd|y

Author Manuscript

Author Manuscript

Author Manuscript

Pediatr Res. Author manuscript; available in PMC 2021 July 04.



	BACKGROUND
	METHODS
	RESULTS
	DISCUSSION
	References
	Figure 1.
	Table 1.

