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syndrome phenotypes in
pediatric critical influenza

Tanya Novak***, Jeremy Chase Crawford“*®, Georg Hahn®,
Mark W. Hall’, Simone A. Thair*®, Margaret M. Newhams™*?*,
Janet Chou®'°, Peter M. Mourani®, Keiko M. Tarquinio®,

Barry Markovitz®, Laura L. Loftis**, Scott L. Weiss™,

Renee Higgerson'®, Adam J. Schwarz"/, Neethi P. Pinto*?,

Neal J. Thomas™, Rainer G. Gedeit*°, Ronald C. Sanders Jr.**,
Sidharth Mahapatra®, Bria M. Coates?*, Natalie Z. Cvijanovich?*,
Kate G. Ackerman?®, David W. Tellez?®, Patrick McQuillen?,
Stephen C. Kurachek?®, Steven L. Shein?®, Christoph Lange*°,
Paul G. Thomas*® and Adrienne G. Randolph'***** on behalf of
the Pediatric Acute Lung Injury Sepsis Investigators (PALISI)
Network and the Pediatric Intensive Care Influenza

(PICFLU) Investigators

‘Department of Anesthesiology, Critical Care and Pain Medicine, Boston Children’s Hospital, Boston,
MA, United States, 2Department of Anaesthesia, Harvard Medical School, Boston, MA, United States,
3National Institute of Allergy and Infectious Diseases (NIAID), Centers of Excellence for Influenza
Research and Response (CEIRR), Center for Influenza Disease and Emergence Response (CIDER),
Athens, GA, United States, “National Institute of Allergy and Infectious Diseases (NIAID), Centers of
Excellence for Influenza Research and Response (CEIRR), St. Jude Children's Research Hospital,
Memphis, TN, United States, *Department of Immunology, St Jude Children’s Research Hospital,
Memphis, TN, United States, °*Channing Division of Network Medicine, Department of Medicine,
Brigham and Women's Hospital, Boston, MA, United States, "Division of Critical Care Medicine,
Department of Pediatrics, Nationwide Children’s Hospital, Columbus, OH, United States, Division of
Biomedical Informatics Research, Department of Medicine, Stanford University School of Medicine,
Stanford, CA, United States, °Division of Immunology, Boston Children’'s Hospital, Harvard Medical
School, Boston, MA, United States, *°Department of Pediatrics, Harvard Medical School, Boston,

MA, United States, *Department of Pediatrics, Section of Critical Care Medicine, University of
Arkansas for Medical Sciences and Arkansas Children’s Research Institute, Little Rock, AR, United
States, *2Division of Critical Care Medicine, Department of Pediatrics, Emory University School of
Medicine, Children’s Healthcare of Atlanta, Atlanta, GA, United States, **Department of Anesthesiology
Critical Care Medicine, Children’s Hospital Los Angeles, Los Angeles, CA, United States, *Division of
Critical Care Medicine, Department of Pediatrics, Baylor College of Medicine, Houston, TX, United
States, **Nemours Children’s Hospital Delaware, Critical Care Medicine, Wilmington, DE, United
States, **Pediatric Critical Care Medicine, St. David's Children’s Hospital, Austin, TX, United States,
YDepartment of Pediatrics, Children’s Hospital of Orange County, Orange, CA, United States,
8Department of Anesthesiology and Critical Care Medicine, Children's Hospital of Philadelphia,
Philadelphia, PA, United States, *Department of Pediatrics, Penn State Health Children’s Hospital,
Penn State University College of Medicine, Hershey, PA, United States, 2°Pediatric Critical Care,
Milwaukee Hospital-Children’s Wisconsin, Milwaukee, WI, United States, ?*Section of Pediatric Critical
Care, Department of Pediatrics, University of Arkansas for Medical Sciences and Arkansas Children’s
Research Institute, Little Rock, AR, United States, 22Pediatric Critical Care Medicine, Children’s
Hospital & Medical Center Omaha, University of Nebraska Medical Center, Omaha, NE, United States,
2*Division of Critical Care Medicine, Department of Pediatrics, Northwestern University Feinberg
School of Medicine, Ann & Robert H. Lurie Children’s Hospital of Chicago, Chicago, IL, United States,
24Division of Critical Care Medicine, UCSF Benioff Children’s Hospital, Oakland, CA, United States,
2Department of Pediatrics, University of Rochester/UR Medicine Golisano Children's Hospital,
Rochester, NY, United States, *°Pediatric Critical Care Medicine, Phoenix Children’s Hospital, Phoenix,
AZ, United States, 2’Department of Pediatrics, Benioff Children’s Hospital, University of California, San

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220028/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220028/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220028/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220028/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1220028&domain=pdf&date_stamp=2023-07-18
mailto:Adrienne.Randolph@childrens.harvard.edu
mailto:Adrienne.Randolph@childrens.harvard.edu
https://doi.org/10.3389/fimmu.2023.1220028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1220028
https://www.frontiersin.org/journals/immunology

Novak et al.

10.3389/fimmu.2023.1220028

Francisco, San Francisco, CA, United States, ?®Department of Critical Care, Children’s Specialty
Center, Children’s Minnesota, Minneapolis, MN, United States, ?°Division of Pediatric Critical Care
Medicine, University Hospitals Rainbow Babies and Children’s Hospital, Cleveland, OH, United States,
s9Department of Biostatistics, T.H. Chan School of Public Health, Harvard University, Boston, MA,
United States

Background: Influenza virus is responsible for a large global burden of disease,
especially in children. Multiple Organ Dysfunction Syndrome (MODS) is a life-
threatening and fatal complication of severe influenza infection.

Methods: We measured RNA expression of 469 biologically plausible candidate
genes in children admitted to North American pediatric intensive care units with
severe influenza virus infection with and without MODS. Whole blood samples
from 191 influenza-infected children (median age 6.4 years, IQR: 2.2, 11) were
collected a median of 27 hours following admission; for 45 children a second
blood sample was collected approximately seven days later. Extracted RNA was
hybridized to NanoString mRNA probes, counts normalized, and analyzed using
linear models controlling for age and bacterial co-infections (FDR g<0.05).

Results: Comparing pediatric samples collected near admission, children with
Prolonged MODS for >7 days (n=38; 9 deaths) had significant upregulation of
nine MRNA transcripts associated with neutrophil degranulation (RETN, TCN1,
OLFM4, MMP8, LCN2, BPI, LTF, SI00A12, GUSB) compared to those who
recovered more rapidly from MODS (n=27). These neutrophil transcripts
present in early samples predicted Prolonged MODS or death when compared
to patients who recovered, however in paired longitudinal samples, they were
not differentially expressed over time. Instead, five genes involved in protein
metabolism and/or adaptive immunity signaling pathways (RPL3, MRPL3, HLA-
DMB, EEF1G, CD8A) were associated with MODS recovery within a week.

Conclusion: Thus, early increased expression of neutrophil degranulation
genes indicated worse clinical outcomes in children with influenza infection,
consistent with reports in adult cohorts with influenza, sepsis, and acute
respiratory distress syndrome.

KEYWORDS

influenza, sepsis, organ failure, pediatric intensive care, neutrophil degranulation,
MODS, neutrophil transcripts, critical care

Introduction

Severe lower respiratory tract infections (LRTI) are a leading
cause of hospitalization and preventable death in children worldwide
(1). In the US alone, from 2010-2020, an average of one in 4,000
children under 18 years old were hospitalized with severe influenza
virus infection and 1,327 influenza-related deaths were reported (2,
3). Multiple organ dysfunction syndrome (MODS) is an uncommon
but life-threatening and sometimes fatal complication of severe
influenza infection in children (4). MODS is a heterogeneous
syndrome with established clinical criteria but poorly defined
pathophysiology. Therefore, a better understanding of the
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immunobiology of influenza-related pediatric MODS, including its
development, persistence, and recovery, could lead to improved
therapeutic interventions and prognostic stratification.

In this multicenter cohort of children with influenza-related
critical illness, we previously reported that patients with MODS had
a higher frequency of immunosuppression, as measured by reduced
responsiveness to ex-vivo stimulation of whole blood using toll-like
receptor 4 (TLR4) and retinoic acid-inducible gene I (RIG-I)
pathway agonists compared to those who did not develop MODS
(5, 6). They also, somewhat paradoxically, had evidence of greater
systemic inflammation across multiple biomarkers (7). In this same
cohort, we now evaluate whole blood messenger RNA (mRNA)
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gene expression profiles of a curated list of genes involved in
immune response, inflammation, and metabolism among other
functions using NanoString. We sought to identify genes
predicting patients with Prolonged MODS and/or death
compared to those that recovered from or never developed
MODS. We also used available longitudinal data to provide
insight into differences in gene expression over time associated
with recovery from organ dysfunction.

Materials and methods

Biological samples for this study came from children previously
enrolled in the Pediatric Intensive Care Influenza (PICFLU) Genetic
Epidemiology and Immune Response Study (https://picflu.org) from
sites across the Pediatric Acute Lung Injury and Sepsis Investigators
(PALISI) network (www.palisi.org). The study was approved by the
Institutional Review Boards at each hospital site, and informed
consent was obtained from at least one parent or guardian prior to
participation. The PICFLU patients included in this investigation had
laboratory confirmed community-acquired influenza lower
respiratory tract infection and had been admitted to one of the 30
different Pediatric Intensive Care Units (PICU) between March 2010
and March 2017. Inclusion criteria required support with invasive or
non-invasive mechanical ventilation and/or vasoactive support. To
minimize the confounding effects of comorbidities on influenza
outcomes, patients with pre-existing immune suppressive
conditions and other chronic cardiorespiratory and metabolic
illnesses were excluded (see Supplementary Material for inclusion/
exclusion criteria).

Blood (< 2.5 mL) from consented patients was collected in
PAXgene® tubes (BD Diagnostics, PreAnalytical Systems, Franklin
Lakes, NJ) as soon as possible after PICU admission. When possible,
a second blood sample was collected between 6 to 8 days after the
first. Samples were kept at room temperature (up to 24 hours,
minimum of 2 hours) then frozen at -80°C. Sites shipped samples
on dry ice to Boston Children’s Hospital for analysis. The
Supplementary Material details the RNA extraction procedures.

NanoString custom gene panel

A custom NanoString gene panel was designed for 469 mRNA
targets incorporating genes known for moderating inflammation,
cytokines, purinergic signaling, or those specifically shown to be
associated with acute respiratory distress syndrome (ARDS), sepsis,
or influenza from previous publications (See Supplemental
Material, Table SI Gene Source). Seven housekeeping (HK) genes
were included based on similar studies (8-10). Samples were
prepared using Reporter and Capture ProbeSets (see
Supplemental Methods) for details then loaded individually onto
the NanoString cartridge. Non-amplified mRNA was quantified
using the nCounter® SPRINT Profiler (NanoString Technologies,
Inc., Seattle, WA) in batches of 12.
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Organ dysfunction assessment

The Pediatric Sequential Organ Failure Assessment (pSOFA)
score, is a validated measure of organ failure over time (maximum
score of 24) that is positively correlated with mortality (11). It was
used to determine each patient’s MODS status at the time of sample
collection. MODS was defined as pSOFA > 2 in at least two organ
systems. See pSOFA Scoring in Supplementary Material for details.
Each PICU patient was assigned to one of four MODS groups
(Figure 1). “Prolonged MODS/Died” (subsequently referred to as
“Prolonged MODS”) was defined as having MODS at the time of
first blood collection plus one of the following: (a) MODS on/after
PICU Day 7, and/or (b) ECMO on/after PICU Day 7, or (c) death
while in hospital. Note only one death occurred on PICU Day 4; all
others were after PICU Day 7. “Recovered MODS” was defined as
having MODS at the time of first blood collection but survived with
resolution of MODS by PICU Day 7. Patients who newly developed
MODS within the first week after the first sample was collected were
deemed as “Developed MODS”. Patients who never had MODS
were assigned to the “Never MODS” control group. A subgroup of
the Prolonged MODS and Recovered MODS patients had a second
blood sample collected approximately seven days after their initial
sample. Their MODS status was again determined on the day the
samples were collected. Figure 1 summarizes the cohort groups
and definitions.

Gene expression analyses

NanoString data were assessed for common quality control
measures using the NACHO R package (12). Seven a priori defined
housekeeping genes were assessed for frequency and degree of
expression, and five of those were subsequently used to normalize
the data with the geometric mean method (B2M, DECRI, HPRT]I,
POLG, PPIB). To identify potential genes that might distinguish the
MODS patient groups, we utilized linear models as implemented by
the limma package in R (13) and included log;, age and bacterial
co-infections as covariates in each model. False Discovery Rate
(FDR) was used to correct for multiple comparisons, with adjusted
p-values <0.05 (or q values) considered significant. Paired
longitudinal samples were analyzed using a linear model
comparing Prolonged MODS vs Recovered MODS correcting for
log;o age using FDR <0.05. The latter statistical approach was
recently published (14) and is further outlined in the
Supplementary Material.

Results

We had high quality PAXgene RNA extracts from samples
collected early in the PICU course on 191 pediatric patients
(Figure 1). Of the final 191 patients included in the analysis, 38
had Prolonged MODS or died, 27 Recovered from MODS, 3
Developed MODS and 126 Never had MODS. Because only 3
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FIGURE 1

Children with influenza critical illness were stratified by their multiple organ dysfunction syndrome (MODS) status during blood collection and final
outcome. Grey boxes indicate that patient groups were excluded from analysis. Longitudinal blood samples were collected from a subgroup of
Prolonged and Recovered MODS patients in which a second blood sample was collected approximately 7 days after the first while still in hospital.
PICU, Pediatric Intensive Care Unit. ECMO, Extracorporeal Membrane Support.

patients Developed MODS, we excluded them from further  and Recovered MODS groups. They were also compared against Never
MODS patients as a control group (Table 1). Patients with Prolonged
MODS were older with a median age of 11.3 years (IQR 6.2, 14.3 years)

and had a higher percent of bacterial co-infections (Table S2);

analyses. Patients’ demographics and their clinical course are
detailed in Table 1 stratified by MODS category.
We compared the clinical characteristics and mRNA expression in

blood collected during MODS from patients in the Prolonged MODS  therefore, we statistically adjusted analyses for these two variables. All

TABLE 1 Demographics and clinical course for severe pediatric influenza patient cohort.

Influenza cohort Prolonged Recovered Never .
analyzed N=191 MODS/Died MODS yeps | PrElEs | PREI E S et
n 38 27 126
Age in years Median (IQR) 11.3 (6.2, 14.3) 6.9 (2.3,9.8) 5.5 (1.7,9.9) 0.01 <0.001
Sex, male 24 (63.2) 18 (66.7) 69 (54.8) 0.8 04
Hispanic 7 (18.4) 4(14.8) 30 (23.8) 0.7 0.5
White or White-Hispanic 33 (86.8) 21 (77.8) 96 (76.2) 0.3 0.4
Black or African American 6 (15.8) 3(11.1) 27 (21.4) 0.6 0.4
Mixed Ethnicity/Other/Unknown 3(7.9) 4(14.8) 10 (7.9) 0.4 0.6
Previously healthy 26 (68.4) 17 (63) 77 (61.1) 0.6 0.7
Influenza type
A, H1 8 (21.1) 12 (44.4) 47 (37.3) 0.08 0.1
A, H3 9 (23.7) 4 (14.8) 35 (27.8) 0.6 0.4
(Continued)
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TABLE 1 Continued
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Influenza cohort Prolonged Recovered .
analyzed N=191 MODS/Died MODS SREIS | PRI ES Glels
B 16 (42.1) 8 (29.6) 18 (14.3) 0.4 <0.001
A+B 0 0 4(3.2) n/a 0.2
Not subtyped 5(13.2) 3 (11.1) 22 (17.5) 1 0.6
Bacterial Co-Infection 26 (68.4) 8 (29.6) 28 (22.2) 0.002 <0.001
Viral Co-Infection 8 (21.1) 9 (33.3) 24 (19) 0.3 03
37.3 25.6 252
(23, 63.4) (20, 48.1) (16, 40) 0.2 0.02
Hours from PICU admission to first sample Median, (IQR), Range 8-201 9-101 2-110
PSOFA score at first collection Median (IQR) 9.5 (8, 11) 6 (5, 7.5) 0(0,2) <0.001 <0.001
Steroids 27 (71.1) 18 (66.7) 76 (60.3) 0.7 0.5
Shock requiring vasopressors 23 (60.5) 16 (59.3) 11 (8.7) 0.9 <0.001
Mechanical Ventilation (invasive) 38 (100) 25 (92.6) 71 (56.3) 0.06 <0.001
ECMO 23 (60.5) 2 (7.4) 2 (1.6) <0.001 <0.001
Hours in PI 481. 21 .
Median (IQI(i)U (2788, 9520) (162, 3733.5) (528,61555) <0001 <0.001
ALI/ARDS 35 (92.1) 21 (77.8) 19 (15.1) 0.1 <0.001
Died 9 (23.7) 0 0 0.02 <0.001
WBC (103/pL) Median (IQR) 3.3 (1.1, 8) 6.6 (3.3, 11.9) 10.1 (6.9, 14.1) 0.02 <0.001
ANC* (103/}1L) Median (IQR) 1.9 (0.4, 6.5) 4.9 (1.4, 10.3) 7.8 (4.3, 11.2) 0.03 <0.001
AMC?® (103/}1L) Median (IQR) 0.18 (0.07, 0.35) 0.41 (0.13, 0.76) 0.49 (0.23, 0.9) 0.06 <0.001
ALC" (10°/uL) Median (IQR) 0.56 (0.42,0.92) | 0.73 (0.48, 1.43) | 0.98 (0.49, 1.9) 0.07 0.07

*p-value comparison between Prolonged and Recovered MODS. fClosest white blood cell (WBC) count to PAXgene blood collection; 166 out of 191 patients (86.9%) have WBC values; all
missing WBC counts (n=25) are Never MODS. For WBC count timing, 84% were a median of 25.5 hrs (IQR 17.7, 46.3) prior to PAXgene draws (missing data for n=50). *ANC, Absolute
neutrophil count missing for 2 Prolonged, 1 Recovered, 29 Never MODS. *AMC, Absolute monocyte/macrophage count missing for 1 Prolonged, 2 Recovered, 29 Never MODS. "ALC, Absolute
lymphocyte count missing for 1 Prolonged, 1 Recovered, 27 Never MODS. Non-adjusted p-values were determined using Kruskal-Wallis test for numerical data; Pearson Chi-Squared or Fisher’s
Exact Test for categorical data. MODS, Multiple Organ Dysfunction Syndrome; IQR, Interquartile Range; pSOFA, Pediatric Sequential Organ Failure Assessment; ECMO, Extracorporeal
Membrane Oxygenation; PICU, Pediatric Intensive Care Unit; ALI, Acute Lung Injury; ARDS, Acute Respiratory Distress Syndrome.

three groups had a similar percentage of patients who were previously
healthy, received steroids, and had other viruses co-detected in
respiratory samples. Across cohorts, the first blood sample was
obtained within a median of 27.1 hours of PICU admission (IQR
18.4, 44.8 hours). The time difference between collection of Prolonged
MODS and Recovered MODS patients’ blood samples was not
significantly different (p=0.2). For those who were not previously
healthy, the most common pre-existing conditions were asthma
(23% of n=191 cohort), neurological or neuromuscular
developmental delay (5.8%), and seizure disorder not including
simple febrile seizures (4.2%). Notably, 8 of 9 Prolonged MODS
patients who died had no underlying conditions, and one had mild
asthma. The Prolonged MODS group had a longer duration of PICU
stay, higher incidence of invasive mechanical ventilation and shock
requiring vasopressors, and increased frequency of ARDS diagnosis
and/or ECMO support. Influenza B was also more common in this
group. White blood cells and neutrophil counts were significantly lower
in Prolonged MODS patients compared to Recovered MODS patients.
The numbers of monocyte and lymphocytes were not
significantly different.

Frontiers in Immunology 05

The six organ systems identified as dysfunctional in patients
with either Prolonged MODS or Recovered MODS are listed in
Table 2. These patients had very similar percentages of their
respiratory, cardiovascular, and neurologic systems affected at the
time of the first blood collection. Prolonged MODS patients
sustained a higher percent of cases with coagulation, hepatic, and
renal dysfunction. The majority of the Recovered MODS patients
(85.2%) only had two of the six organ systems affected while 68.4%
of Prolonged MODS patients had three or more affected.

Neutrophil degranulation is significantly
associated with Prolonged MODS and/or
death in pediatric severe influenza LRTI

Comparison of the quantity of mRNA transcripts (interpreted as
mRNA expression levels) between patients with Prolonged MODS
(n=38) and Recovered MODS (n=27) identified 17 genes with
significantly increased expression in those with Prolonged MODS
patients. Nine of these genes are involved specifically with neutrophil
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degranulation (RETN, TCN1, OLFM4, LCN2, BPI, MMPS, LTF,
SI00A12, GUSB) (Figure 2 and Table 3), whereas the other eight
genes (MS4A4A CLECIB, GAPDH, LGALSI, ESPLI, GNA15, DUSP4,
and TWISTNB) are involved in various cellular functions: metabolism,
cell proliferation and differentiation, blood coagulation, and/or cell
cycling (Figure 3 and Table 4). Three of the genes involved in
neutrophil degranulation, RETN, TCNI, and OLFM4, had the largest
differences among all 17 genes (q < 0.001). Absolute neutrophil counts
from Prolonged MODS and Recovered MODS patients showed a
significant inverse relationship with all neutrophil degranulation
mRNA transcript levels except for OLFM4 and BPI, respectively
(Figure S1). There was no correlation between neutrophil counts and
Never MODS patients’ mRNA levels.

In children who never had MODS, all were admitted to the
PICU due to influenza-related respiratory system involvement.
Differentially expressed genes between the Recovered MODS and
Never MODS patients were not significant after adjustment for
multiple comparisons. Never MODS patients showed significant
gene expression differences compared with Prolonged MODS in 94
genes (Table S3A); these included the 17 genes in Figures 1, 2
differentially expressed between the Prolonged and Recovered
MODS groups. Nine genes are listed in Table S3B that were most
similar between the Prolonged and Never MODS groups.

Although neutrophil degranulation
transcripts were associated with a
Prolonged MODS outcome, differential
expression over time of multilineage
immune cell activation-related genes were
associated with clinical recovery

A second PAXgene sample was collected from 81 patients a
median of 6.9 days (IQR 6.8, 7.1) after the first sample collection.

TABLE 2 Number of dysfunctional organ systems in patients with
Prolonged MODS/Died or Recovered MODS at the time of the first blood
collection.

Organ Systems Dysfunction* Prolonged Recovered
n (%) MODS/Died MODS
N 38 27
Respiratory 35(92.1) 26 (96.3)
Coagulation 25 (65.8) 7 (25.9)
Hepatic 10 (26.3) 1(3.7)
Cardiovascular 32 (84.2) 23 (85.2)
Renal 11 (28.9) 2 (7.4)
Neurologic 3(7.9) 2 (7.4)
2 systems 12 (31.6) 23 (85.2)
3 systems 17 (44.7) 2 (7.4)
>4 systems 9 (23.7) 2 (7.4)

*Evaluation of organ dysfunction was based on the pediatric Sequential Organ Failure
Assessment (pSOFA) (11).
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The Never MODS subgroup was excluded as the focus was to
compare biological mRNA levels in those that had MODS at one
time. We were able to collect a second sample from 23 patients who
still had Prolonged MODS and compare them to 22 patients who
had Recovered from MODS (which included seven previous
Prolonged MODS patients who had recovered by their second
sample). The mRNA expression in early versus later samples was
analyzed (Table 5). Five genes (RPL3, EEF1G, HLA-DMB, MRPL3
and CDS8A) exhibited significant differences in gene expression
when comparing paired longitudinal samples collected
approximately one week apart from Recovered MODS patients
and those with Prolonged MODS. To visualize the change of
expression in each of these genes in the Prolonged MODS and
Recovery groups, Figure 4 shows the trajectory of each of these gene
products between sample 1 (the first, earliest PAXgene blood RNA
sample) and sample 2 (PAXgene blood RNA collection obtained
approximately seven days after the first) (q<0.05). The proportion
of patients in each MODS phenotype with increased or decreased
mRNA expression is shown in Figure S2. RPL3, MRPL3, and HLA-
DMB expression increased in 78.3% of Prolonged MODS patients,
while EEF1G and CD8A decreased in nearly a third of the group.
HLA-DMB and CD8A increased in nearly all (95.4%) Recovered
MODS patients. RPL3, MRPL3, and EEFIG also increased in the
majority (90.9%) of the Recovered MODS group.

Discussion

In this national cohort of over 200 children with severe influenza
LRTI admitted to the PICU, development of prolonged MODS was a
life-threatening and sometimes fatal complication associated with high
morbidity (4). Using a targeted gene panel of 469 mRNA transcripts on
whole blood samples collected from these severely ill patients early in
their PICU course, we identified increased expression of multiple genes
in the neutrophil degranulation pathway in children that went on to have
poor clinical outcomes. These transcripts (including RETN, TCNI,
OLFM4, LCN2, BPI, MMPS8, LTF, S100A12, and GUSB) distinguished
children with Prolonged MODS (and those who later died) from those
who had MODS at the time of sample collection but recovered within 7
days and from those who never developed MODS. Serial samples
collected approximately a week later did not show major differential
changes over time in these same genes between the Prolonged MODS
and Recovered MODS groups. Instead, results showed increased
longitudinal differential expression levels in the Recovered MODS
subgroup of gene transcripts known to be involved in adaptive
immunity, the innate-adaptive immune interface, or ribosome activation.

Despite significant differences in the immunological
development and correlates of risk and protection between
children and adults, our neutrophil degranulation signature is
consistent with the findings of prior studies in adult patients with
severe LRTI or sepsis with ARDS. Some of the genes from these
publications were incorporated into our mRNA panel and revealed
a similar upregulation in our Prolonged MODS group. In 2018,
Dunning and colleagues (15) using a custom microarray on samples
collected within approximately four days of symptom onset in 31
mechanically ventilated UK adults hospitalized for severe influenza

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1220028
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Novak et al.

10.3389/fimmu.2023.1220028

A B (o]
~ RETN TCN1 OLFM4
o
3 32768 32768+ — ke 32768+ — ok
- —kdededke —kdkkdk —_—kk
£ e T 9 °
9 1024 [ 1024+ [ ] o 1024 [ o)
o
< R 1 oy T
E
32 324 324
= T
N
E
5 1 T 1 T T T 1 T
=z Prolonged Recovered Never Prolonged Recovered Never Prolonged Recovered Never
MODS/Died MODS MODS MODS/Died MODS MODS MODS/Died MODS MODS
n=38 n=27 n=126 n=38 n=27 n=126 n=38 n=27 n=126
P LCN2 E BPI F
— dedededke
832768 = 32768 L wwaw 32768
= o — k%
2 o
5§ =] o
g 1024 [ | 1024 8 e 1024
<
z
£
o 324 324 32
@
N
E
° 1 T T 1 T T 1 T T
c Prolonged Recovered Never Prolonged Recovered Never Prolonged Recovered Never
MODS/Died MODS MODS MODS/Died MODS MODS MODS/Died MODS MODS
n=38 n=27 n=126 n=38 n=27 n=126 n=38 n=27 n=126
~ G LTF H S100A12 ! GUSB
—_—kkeke
832768+ ek S P — 512 — °
; — k&
%)
E e 256
S 1024+ 215
< 128
z
E
T 32+ 210
= 32
: [
g 1 T T 25 T T T 1 T T T
< Prolonged Recovered  Never Prolonged Recovered Never Prolonged Recovered Never
MODS/Died MODS MODS MODS/Died MODS MODS MODS/Died MODS MODS
n=38 n=27 n=126 n=38 n=27 n=126 n=38 n=27 n=126

FIGURE 2

Whole blood collected during MODS revealed significantly increased mRNA expression of nine genes associated with neutrophil degranulation in
pediatric patients who had Prolonged MODS or Died (n=38) compared to patients that Recovered from MODS (n=27). Never MODS was included as
an influenza positive PICU control (n=126). After adjustment for multiple comparisons, transcription levels between Recovered vs Never MODS did
not have any statistically differences. Note the different y-axis for H and I. ****q<0.0001, ***q < 0.001, **q < 0.01, *g<0.05. All Tukey box plots
represent the median (center line of the box), 25% IQR (Q1, bottom line of the box), 75% IQR (Q3, top line of the box), error bars are the minimum
and maximum values within 1.5x the Q1 and Q3 quadrants, outliers indicated by circles. MODS, Multiple Organ Dysfunction Syndrome. (A) RETN,
Resistin. (B) TCN1, Haptocorin. (C) OLFM4, Olfactomedin 4. (D) LCN2, Lipocalin 2. (E) BPI, Bactericidal Permeability Increasing Protein. (F) MMP8,
Matrix Metallopeptidase 8. (G) LTF, Lactotransferrin. (H) SL00A12, S100 Calcium Binding Protein A12. (I) GUSB, Glucuronidase Beta

with and without bacterial coinfection, reported increased
expression of seven of these same neutrophil degranulation genes
(RETN, TCNI, OLFM4, LCN2, BPI, MMP8, and LTF). In our
cohort, we statistically adjusted for the presence of confirmed
bacterial coinfections and did not report them separately.
Kangelaris and colleagues (8) previously reported that RETN,
TCNI, OLFM4, LCN2, BPI, and MMP8 neutrophil degranulation
genes were upregulated in the peripheral blood of 28 older adults
during sepsis-related ARDS (72% due to pneumonia/lung
aspiration) compared to those with sepsis without lung
involvement. Similarly, over 92% of our Prolonged MODS cohort
also suffered with acute lung injury (ALI) or ARDS. Liu and
colleagues also identified these same six genes in a Chinese cohort
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as potential biomarkers for severe influenza LRTT in adults (40).
Another study reported that the upregulation of neutrophil mRNA
transcripts were strongly associated with adverse outcomes from
severe influenza virus LRTT in critically ill adults admitted to the
ICU of which 32% had MODS, 16% had a bacterial co-infection,
and 20% died (41). The same adult cohort was further validated by
Zerbib, et al, who found that severe influenza was associated with
various neutrophil pathways, including degranulation (42).
Additional publications describe some of the same genes, albeit
individually, as being associated with illness severity. In a recent
report, adults hospitalized with coronavirus disease 2019 (COVID-
19), had increased serum resistin protein levels (derived from
RETN) associated with invasive ventilation and poor prognosis
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FIGURE 3

Whole blood collected during MODS showed significantly increased mRNA expression of eight genes not directly associated with neutrophil
degranulation in patients that had Prolonged MODS or Died (n=38) compared to those that who recovered from MODS (n=27). Never MODS was
included as an influenza positive PICU control (h=126). After adjustment for multiple comparisons, transcription levels between Recovered vs Never
MODS did not have any statistically differences. ****q<0.0001, **q < 0.01, *g<0.05. MODS, Multiple Organ Dysfunction Syndrome. (A) MS4A4A,
Membrane Spanning 4-Domains A4A. (B) GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase. (C) LGALS1, Galectin 1. (D) CLEC1B, C-Type Lectin
Domain Family 1 Member B. (E) ESPL1, Separin. (F) GNA15, G protein subunit alpha 15. (G) DUSP4, Dual specificity phosphatase 4. (H) TWISTNB, RNA

polymerase | subunit F.

(16). A difterent study also confirmed increased GUSB in adult ICU
sepsis patients (19). Of note, although GUSB has been used as a
housekeeping gene in expression studies (43), we and others show
that it can function as a measure of disease severity for influenza
and sepsis. In our study, GUSB ultimately showed significantly
different expression levels in the Prolonged MODS compared to
Recovered MODS groups and was therefore excluded as a
housekeeping gene.

The Prolonged MODS cohort overall had lower neutrophil
counts, therefore the increase of neutrophil degranulation mRNA
transcripts in this cohort is not explained by increased neutrophil
counts. This inverse relationship between higher expression of
neutrophil degranulation genes with lower neutrophil counts in
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more severely ill patients was also reported in severe sepsis/ ARDS
patients (8). Neutropenia in a critically ill patient could be explained
by lack of neutrophil production, sequestration, or activation
induced cell death (44-46). Our finding that 8 of 9 neutrophil
degranulation genes were negatively correlated with neutrophil
count identifies a potential gene signature that may be useful for
characterizing the latter cause of neutropenia in infected patients
with Prolonged MODS.

Although these nine neutrophil degranulation mRNA
transcripts have various end-point functions, collectively, they
support a strong association of active neutrophil degranulation
pathways with prolonged disease severity evidenced by multiorgan
dysfunction. In our study, over 92% of patients with MODS had
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TABLE 3 Nine genes associated with neutrophil degranulation that had significantly increased mRNA levels in patients with Prolonged MODS/Died
compared to Recovered MODS.

FDR
. Log2 fold .
Gene Full Name/Alias P value  adjusted References
change .
P value
RETN Resistin, Cysteine-Rich Protein Precursor 1 777.914 9.51E-08 0.00005 (8, 15, 16)
TCN1 Haptocorin, Transcobalamin 1, Vitamin B12 Binding Protein, R Binder Family 613.987 4.48E-07 0.0001
OLEMA4 Olfactomedin 4, 2’-5’-Oligoadenylate Synthetase 2, G-CSF-Stimulated Clone 1 Protein,
GC1 923.158 5.36E-06 0.0008
LCN2 Lipocalin 2, Neutrophil Gelatinase-Associated Lipocalin, 25 KDa Alpha-2- (8, 15)
Microglobulin-Related Subunit Of MMP-9 2048.845 6.29E-06 0.0008
BPI Bactericidal Permeability Increasing Protein, B Cell CLL/Lymphoma 3 377.357 1.41E-05 0.001
MMP8 Matrix Metallopeptidase 8, Neutrophil Collagenase 2621.675 3.13E-05 0.002
LTF Lactotransferrin, Neutrophil Lactoferrin 569.083 0.000111134 0.005 (15, 17)
S100A12 = S100 Calcium Binding Protein A12, Calgranulin-C, ENRAGE 38819.741 0.000426456 0.02 (18)
GUSB Glucuronidase Beta 66.579 0.000427102 0.02 (15, 19)
*q value.

respiratory dysfunction. Other affected organs were highly variable
per patient making difficult to speculate the involvement of each.
The consistency of this neutrophil signature in adult influenza
cohorts and our own data suggests it may represent an initial key
pathway for severe outcomes particularly in respiratory disease.

Previous findings suggest that obtaining specimens within 24
hours of admission is necessary to predict outcomes based on
neutrophil-mediated expression (8); however, the general
timeframe between illness onset and PICU admission is largely
variable. Our results of influenza-infected children with Prolonged
MODS revealed that neutrophil-related mRNA transcription
remained upregulated for a median of 37.3 hours (IQR 23, 63.4
hours), similar to what Dunning, et al, and Tang, et al, discovered in
adults (15, 41). However, there was no significant difference in the
change in expression of the neutrophil gene signature over time (i.e.
a week later).

To further differentiate gene expression in blood collected
during MODS, there were eight additional genes not directly
related to neutrophils that were upregulated early on in the
Prolonged MODS versus Recovered MODS groups. The first,
MS4A4A, codes for a novel cell surface marker for alternatively
activated macrophages and plasma cells (20) and was previously
reported as being significantly increased in pediatric sepsis (21).
ESPLI, encodes a key protease needed to initiate anaphase, and has
not been previously reported as being elevated in influenza or
MODS; however, there are studies suggesting a role in cell cycle
dysregulation during influenza infections (25). In blood immune
cells from healthy adults, ESPLI mRNA is transcribed in low
quantities in T- and B-cells but largely stems from short-lived
plasma cell precursors (26). Its increase in the Prolonged MODS
group could indicate an attempt at proliferation by adaptive
immune cells to help fight infection. Similarly, CLECIB encodes

TABLE 4 Eight genes not associated with neutrophil degranulation that had significantly increased mRNA levels in patients with Prolonged MODS/
Died compared to Recovered MODS.

FDR
. Log2 fold P .
Gene Full Name/Alias adjusted  References
change value .
P value
MS4A4A Membrane Spanning 4-Domains A4A, CD20L1 599.520 3.57E-05 0.002 (20, 21)
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 3424.388 4.39E-05 0.002 (22)
CLEC1B C-Type Lectin Domain Family 1 Member B, CLEC-2 34.186 1.84E-05 0.002 (23, 24)
ESPL1 Extra Spindle Pole Bodies Like 1, Separin, Cysteine Protease 18.204 0.000118 0.005 (25, 26)
GNA15 G protein subunit alpha 15 21.078 0.000468 0.02 (9, 27)
LGALS1 Galectin 1, Lactose-Binding Lectin 1 1180.432 0.000979 0.03 (28, 29)
DUSP4 Dual specificity phosphatase 4 24.236 0.001446 0.05 (30, 31)
STNB Twist Neighbor, POLR1F, RNA polymerase I subunit F, DNA-directed RNA
polymerase I subunit RPA43 35.016 0.001688 0.05 (32)
*q value.
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TABLE 5 Five genes showed significantly different mRNA expression in longitudinal paired samples when comparing Prolonged MODS and Recovered
MODS over time.

Prolonged Prolonged = Recovered Recovered P
Gene Full Name/Alias MODS mean MODS SD  MODS mean  MODS SD value
contrasts contrast contrasts contrast null
9.51E- 8.77E- (33,
RPL3 Ribosomal protein L3 -2754.08 4599.48 -3776.05 3478.23 05 73 34)
Eukaryotic Translation Elongation Factor 4.14E- 4.87E- (33,
EEF1G 1 Gamma protein; EF1G; GIG35 -702.35 1376.84 -1034.14 856.87 05 62 34)
HLA- Major histocompatibility complex, class 1.31E- 8.71E-
DMB II, DM beta -144.83 239.94 -269.27 183.75 04 45 (32)
1.08E- 6.02E- (35-
MRPL3 = Mitochondrial Ribosomal Protein L3 -43.74 93.65 -73.41 63.82 04 35 38)
CD8a Molecule, CD8 antigen, alpha
polypeptide (p32), T-cell surface 3.52E- 1.15E-
CDSA glycoprotein CD8 alpha chain -31.57 60.8 -48.45 47.67 06 25 (39)

Contrasts, the difference in measurements between two timepoints; SD, standard deviation; Alt, alternative; Ref, References.

for a transmembrane protein on platelets, granulocytes, and
myeloid cells and has an anti-inflammatory role during bacterial-
induced ARDS in mice (23). CLECIB was also shown to be
increased in asymptomatic SARS-CoV-2 adults approximately
two weeks after their exposure, suggestive of a role in viral
infection recovery (24). Although LGALSI, GNA15, DUSP4, and
TWISTNB were also upregulated in the Prolonged MODS versus

Recovered MODS groups, their differentiation was less pronounced.
However, they may have prognostic value deserving of further
study. They are explored further in the Supplementary Material.
In the subset of children with MODS with longitudinal samples,
five mRNA transcripts RPL3, EEFIG, HLA-DMB, MRPL3, and
CD8A, differed in expression between those with Prolonged
MODS and Recovered MODS. RPL3 and EEFIG, which enable
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FIGURE 4
Longitudinal, paired blood samples from Prolonged MODS/Died versus Recovered MODS patients: Five genes whose mRNA expression significantly
differed between their first and second samples obtained approximately 7 days apart. Median normalized mRNA levels are plotted for each subgroup
with 95% confidence intervals of the median. These genes showed a differential change over time between the first, early blood collection, Sample 1,
and Sample 2 collected approximately 7 days later from Prolonged MODS/Died patients (n=23, staggered line, {) median expression) and Recovered
MODS patients (n=22, solid line, @ median expression), FDR g<0.05. Note: for each graph, y-axis linear scales vary. RPL3, Ribosomal protein L3.
EEF1G, Eukaryotic Translation Elongation Factor 1 Gamma protein. HLA-DMB, Major histocompatibility complex, class Il, DM beta. MRPL3,
Mitochondrial Ribosomal Protein L3. CD8A, T-cell surface glycoprotein CD8 alpha chain.
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different ribosomal-related enzyme functions, are commonly
downregulated during initial acute influenza infection (33).
Likewise, we also found that they were similarly downregulated in
early samples compared to later ones. In a separate pediatric study,
EEF1G mRNA expression and specifically RPL31, were reported to
be decreased in PBMCs from influenza-infected children following
hospitalization and could be used to distinguish between influenza
and bacterial infections (with and without lung involvement) (34).
In our longitudinal cohort, >90% of the Recovered MODS subgroup
showed increased RPL3 and EEFIG expression at their second time
point suggesting a return to normal cellular function since these
genes are vital transcriptional components of ribosome function
and protein synthesis. Another ribosome associated gene, MRPL3,
which encodes a mitochondrial ribosomal protein, facilitates the
synthesis of mitochondrial proteins needed for oxidative
phosphorylation (35), an essential metabolic process for the
development and function of effector CD8" T cells (36, 37).
Interestingly, it has also been associated with high altitude
hypoxia (38) suggesting its upregulation in the Recovered MODS
group may be helping increase oxygenation utilization. Finally, two
genes important in either directly or indirectly activating the
adaptive immune response, CD8A and HLA-DMB, showed
increased expression in 95% of the Recovered MODS subgroup at
their second time point, suggesting the importance of increased
recovery of the function of the innate-adaptive immune interface
may be key for recovery of organ function. It could also represent an
expansion of CD8+ T cells in the blood, indicating a rebound from
the lymphopenia that characterizes many severe viral and bacterial
infections. In a separate study, a 14-dataset analysis of adult and
pediatric sepsis spanning 8 different countries, the decrease of HLA-
DMB expression in whole blood was observed soon after a sepsis
diagnosis in the most severe cases (32). This was also true in our
study in the first blood sample from children with Prolonged
MODS and Recovered MODS. However, at their second
timepoint, those who recovered from MODS demonstrated
significantly increased HLA-DMB, potentially signifying an
enhanced ability of those subjects’ innate immune cells to
perform MHC class II-mediated antigen presentation.

We have previously shown that functional impairment of
circulating leukocytes, as measured by reduced ability to produce
pro-inflammatory cytokines when whole blood is stimulated ex vivo
using lipopolysaccharide or poly (I:C), was associated with increased
risks for mortality, prolonged organ dysfunction, and prolonged
hypoxemic respiratory failure in critically ill children with influenza
(6). Of note, in this study, all influenza-positive children admitted to
the PICU, regardless of MODS status, had similar, abundant
interferon receptor expression levels (IFNoRI, IFNyRI) at their first
time point (data not shown). Many of the other interferon transcripts,
such as IFNo2, IFNI/13, and IFNy, had very low mRNA counts
suggesting these particular influenza viral responses had likely
diminished but not before they induced a high level of IFITMI
(47) which was equally maintained in the Prolonged MODS and
Never MODS groups despite the variable complications. The results
of the current study suggest that phenomena such as neutrophil
degranulation may occur concurrently with down-regulation of
innate immune responsiveness.
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Study strengths and limitations

The strengths of this study included multicenter enrollment
across the U.S. and extensive phenotyping of patients over eight
influenza seasons. The study’s longevity (and therefore familiarity at
PICU sites) has enabled the cohesive capture of numerous MODS
cases at early time points. Also, capturing two sample time points
seven days apart provided an insight to the transcriptional activity
trend over time and differentiated patients that recovered faster.
Our study also has some limitations. First, this study is prognostic
and only establishes associations and not causality. Second, the
protein level produced and/or released into the extracellular
environment was not evaluated in this study, as our evaluation of
samples was limited to mRNA expression based on a priori
selection of genes. As is the case with any gene expression study
of whole blood, highly expressed target genes, such as S100A12,
may obscure quantification. Third, although WBC counts were
determined for most of the cohort, the information was reliant on
hospital site clinical sample lab results, which were obtained at
variable times — many were one day prior to the research sample
being obtained. We were unable to measure WBC on the research
samples due to limitations on how much blood could be obtained
from children and appropriate instrumentation/staff for conducting
differential counts at multiple locations. Therefore, neither WBC or
neutrophil counts were statistically controlled for as confounders as
not all data points were available. However, for all samples, RNA
content from whole blood is derived almost entirely from white
blood cells. Thus, gene expression was normalized by (1):
standardizing the amount of RNA tested and (2) normalizing all
expression data to the same housekeeping genes. Fourth,
vaccination status was self-reported in this cohort and therefore
not verified. However, an average of 36% of the parents interviewed
responded that their child had received the seasonal influenza
vaccine prior to hospital admission, which was similar for all
MODS groups. Fifth, our multicenter cohort included only three
children who developed MODS after blood was collected. To be able
to analyze this patient group, it would help to broaden the influenza
cohort by preemptively collecting blood samples while in the
emergency room or ward.

Conclusion

In conclusion, children with influenza critical illness who
endured prolonged MODS or died had multiple blood mRNA
transcripts associated with neutrophil degranulation shortly after
PICU admission compared to those that recovered from MODS.
We show similar findings that were reported in prior transcriptional
studies on sepsis and/or influenza-infected hospitalized adults.
Although prognostic, neutrophil pathways did not change
differentially across the Prolonged versus Recovered MODS
groups in the subset of children whose samples were obtained a
week later. Instead, genes involved with adaptive immunity and
ribosomal protein synthesis were higher in those who recovered
from MODS. Cumulatively, these data aid in understanding the
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pathophysiology of children with concurrent severe influenza
LRTIs and MODS. Importantly, it provides gene expression data
that may help to develop prognostic approaches to improve
monitoring and prompt intervention for these complex cases and,
based on prior studies, may be applicable across multiple age
cohorts. These findings require validation in other cohorts of
critically ill children.
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