ORIGINAL CLINICAL REPORT

RNA Sequencing Analysis of CD4* T Cells
Exposed to Airway Fluid From Children With
Pediatric Acute Respiratory Distress Syndrome

IMPORTANCE: CD4* T cells contribute to lung inflammation in acute respiratory
distress syndrome. The CD4* T-cell response in pediatric acute respiratory dis-
tress syndrome (PARDS) is unknown.

OBIJECTIVES: To identify differentially expressed genes and networks using
a novel transcriptomic reporter assay with donor CD4* T cells exposed to the
airway fluid of intubated children with mild versus severe PARDS.

DESIGN: In vitro pilot study.

SETTING: Laboratory-based study using human airway fluid samples admitted to
a 36-bed university-affiliated pediatric intensive care unit.

PATIENTS/SUBIECTS: Seven children with severe PARDS, nine children with
mild PARDS, and four intubated children without lung injury as controls.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: We performed bulk RNA sequenc-
ing using a transcriptomic reporter assay of CD4* T cells exposed to airway fluid
from intubated children to discover gene networks differentiating severe from mild
PARDS. We found that innate immunity pathways, type | (a0 and ), and type I
(y) interferon response and cytokine/chemokine signaling are downregulated in
CD4* T cells exposed to airway fluid from intubated children with severe PARDS
compared with those with mild PARDS.

CONCLUSIONS: We identified gene networks important to the PARDS airway
immune response using bulk RNA sequencing from a novel CD4* T-cell reporter assay
that exposed CD4* T cells to airway fluid from intubated children with severe and
mild PARDS. These pathways will help drive mechanistic investigations into PARDS.
Validation of our findings using this transcriptomic reporter assay strategy is needed.

KEY WORDS: pediatric acute respiratory distress syndrome; pediatric intensive
care; ribonucleic acid sequencing; T cells; tracheal aspirate; transcriptomics

disorder (1) affecting approximately 6% of all mechanically ventilated
children (2). One in three children with severe PARDS die (2). Despite
the clinical impact, we know little about the underlying biological pathways
associated with PARDS severity. While we know that innate immune cells con-
tribute to the pathobiology of acute respiratory distress syndrome (ARDS), we
now recognize that helper T-cell subsets, including regulatory T cells, play a
crucial role in regulating lung inflammation in ARDS (3-6) and mouse mod-
els of acute lung injury (7-11). To date, helper T-cell responses have not been
examined in children with PARDS.
Primary T cells are limited in airway fluid samples from intubated children,
necessitating the use of a transcriptomic reporter assay to elucidate the T-cell

P ediatric acute respiratory distress syndrome (PARDS) is a heterogenous
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Question: What is the CD4+* helper T-cell response
to the tracheal aspirate fluid from intubated chil-
dren with severe, mild, and no pediatric acute res-
piratory distress syndrome (PARDS)?

Findings: Innate immunity pathways, type | (o and
[), and type Il (y) interferon response and cytokine/
chemokine signaling pathways are downregulated
in CD4+* helper T cells exposed to the tracheal as-
pirate fluid from children with severe PARDS com-
pared with those with mild or no PARDS.

Meaning: Use of a transcriptomic reporter assay
with RNA sequencing may provide a clinically use-
ful strategy to understand the complex heteroge-
neity of the airway immune response of PARDS.

. J

transcriptome in PARDS. Transcriptomic reporter
assays are based on the premise that biological fluids,
such as airway fluid or plasma, contain immunologic
mediators that can stimulate responses of a human
donor immune cell population ex vivo (12-16). Herein,
we use donor CD4* T cells exposed to tracheal aspirate
fluid from intubated children to compare the differen-
tial transcriptomic responses from intubated children
with mild, severe, and no PARDS. We hypothesized that
donor CD4* T cells exposed to tracheal aspirate fluid
from intubated children with severe versus mild or no
PARDS would have differentially expressed genes that
would enable the discovery of novel immune pathways
important to PARDS severity.

METHODS
Patient Cohort and Ethics Statement

The airway fluid samples from children enrolled in this
study are part of an ongoing, prospective observational
cohort study conducted in the Children’s Healthcare
of Atlanta PICU which is a 36-bed unit affiliated with
the Emory University School of Medicine. The Emory
University School of Medicine Institutional Review
Board (IRB00034236: Prevalence of Oxidative Stress in
Critically Ill Children and Its Relationship to Immune
Function: A Pilot Study. Approved: February 14, 2018
and IRB00113035: Airway Immune Response in
Critically Ill Children: Precision Medicine in Children

2 www.ccejournal.org

at Risk for Acute Respiratory Distress Syndrome.
Approved: July 29, 2019) approved the study. Informed
consent from a parent or legal guardian was performed
by a trained study coordinator prior to enrollment. All
study procedures were performed according to the rel-
evant guidelines and regulations in the Declaration
of Helsinki. Participants were enrolled between
September 2018 and March 2020. Children were eli-
gible for enrollment if they were admitted to the PICU,
greater than 2 days old and with a corrected gestational
age of 40 weeks, were less than 18 years old, and were
within 72 hours of endotracheal intubation. Children
were excluded if they had perinatal-related lung di-
sease, chronic respiratory failure requiring mechanical
ventilation via a tracheostomy or RAM cannula, im-
munodeficiency, were receiving immunosuppression
from chemotherapy for an oncologic disease, were
chronically immunosuppressed as a hematologic or
solid-organ transplant recipient, there was no parent or
legal guardian to provide in-person written informed
consent, or the attending physician did not wish the
patient to participant in the study. Severity of hypoxia
was classified according to the 2015 Pediatric Acute
Lung Injury Consensus Conference-1 definitions for
having PARDS (17). PARDS severity was calculated at
the time of sample collection. Severity of illness scores
were determined using the Pediatric Risk of Mortality
(PRISM)-III, calculated at the time of PICU admission,
and Pediatric Logistic Organ Dysfunction (PELOD-2)
score calculated within 24 hours of study enrollment
(18, 19).

Tracheal Aspirate Collection and Sample
Processing

Tracheal aspirate samples were collected within 72
hours of endotracheal intubation at the time of study
enrollment with an inline Ballard suction catheter
connected to a sterile Lukens trap using up to 5mL
of sterile saline and processed according to published
protocols (20-22). The Ballard inline suction cath-
eter was passed once to obtain a sample. If 50% of the
instilled volume was not returned, then a repeat pas-
sage of the Ballard was performed. The Ballard suc-
tion catheter could be flushed with additional saline
to move the aspirate into the Lukens trap. The airway
fluid was separated from the cells by centrifugation at
800 x g for 15 minutes at 4°C. Airway fluid supernatant
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was collected into a fresh tube, centrifuged at 3,000 x
g for 15 minutes at 4°C, and the resulting cell-free su-
pernatant was stored at —80°C until use.

Cell Culture

Commercially available single donor CD4" T cells were
purchased from Lonza (Greenwood, SC). CD4* T cells
were resuspended in a 1:1 vol:vol mixture of airway
supernatant from individual patients in Roswell Park
Memorial Institute 1640 medium with L-glutamine
(Corning, Corning, NY), 10% fetal calf serum supple-
mented with penicillin, streptomycin, and gentamicin
and cultured for 12 hours in a humidified 37°C, 5% Co,
incubator. Following overnight culture, CD4" T cells
were pelleted by centrifugation at 400 x g at 4°C for
15 minutes, resuspended in 500 pL of RNAlater, and
stored at -80°C until RNA was isolated. A schematic
of the tracheal aspirate sample processing and CD4* T
cells transcriptomic reporter assay using airway fluid is
shown in Figure 1.

RNA Preparation

RNA was isolated from CD4* T cells using the
Nucleospin RNA II kit with on-column genomic

DNA digestion according to the manufacturer’s pro-
tocol (Takara, Mountain View, CA). RNA sizing quan-
tification and quality control was performed in the
Emory Integrated Genomics Core (Atlanta, GA) on
an Agilent (Santa Clara, CA) 2100 bioanalyzer using
Pico and Nano Agilent kits and a Tecan (Morrisville,
NC) optical density plate reader to measure the con-
centration of the RNA (21).

RNA Sequencing

RNA was quality assessed using the 2100 Bioanalyzer
(Agilent). Complementary DNA was generated using
the SMART-Seq v4 Ultra Low Input RNA Kit Takara
Bio (San Jose, CA), and the final RNA sequenc-
ing library was generated using the Nextera XT kit
[llumina (San Diego, CA). RNA sequencing libraries
were sequenced on the Illumina NovaSeq 6000 with a
sequencing depth of 30M PE100 reads per sample.

Data Preprocessing

Fastp was used to perform quality control and adapter
trimming and the results were filtered by quality.
HISAT?2 (Version: 2.2.1) (23) was used to map RNA
sequencing reads prior to building the index using

IS ) © -

Healthy Adult
Blood Sample

CD4+ T cell
Isolation

A [zl
Intubated Tracheal Cell-Free
Child Aspirate Airway Fluid

i—a—0

Donor CD4+
Tcells

l

:‘

Intron

Co-culture 12h RNA Isolation RNA Sequencing

Figure 1. CD4" T-cell transcriptomic reporter assay with patient airway fluid from children with no, mild, and severe pediatric acute
respiratory distress syndrome. Cell-free airway fluid from tracheal aspirate samples was obtained within 72 hr of intubation. CD4 T cells
were isolated from the blood of healthy adults using negative magnetic bead selection. Airway fluid was used to stimulate healthy donor
CD4+ T cells in media (60% volume/volume) for 12 hr. Following in vitro stimulation, RNA was isolated from CD4* T cells and RNA
sequencing was performed.
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the human reference genome Genome Reference
Consortium Human Build 38. We then used indices
to map our sequential reads to the human genome. We
applied featureCounts (Version: 2.0.2) (24) to generate
a matrix of row counts of each of the genes in all the
samples. Genes were kept in the analysis that had at
least 10 reads in at least half of the samples.

Differential Gene Expression Analysis

The R package Deseq2 (Version: 1.38.3) (25) was
used to determine differential gene expression. We
used variance stabilizing transformations for raw data
transformation. We next transformed data on the log,
scale and normalized to library size. We used the Anan
empirical Bayes shrinkage methods to detect and cor-
rect for dispersion and calculate log [fold change] for
the genes. Differentially expressed genes were defined
as having a |log,[fold change]| of greater than 1. The
p values were corrected for multiple testing using the
Benjamini-Hochberg procedure. A false discovery rate
(FDR) less than 0.05 was considered significant.

Pathway Analysis

Reactome (https://reactome.org) was used to obtain
the relevant biological pathways compared with dif-
ferent groups derived from the differentially expressed
genes (26-31). The report generated is an overrepre-
sentation analysis based on a hypergeometric distri-
bution test that determines whether certain Reactome
pathways are enriched in the submitted differentially
gene expression data compared with that by chance
alone. The statistical test produces a probability score
corrected for an FDR using the Benjamini-Hochberg
method. Only pathways with an FDR less than 0.05
were used for the analysis.

RESULTS

Characteristics of the Study Participants

The demographics and clinical characteristics of the
20 children (four critically ill without PARDS, nine
mild PARDS, and seven severe PARDS) are summa-
rized in Table 1. All but three tracheal aspirate samples
were collected within 48 hours of intubation. Four of
the seven children with severe PARDS received life-
support with extracorporeal membrane oxygenation
(ECMO) during their hospital course, and none were
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on ECMO at the time of sample collection. No partici-
pants died. A flow diagram of the participant samples
used in this study is shown in Supplemental Figure 1
(http://links.lww.com/CCX/B212).

Transcriptional Profiles of Mild and Severe
PARDS

We performed a principal component analysis (PCA)
(Fig. 2A) and generated a heatmap (Fig. 2B) of the dif-
ferentially expressed genes of T cells exposed to airway
fluid from children without PARDS and with mild
and severe PARDS. The first- and second-dimensions
accounted for 10.6% and 9.5% of the variance in the
differentially expressed genes among the control, mild
and severe PARDS groups. There was no change in
variance when clinical features such as age at admis-
sion, severity of PARDS or control status, PRISM-III
score, PELOD-2 score, viral lower respiratory tract in-
fection, and positive respiratory culture were included
(PCA-1: 10.6% and PCA-2: 9.5%). A heatmap of the
top 20 up-regulated and down-regulated differentially
expressed genes for among the three groups is shown
in Figure 2B.

Volcano plots of the differentially expressed genes
for cells in the mild versus no PARDS groups and the
severe versus mild and no PARDS groups are shown
in Figure 3A-C. Lists of differentially expressed genes
for each comparison are publicly available (https://
github.com/mjripple/Tcell-RNA-seq.git) and in the
Supplemental Digital Content E1-E6 (http://links.
lww.com/CCX/B211). Transcripts were selected if there
was at least a two-fold difference in response to airway
fluid stimulation compared with the respective mild
PARDS or control comparison group. Venn diagrams
of the up-regulated (Fig. 44; and Supplemental Digital
Content E2, E4, and E6, http://links.lww.com/CCX/
B211) and down-regulated (Fig. 4B; and Supplemental
Digital Content E1, E3, and ES5, http://links.lww.com/
CCX/B211) among the three groups are shown.

Pathway Analysis of Severe PARDS

Most of the significantly enriched functional networks
were relevant to immune processes and were down-
regulated in samples exposed to airway fluid from
patients with severe PARDS compared with those with
mild PARDS (Fig. 5A) or controls (Fig. 5B) including
the innate immune system, cytokine/interleukin
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TABLE 1.

Demographic and Clinical Features of the Participants by Pediatric Acute Respiratory
Distress Syndrome Status and Pediatric Acute Respiratory Distress Syndrome Severity

Feature Overall (n = 20) Control (n =4) Mild PARDS (n=9) Severe PARDS (n=7)
Age, mo 24 (18-36) 35 (24-49) 21 (7-24) 24 (22-33)
Male 12 (60) 3 (75) 5 (55.6) 4 (57.1)
Ethnicity
Hispanic or Latino 1 (5) 0 (0) 0 (0) 1(14.2)
Not Hispanic or Latino 19 (95) 4 (100) 9 (100) 6 (85.7)
Race
White 8 (40) 3 (75) 3 (33.3) 2 (28.6)
Black 10 (50) 1 (25) 5 (55.6) 4 (57.1)
More than one race 2 (10) 0 1(11.1) 1(14.3)
Bacterial respiratory culture
Positive 12 (60) 0 (0) 8 (88.9) 4 (57.1)
Negative 3 (15) 0 (0) 0 (0) 3 (42.6)
Not performed 5 (25) 4 (100) 1(11.1) 0 (0)
Respiratory viral panel
Positive 10 (50) 0 5 (55.6) 5(71.4)
Negative 3 (15) 0 1(11.1) 2 (28.6)
Not performed 7 (35) 4 (100) 3(33.3)
Pediatric Risk of Mortality-11I 13 (11-17) 9 (8-11) 13 (12-18) 14 (12-18)
Pediatric Logistic Organ 7 (5-8) 8 (6-9) 6 (5-8) 7 (5-11)
Dysfunction-2
Hours to sample collection 25 (2-57) 12 (10-14) 26 (9-51) 30 (2-57)
ICU days 7 (6-12) 4 (2-6) 7 (6-12) 15 (9-29)2
Ventilator days® 6 (4-9) 2 (2-3) 5 (4-8) 7 (7-23)2
Extracorporeal membrane 4 (20) 0 (0) 0 (0) 4 (57.1)°

oxygenation

PARDS = pediatric acute respiratory distress syndrome.

2p < 0.01 compared with mild and control by Kruskal-Wallis test.
®p < 0.05 compared with mild by Fisher exact test.

“No deaths occurred in any of the groups.

signaling, G protein-coupled receptors signaling, and
neutrophil degranulation. There were 25 significant
Reactome pathways found using the down-regulated
genes when comparing severe PARDS versus control
groups (Fig. 5A). There were no significant pathways
that differed in the up-regulated genes in the severe
versus no PARDS groups. There were 21 significant
Reactome pathways found using the down-regulated
genes when comparing the severe versus mild PARDS
groups (Fig. 5B). A full list of enriched down-regulated
pathways in Reactome for severe versus mild PARDS

Critical Care Explorations

groups (Supplemental Digital Content E7, http://
links.Ilww.com/CCX/B211) and severe PARDS versus
control groups (Supplemental Digital Content ES8,
http://linkslww.com/CCX/B211) is publicly available
(https://github.com/mjripple/Tcell-RNA-seq.git). The
only significant pathways that differed in the up-reg-
ulated genes in the severe versus no PARDS groups
were the synthesis of phosphatidylinositol. There were
no significant pathways that differed when comparing
the differentially expressed genes in the mild versus no
PARDS groups.
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Figure 2. Cluster and heat map of differentially expressed genes. A, Principal component analysis of differentially expressed genes in
donor CD4* T cells exposed to airway fluid from control children (no pediatric acute respiratory distress syndrome [PARDS] in green)
and those with mild PARDS (red) and severe PARDS (blue). B, Heat maps of the top 60 differentially expressed genes in naive donor
CD4+ T cells exposed to airway fluid from children with no PARDS (control) (green), mild PARDS (red), and severe PARDS (blue).

Dim = dimension.

Transcriptional Profiles and Pathway Analysis
of Viral Versus Nonviral Triggered PARDS

Volcano plots of the differentially expressed genes for
cells in the viral versus nonviral triggered PARDS are
shown in Supplemental Figure 2A (http://links.lww.
com/CCX/B212). The viral-triggered PARDS group
had significantly up-regulated pathways related to
interferon (IFN) signaling and anti-viral responses
compared with the nonviral triggered PARDS group
(Supplemental Fig. 2B, http://links.lww.com/CCX/
B212).

www.ccejournal.org

DISCUSSION

In this study, we used a transcriptomic reporter assay
with bulk RNA sequencing to analyze the CD4* T-cell
gene signature response to airway fluid from patients
with PARDS. We found that activation of the antiviral,
type I (a and ), and type II (y) IFN response and cyto-
kine/chemokine signaling are downregulated in donor
CD4* T cells exposed to tracheal aspirate fluid from
intubated children with severe PARDS compared with
those with mild PARDS or those with acute respiratory
failure without PARDS.
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Figure 3. Volcano plots. Volcano plots of differentially expressed genes in donor CD4" T cells exposed to airway fluid from children with
mild versus no pediatric acute respiratory distress syndrome (PARDS) (A), severe versus no PARDS (B), and severe verses mild PARDS
(C). Each circle is a gene. Blue circles represent downregulated genes that have at least a two-fold change with a false discovery rate

of less than 0.05. Red circles represent up-regulated genes that have at least a two-fold change with a false discovery rate of less than
0.05. Dashed lines indicate the x-axis threshold of |log,[fold change]| > 1 and the y-axis threshold of log10[p] < 0.05.

Dysregulated host responses, including impaired
type I IFN activity in viral lower respiratory tract infec-
tions, have been shown to contribute to disease severity
(32, 33). Specifically, having no IFN-f and low IFN-a
production and activity was associated with persistent
viremia and high levels of tumor necrosis factor-a and
interleukin-6 signaling in severe COVID-19 infections
(33). In a secondary analysis of adults with COVID-19
ARDS (n =8) compared with those with non-COVID-19

Critical Care Explorations

viral lower respiratory tract infection ARDS, Sarma et al
(34) found that IFN-related gene expression was lower
in the COVID-19 versus viral (not COVID-19) induced
ARDS. In a mouse model of cytokine release syndrome-
associated extrapulmonary acute lung injury, neutrali-
zation or genetic knockout of IFN-y resulted in worse
lung injury (35). Gene expression analysis of nasopha-
ryngeal aspiration samples from infants intubated with
severe respiratory syncytial virus (RSV) bronchiolitis

www.ccejournal.org 7
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Figure 4. Venn diagrams. Venn diagrams indicate the number of up-regulated (A) and down-regulated (B) differentially expressed
genes in naive donor CD4* T cells exposed to airway fluid from children with no pediatric acute respiratory distress syndrome (PARDS)

(control) (green), mild PARDS (red), and severe PARDS (blue).

had lower type I IEN levels compared with moderately
ill nonintubated hospitalized children with RSV bron-
chiolitis (36). Children hospitalized with severe RSV
expressed higher levels of neutrophil and inflammatory
genes and lower type I and II IFN genes compared with
nonhospitalized children with mild RSV (32). A low
type I and III IFN response with high systemic proin-
flammatory cytokine and chemokine levels is a hall-
mark of severe COVID-19 (37, 38).

As shown by the heatmaps, there is a wide varia-
tion in gene expression for individual patients within
a PARDS severity classification. One explanation for
this is the inherent heterogeneity in the underlying
immune response in children with PARDS regardless
of severity. There is poor separation on the PCA plot
of the controls and severe PARDS group that is likely
due to the small sample size and an outlier in the mild
PARDS group that further highlights the heteroge-
neity within PARDS severity groups. Other explana-
tions for the heterogeneity among samples with the
same PARDS severity include differences in the tim-
ing of sample collection from intubation, the initial
trigger inciting PARDS, variation in sample collec-
tion and dilution, and having other organ dysfunc-
tions besides lung failure. Demographic and clinical
variables considered in the PCA did not explain the
observed heterogeneity suggesting that the differen-
tially expressed genes determined the T-cell response
to tracheal aspirate fluid among the control, mild and
severe PARDS groups.

8 www.ccejournal.org

This study is limited to a small sample of patients at
a single children’s hospital, which may limit general-
izability. Because the study relied on healthy donor T
cells, some of the findings may be attributable to genetic
or epigenetic influences of the donor cells. Variability
was limited in this context as all experiments were
performed with the same aliquot of donor cells. We
grouped samples by PARDS severity as calculated on
the day of sample collection and therefore cannot corre-
late clinical trajectory or subsequent changes in severity
with transcriptome responses. Given the complexities
of performing bronchoalveolar lavage in children with
PARDS, our study relied on the use of tracheal aspirates.
Samples were collected by endotracheal tube suctioning
for convenience and safety and may not recapitulate the
immune system mediators present at the level of the al-
veolus. While we attempted to be consistent in the la-
vage procedure, we acknowledge that there are no good
alternatives to controlling the volume instilled by age
and the variability in the amounts of fluid returned with
the tracheal aspirate sampling method. Furthermore, we
do not know the impact that sample collection outside
of a 24-hour window following intubation has on the
results. Without more data that pairs clinical trajectory
with biological sampling, we can only speculate that
children with sustained severe PARDS may have a dif-
ferent donor CD4* T transcriptional profile after expo-
sure to tracheal aspirate samples compared with those
who initially have severe PARDS, but rapidly recover.
The trajectory of both the airway and systemic immune
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Figure 5. Gene pathway analysis. Reactome pathways listed by gene ratio (%) for the significantly downregulated genes in donor
CD4+ T cells exposed to airway fluid from children with severe versus no pediatric acute respiratory distress syndrome (PARDS) (A),
and severe versus mild PARDS (B). Size of the circle indicated gene counts in the pathway. Darker blue indicates a lower adjusted

p value. A false discovery rate (FDR) of less than 0.05 was considered significant. CLEC7A = C-type lectin domain containing 7A,
GPCR = G-protein coupled receptor, GTPases = guanosine triphosphatases, IFN = interferon, NGF = nerve growth factor, NADPH =
nicotinamide adenine dinucleotide phosphate, NTRK = neurotrophic tyrosine receptor kinase gene fusion, RHO = rhodopsin, TRKA =

tropomyosin receptor kinase A, TP53 = tumor protein pb3.

responses of children with PARDS—to answer why
some children are resilient and recover, while others do
not recover—should be a focus of future studies.

In conclusion, we report the use of a CD4" T-cell
transcriptomic reporter assay using airway fluid from
children with severe, mild, and no PARDS. We found a
dampened type I IEN response from children with se-
vere compared with mild or no PARDS. Use of a tran-
scriptomic reporter assay may provide a clinically useful
strategy to understand the complex heterogeneity of

Critical Care Explorations

the airway immune response of PARDS. Further testing
of this strategy in a larger group of children to confirm
our findings and determine the utility of a transcrip-
tomic reporter assay for predictive and prognostic en-
richment into clinical trials for PARDS.
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