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Abstract

Background

This report highlights the unique transcriptomic and lipidomic changes noted in a 4-year-old African
American female patient exposed to a house fire. She required admission to the pediatric Intensive care
unit due to organ failure that resulted from CO and cyanide toxicity. Patient was neurologically intact
initially but later developed neurological symptoms consistent with Parkinsonism, a transient state
resembling Parkinson’s Disease.

Results

An integrative omics-based approach was used to examine both gene expression and the lipidome of the
patient which was then compared to 4 control patients. Total blood RNA from a PaxGene®collection
system was correlated to plasma-based metabolomics measured over three time points and correlated
with the clinical condition of the patient. We see significant elevation of the Parkinson’s associated gene (
SELENOT ) on day one. This gene plays a crucial role in the protection of dopaminergic neurons against
oxidative stress in Parkinson's disease. The Multiple Sclerosis linked gene DDX39B which mediates ATP
hydrolysis during pre-mRNA splicing was increased on day 8. We noted increased UGCG gene expression
which correlated with increased ceramide lipids on lipidome analysis. The elevated ratio of
hexosylceramide to its ceramide precursor is indicative of an elevated UGCG mediated ceramide
glucosyltransferase activity. This correlation of clinical symptoms with both increased gene activity and
lipid dyshomeostasis is unique, highlighting the potential of personalized omics.

Conclusions

In clinical practice, the ability to predict and quantify neurological injury using gene expression has the
potential to make meaningful changes to management. This report shows the potential for real time
transcriptomics and metabolomics to modify not only initial therapy, but the eventual physical
rehabilitation of patients exposed to neurotoxins.

Background

Neurotoxins such as carbon monoxide (CO) mediate their effect in a pleotropic fashion where the
neurologic deficits do not necessarily correlate with blood CO levels but from the effects of CO on cellular
mitochondrial respiration, inflammation, and free radical generation, especially in the brain and heart.
Long-term neurocognitive deficits occur in 15-40% of patients. Thus, the effects of toxins lend
themselves well to multi-omic characterization. There are essentially no DNA-based syndromes or well-
established conditions that could be investigated in relationship to CO, highlighting the utility of using
other omics. The patient was exposed to CO and cyanide by a house fire occurring while she was asleep.
The patient was initially treated with 100% normobaricoxygen, and then intubated and mechanically
ventilated, the most common treatment for CO toxicity [24]. Neurological injury is well documented after
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CO toxicity, with reports of patients that range from transient neurologic deficits to chronic debilitating
diseases such as Parkinson’s disease and multiple sclerosis after exposure to CO. [17, 18, 27]. The patient
presented here suffered from neurological outcomes, where we were able to, for the first time ever,
uncover potential mechanisms for neurological outcomes using a multi-time point, multi-omics strategy.

Results

We describe novel transcriptomic and lipidomic characterization of biological pathways in a 4-year-old
African American female patient exposed to CO and cyanide from a house fire with blood collected at
time points before, during, and after treatment. Patient presented to a local emergency department with a
CO level of 32.5%, and was immediately intubated and administered 100% oxygen and
hydroxycobalamin for the cyanide poisoning. She was transferred to the pediatric intensive care unit
(PICU) and received one administration of hyperbaric therapy at 2.5 atmospheres for 60 minutes resulting
in the immediate drop of CO levels to 0.02%, and to 0.0% by day 3. The initial cyanide level of 684
micrograms/dL (normal < 200 micrograms/dL) dropped to 3.7 micrograms/dL by day 3.

Bronchoscopy confirmed soot in vocal cords and airway inflammation. Patient appeared neurologically
intact but was intubated for airway protection soon after due to the inhalational injury. Her PICU course
was initially characterized by cardiopulmonary dysfunction and later by neuromuscular dysfunction.

During the second week of PICU admission, neurological symptoms predominated, with neuromotor
deficits including impulsiveness, right-sided weakness, and ataxia with bradykinesia and tremors
described as Parkinsonian. Magnetic resonance imaging (MRI) and electroencephalogram done at this
time were normal. The patient received treatment in the PICU for nine days and was discharged on day 13
with plans for outpatient rehabilitation at the family’s request.

Patient had a total of 261 (209 up / 52 down), 74 (33 / 41), and 44 (16 / 38) differentially expressed
genes (DEGS) relative to controls at day 0, day 3, and day 8 respectively, suggesting many genes
normalized by day 3. From annotation of transcripts uniquely elevated in the patient (Supplemental
Table), we see significant elevation of the CHD9, CD177, ST00AS8, Parkinson’s associated SELENOT
specific to day 0; elevation of DEFA1, DEFA3, PDAP1, Multiple Sclerosis linked DDX39B at day 8; elevation
of Beta2-microglobulin (B2M), CANX, TSEN34, SERPINA1, B3GALT4, UBE2F, ACP5, and NAA25 at all days
in the patient relative to the controls. Additional DEGs at day 0 involved immune system responses and
glycolytic processes (G0:0002376, 0006955, 0006952, 0045087, 0006096), Hypoxia Inducible Factor-1
(HIF-1) signaling pathway (KEGG:04066) and hematopoietic cell lineage (KEGG:04640). The patient had
some enrichment in immune system function at day 8, though clustered similarly with controls (Fig. 1A).
Genes involved in neutrophil degranulation and activation of reactive oxygen species were found to differ
temporally (GYG1, CLEC5A, GPR84, CYSTM1, MCEMP1, SERPINB1, RETN, MMP8, CD177) as well as
UGCG (log2 fold change of 2.1 from baseline to day 3—8), also known as ceramide glucosyltransferase
enzyme involved in lipid synthesis (Fig. 1B).
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Lipidomics of patient at day 0 compared to 8 (Fig. 1C) revealed increased ratio of
hexosylceramide/ceramide, mono-unsaturated/saturated phosphatidylcholine, and levels of total
monoacylglycerides and diacyglycerides (Fig. 1D). Triglycerides at day 0 (Fig. 1E) and sphingomyelins at
day 8 (Fig. 1F) were elevated. She returned for follow up three years later where after a comprehensive
history and physical we found she may have more subtle learning issues related to her injury. We found
no neurologic deficits on examination.

Discussion And Conclusions

In this report we describe the use of multi-omics in a 4-year-old with neurological injury from CO toxicity
to characterize her clinical course. Early on, she had signs of a hyper-inflammatory response such as
respiratory failure, hemodynamic instability and later developed neurologic deficits. These clinical
findings correlated with the early increase in HIF-1 pathway expression changes along with genes
governing cytokine release and neutrophil activation (Fig. 1G), as has been previously shown [25].

RNA expression revealed transcripts from a complexity of genomic responses and lipidome changes not
previously documented in CO toxicity. We showed that not only were there transcriptomic changes like the
upregulation of UGCG gene but its correlation with actual changes in metabolite ceramide lipids. The
elevated ratio of hexosylceramide to its ceramide precursor (Fig. 1D) that we were able to reveal is
consistent with elevated ceramide glucosyltransferase activity. This gene has been suggested as an
overlap between immune system neutrophil lipid regulation and neural glial regulation [14, 21], and linked
with a multidrug resistance protein [29], a gene known and described to have a role in Parkinson's disease
[1]. Elevated 2-hydroxy ceramide at day 8 could be related to the neurological injury noted in the patient
as 2-hydroxy ceramide is known to be critical for myelin sheath stability of oligodendrocytes [30].

By using transcript abundances over that of the compiled gene levels we were able to highlight multiple
neurological gene transcripts. Amongst the top candidates is that of B2M, which was altered relative to
controls. B2M gene is expressed in dopaminergic neurons [19] and blood and is associated with aging-
based neurological function [26]. Other transcripts seen elevated (Day 0-8), include the endoplasmic
reticulum associated chaperone CANX, the splicing factor TSEN34 (associated with pontocerebellar
hypoplasia) [22], and the Parkinson's dementia marker SERPINA1 [11]. On day 8, there was an elevation
of the transcript ENST00000455645 that codes for a variant of the DDX39B gene known to contribute to
multiple sclerosis through regulating splicing of IL7R [9], suggesting an immune dysregulation of nerve
cell function that overlaps with the patient’s phenotype.

Omics have the potential to change clinical therapy, highlighted classically by oncological diseases. In
this study, using N = 1 data, we were able to correlate the transcriptome and lipidomic signaling tying
them to actual clinical events. One could hypothetically use such data to manage patients in the future
such as the deciding the number of hyperbaric administrations or initiate therapy for downstream injury
earlier. There have been previous proposals to target the downstream effects of CO poisoning such as the
inflammation or oxidative stress [24]. Currently, therapy is determined purely by the CO level and is
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otherwise entirely reactive. Proposals such as these have faltered for a lack of measurable biomarkers
that can drive therapy. The distribution of transcripts could drive discovery of biomarkers and be used to
design more focused clinical trials that adhere more closely to precision medicine principles.

A traditional genomics approach to disease would interrogate the genome for mutations, variants, or
perhaps findings suggested by genome-wide association studies. The genes noted to have alterations in
this presented transcriptome, of which would be difficult to identify abnormalities to classify, given there
are no well-established genomic conditions associated with them. At best, it might be possible to quantify
some risk factor from those genes, but not enough to provide disease etiology or guide management.
Utilizing non-genomic modalities such as transcriptomics and lipidomics opens the window into
physiologic function in a way that standard genomics cannot. They also can provide results in a more
time effective manner, which is crucial to the ability to impact care. Lastly, this approach serves notice of
the vast potential for understanding acute illness not related to a baseline disease such at CO toxicity in
ways that have simply not been possible to date.

The goal of therapy in CO toxicity is to preserve life and minimize neurological injury. This requires an
understanding of the cytopathic mechanisms related to CO poisoning. It is well known that patients can
suffer from long-term neurocognitive sequelae related to brain injury [27]. In this child, hypoxic signaling
related to the toxidrome predominated early and despite hyperbaric therapy, the patient developed
neurological manifestations. The associated lipidomic signatures such as SM(d18:1/18:2), previously
linked with Alzheimer’s disease [12], and the other Parkinson related genes that were elevated reveal
tissue injury more precisely than conventional imaging such as MRI, which was negative in our patient.
We also highlight lipids as being more suitable than proteins for biomarker discovery because they are
more suited for the frenetic nature of the ICU as they are easily preservable [2].

This case study highlights the untapped resource of transcriptomics and lipidomics for studying toxic
exposures and espousing its eventual utility as precision medicine tools. This is the first report to
integrate these tools to uncover the expression of genes and mediators related to neuro-debilitating
diseases such as Parkinson’s or multiple sclerosis in CO toxicity.

Methods

This patient makes up part of our IRB approved (2016-062-SH/HDVCH) precision medicine initiative to
characterize patients admitted to our Pediatric ICU with multi-organ dysfunction syndrome. A prospective
repeated measures design was adopted to assess the transcriptome profiles from patients of the
pediatric intensive care unit at a high-volume tertiary care facility in Western Michigan. Specifically,
patients who were acutely and critically ill, with at least two organs failing, were screened for eligibility
and subsequently approached for consent as a consecutive series of patients. Blood samples were
collected at up to 3 independent time points, at baseline (day 0), > 48 hours to <72 hours (day 3), and >7
days (day 8). These time points were collected to reflect the trajectory of critical iliness with
measurements in the acute, stabilization, and recovery phases of illness.
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Sample

Patients were enrolled according to the first consecutive series of patients from September 2016 through
May 2017. Samples were serially collected at the time of consent (baseline), day 3, and day 8. The
sedation patients who served as healthy controls had only one sample drawn at one time point. Inclusion
criteria were the following: patients < 18 years of age, patients on vasopressors and requiring additional
oxygen supplementation, sedation-healthy control patients presenting for routine sedation in an
outpatient clinic without an inflammatory disease, and patients with a central line. Following sample
collection, PaxGene® tubes were stored according to the manufacturer's recommendations at room
temperature for at least 2 hours, overnight at -20 °C, and at -80 °C for long-term storage. Blood samples
were drawn in EDTAfilled anticoagulant and spun twice on site in a refrigerated centrifuge (15 min at 400
xg; 1500 rpm, 10 min at 10,000 xg; 10,000 rpm), plasma was frozen overnight at -20 °C and at -80 °C for
long-term storage.

RNA extraction from PAXgene blood tubes

PAXgene whole Blood RNA tubes were removed from - 80 °C, allowed to thaw at room temperature for 2
hours, and processed according to Qiagen’s QlAsymphony PAXgene Blood RNA Kit protocol. The cell
lysate underwent RNA extraction, including a DNA digestion, on the QIAsymphony using the PAX_RNA_V5
protocol. RNA was eluted in 80 pL Buffer BR5 and stored at -80 °C until further processing.

Construction and Sequencing of Directional total RNA-seq
Libraries

A total of 2 ug of RNA was cleaned using ZR-96 Clean and Concentrator column (Zymo Research). Globin
ribosomal RNAs were depleted using the Globin Zero-Gold rRNA kit (Illumina) followed by RNAseq library
preparation using the KAPA RNA HyperPrep Kit (v1.16) (Kapa Biosystems, Wilmington, MA USA). RNA
was sheared to 300—400 bp. Prior to PCR amplification, cDNA fragments were ligated to Bio Scientific
NEXTflex Adapters (Bio Scientific, Austin, TX, USA). Quality and quantity were assessed using Agilent
DNA High Sensitivity chip (Agilent Technologies, Inc.), QuantiFluor® dsDNA System (Promega Corp.,
Madison, WI, USA), and Kapa lllumina Library Quantification gPCR assays (Kapa Biosystems).
Individually indexed libraries were pooled and 75 bp, paired-end sequencing was performed on an
lllumina NextSeq 500 sequencer using a 150 bp sequencing kit (v2) (lllumina Inc., San Diego, CA, USA),
with all libraries run across 7 flowcells in paired-end approach. Base calling was done by Illlumina
NextSeq Control Software (NCS) v2.0. The output of NCS was demultiplexed and converted to FastQ
format with Illumina Bcl2fastq v1.9.0.

Lipidomics

Lipidome profiles were determined from frozen plasma, subjected to lipid extraction with acetone,
methanol, and acetonitrile [4], and analyzed by nano-electrospray direct infusion high resolution/accurate
mass spectrometry and tandem mass spectrometry utilizing an LTQ-Orbitrap Velos mass spectrometer
(Thermo Scientific, Waltham, MA) with the FT analyzer operating at 100,000 resolving power, over two
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minutes. An Advion Nanomate Triversa (Advion Biosciences, Ithaca, NY) served as the nano-electrospray
source and high-throughput autosampler. To verify lipid identities, Higher-Energy Collisional Dissociation
was utilized (at 100,000 resolving power). Global lipidome analysis provided untargeted analysis with
detection limits of 0.01 nM to 10 nM. Each sample was run twice (positive ion and negative ion analysis)
and data was combined. Di-myristoyl phosphatidylcholine served as an internal standard. Peak finding
and quantification for global lipidomics and targeted lipid mediators was performed with Lipid Mass
Spectrum Analysis (LIMSA) version 1.0 software [10] and MAVEN software [5], respectively.

Transcriptomic analysis

Paired-end reads from fastq files were run in Salmon [18] using the Ensembl 96 transcript library. DEGs in
DESeq?2 [28] compared each patient time point to four healthy, sedated pediatric controls. DEGs, adjusted
p-value< 0.10, were used in enrichment analysis for Gene Ontology and KEGG pathways. Visualized
differences between time points used > 5 TPM (Transcripts Per Million reads sequenced) and log2 fold
changes relative to controls = 2 or < -2. To calculate day 0, day 8, and all day elevated transcripts we
used the following enrichment calculations: Day0_enrichment= (Day0_TPM) x ((Day0_TPM -
control_TPM)/control_StDev) x log2(Day0_TPM/Day8_TPM); Day8_enrichment= (Day8_TPM) x
(Day8_TPM - control_TPM)/control_StDev) x log2(Day8_TPM/Day0_TPM).
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Figure 1

Omics of patient. A) Heatmap of differentially expressed genes (DEGs) in the patient (red box) relative to
four controls. Blue values are lower and red values are higher. Dendrograms on the side show the
clustering of genes and on the top the clustering of patient blood collections at day 0, day 3 and a second
cluster of the patient at day 8 with the four controls. B) Gene expression changes in the patient from day
0 relative to day 3 (x-axis) and day 8 (y-axis) of treatment, shown as log2 fold changes. DEGs identified in
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panel A are colored in green, and those in red and cyan are significant between day 0 and day3/8. C)
Heatmap of lipidomics showing clustering of patient three-day measures relative to controls. D)
Lipidomics of patient showing log2 fold change of patient at day 0 relative to day 8 (y-axis) and patient
day O relative to the four controls (x-axis). Error bars represent the SEM of the patient relative to the four
controls. E) Representative triglyceride (TG) that is elevated at day 0 only in the patient. F) Representative
sphingomyelin (SM) that is elevated by day 8 in the patient. G) Pictorial of patient case and omics data.
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