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Chapter 5

Abstract

The interaction between the Respiratory syncytial virus (RSV) and host antioxidant capacity has been
identified as a pathogenic mechanism during infection. RSV is able to down-regulate key anti-oxidant enzymes
including glutathione peroxidases, glutathione S-transferases and catalyses leading to a dysregulated redox status
in the host and subsequent oxidative damage. We evaluated the isoprostane profiles during an 7 vitro RSV
infection of A549 cells and compared them to those of a mock-infection as a readout for oxidative stress
experienced during infection. Furthermore, we used a targeted biogenic amine metabolomics platform to assess
the compensatory antioxidant capacity displayed during RSV infection and complimented these measurements
with targeted transcriptomics. Increased levels of isoprostanes, reflective of oxidative stress, highlights host
redox biology and antioxidant capacity as determinants during the pathophysiology of an RSV infection. In
addition, we found compromised sulphur metabolism during RSV infection with decreased levels of glutathione
and taurine, both potent antioxidant amine metabolites. The increased glutathione pathway intermediates
cysteine and cystathionine were associated with the increased expression of I.4P3, ANPEP and SORDI. and
decreased expression of GCLC. Increased levels of proline and spermidine allude to the upregulation of
alternative host compensatory antioxidant pathways during RSV infection. This study provides further proof of
the exquisite ability of RSV to modulate host redox biological responses. The work presented reveals a more
concise metabolic representation of dysregulated redox status associated with RSV infection, and could aid in

identifying therapeutic targets and improves risk stratification.
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Background

Respiratory syncytial virus (RSV), a member of the Paramyxoviridae family of viruses, is the primary cause
of hospitalization for lower respiratory tract infections in young children worldwide -3. The morbidity and
mortality associated with RSV infections are aggravated due to lack of an effective vaccine as well as the
unpredictable nature of the infection 3. In most cases, RSV is a host controlled infection exhibiting mild flu-like
symptoms which resolve within 7 days, but in a small percentage of cases infection leads to life threatening
bronchiolitis and/or pneumonia. Severe RSV cases are characterized by increased host immune related

inflammatory lesions, that result in oxidative tissue damage, and not by RSV induced cytopathogenesis 5.

Upon infection, RSV induces an acute oxidative pulmonary environment, compromising host
antioxidant capacity and redox status leading to enhanced lung pathology, a hallmark of RSV pathogenesis .
Casola et al. identified the rapid generation and importance of reactive oxygen species (ROS) during RSV
infection 7, later identified as an NAD(P)H oxidase-dependent mechanism leading to increased production of
superoxide (O2) during RSV infection 8. Increase in superoxide coincides with increased superoxide dismutase
2 (SOD?2) activity, the mitochondrial confined enzyme isomer, resulting in increased cellular hydrogen peroxide
(H202) levels 2. Auto-oxidation of H»O» leads to increased hydroxyl radicals (‘OH) modulating cellular
signalling, disrupting cellular redox status, and catalysing peroxidation of macromolecules together with H>O».
Subsequently, Hosakote et al. identified RSV’s ability to downregulate the host’s antioxidant enzymes 1. Using
A549 cells and small airway epithelial cells as iz zi#fro models, they found decreased catalase, glutathione
peroxidase (GPx) and glutathione S-transferase (GST) activity after RSV infection, all antioxidant enzymes
pivotal to cellular redox homeostasis °. These findings were validated 7 vivo using RSV infected BALB/c¢ mice

bronchoalveolar lavage and infant nasopharyngeal secretions, of which both reflected down-regulation of the

airway antioxidant enzymes during RSV infection !1. More recently Komaravelli et al. identified the deacetylation
and degradation of the transcription factor NF-E2-related factor 2 (Nrf2) as an RSV mechanism able to
effectively compromise and reduce the host antioxidant enzyme levels 2. These findings highlight the central
role of oxidative stress in RSV infection, as well as its possible role in predicting RSV disease severity. Elevated
levels of ROS and increased oxidative damage have an intricate relationship with immune activation, chemotaxis
of immune cells as well as inflammation 3. Therefore, antioxidants have been investigated as therapeutic agents
during RSV infection ¢. Antioxidants including butylated hydroxyanisole and melatonin were able to ameliorate
RSV-induced ROS production in vitro '* and in vivo 516, significantly reducing oxidative damage and
inflammation, although they were unable to effectively prevent the ability of RSV to compromise the host

antioxidant capacity.

While our understanding of the RSV-host interaction has improved, our inability to identify biomarkers
of RSV disease severity hampers risk stratification and clinical decision making for optimal therapeutic
intervention. Thus the identification and validation of biomarkers of disease severity is of utmost importance,
to address this global problem 1718, Currently the most reliable biomarker for severity is the RSV genomic load
measured in nasopharyngeal aspirates which correlates strongly with disease severity 1920, Due to the increase in
inflammatory lesions during severe RSV infection, Tabarani et al. reported that the cytokine signature of 1L-18,
IL1-RA, IL-7, epidermal growth factor (EGF) and hepatocyte growth factor (HGF) could differentiate between
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severe and mild disease 2I. Omics technologies including genome wide association studies, proteomics and
metabolomics offer opportunities to study diseases, establish biomarkers for severity of the disease and
prediction of prognosis, and identify targets to develop therapeutic agents. Metabolomics technologies provide
a powerful tool to discovery and identify intricate metabolic pathway alterations during viral infection. Whereas
high throughput and quantitative metabolomics is necessary for clinical implementation using biomarker/bio-
signature for clinical decision support. Studying the metabolic virus-host interaction could reveal specific
metabolic alterations related to viral hijacking as well as cellular antiviral responses. Furthermore, understanding
the biology of these altered metabolic pathways could lead to improved clinical decision making, and the

development of broader spectrum antiviral compounds.

Here we seck to provide novel insights into the perturbed redox biology during an A549 7 vitro RSV
infection time course study. Through the use of metabolomics and targeted transcriptomics, we aim to explore
the metabolic host-RSV relationship relating to redox biology, cellular antioxidant capacity and oxidative stress.
The increased levels of isoprostanes provided a downstream readout for the induced oxidative stress
experienced during RSV infection, while we identified dysregulation of the sulphur amine metabolism extending

further than just impaired levels of glutathione during RSV infection.
Methods

Chemicals and reagents

Ultra-performance liquid chromatography (UPLC)-grade acetonitrile, isopropanol, methanol, ethyl-
acetate, and water were purchased from Biosolve (the Netherlands). Glacial acetic acid was obtained from
Sigma-Aldrich (St. Louis, MO). Deuterated and non-deuterated oxylipin standards were purchased either from
Cayman Chemicals (Ann Arbor, MI), Biomol (Plymouth Meeting, PA), or Larodan (Malmé, Sweden).

Cells and viruses

A549 cells were cultured in complete RPMI-1640 medium (Gibco Invitrogen, Carlsbad, CA, USA)
supplemented with 5% (v/v) heat-inactivated fetal bovine serum (FBS; Greiner, Frickenhausen, Germany),
penicillin (100 U/ml; BioWhittaker), streptomycin (100 pg/ml; BioWhittaker), L-glutamine (2 mM
BioWhittaker) at 37°C and 5% CO,. Molecularly cloned RSV-A2 (a kind donation from A.G.P. Oomens, 2?)
was propagated on Verol18 cells at low multiplicity of infection (m.o.i.) and low passage number to avoid
generation of defective interfering particles as described by van den Hoogen et al. 2. Infectivity of the virus
stock was measured by serial 10-fold dilutions and the titre was calculated using the method of Reed and Muench
24, A549 cells were seeded in a 24-well plates at a density of 3 X 10¢ cells per plate and were allowed to adhere

overnight.

RSV infection of A549 cells and sample collection

Overnight cultures of A549 cells were infected with RSV at a m.o.i. of 3 in serum-free medium and

incubated at 37°C for 2 hours. At t=0 hours the virus inoculum or serum-free medium (mock-infection) was
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removed and replaced by fresh culture media containing 5% fetal bovine serum (FBS). The infection level was
determined to be between 70 to 80 % after 48 h by FACS analysis.

Cell-free culture supernatant, and cell extracts were collected at T = 0, 24, 48 and 72 hours post mock-
- and RSV infection. Concurrently viable cell counts per well were taken for normalisation procedures. FEach
sample was plated in quadruplicate, and 500 pL culture supernatant from each replicate was collected and pooled
to make a total sample volume of 2 mL. 0.8 mg butylated hydroxytoluene (BHT)/EDTA was added immediately
before storage at —80 °C.

After supernatant collection, the adherent A549 cells were immediately washed twice with ice cold
saline solution (0.7 % NaCl) and extracted using 200 ul. 80% ice cold methanol. As each sample was plated in
quadruplicate, wells were scraped and 200 uL. of 80 % methanol from each replicate was collected and pooled
to make a total sample volume of 0.8 mL; subsequently 0.8 mg butylated hydroxytoluene (BHT)/EDTA was
immediately added before storage at —80 °C.

Transcriptomic analyses

Trizol homogenates from an independent A549 RSV infection experiment > were processed according
to the manufacturer’s instructions (Invitrogen life technologies, Carlsbad, CA, USA). Total RNA was isolated
and purified using the RNeasy Mini kit (Qiagen, Hilden, Germany): 250 ul of ethanol was added to the upper
aqueous phase of the processed Trizol samples and directly transferred to the RNeasy spin columns for
purification. RNA concentrations and OD 260/280 nm ratios were measured with the NanoDrop® ND-1000
UV-VIS spectrophotometer (NanoDrop Technologies, Wilmington, USA). Assessment of total RNA quality
and purity was performed with the RNA 6000 Nano assay on the Agilent 2100 bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). cDNA was synthesized from 2 pg total RNA using the One-Cycle Target
Labelling kit (Affymetrix, Santa Clara, CA, USA). Biotin-labelled cRNA synthesis, purification and

fragmentation were performed according to standard protocols. Fragmented biotinylated cRNA was

subsequently hybridised onto Affymetrix Human Genome U133 Plus 2.0 microarray chips, which were scanned
with the Affymetrix GeneChip Scanner 7G. A full analysis of these experiments will be described in a later
publication.

Liquid Chromatography — Mass spectrometric based metabolomics
Biogenic amine profiling

The amine platform covers amino acids and biogenic amines employing an Accq-tag derivatization
strategy adapted from the protocol supplied by Waters 26, Thirty pL. of each cell extract sample was spiked with
an internal standard solution, thiol amines were reduced and released from proteins using TCEP. Proteins were
then precipitated by the addition of methanol. The supernatant was transferred to a new eppendorf tube and
speed-vacecd to dryness. The residue was reconstituted in borate buffer (pH 8.5) and derivatized with AQC
reagent. After reaction, the vials were transferred to an autosampler tray and cooled to 10°C until the injection.
1.0 uL of the reaction mixture was injected into the UPLC-MS/MS system. An ACQUITY UPLC system with
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autosampler (Waters, Etten-Leur, The Netherlands) was coupled online with a Xevo tandem quadrupole mass
spectrometer (Waters) operated using Quanlynx data acquisition software (version 4.1; Waters). The samples
were analyzed by UPLC-MS/MS using an Accg-Tag Ultra column (Waters). The Xevo TQ was used in the
positive-ion electrospray mode and all analytes were monitored in Multiple Reaction Monitoring (MRM) using

nominal mass resolution of the derivatized amino acid to the accq-tag fragment of 171 m/z.
Oxcidative stress profiling

The oxidative stress platform covers the isoprostanes their prostaglandin isomers and nitro-fatty acids
(Schoeman et al.). Four hundred pL cell extract and 700 pLL medium of each sample were independently spiked
with 20 uL internal standard solution followed by acidification with 350 uLL of a pH 4.5, 0.2 M citric acid & 0.1
M disodium hydrogen phosphate buffer. Liquid-liquid extraction was used to extract the metabolites by adding
1000 pL of butanol:ethyl acetate (1:1, v:v). After vortexing, and centrifugation (13000 rpm, 10 min at 4°C), 900
uLL of the organic phase was collected and transferred to a new tube. This extraction was repeated for a second
time, and the combined organic phase were evaporated to dryness iz vacuo. Samples were reconstituted in 30 pL

of 70 % Methanol, centrifuged (13000 rpm, 10 min at 4°C) and transferred to an insert in an LC-Vial.

The autosampler tray was kept at 5°C, and 10 pL of sample was injected using a stacked injection into
the Shimadzu LCMS 8050 system (Shimadzu, Japan) operating LabSolution software (version 4.1; Shimadzu).
The metabolites were separated using a ternary gradient on a Kromasil EternityXT (1.8 um, 50 X 2.1) column
with mobile phase A (H20 with 5 mM ammonium acetate and 0.0625 % ammonium hydroxide), B (methanol
with 0.2 % ammonium hydroxide) and C (2-propanol with 0.2 % ammonium hydroxide). (AkzoNobel,
Amsterdam, the Netherlands). The MS was used in the negative-ion electrospray mode and all metabolites were

monitored in Multiple Reaction Monitoring (MRM) using nominal mass resolution (Supplemental Table S5.1).

Quality control samples

Quality control (QC) samples were used during the metabolomics analyses for quality assurance purposes.
Equal volumes of each study sample were pooled to obtain the QC pool. A set of QC samples were then
included during the analyses of the experimental groups, and evenly distributed through the randomized samples
prior to LC-MS analyses. In addition, independent duplicate samples (10 - 15 %) were randomly selected where
sample volume allowed for it. Using the QC samples and duplicate samples, a double-quality-control approach
was applied and only metabolites for which both duplicate and QC samples showed an RSD < 30% were

considered for biological interpretation.

Data processing, normalisation and statistical analyses

For the biogenic amine platform, peak integration was performed with TargetlLynx - MassLynx (v4.1). For
the oxidative stress platform metabolites, peak integration was done using the Shimadzu software Labsolutions

(v 5.72). For both platforms, the peak areas of targets were corrected using their respective internal standards.

To cotrect for the variance in cell counts across the RSV and mock-infection time coutse study, metabolite

normalisation was done to ensure accurate comparisons. We used the total intracellular amine metabolites to
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correct for the variance in cell counts across the different time points, due to their tight regulation in cellular
metabolism. To prevent skewing of the normalisation procedure, we only used the total amine sum of the
“stable” middle two quantiles (50 % quartile; normalised area ratios ranked from high too low) to normalise our
groups. In vitro normalisation based on cell counts is a well-established procedure, and was used as a reference
during our normalisation approach. Pearson correlation between cell counts and the middle 50 % total amines
gave a high degree of correlation with R? = 0.813 which supported and served as validation of our approach

(supplementary Figure S5.1).

Data pre-treatment consisted of zero replacement in the case of missing data, followed by data
normalization, log transformation and auto scaling using MetaboAnalyst 3.0 7. Using MetaboAnalyst 3.0,
multivariate statistical analyses were done on both groups and all time points and included principal component
analyses (PCA) and partial least squares-discriminant analyses (PLS-DA). Univariate approaches were done
between groups at 24h and 48h post infection independently and included Mann-Whitney U test, fold change,
and false discovery rate. Metabolites identified as significant was used for pathway analyses using Metaboanalyst
v3.0. GraphPad Prism 6 (GraphPad, La Jolla, CA, USA) was used in Spearman correlation analyses and
rendering of graphs.

For transcriptomics, data were log2-transformed and normalized by variance stabilising normalisation
(VSN) 2, Statistically significant differential expression for each probe set was assessed using the Linear Model
for MicroArray data (limma) » expressed as the fold change in expression between infected and uninfected
conditions (False discovery rate cut-off of 0.05). Probe sets with the highest differential expression were chosen

as represented for the gene product.

Results

An in vitro time course (t = 0, 24, 48, and 72 hours) study of RSV- and mock (empty vector) - infected
A549 cells was used to metabolically investigate the pathogenic mechanisms associated with redox biology
during RSV infection. A synchronised RSV infection in A549 cells was achieved with approximately a 75 %
infection level measured at 48h post infection. Within 24h post infection the first cytopathic effects were noted,
these subtle morphological changes were followed by cell detachment at 48h and ultimately cell death resulted
in decreased cell numbers at 72h. Culture medium and cell lysate were collected sequentially and subjected to

metabolomics analyses.

RSV infection-induces oxidative stress during infection

To assess oxidative stress, we used a dedicated oxidative stress metabolomics method, profiling a wide
range of isoprostanes (ROS peroxidised lipids) while ensuring resolution from the cyclooxygenase derived
prostaglandins (structural isomers of the isoprostanes). By comparing intra- and extracellular isoprostane
profiles of the RSV infected cells compared with control cells, a readout can be provided for oxidative stress
experienced during infection 3031, Significantly increased levels of isoprostanes (fold change (FC)>2 compared
to control) were present already at 24h and even more so at 48h post RSV infection, indicative of oxidative

stress (Figure 5.1). Only two intracellular isoprostanes were detected compared to seven identified in the
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extracellular medium. High levels of especially 8-iso-PGE, and 8-iso-15-keto-PGFy, the downstream
metabolite of 8-iso-PGFa,, were present within the extracellular medium. A strong positive correlation (p<0.05)
was observed in the RSV group by individual Spearman correlation analyses between the intra - and extracellular
levels (Figure S5.2) of each of the two detected isoprostanes (8-iso-PGEz and 5-iPF2-VI). The higher presence
of isoprostanes in the extracellular environment is not surprising as these peroxidised lipids are known to be
actively excreted from the cells. In addition, detection of a wide range of isoprostanes confirmed the presence

of oxidative stress more strongly, compared to single metabolite analyses.
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Detected Isoprostanes
Figure 5.1: Oxidative stress profiling of RSV infected A549 cells. Fold changes (FCs) compared to control
are plotted for the RSV groups compared to corresponding mock time points, indicating high levels of lipid

peroxidation metabolites present during RSV infection. The horizontal dashed line indicates a FC = 2.

Metabolic evaluation of host antioxidant capacity

Host defence mechanisms against oxidative stress include the host antioxidant capacity responsible for
scavenging and neutralising free radicals. Therefore, we studied the effect of RSV infection and induced
oxidative stress on the biogenic amine metabolic pathways, which are at the core of the host compensatory
metabolic antioxidant system. Targeted metabolomics profiling was used to characterize the intracellular amine
profiles of RSV-infected and mock-infected A549 cells at different time points post infection t = 0, 24, 48, and
72 hours. A total of 74 amine metabolites were profiled, with 39 complying with the predefined criteria of our
QC procedures (Table S5.2). Using an explorative PCA analysis (Figure 5.2), 66 % of the variation in the data
was explained in the first two principal components and indicated partial natural RSV and mock differentiation
24h post infection, and more clearly 48h post infection. No clear separation was found within the mock group
during the time course. Using the supervised PLS-DA model (Figure S5.3) improved clustering and
differentiation between Mock and RSV was observed at both the 24h and 48h post infection time points. The

model had strong predictive value, with Q?=0.64 and R?=0.85 when using a leave-one-out-cross-validation
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method. Permutation testing using 100 permutations indicated good model fit with p < 0.01. Twelve metabolites
were identified as significant with variables important in projection (VIP) scores > 1 (Table S5.3) of which five:
cysteine, taurine, glutathione, cystathionine and y-glutamylglutamine belong to the sulphur amine metabolism.
In both PCA and PLS-DA the 72h RSV infected cells showed comparatively large intra-group variation,
suggesting that for certain samples within the 72h time point the RSV infection definitely affected the cellular
integrity reducing the reliability of the generated biological data, hence we will primarily focus on the 24h and
48h time points. Alterations at the 24h time point reflect early RSV induced metabolic perturbations compared

to the 48h time points which possibly provides a resulting readout from these initial alterations.

PCA Scores plot

Mock Oh

Mock 24h
Mock 48h
Mock 72h

RSV 0h

RSV 24h
RSV 48h
RSV 72h

4o)p>b H 40> n

PC 2 (31.1 %)

-20 -10 0 10

PC 1 (35 %)

Figure 5.2: Principal component analyses of the RSV and mock-infected cells’ intracellular amine profiles. The
PCA shows clustering and no differentiation between RSV and mock-infection at t = Oh groups. Only after 24h

do the RSV infection time points differentiate from those of the mock-infection.

For a more in depth look into the amine response during RSV infection, we used strict univariate
statistical approaches including Mann-Whitney U-test (p < 0.05) and fold-change analyses with FC > 2
(increased in RSV) or FC < 0.5 (decreased in RSV), on the 24h and 48h time points to identify eatly and later
responding perturbations. At 24h post infection, only one metabolite y-glutamylglutamine adhered to the strict
univariate conditions with significantly increased levels in the RSV infected cells (Table 5.1, Figure S5.4).
Although, we did also identify reduced levels of glutathione, together with increased levels of glutamic acid,
aspartate and gamma-aminobutyric acid (GABA) as early responding metabolites (Table 5.1). At 48h post

infection, 20 metabolites were significantly altered of which 16 were increased within the RSV group relative to
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the control group (Table 5.1, Figure S5.5). Q-values based on the false discovery rate are reported for each

metabolite identified as significant.

Table 5.1: Significant amine metabolites altered at 24h and 48h post RSV infection.

R Mann-Witney U-test Fold Change? False discovery
Metabolite
(p <0.05) (FC>2) | (FC <0.5) rate (q-value)
24h post RSV infection
Glutamic acid” 9.42E-6 1.59 - 3.67E-4
Aspartate” 3.32E-4 1.33 - 0.006
Gamma-aminobutyric acid” 0.001 1.33 - 0.012
Glutathione™/** 0.0013 - 0.67 0.012
y-glutamyl-glutamine™ 0.006 2.53 - 0.051
48h post RSV infection
Sarcosine™ 6.50E-08 - 0.26 1.59E-06
Glutathione™ 8.13E-08 - 0.04 1.59E-06
Cystathionine™ 2.49E-07 3.04 3.23E-06
Gamma-aminobutyric acid 7.06E-07 - 0.41 6.89E-06
Cysteine™ 1.36E-06 3217 - 1.06E-05
Lysine 5.33E-06 3.07 - 3.46E-05
2-Aminoadipic acid™ 1.03E-05 13.84 - 5.72E-05
Proline™ 1.73E-05 9.77 - 8.18E-05
Tautine™ 1.89E-05 - 0.43 8.18E-05
Valine 9.54E-05 2.17 - 3.06E-04
Arginine 0.0001 2.56 - 3.06E-04
Methionine sulfoxide 0.0001 2.05 - 3.92E-04
Serine 0.0002 2.56 - 5.17E-04
Spermidine™ 0.0002 6.13 - 5.21E-04
Ethanolamine™ 0.0007 2.71 - 0.001
Ornithine 0.0007 2.96 - 0.001
o-Acetylserine™ 0.0007 32.45 - 0.001
Beta-alanine 0.003 2.66 - 0.004
Homoarginine 0.005 2.22 - 0.007
NG-Hydroxyarginine 0.03 3.75 - 0.04

# FC > 2 indicates increased levels in the RSV group, whereas FC < 0.5 indicates reduced levels in the RSV group.
* Significant early (t=24h) responding metabolites (p<<0.05 & ¢<0.05) not adhering to the strict FC cut-off criterion.
** Indicates amine metabolites identified with PLS-DA VIP scores > 1

Subsequently, we used these 20 significantly altered metabolites to do a metabolic pathway analysis, in
order to identify the pathways most affected during RSV infection and to direct our transcriptomics analyses
(Figure S5.0). Pathway analysis reveals the most prominent amine metabolic pathways, irrespective of up- and
down regulation, using the Kegg metabolic pathway database, through assigning a p-value based on the number
of hits per pathway (Table S5.4). Interestingly, inspection of the top five amine pathways affected during RSV
infection identified three pathways related to sulphur metabolism and the innate cellular antioxidant capacity.
These three pathways included: i. cysteine and methionine metabolism, ii. glutathione metabolism, and iii.

sulphur metabolism, supporting our findings of increased oxidative stress during RSV infection. The other two
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pathways identified were the arginine and proline pathways as well as the non-specific aminoacyl-tRNA
biosynthesis process - the latter will not be discussed further here. Through using the KEGG database, we
extracted the gene IDs of the enzymes functioning within these metabolic pathways for a targeted

transcriptomics approach.

Targeted transcriptomics of amine metabolism

To complement the metabolomics data, we screened 204 amine metabolic related genes for differential
expression (Table 5.2) in an independent A549 RSV infection experiment which included genes related to the
sulphur containing amines, arginine, proline, glutamate and glycine metabolic pathways. Messenger RNA
transcripts were measured at 6h, 12h and 24h post RSV infection. Eleven gene transcripts were significantly
differentially expressed 24h post infection when compared with mock-infected control cells with log2(FC)>1
(increased - FC>2) and log2(FC)<-1 (decreased -FC<0.5). Early responding genes, 6h post RSV infection, were
found in glutamate metabolism with upregulation of ASS7 and GFPT2. The arginine-proline metabolism
indicated significant upregulation during RSV infection with increased I.AP3, SAT1, SMOX, and P4H.A2levels.
Although metabolomics identified cysteine, glutathione and sulphur metabolism as significantly affected during
RSV infection, transcriptomics identified only subtle changes within the first 24h. Only SORDL expression was
significantly increased in sulphur metabolism, together with noticeable changes in SDSL (increased) and GCLC
(decreased) levels in cysteine metabolism. The glutathione metabolism showed significant increased expression
of I.AP3 and ANPEP gene targets, whereas Glutathione-S-transferase indicated differential regulation of
isomers with noticeable upregulation of GSTK7 and GSTO7 and downregulation of GSTA4.

Individually, both omics approaches are able to provide insights into the altered amine metabolism

experienced during RSV infection, but integration of the data could prove even more insightful. Hence, next

we assessed the integrated metabolic pathways covering the metabolites and transcripts identified as significant.
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Chapter 5

Integrated amine pathway investigation
Cysteine, glutathione and sulphur metabolism

The metabolic multivariate and univariate results revealed an altered redox homeostatic environment
within the A549 cells post RSV infection. The interdependent and interlinked nature of i. cysteine and
methionine metabolism, ii. glutathione metabolism and iii. sulphur metabolism enables us to reconstruct an
clementary metabolic picture to visualize the induced metabolic changes upon RSV infection (Figure 5.3).
Although only subtle transcriptomic changes are found in these metabolic pathways, integrating the
transcriptomics results illuminate and support the metabolic observations. Increased levels of cysteine and
cystathionine strongly oppose the reduced glutathione levels resulting from RSV infection. Serine, possibly
supplemented via pyruvate (glycolysis) due to upregulation of serine hydratase like (SDSL), fuelled cysteine
biosynthesis (Figure 5.3A). Transcriptomics revealed two perturbations able to explain the compromised
glutathione levels (Figure 5.3B). Down-regulation of gamma-glutamylcysteine synthetase (GCLC) blocked
cysteine and glutamate joining(ligation), the first step of glutathione synthesis. Secondly, significant upregulation
of both cytosol aminopeptidase (L.4P3) and aminopeptidase N (ANPEP) resulted in an increased gamma-
glutamyl cycle catalysing the hydrolyses of glutathione and supplementing intracellular cysteine levels. Since our
sample prep method makes use of a reducing step, we report the total glutathione levels and are unable to
discriminate between the reduced and oxidised glutathione species. Although this can be seen as a drawback,
by reporting the total glutathione pool size we do provide a glimpse in the synthesis of this metabolite during
RSV infection, which reveals significant impairment. Furthermore, metabolomics revealed significant decreased
levels of taurine derived from cysteine suggesting RSV-induced mechanisms were at play. The upregulated

transcript SORDL encodes for sulfide:quinone oxidoreductase catalysing the first step in hydrogen sulphide

(HaS) to thiosulphate 32 (Figure 5.3C). Increased HaS is the direct consequence of increased cysteine and is a
recently discovered labile biological signalling gasotransmitter 33. It should be mentioned that for all the
metabolites shown in Figure 5.3, the mock-infection indicated stable levels across the time course indicating
cellular homeostasis. Collectively, metabolomics and transcriptomics reflect an altered redox homeostasis
through dysregulated cysteine and glutathione metabolism during RSV infection, supported by the observations

of increased levels of isoprostanes indicative of oxidative stress.
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Figure 5.3: Integrative cysteine (A), glutathione (B) and sulphur (C) metabolism during RSV infection. Increased
cysteine and cystathionine metabolites allude to upregulation of the cysteine biosynthesis via glycolysis supplementing
serine levels during RSV infection. Significantly decreased levels of glutathione result from the blockage of L.-gamma-
glutamylcysteine synthesis due to downregulation of GCLC expression, but also due to increased breakdown via [.A4P3
and ANPEP supplementing intracellular cysteine levels. Metabolomics identified significant decreased levels of taurine,
and transcriptomics revealed increased expression SORDL functioning in the sulphur metabolism. Collectively the
cysteine and glutathione metabolism reflects an altered redox homeostasis during RSV infection. Differentially expressed
gene transcripts represent only the first 24h post infection. The metabolic pathway is reconstructed using the Kegg Homo
sapiens pathway with enzymes EC number(s) displayed for reactions, and significant metabolites indicated with ** p
<0.01. #* p < 0.001 and **** p < 0.0001. ANPEP — aminopeptidase N; GCLC — gamma-glutamyleysteine synthetase; GST-A4 —
utathione-S-transferase alpha 4; GSTKT - glutathione-S-transferase kappa 1; GSTOT - glutathione-S-transferase omega 1; 1. AP3 - gytosol
aminopeptidase; PSPH, phosphoserine phosphatase; SDS1. — serine hydratase like; SORDL. - sulfide:quinone oxidoreductase.
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Arginine and proline metabolism

Increased intracellular levels of proline, arginine, ornithine, spermidine and decreased levels of gamma-
aminobutyric acid (GABA) defined the RSV infection’s induced metabolic alterations of the arginine and proline
metabolic pathways (Figure 5.4). All the metabolites shown, except for GABA, indicated stable levels during
the mock-infection time course. Data integration alludes to an important role for glutamate during RSV
infection (Figure 5.4A). Glutamate can flux through GABA to supplement the tricarboxylic acid (TCA) cycle,
but can also supplement glutamine levels. Increased expression of glutamine-fructose-6-phosphate transaminase
2 (GFPT2) and 1 (GFPTT) transcripts suggests a glutamate-glutamine flux into the amino-sugar metabolism
(Figure 5.4B). This finding is further supported with the reduced expression of glutaminase (GLS) reducing the
back conversion of glutamine to glutamate. Secondly, aspartate utilisation was directed towards arginine
biosynthesis, feeding into the ornithine-putrescine pathway (Figure 5.4C). Putrescine was subsequently used as
precursor for spermidine biosynthesis, but also acted as a precursor for the biosynthesis of GABA via
upregulated secondary pathways (Figure 5.4D). GABA derived from aspartate was most likely used to fuel the
TCA cycle via succinate, supported by the increased expression of GABA transferase (ABAT) and decreased
levels of intracellular GABA during RSV infection. Although several pathways can explain the significantly
increased levels of proline, upregulation of cytosol aminopeptidase (I.4P3) suggests increased proline specific

peptide catabolism resulting in increased levels of proline (Figure 5.4E).

Collectively, the presented results reveal increased oxidative stress during RSV infection together with

significant alteration in the host amine metabolism, compromising its compensatory anti-oxidant capacity.

135



aSoPIX0 UIds — X OINS “FSrafsuviziGluapy afjns — [ LS
Sosvpydadourey j0s01G - (LT ‘7 /| osvusuvsuviy appqdsoqd-g-asopnif-ousuvigs - 7/ | JIA0 Svuiavings — O aSvqpuls apumnsousniiiy £ §SL asouazodplqop aplgapiy — ZEICTTE “oSrqiuds appurnsyliapy
— [TISSY ‘asvaafsuvy IO - LG 100000 > 9 s PUE 1000 > d 4o YA PIIBDIPUT $II[OQEIDW JULDHYIUSIS Put ‘suondeas 10 pake(dsip (s)roqunu i sowdzuo i Aemped
suordes owop] 393 oy Sulsn pPardNRIsu0dDF ST Aemiped drjoqerow oy ], tond23ur 3sod Ypg 353 o A[uo 3uasardor sydiosuen oudS passordxo AenuoIafJI(I S[P2 ASY Y} Ul punoj osfe
sea zosxndaxd surwedjod oy ‘ourprwrads yo vonemsordn ‘Asnosueimnuwig *(H) sisA[orpAy opndad poaseorour woiy paynsar A[qrssod s[[oo Pa1daJur AQY U UT durjoid JO S[9AD] JB[N[[2dLNUT
Pasea1du] 94> YO T, 93 [ong 01 skemyied A3epuod9s BIA SISOURUAS (() VYO F0J 10s1n291d sk paide yorym surpsannd asisapuds 01 Aemyred sunpuro ‘Quruisie o) pafeng (D) seiredsy (g)

WIS[[OQEIDW FESNS-OUTWE ) OIUT SUTWEIN[S BIA Paxn(y s (V) 91BWEIN[S UONIIJUI AQY SuLin(y ‘uonddyur ASY Suunp Aemyred srjoqeldw surjoxd pue sururSie sAneISau] §°G 21Ny

wsyoqpyaw aupnd

(£'0->(24)zBo) pesenbas-umog <«—— 3243 20031

(W ouny
A
(1->(34)Z607) pareinbas-umoq 8 o0 o e o - :
(£:0<(D4)zB07) paienbas-dn <«—— = |
(L<(24)zb0o1) paienbai-dn AI o W 5 ajeupdnsojfuapy
'
ASY g - . :Mﬂ«#
oou t B. ajeudnsouluibie. va um_mnm
1Bay < | Ui e- g
auubay <« eul iuibae- 4 jeedsy-]
s¥ED
rese
(w ount
08 09 oy 0z 0

z
w3 —
ok suompinn
g A
e ' m XOWS :
k- 2 = iz Lz = z ® €S| H
..w Ipuio — auipiuiadsg A| aunuads
——
o & erseT
|
- m 110514 > oL -
e 2t G > vy
€ IG.DQ.R v
1oad-1 «— RxOGiIeIS ¢ opAoplenwas-g
-auoufg- | sjewen|o-] a
3 fomyzod s ZHaY
wie 25DAx0qD33p U~ . 1zl
apnds, THATY > _
prced erer
drAweino-]
“a
uree
8T SUTlE J..Wﬂ‘.m& N L . 2PAyepleIwas
o1 pre sukingounuy P reurons
(W ouwny (W owny P
= = i~ = o og 09 oF 0z [ H
z g :
£ -3 i
£ . s i
0 g o m A4
3
579 .8 4 3k
0 zIse m i 21015
- z z
3]
b §
& 14149 o 21242 autuIpin| 6-ygyo/A0WDIN|S
nh.u wstoquiaut 19T Y
+axees 49-DUIWIESOINID () e 3 LRI
1pBnsouruy e 19-1
q 9197

136



Chapter 5

Discussion

Here we used a targeted and comprehensive oxidative stress profiling method to report on the
presence of isoprostanes as a readout of oxidative stress induced during RSV infection of A549 cells. Next, we
evaluated the host’s metabolic compensatory mechanisms through targeting the host’s amine metabolism and
its role during RSV infection. The integration of targeted amine metabolic transcriptomics data supported the
observed metabolic perturbations, while additionally providing context and alluding to metabolic fate and flux.
Oxidative stress has been identified as a core pathogenic route during RSV infection. RSV exploits the increased
ROS through modulating cellular signalling, while also resulting in oxidative tissue injury observed during iz vitro
and 7z vivo RSV infections 8101234 Several i vitro and 7n vivo studies have identified a compromised cellular
antioxidant system based on reduced levels of GPx, GST and catalase diminishing the cell’s glutathione reserves

and inhibiting cellular redox control mechanisms during RSV infection 10-12.14-16,

Evaluating oxidative stress is a complex process, with the direct measurement of ROS through the use
of electrodes being a cumbersome approach and mostly confined to 2 vitro studies. Therefore, the measurement
of downstream products like the isoprostanes, which reflects the presence and/or increase in ROS, is a more
attractive approach 7z vitro as well as 7n vivo. The increased intra- and extracellular isoprostanes reveal increased
ROS and high levels of oxidative stress experienced during RSV infection. Significantly, increased levels of the
isoprostanes: 8-iso-PGE2 and 5-iPF,-VI were detected intracellularly, while extracellularly these two
metabolites, together with the well characterized 8-iso-PGFa, among others were also detected. We identified
8-iso-PGE; as the most abundant intra- and extracellular isoprostane and suggest this could be a more sensitive
oxidative stress marker than the F-series isoprostanes. The mechanisms showing how increased lipid

peroxidation within the cell affects membrane integrity, enhances inflammatory signalling while also interacting

with the cellular apoptotic pathways have been reviewed extensively in 3537,

Next, studying the host’s compensatory capacity revealed glutathione, taurine, and the sulphur
metabolism are significantly compromised during RSV infection, corroborating the findings of increased
isoprostanes. Our results show that RSV infection has the ability to reduce the total intracellular glutathione
pool size through down-regulating gamma-glutamylcysteine synthetase, while up-regulating glutathione
recycling (y-glutamyl cycle) via the action of peptidases, adding to cysteine levels. The increased cystathionine
and cysteine could also result from the host’s upregulation, via serine, in an attempt to restore the compromised
antioxidant state and curb the oxidative stress experienced during RSV infection. The reported metabolic results
here support the current available literature relating to RSV infection’s ability to modulate the cellular glutathione
capacity. Interestingly, although we detected increased isoprostanes 24h post infection, the biogenic amine
metabolism revealed initial resilience since no significant changes were found 24h post RSV infection (Figure
5.3). Although after 48h its clear that RSV has completely overwhelmed the cellular glutathione and sulphur

metabolism, impairing the host compensatory mechanisms.

Cysteine is an important intermediate metabolite in sulphur metabolic pathways, producing hydrogen
sulphide (H.S), via transsulphuration reactions, an important physiological gasotransmitter. Sulfide:quinone

oxidoreductase (SORDL) is a highly efficient mitochondrial enzyme capable of rapidly oxidation HoS to the
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downstream metabolite thiosulfate 32. Recently Li et al. reported on the broad inhibitory effect of HoS on RSV
syncytium formation and virus assembly/release. They also found that during RSV infection, airway epithelial
cells had a reduced ability to generate and maintain intracellular H,S levels 3. Another link to sulphur
metabolism is the work by Komaravelli et al. where they reveal the engineering capacity of RSV to inhibit the
activation of the transcription factor NF- E2-related factor 2 (Nrf2) 3. Nrf2 regulates the gene expression of
the cellular antioxidant enzymes through binding to the gene promoter regions. Interestingly, HzS has the ability
to activate the Nrf2 transcription pathway, inducing the expression of the antioxidant genes *. Thus the early
up-regulation of SORDI. (<12h) provides more insight into RSV’s capacity to orchestrate the failure of the host

innate antioxidant pathways, ensuring RSV survival.

Taurine is an abundant biogenic amine, and is normally found in high concentrations in tissues exposed
to elevated levels of oxidants where it elicits protective anti-inflammatory signalling and ROS inhibition abilities
4145 Hence, taurine presents a compensatory route to inhibit ROS production via cysteine catabolism, with
cysteine dioxygenase determining the flux between taurine - and glutathione synthesis. As taurine levels follow
a trend similar to glutathione, our results indicate that the RSV regulation of the cellular antioxidant capacity
extends further than glutathione alone. However, transcriptomics levels at 24 hours was unable to provide
context for explaining the mechanism leading to reduced taurine levels. Jong et al. has identified taurine as a
regulator of mitochondrial protein synthesis, ensuring electron transport chain integrity and protecting the
mitochondria against excessive superoxide generation 4. Taurine also scavenges hypochlorite (C1IO-) produced
by infiltrating leucocytes (neutrophils and monocytes via the myeloperoxidase pathway) to form the less toxic
Tau-Cl %7, which is actively transported into the leucocytes where it down-regulates pro-inflaimmatory mediators
TNF-a, IL-6 and IL.-8 4-50. Severe RSV disease is characterised by increased levels of TNF-a and 11.-6 among
others 2. Thus, RSV’s ability to deplete cellular taurine levels further compromise host ability to rectify the

antioxidant dysregulation and dampen the strong pro-inflammatory response during acute infection.

We think that significant increased levels of intracellular proline during RSV infection is an important
novel finding, although we cannot fully explain it yet. In recent years, our understanding of the functions of
proline in cellular physiology has improved significantly. Upregulated proline biosynthesis and its accumulation
has been reported in fungal, plant and mammalian cells in response to cellular stress, especially H,Oj 51-54,
Proline functions include the scavenging of intracellular ROS, inhibition of ROS-mediated apoptosis via
activation of the Akt survival pathway, and sustaining cellular energy 515355, A proline protection model against
H>O; stress proposed by Natarajan et al. suggests that proline catabolism via PRODH in the mitochondria is
central to its antioxidant ability. PRODH activity helps support oxidative phosphorylation and ATP formation
and prevents decreases in NADPH/NADP+, maintaining redox homeostasis 34 Increased expression of
cytosol aminopeptidase capable of reducing intracellular glutathione is possibly responsible in part for increased
proline. Thus, it is possible to hypothesize that the increased proline is a host adaptation as an alternative
antioxidant pathway to compensate for the RSV induced dysregulated glutathione metabolism. In addition to
proline, increased levels of spermidine, a polyamine mediating antioxidant and anti-inflammatory activity, were
Iso measured in RSV infected cells . Ha et al. identified the antioxidant function of spermidine as directly

scavenging ROS, especially singlet oxygen and hydroxyl radicals 7.
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Lastly, the integration between metabolomics and transcriptomics alluded to the role of the
multifaceted amino acid glutamate during RSV infection. Glutamate seems to flux via glutamine into the
aminosugar biosynthesis pathway, which is responsible for the formation of glycosylation motifs. The post-
translational glycosylations of viral proteins enhance their diversity, and play important roles during the viral life
cycle as well as immune evasion 3. GABA, a well characterised neurotransmitter, is also a glutamate intermediate
via glutamate decarboxylase expressed in A549 cells 3 supplementing the TCA cycle. Metabolomics and
transcriptomics revealed the upregulation of secondary pathways via aspartate and arginine to synthesize GABA
to provide cellular energy. Further experimentation is needed to disentangle the role of RSV and the host in

redirecting GABA synthesis, as energy production is essential for the survival of both host and virus.

Metabolomics is a powerful tool to elucidate viral-host interactions on the metabolic level, and is far more
informative compared to single metabolite assays. The complementing of metabolomics with transcriptomics
analyses strengthens the understanding of the metabolic relationship of RSV and the human host. Recently, the
importance of sulphur metabolism during RSV infection has been identified as a key pathogenic pathway 3 and
warrants further investigation. Therapeutic intervention targeting the cellular antioxidant capacity needs to be
extended further than just the cellular glutathione reserves but should also target HoS metabolism. Identifying
patients having a compromised antioxidant capacity could possibly help in predicting RSV disease severity. The
role of proline as an antioxidant and inhibitor of mitochondria-dependent apoptotic pathways needs to be

evaluated further to understand the beneficial or detrimental role for the host.
Conclusion

Through the use of metabolomics and targeted transcriptomics, we explore the metabolic relationship

between RSV and the host relating to redox biology, cellular antioxidant capacity and oxidative stress. The eatly

detection of increased levels of lipid peroxidation markers reveal the capacity of RSV to induce oxidative stress
in A549 cells upon infection. Furthermore, metabolomics found an impaired glutathione metabolism and
compromised antioxidant capacity in A549 cells during RSV infection in accordance with literature. In addition,
we found dysregulation to a much wider extent in the host’s sulphur metabolism with increased cysteine and
cystathionine levels and decreased levels of taurine following a similar trend as glutathione. Transcriptomics
supported our metabolic findings and also alluded to the pathogenic role of sulfide:quinone oxidoreductase in
further dampening anti-viral host responses in rapidly metabolising H2S derived from increased cysteine. Since
the host is not a passive bystander, we also identified the upregulation of secondary antioxidant pathways
resulting in increased levels of proline and spermidine. The host’s biogenic amine resilience and compensatory
mechanism (<24h) was unsustainable against RSV after 48 and especially 72 hours. The significant metabolic
changes related to glutathione, cysteine, taurine and proline (especially their ratios) may be good disease severity
markers and are worth to be clinically further investigated. Ultimately, enhancing these pathways for the host

beneficial metabolic compensatory mechanisms maybe even be possible targets for drug development.
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Table S5.3: Metabolites Identified with PLS-

DA component 1 VIP scores > 1

Rank Metabolite VIP score
1 Cysteine 1.7812
2 Tautine 1.7167
3 Glutathione 1.6985
4 o-Acetylsetine 1.6821
5 Proline 1.6798
6 2-Aminoadipic acid 1.6176
7 Sarcosine 1.5935
8 Glutamine 1.3912
9 Cystathionine 1.3605
10 Ethanolamine 1.2058
11 Spermidine 1.0772
12 gamma-Glutamylglutamine 1.0229
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Table S5.4: Pathway analyses of the 20 significant metabolites identified at 48h post infection.

Metabolic pathway Total | Hits | Raw p -Log (p) Holm adjust | FDR Impact
Aminoacyl-tRNA biosynthesis 75 6 1.47E-05 11.126 0.0011778 | 0.0006869 0.11268
Arginine and proline metabolism 77 6 1.72E-05 10.972 0.0013565 0.0006869 0.40852
Cysteine and methionine metabolism 56 5 5.16E-05 9.8718 0.0040256 0.0013763 0.28083
Glutathione metabolism 38 4 | 0.0001729 8.6627 0.013314 | 0.0034583 0.27351
Sulfur metabolism 18 3 0.000316 8.0598 0.024016 | 0.0050559 0.07205
Glycine, serine and threonine metabolism 48 4 | 0.0004335 7.7437 0.032508 | 0.0057793 0.18577
Pantothenate and CoA biosynthesis 27 3 | 0.0010828 6.8282 0.080129 0.012067 0.07286
beta-Alanine metabolism 28 3 | 0.0012067 6.7199 0.08809 0.012067 0.32319
D-Arginine and D-ornithine metabolism 8 2 | 0.0016074 6.4332 0.11573 0.014288 0
Taurine and hypotautrine metabolism 20 2 0.010308 4.5748 0.73187 0.082464 0.33094
Lysine biosynthesis 32 2 0.025436 3.6716 1 0.18499 0.16762
Propanoate metabolism 35 2 0.030088 3.5036 1 0.20059 0.085
Nitrogen metabolism 39 2 0.036777 3.3029 1 0.22632 0
Lysine degradation 47 2 0.051686 2.9626 1 0.29535 0.16238
Biotin metabolism 11 1 0.08365 2.4811 1 0.44613 0
Cyanoamino acid metabolism 16 1 0.11944 2.1249 1 0.5972 0
Selenoamino acid metabolism 22 1 0.16064 1.8286 1 0.7222 0.00482
‘Thiamine metabolism 24 1 0.17396 1.7489 1 0.7222 0
Alanine, aspartate and glutamate
metabolism 24 1 0.17396 1.7489 1 0.7222 0.10256
5 Sphingolipid metabolism 25 1 0.18055 1.7117 1 0.7222 0
Valine, leucine and isoleucine biosynthesis 27 1 0.19357 1.6421 1 0.73742 0.01325
Methane metabolism 34 1 0.23763 1.437 1 0.8641 0.01751
Glycerophospholipid metabolism 39 1 0.26769 1.3179 1 0.87541 0.05562
Valine, leucine and isoleucine degradation 40 1 0.27356 1.2962 1 0.87541 0
Butanoate metabolism 40 1 0.27356 1.2962 1 0.87541 0.01067
Primary bile acid biosynthesis 47 1 0.31346 1.1601 1 0.9645 0.00822
Pyrimidine metabolism 60 1 0.38211 0.96204 1 1 0
Porphyrin and chlorophyll metabolism 104 1 0.56934 0.56328 1 1 0.00167

Total - total number of compounds in the Kegg Pathway

Hits - actually matched number from the uploaded data

Raw p - the original p value calculated from the enrichment analysis
Holm adjust - p value adjusted by Holm-Bonferroni method

FDR - p-value adjusted using False Discovery Rate

Impact - pathway impact value calculated from pathway topology analysis.
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Supplementary figures
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4.5 [ Y )

R?=0.8138..-
3.5

2.5

Cell count

o
°oe®
15 o oee
1 @0 0 o

05 oo ..
) °

0 2 4 6 8 10 12

Total intracellular amine sum mid 50% quartile

Figure S5.1: Correlation between cell counts and total intracellular amines (middle 50 % quartile) profiles. As
amine metabolism is tightly regulated they give a more accurate reflection of the intracellular environment.
Choosing the mid 50 amine quartile represents the most stable amines, and its total sum could be used as a
normalization feature across the different time points. Plotting the total amine sums with the respective cell
counts reflected a high degree of correlation, and acted as proof of concept.
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Figure S5.2: Spearman correlation analyses of intra- and extracellular detected isoprostanes. Spearman correlation
analyses between the two isoprostanes detected both intra- and extracellular in the RSV (orange - triangle) and Mock (blue

- circle) samples. The Spearman coefficient r is indicated on the graph.
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Figure $5.3: Supervised partial least squares discriminant analyses of the RSV and Mock infected intracellular amine
profile. The PLS-DA shows clustering and initial partial differentiation of the different time points getting more visible

24h post RSV infection.
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Figure S5.4: Volcano plot of t = 24h RSV vs mock infected A549 cells. The y-axis reflects the metabolite’s p
value, plotted to its corresponding FC value on the x-axis.
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Figure S5.5: Volcano plot of t = 48h RSV vs mock infected A549 cells. The y-axis reflects the metabolite’s p
value, plotted to its corresponding FC value on the x-axis.
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Figure S5.6: Pathway analyses of the significant amine metabolites 48h post infection. Metabolites are linked with the
Kegg metabolic pathway database (human), with the most affected pathways being identified via the number of hits within

each pathway using hypergeometric test & relative-betweeness centrality algorithms.
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