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1 | INTRODUCTION

Abstracts

Background: Available diagnostics often fail to distinguish viral from bacterial causes of
pediatric community-acquired pneumonia (pCAP). Metabolomics, which aims at
characterizing diseases based on their metabolic signatures, has been applied to expand
pathophysiological understanding of many diseases. In this exploratory study, we used
the untargeted metabolomic analysis to shed new light on the etiology of pCAP.
Methods: Liquid chromatography coupled with mass spectrometry was used to
quantify the metabolite content of urine samples collected from children hospitalized
for CAP of pneumococcal or viral etiology, ascertained using a conservative algorithm
combining microbiological and biochemical data.

Results: Fifty-nine children with CAP were enrolled over 16 months. Pneumococcal and
viral cases were distinguished by means of a multivariate model based on 93 metabolites,
20 of which were identified and considered as putative biomarkers. Among these, six
metabolites belonged to the adrenal steroid synthesis and degradation pathway.
Conclusions: This preliminary study suggests that viral and pneumococcal pneumonia
differently affect the systemic metabolome, with a stronger disruption of the adrenal
steroid pathway in pneumococcal pneumonia. This finding may lead to the discovery
of novel diagnostic biomarkers and bring us closer to personalized therapy for pCAP.
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treating physician that the child in question does not have a

bacterial lower respiratory tract infection.>* Although epidemio-

Community-acquired pneumonia (CAP) is the single most com-
mon cause of death among children worldwide, and a leading
cause of hospitalization.»? Although the body of knowledge of
the epidemiology, etiology, microbiology, and pathophysiology of
CAP has expanded over the last few decades, basic patient
management questions remain largely unanswered. In fact, when
confronted with a feverish child with respiratory symptoms, the
single most important management question is whether or not to

start antibiotics, which translates into how confident is the

logical research has repeatedly pointed out that the large
majority of lower respiratory infection in pediatric patients are
caused by viruses,? physicians often lack the tools to reliably
discriminate between bacterial and viral etiology®” and a large
percentage of children presenting with respiratory symptoms and
fever are ultimately administered antibiotics.® The absence of
certainty regarding CAP etiology thus prompts an overtreatment
with the consequence of increasing the emergence of bacterial

resistance.
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Metabolomics is the newest branch of the systems biology

h2' It aims to provide an

approach to biomedical researc
unabridged description, both qualitative and quantitative, of all the
metabolites (ie, molecules with a molecular weight of less than
1200 Da) found in human biofluids and tissues at a given time. In
other words, it aims to define particular metabolic signatures, or
fingerprints, characterizing a disease state. Powerful analytical tools
are used to amass large amounts of data, which are analyzed and
applied to previously-unsolvable, complex questions of biology. In
particular, metabolomics can provide a more comprehensive over-
view of a disease’s pathophysiology, identify new biomarkers for use
in diagnostics, and point to potential therapeutic targets to consider
in the search for new drugs.

In the present exploratory investigation, a hypothesis-free
approach based on untargeted metabolomics was applied to pediatric
CAP (pCAP) in an effort to improve the diagnosis and clinical
management of this common childhood infection. More specifically,
our study aimed to elucidate whether a specific metabolic signature

differentiates pneumococcal from viral pCAP.

2 | PATIENTS AND METHODS

2.1 | Study design

This exploratory work was a double-cohort multicenter prospective
study. Participants were enrolled at three different pediatric centers in
Padua (Pediatric Emergency Room, Department for Women’s and
Children’s Health, Padua University Hospital), Treviso (Pediatric
Emergency Room, Pediatric Ward, Santa Maria di Ca’ Foncello
Hospital), and Milan (Department of Maternal and Pediatric Sciences,
Pediatric Ward, Regina Elena Hospital) from September 2013 to
January “°The study was approved by each center’s institutional
ethics committee. Written informed consent, signed by both parents,
was required for a child to be included in the study; for children aged 8
years or older, the child’s written informed assent was also required.

2.2 | Patients
Cases eligible for this study were hospitalized children less than 14
years of age with a diagnosis of moderate to severe pneumonia. This
diagnosis of CAP was based on clinical presentation (presence of
fever, symptoms suggestive of an acute respiratory illness defined as
new cough or sputum production, chest pain, dyspnea, tachypnea),
abnormal lung examination and chest X-ray results.*>*3

Chest X-rays were evaluated by a blinded radiologist to the study
participants. The decision to admit a child to the hospital for CAP was
made by the attending physician in the emergency department.

To increase the specificity of our findings and reduce the role of
confounding variables, three exclusion criteria were strictly applied,
concerning: infants (ie, children under 1 year of age), to avoid any

diagnostic overlap between pneumonia and bronchiolitis; children
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with a previous diagnosis of chronic disease (HIV, asthma, immuno-
deficiency, CHD), to reduce the pathophysiological heterogeneity
between CAP cases; and children given any oral or injected antibiotic
therapy in the 48 hours preceding enrollment, to avoid cases of
partially treated pneumonia, as the related pathophysiological profile
differs from that of a lung infection devoid of any treatment.

The pharmacological treatment of the recruited subjects was
monitored during hospitalization to evaluate potential confounding
effects on our findings.

2.3 | Urine sample collection

A urine sample of at least 5 mL was collected from each pneumonia
patient within 24 hours of their enrollment. All precautions were
taken to minimize the samples’ variability before their analysis and
the collected samples were stored at -80°C. See Supplementary

Materials for more details.

2.4 | Definition of CAP etiology

At enrollment, a deep nasal swab and a whole blood sample were
collected from each patient. These samples were stored at -20°C and
shipped on dry ice to the laboratory of the Pediatric High-Intensity
Care Unit at the University of Milan. The nasal swabs were tested
with a multiple-probe polymerase chain reaction (PCR) targeting 17
different respiratory viruses and sub-types (Influenza A/B virus,
Parainfluenza virus 1-4, Coronavirus 229E/NL63/0C43/HKU1, Human
Metapneumovirus, Human Rhinovirus, Enterovirus, Respiratory Syncytial
Virus, Adenovirus, Human Bocavirus) and with a single-probe PCR
targeting Streptococcus pneumoniage. Plasma procalcitonin (PCT)
concentrations were also measured for each patient within 24 hours
of their hospitalization. For more details, see the Supplementary
Materials.

A three-step algorithm combining microbiological information
obtained from the PCR assays and PCT levels was used to ascertain
pneumonia etiology for subsequent metabolomic analysis.** Three
variables were considered sequentially: presence or absence of
respiratory viruses revealed by the multiplex PCR assay; presence or
absence of S. pneumoniae on the PCR assay; and PCT cutoffs of 0.25
and 2.00 ng/mL. Using this algorithm, a viral etiology was assumed in
the presence of respiratory viruses, the absence of S. pneumoniae, and
PCT <0.25ng/mL; a pneumococcal etiology was assumed in the
absence of respiratory viruses, the presence of S. pneumoniae, and
PCT 2 2.00 ng/mL. Cases not falling into either category were labeled
as “undetermined” and not included in the subsequent analysis. This
strategy was applied to obtain “pure” groups for metabolomic
investigation, by limiting the number of false-positive cases (ie, S.
pneumoniae carriers) pneumonia and avoiding confounding due to
mix-etiology cases (ie, bacterial infection superimposed on a viral
one), which may have a peculiar additive effect on the patient

metabolome.
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2.5 | Metabolomic analysis
The urine samples were analyzed at the Mass Spectrometry Laboratory
of the Women’s and Children’s Health Department at Padua University
Hospital, as described elsewhere.’>¢ After sample preparation, the
metabolic profile of the urine was acquired using an Acquity Ultra-
Performance Liquid Chromatography (UPLC) system coupled with a
Q-TOF Synapt G2 mass spectrometer (Waters Corp, Milford, MA)
following the chromatographic method described in the Supplementary
Materials. The electrospray source operated in positive and negative
ionization modes. Data were collected in centroid mode, with a mass
scan range of 20 to 1200 amu and a resolution of 20 000.

All UPLC-MS operations were run under the control of MassLynx
4.1 (Waters Corporation, MA). Quality control samples and test mix
solutions were used to assess reproducibility and accuracy during the

analysis. See the Supplementary Materials for more details.

2.5.1 | Statistical data analysis and identification of
metabolites

Raw data were converted into two data sets with MarkerLynx
software (Waters Corporation). The Rt_mass variables were filtered
according to the number of missing values and, after inputting the
missing values, the data underwent probabilistic quotient normal-
ization, log-transformation, and mean centering.

Multivariate data analysis was conducted based on projection
methods, and univariate data analysis based on the t test with false
discovery rate correction and receiver operating characteristic curve
analysis, described by the area under the curve (AUC). Specifically, an
exploratory data analysis was performed using principal component
analysis (PCA), and projection to latent structures discriminant analysis
based on variable influence on projection selection (VIP-based PLS-DA)
was applied to identify differences between the groups under investiga-
tion. Stability selection based on Monte-Carlo sampling was used to
highlight the subset of relevant variables characterizing the two groups
being investigated, and to estimate the predictive power of the models, as
explained elsewhere.l” The relevant variables highlighted by multivariate
data analysis were merged with those obtained by univariate data
analysis. The possible effect of corticosteroid treatment on the relevant
variables was investigated a posteriori, dividing accordingly the children
into subgroups, and applying the one-way analysis of variance (ANOVA)
followed by the Bonferroni’s correction. The variables were annotated by
searching in the Human Metabolome Database and in the METLIN

metabolite database. See the Supplementary Materials for more details.

3 | RESULTS

Fifty-nine patients had been accrued by the end of the enrollment period.
Using the proposed three-step algorithm, 15 patients were classified as
having pCAP of viral etiology (VRL), and 12 as having pCAP of

pneumococcal etiology (PNC). The other 32 patients were classified as

TABLE 1 Demographic and clinical characteristics of the two
groups of patients

PNC

(N=12) VRL (N=15) P value
Sex (male/female) 6/6 9/6 0.707°
Age (mean [SD]), y 4.8 (1.8) 2.8 (1.7) 0.49°
Wheezing (yes/no) 1/11 9/6 0.014°
Treatment with systemic 0/12 8/7 0.003*

steroids (yes/no)
PCT (median [IQR]), ng/mL 8 (3.97; 0.13 (0.08; 0.002¢
24.19) 0.20)

Time to defervescence 1.5 (1; 2) 1.0 (0; 1) 0.034¢

(median [IQR]), d

Abbreviations: IQR, interquartile range; PCT, procalcitonin; PNC, pneu-
mococcal; VRL, viral.

P value obtained with Fisher’s exact test.

5P value obtained with the Student t test.

P value obtained with the Mann-Whitney U test.

having pCAP of undetermined etiology (13 mix-etiology cases and 19
cases with inconsistent results between PCT measurement and PCR
analysis) and were excluded from any further subclass analysis. Table 1
contains the clinical and demographic characteristics of the 27 patients
included in the final set for statistical data analysis. All patients were
treated according to local protocols with a third-generation cephalosporin
(ceftriaxone or cefotaxime) plus a macrolide (clarithromycin or azithro-
mycin) based on demographic and clinical considerations. Oral or
parenteral steroids (betamethasone or methylprednisolone) were also
administered to 8 of the 15 patients in the VRL group, and to none of
those in the PNC group. This different treatment is due to viral
pneumonia being frequently associated with wheezing, especially in
younger patients, and therefore treated with steroids.

A preliminary exploratory PCA on the data for each group did not
reveal any outliers (¢ =0.05). The differences between the metabolic
profiles of the urine collected from the 15 patients in the VRL group and
the 12 patients in the PNC group were then investigated using VIP-based
PLS-DA with stability selection. Reliable PLS-DA models were obtained
and proved capable of distinguishing between the two groups.
Specifically, for the negative ionization dataset, the model obtained
showed: A = 1 component, AUC = 0.96 (P <.01), an AUC during sevenfold
full cross-validation of 0.87 (P =.04), and a median AUC,q calculated by
stability selection of 0.80 (fifth percentile =0.56). For the positive
ionization dataset, the figures were: A=1 component, AUC=0.97
(P<.01), an AUC during sevenfold full cross-validation of 0.87 (P=.02),
and a median AUC,,.q of 0.75 (fifth percentile = 0.50). Figure 1 shows the
scatter plots of the scores obtained for the two models. The variables
identified by the stability selection were merged with those selected by
the univariate data analysis, obtaining a set of 93 variables (see Tables S1
and S2 in the Supplementary Materials). On the basis of the one-way
ANOVA with Bonferroni’s correction (a = 0.05), we did not find effects of
the corticosteroid treatment on the selected relevant variables.

Searching the available online metabolite databases generated a

putative identification for 20 of these variables (Table 2).
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FIGURE 1 Scatter plot of the scores obtained for the VIP-based PLS-DA models for the NEG dataset (A), and POS dataset (B); light gray
circles represent the urine samples in the VRL group, black circles those in the PNC group. NEG, negative ionization; PLS-DA, projection to
latent structures discriminant analysis; PNC, pneumococcal; POS, positive ionization; VIP, variable influence on projection; VRL, viral

4 | DISCUSSION

Metabolomics is a powerful method for analyzing the global
metabolic profiles of biofluids. By applying this approach to
compare children carrying a lung infection of PNC or VRL etiology,
the present study shows that different types of lung infection
affect this children’s metabolome in different ways. The opportu-
nities offered by host-focused as opposed to pathogen-focused
diagnostics in the field of infectious diseases have been the object
of increasing interest.'® The “omic sciences” enable the most
thorough assessment of the host’s response to a given set of
environmental and/or clinical conditions, thus providing a unique
opportunity to uncover diagnostic biomarkers and biological
pathways in infectious diseases that may pave the way to
personalized therapies.

To date, only a handful of published studies have examined the
potential of metabolomic analysis applied to pneumonia,*®?®> but
they have all been successful in highlighting the remarkable
opportunities afforded by this high-throughput analytical tool. In
particular, metabolomic analysis has proved capable of discriminating
between different pneumonia etiologies in adults. Slupsky et al?®
found that pneumococcal pneumonia has a metabolite fingerprint
clearly distinguishable from that of bacterial pneumonia of other

etiologies, or viral pneumonia. Banoei et al?*

replicated these results
by showing that HIN1 pneumonia generated a different plasma
metabolic profile from that of bacterial culture-positive pneumonia.
Although metabolomic analyses focusing on pediatric CAP have so
far been limited to small-scale studies,??%> Adamko et al®> demon-
strated that NMR-based metabolomics discriminated respiratory
tract infections caused by Respiratory Syncytial Virus from bacterial

infections.

Metabolites belonging to the adrenal steroid synthesis and
degradation pathway were the most prominent among those
discriminating the etiology of CAP in our sample. In particular, urine
samples from pneumococcal cases showed a relative increase in the
concentrations of both the precursors of adrenal steroids, that is,
androstenedione (a testosterone precursor) and pregnanediol
(a derivative of progesterone), and their catabolites (ie, 11-b-OH-
androsterone, tetrahydrocortisone, and cortolone-3-glucuronide). A
relative increase in the concentration of 18-hydroxycortisol was also
noted, which is a derivative of cortisol synthesized by zona
fasciculata 11-beta hydroxylase in physiological conditions. This
pattern of metabolites is consistent with a global increase in the
adrenal cortex bio-synthetic activity driven by the stimulation of the
hypothalamus-pituitary-adrenal (HPA) axis.?¢?® Regulation of the
HPA axis during bacterial infection involves a complex interaction
between neuroendocrine and immune systems that is still not fully
understood.2?2° Cortisol biosynthesis and degradation are crucial to
the host response mechanism in the event of severe infections, and
many studies have examined the role of cortisol plasma levels as an
indicator of CAP prognosis.®>*"*3 Our study offers new evidence on
the pathophysiology of the HPA axis in the course of pCAP and
shows that changes in adrenal steroid metabolism occur even in
relatively mild cases of CAP, since none of the patients enrolled in
our study were admitted to the intensive care unit or developed
sepsis.

The second class of compounds relevant to our study are amino
acids and their derivatives. Generally speaking, plasma concentra-
tions of amino acids are disrupted in the course of severe bacterial
infection and sepsis, with greater changes corresponding to a worse
prognosis in terms of survival.** In particular, we found a significant
difference in the relative concentrations of leucine, urocanic acid (the
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first intermediate of the histidine degradation pathway) and phenyl
acetic acid, a phenylalanine derivative that promotes the activation
of the polymorphonuclear leukocyte (PMNL) oxidative burst and
phagocytosis, while reducing PMNL apoptotic cell death.®> Pleural
fluid concentrations of phenylalanine rise in children with S.
pneumoniae pleural infection,?® probably as a consequence of the
aggressive metabolic activity and amino acid biosynthesis induced by
S. pneumoniae replication.

Cyclic guanosine monophosphate (cGMP), the next significant
molecule emerging from our analysis, mediates many of the proin-
flammatory and anti-inflammatory functions of nitric oxide (NO).%¢ Toll-
like receptor ligands induce the expression of cGMP by increasing the
activity of NO synthetase; in fact, endotoxin infusions in healthy
volunteers have been shown to raise both exhaled NO and cGMP
plasma concentrations.>” Bacteria may also increase the synthesis of
c¢GMP by producing NO directly.*® Our study corroborates these
previous reports and provides evidence for the plausibility of using this
metabolite as a diagnostic marker of bacterial infection.

Another two molecules of interest to this discussion are 3-methyl-
glutaryl-carnitine (an acyl-carnitine), and 3’-N-acetyl-neuraminyl-N-acetyl-
lactosamine (a sialyl oligosaccharide). Carnitine metabolism is tied to
mitochondrial homeostasis and has long been studied in the context of
severe infections. Septic patients show many abnormalities in lipid
metabolism, including a depletion of the cellular levels of L-carnitine, a
reduction in its plasma levels, and an increase in its urinary excre-
tion.>” Three recent metabolomic studies also found an increase in the
urinary concentration of acyl-carnitines in patients with bacterial

202540 ndeed, the pneumococcal cytotoxin pneumolysin

pneumonia.
causes mitochondrial damage, which may account for the observed
disarray in lipid metabolism.**2 Sialyl oligosaccharides are broken down
and digested by lysosomes, and a relative increase in sialyl oligosacchar-
ides in the course of bacterial infections may represent a transient
lysosomal dysfunction. Indeed, the role of lysosomes in human health and
disease is just starting to be unveiled, but evidence is already
accumulating of lysosomes serving as regulators of macrophage
function,*® and as key effectors of S. pneumoniae intracellular killing.** A
recent meta-analysis of transcriptomic studies also showed that
messenger RNA pathway associated with lysosomal function were
among the most profoundly disrupted in the course of human sepsis.** In
short, our study points to organelle dysfunction as a crucial discriminator
between bacterial and viral infection.

Viral pneumonia is associated with an increase in urine concentra-
tions of glycyl-L.-hydroxy-proline (gly-pro), an end product of collagen
metabolism and the substrate of the enzyme prolidase, which
promotes the surface expression of the interferon-l receptor and is
a target of viral antagonism.***” The higher urinary levels of gly-pro
found in our study may, therefore, reflect an impaired prolidase
activity, which could be expected in the course of viral infection.

Although state-of-the-art, high-throughput analytical methods
and chemometric data processing methods were used in our study, it
has some weaknesses. The most important concern the fact that we
did not collect samples in therapy-naive patients, and this constitutes

a veritable source of bias. This issue could have been avoided by
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collecting urine samples from all therapy-naive children presenting to
the emergency department with respiratory symptoms and a fever,
and then analyzing only those obtained from children actually
enrolled in the study. This will be worth bearing in mind for future
metabolomic studies conducted in acute care settings. Another
weakness of our study concerns the small number of patients in our
two groups, which may limit the validity of our findings. On the other
hand, our adoption of stringent enrollment criteria and a conserva-
tive diagnostic algorithm ensured that the two groups were
etiologically pure, thus enhancing the specificity of our findings. A
further potential limitation of this exploratory study lies in the lack of
any external validation set against which to test our models, which
could only be validated internally by means of a cross-validation and
stability selection to ensure the reliability of the findings emerging
from the data collected. Though ours is only a preliminary study, the
present findings seem to be a promising starting point for the
conduction of larger, validated studies.

In conclusion, MS-based metabolomic analysis of urine samples
collected from children with CAP of different etiologies can provide
new insight into the multiple discrete pathophysiological pathways
involved, and reveal putative biomarkers of considerable clinical
value. Pneumococcal CAP prompts a stronger activation of the HPA
axis, a marked organelle dysfunction, a relative increase in cGMP,
and a significantly deranged amino acid metabolism. viral CAP, on the
other hand, reduces prolidase activity and impairs macrophage
activation. If confirmed by further, larger studies, these findings may
have practice-changing implications, possibly prompting the use of
rapid point-of-care, urine-based multi-sticks for the diagnosis and

management of pneumococcal CAP.
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