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Abstract

Purpose: Our aim was to investigate the age-associated plasma protein profiles in
pneumonia-derived sepsis between infants and toddlers and identify potential age-
adapted prognostic markers for poor outcome of pneumonia-derived pediatric sepsis.
Experimental Design: A nested case-control study strategy was applied. The plasma
proteomes of pneumonia-derived pediatric septic patients with different outcomes
between infants and toddlers were respectively analysed compared to their age-
matched controls.

Results: Compared to toddlers, pneumonia-derived sepsis in infants was characterized
by increased upregulation of protein processing in the ER, proteasome and antigen
processing and presentation; and reduced downregulation in complement and coag-
ulation cascades and cholesterol metabolism. Among them, the pentose phosphate
pathway as well as the complement and coagulation cascades were possibly asso-
ciated with poor outcome of pneumonia-derived sepsis. Furthermore, we confirmed
that HP, THBS1, and SAA1/2 were potential prognostic markers for poor outcome of
pneumonia-derived sepsis in infant patient groups.

Conclusions and Clinical Relevance: Age-associated plasma protein profiles of
pneumonia-derived pediatric septic patients provided potential age-adapted biomark-
ers for a more precise prognosis of poor outcome in pneumonia-derived pediatric sep-

sis and helped to improve the survival of septic children.
KEYWORDS

development, paediatric intensive care unit, prognosis, proteomics, sepsis

remains 10%-20% [1]. In general, sepsis serves as the final common

pathway for children suffering from various primary and secondary

Pneumonia-derived pediatric sepsis is a leading cause of mortality in
children worldwide. Despite advances in diagnosis, treatment and sup-

port care, the mortality rate of pneumonia-derived pediatric sepsis

Abbreviations: PICU, paediatric intensive care unit;; PELOD, paediatric logistic organ
dysfunction score; SI, symptom improvement within 7 days after admission; NI, no symptom
improvement within 7 days after admission; NS, nonsurvivors within 14 days after admission

infections and presents a dysregulated host response to infectious
agents. From birth into teenage years, children undergo not only rapid
physiological maturation but also significant changes in their immune
systems that affect how they respond to microbes and especially res-
piratory pathogens. The respiratory system is the most common pri-

mary site of infection in several epidemiological investigations [2-4].
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In particular, pediatric septic patients span a long period of develop-
mental ages. In the Pediatric Sepsis Consensus of 2005, six clinically
and physiologically meaningful age groups were delineated for age-
specific vital signs and laboratory variables to meet SIRS criteria: new
born, neonate, infant, toddler and preschool, school-aged child, adoles-
cent, and young adult. Within pneumonia-derived pediatric sepsis, how
developmental age-specific host response impacts the occurrence and
development of sepsis remains unclear, especially between infants and
toddlers, which were the major susceptible age groups in sepsis. Addi-
tionally, the molecular mechanism associated with this age-related risk
is still not completely understood.

In this report, we applied a nested case-control study strategy.
Using a relative quantitative LC-MS/MS method with TMT labelling,
we analysed the plasma proteomes of pneumonia-derived pediatric
septic patients with different outcomes between infants (age 1) and
toddlers (age 2) with their age-matched controls. Thus, developmen-
tal age-specific and poor prognosis-associated plasma proteome pro-
filing would identify the differences in host response to sepsis between
infants and toddlers and provide potential novel markers or strategies
for a more precise age-adapted prognosis in pneumonia-derived pedi-

atric sepsis.

2 | MATERIALS AND METHODS

2.1 | Study design and patients

Between 2018 and 2019, 294 pneumonia-derived pediatric septic
patients admitted to the pediatric intensive care unit (PICU) of Hunan
Children’s Hospital were recruited for enrolment in the pneumonia-
derived pediatric sepsis cohort of Hunan Children’s Hospital. A total
of 90 children aged in infants (7-12 months of age) or toddlers (13-
36 months of age) who met the criteria of pneumonia-derived pediatric
sepsis were selected for this proteomic study. The Demographics and
clinical characteristics of the patient groups were summarized in sup-
plement 2-Table S1. Within each age group, patients were sorted into
three subgroups based on their prognosis: SI, symptom improvement
within 7 days after admission; NI, no symptom improvement within
7 days after admission; NS, nonsurvivors within 14 days after admis-
sion. Symptom improvement was evaluated based on the Paediatric
Logistic Organ Dysfunction score (PELOD-2) and clinical symptoms
(supplement 2-Table S2) [5]. Besides, the Sl and NI groups at each age
were composed of three pooling samples, respectively, namely mild,
moderate and severe septic patients. The definitions of sepsis sever-
ity were shown in supplement 2-Table S3. The plasma samples were
prepared within 24 h after collection and stored at —80°C. In addi-
tion, 20 age-matched controls were recruited from the child health
care department of Hunan Children’s Hospital, excluding children with
infection, innutrition or any underlying diseases. The study protocol
was reviewed and approved by the Medical Ethics Committee of Hunan
Children’s Hospital (approval No. HCHLL-2018-28). Informed consent

from parents or legal guardians was obtained for sample collection.

Clinical Relevance

Pneumonia-derived pediatric sepsis is a leading cause of
mortality in children worldwide. A poor outcome in septic
patients is typically associated with a complicated treatment
period. Age is a known risk factor for pediatric sepsis. In
cases of pediatric sepsis, how the developmental age-specific
host response impacts the occurrence and development
of pneumonia-derived pediatric sepsis remains unknown,
especially between infants and toddlers, which represent
the major age groups susceptible to sepsis. Our plasma
proteomic analysis of pneumonia-derived sepsis in infants
and toddlers revealed increased upregulation of the pen-
tose phosphate pathway, protein processing in the ER, pro-
teasome and antigen processing and presentation but less
downregulation of complement and coagulation cascades
and cholesterol metabolism in infants with poor outcomes
compared with toddlers. Moreover, the combination of HP
and THBS1 expression was demonstrated to be potential
infant-adapted prognostic markers for poor outcomes in
infants with sepsis. The identification of these biomarkers
promotes the application of age-adapted precision medicine
in pneumonia-derived pediatric sepsis and helps improve the
survival of septic children.

2.2 | Plasma sample processing

In total, 110 plasma samples were pooled into 16 samples for assess-
ment using LC-MS/MS as described in Table S2. The highly abundant
proteins of plasma samples were removed using a Pierce Top 12 Abun-
dant Protein Depletion Spin Columns Kit (Thermo Fisher). Then the
protein samples were processed by reduction, alkylation, trysin diges-
tion, TMT-16plex labelling and peptide fractionation. The details were
described in supplement 1-Methods.

2.3 | LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% (v/v) formic acid in H,O
and directly loaded onto a homemade reversed-phase analytical col-
umn (15 cm length, 75 um i.d.). The details is found in supplement 1.
The peptides were subjected to an NSl source followed by tandem mass
spectrometry (MS/MS) in a Q Exactive Plus (Thermo) coupled online
to UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan
range was 350-1800 for full scan, and intact peptides were detected in
the Orbitrap at a resolution of 70,000. Peptides were then selected for
MS/MS using the NCE setting of 28, and the fragments were detected
in the Orbitrap at a resolution of 17,500. A data-dependent procedure
that alternated between one MS scan followed by 20 MS/MS scans
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with 15.0 s dynamic exclusion. Automatic gain control (AGC) was set
at 5E4. Fixed first mass was set as 100 m/z.

The resulting MS/MS data were processed using the Proteome Dis-
coverer 2.4. Tandem mass spectra were searched against the human
UniProt database concatenated with the reverse decoy database.
Trypsin/P was specified as a cleavage enzyme allowing up to two
missing cleavages. The mass tolerance for precursor ions was set as
20 ppm in the first search and 5 ppm in the main search, and the mass
tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl on
Cys was specified as a fixed modification, and acetylation modification
and oxidation on Met were specified as variable modifications. FDR
was adjusted to < 1%, and the minimum score for modified peptides

was set as > 40.

2.4 | Data analysis

Enrichment of Gene Ontology analysis: For each category, a two-tailed
Fisher’s exact test was employed to test the enrichment of the differ-
entially expressed protein against all identified proteins.

For further hierarchical clustering based on their functional classi-
fication of differentially expressed proteins, those categories, at least
enriched in one of the clusters with a p value < 0.05, were selected.

Enrichment of KEGG pathway map: The differentially expressed
proteins were annotated by KEGG online service tools KAAS and
mapped onto the KEGG pathways by the KEGG online service tools
KEGG mapper.

Mfuzz analysis was applied for gene expression pattern analysis.
All the differential proteins of each patient group related to the age-
matched control were selected.

The details of data analysis were described in supplement 1-
Methods.

2.5 | ELISA

The concentrations of haptoglobin (HP), Thrombospondin 1 (THBS1)
and SAA1/2 in patient plasma were analysed in 45 randomly cho-
sen sepsis plasma samples from the cohort of this study using the
Human Haptoglobin ELISA Kit (ab108856), Quantikine ELISA Human
Thrombospondin-1 (R&D Systems DTSP10), and Human SAA ELISA Kit
(ab100635). Measurements were performed in accordance with the

manufacturer’s instructions.

3 | RESULTS

3.1 | Comparison of proteome profiles across the
six patient groups

In order to analyse the age-associated proteome profile of paediatric

sepsis, we excluded some major factors which may also affect the

outcome of sepsis, such as the weight, nutritional status as well as
sepsis severity of the patients. It was found that their no significant
differences in the distribution of weight-for-age, length-for-age and
sepsis severity between S| and NI groups at both ages, respectively.
The details were shown in supplement 2-Table S4 -S5.

In this study, 16 plasma protein samples were labelled with TMT
and quantitatively identified by LC-MS/MS. In total, 667 proteins were
identified and quantified. Compared to their age-matched healthy con-
trols, proteins in any patient group with a fold change > 1.3 were
defined as significantly differentially expressed proteins (p < 0.05).
Principal Component Analysis (PCA) of patient samples on protein

level were presented in supplement 4-Figure S1.

3.2 | Comparison of enriched functions of the
differentially regulated proteins across the six
patient groups

To investigate the age-associated and outcome-associated enriched
functions, the differentially expressed proteins in each patient group
compared to their age-matched controls were first categorized based
on KEGG pathway analysis of biological functions, molecular functions
and protein domains and then presented in clusters in the heatmaps
(Figure 1 and Figure S2-S4). Carbon metabolism was significantly
upregulated in pneumonia-derived pediatric septic patients with poor
outcomes at both ages. In particular, the pentose phosphate pathway
(PPP) was strongly upregulated with a worse prognosis at both ages
and was more activated in the infant group compared with the tod-
dler group. However, cholesterol metabolism was generally repressed
during pneumonia-derived sepsis and was more downregulated in tod-
dlers compared with infant patient groups (Figure 1). Comparisons
between infant and toddler groups revealed that younger patients
exhibited increased upregulation of antigen processing and presen-
tation (Figure 1). In addition, the IL-17 signalling pathway was con-
siderably more activated in patients with symptom improvement (SI)
compared with those with poor outcomes (NI and NS) in both age
groups.

In this study, we observed that complement and coagulation cas-
cades was decreased more significantly in toddler patient groups with
poor outcomes compared with infants (Figure 1). Moreover, Figure 2
illustrated that both complement pathways and coagulation cascades
were downregulated in NI2 due to the depletion of complement factors
(C3, C5,C6,C7,C8,CY, and Cigrs) and reduced coagulation cascade
components, such as coagulation factor IX (F9) and protein C (PC). At
the same time, negative regulation of both cascades were weakened,
such as complement factor H (FH), heparin cofactor Il (HCII), protein
C inhibitor (PCl), alpha-2-macroglobulin (A2M). In addition, our clinical
laboratory test data also showed significantly reduced C3 concentra-
tion (p = 0.0276), fibrinogen concentration (p = 0.0068) in NI2 com-
pared to SI2, which also indicated the depletion of complement and
coagulation components and confirmed our proteomic results (supple-

ment 4-Figure S5).
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FIGURE 1 Comparison of the differentially expressed proteins across the six patient groups. KEGG pathway-based functional enrichment
clustering of the differentially expressed proteins in each patient group. SI1 and SI2 refer to subgroups of septic patients with symptom
improvement in infants and toddlers, respectively; NI1 and NI2 refer to subgroups of patients without symptom improvement within 7 days in
infants and toddlers, respectively; NS1 and NS2 refer to nonsurvivors within 14 days in infants and toddlers, respectively
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FIGURE 2 Map of enriched KEGG pathway complement and coagulation cascades in N12/S12. Proteins colored with green mean their protein
level was downregulated significantly in N12/S12. Enriched KEGG pathway map was performed using KEGG online service tools KAAS for protein
annotation and visualized using KEGG online service tools KEGG mapper
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FIGURE 3 Clustering map of Mfuzz expression patterns. Each cluster corresponds to a line graph, a heatmap and involved core proteins. Line
chart: the horizontal axis coordinates are the samples, the vertical axis coordinates are the relative protein expression, a broken line represents a
protein, and the line colour represents the membership of the protein in the current class. Heat map: the horizontal axis coordinates are samples,
the vertical axis coordinates are different proteins, and the colour of heat map indicates the relative expression of proteins in samples. Top hub
proteins: the top seven hub proteins of each cluster based on PPl analysis are shown. In this figure, SI1 and SI2 refer to subgroups of septic patients
with symptom improvement in infants and toddlers, respectively; NI1 and NI2 refer to subgroups of patients without symptom improvement
within 7 days in infants and toddlers, respectively; NS1 and NS2 refer to nonsurvivors within 14 days in infants and toddlers, respectively

3.3 | Age-specific gene expression pattern analysis
across the infant and toddler septic patient groups

To identify age-specific potential prognostic biomarkers of pneumonia-
derived sepsis with poor outcome, we investigated the gene expres-
sion pattern across septic patient groups with different outcomes at
each age. The differentially regulated genes involved in these two age
groups were separately clustered based on their expression levels in
SI, NI, and NS groups by applying the R package Mfuzz. Here, each age
group showed six major clusters (Figure 3).

Based on the protein and protein interaction (PPI) analysis on the
web-based platform of the STRING database, node proteins of each
cluster were identified. In combination with Cytoscape software, the
top hub genes of each cluster were identified by applying cytoHubba
based on the local-based method of maximal clique centrality (MCC)
(Figure 3-4 and Figure S6). Haptoglobin (HP), thrombospondin 1
(THBS1), serum amyloid A (SAA1/2), and latent transforming growth
factor beta binding protein 1 (LTBP1) showed completely opposite
expression patterns between the infant and toddler groups. The

protein expression levels of HP and SAA1 decreased in infants with

poor outcomes, whereas these levels increased in toddlers with poor
outcomes. In addition, THBS1, and LTBP1 expression levels were
positively associated with poor outcome in infants but negatively
associated with poor outcome in toddlers (Figures 3). This finding
implied that these four proteins were possibly age associated and
outcome associated. These proteins may be potential age-associated

prognostic biomarkers.

3.4 | Identification and validation of
age-associated prognostic biomarker candidates for
poor outcomes in pneumonia-derived pediatric sepsis

HP, THBS1, and SAA1/2 proteins were selected to further investigate
whether their expression levels were age associated and correlated
with poor prognosis in septic patients. Here, HP, THBS1, and SAA1/2
protein levels in 35 plasma samples from septic patients were deter-
mined by ELISA. The plasma samples were obtained from the same
sample collection and the same grouping criteria for proteomic anal-
ysis. The ELISA results showed that the haptoglobin level in infant
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FIGURE 4 PPl analysis of HP and THBS1 in the Mfuzz clusters of the infant and toddler groups. The top hub genes of each cluster were
identified by applying cytoHubba based on the local-based method of maximal clique centrality (MCC). PPl analysis was based on the string

database

patients increased with worsened prognosis (p = 0.016), whereas HP
levels decreased in toddlers. However, the differences among toddler
patient groups SI2, NI2, and NS2 were unfortunately not significant
(p=0.4118) (Figure 5A). The THBS1 expression levels in infant groups
significantly decreased with worsened prognosis (p =0.0171), whereas
changes in expression among the three toddler groups were not signif-
icant (p = 0.8761). Therefore, HP and THBS1 were possibly correlated
with poor prognosis of sepsis exclusively in infants and not in toddlers
(Figure 5A). In addition, SAA1/2 levels were not significantly different
among infant patient groups as well as toddler groups (Figure 5A).

To evaluate the prognostic capacity of HP and THBS1 in infant
sepsis, their specificity and sensitivity as prognostic biomarkers were
determined by ROC curve analysis (Figure 5B). The sensitivity and
specificity of HP for poor prognosis in infant sepsis were 83.3% and
100%, respectively, and the AUC value was 0.875 (95% Cl: 0.700-
1.000). Given that the cut-off value was 218.38 ng/mL for THBS1, its
sensitivity and specificity were 100% and 60%, respectively, and the
AUC value was 0.877 (95% Cl: 0.701-1.000). Pairwise analysis found
that the combination of HP and THBS1 had the best AUC of 0.958 (95%

Cl: 0.868-1.000) and a sensitivity and specificity of 91.7% and 100%,
respectively.

4 | DISCUSSION

4.1 | Complement and coagulation cascades

In this study, we observed that complement and coagulation cascades
were decreased more significantly in toddler patient groups with
poor outcomes compared with infants, and presented a depleted
and disturbed status of complement system and haemostasis. The
explanation for this age-specific protein expression change may be that
the complement and haemostatic systems evolve during childhood,
particularly in neonates and infants. On the one hand, complement
system in neonates and infants show lower levels of most individual
complement proteins as well as lower complement activity, compared
to adults [6]. The serum levels of most complement components

reached adult levels at 6 months after birth [7, 8]. In the meantime,



Proteomics
Clinical Applications _| 7efo

>

Haptoglobin Thrombspondin1 SAA
e * ns 4 * ns
= 4 E =
£ = ns
> ? %00 % 1000 n
2 3 e <
§ o ! § 200+ §
S % 500
e i lla A LITTYT
St N1 NSt si2 N2 NS2 S NIt NSt Si2 N2 NS2 sit N NS1 siz Ni2 Ns2
Infants Toddlers Infants Toddlers Infants Toddiers
o ROC curve
——1/Thbs1
0.6 —HpThbs1
’ —reference
.‘? 0.6
2
=
7}
c
[T}
o) 04
0.2
0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0
1 - Specificity
AUC (95% CI) Cut-off value Sensitivity¥% Specificity%
Hp 0.875 (0.700, 1.000) 1.46pg/ml 83.3 100
1/Thbs1 0.877 (0.701, 1.000)  218.38ng/ml 100 60
Hp &1/Thbs1 0.958 (0.868, 1.000) 0.8849 91.7 100

FIGURE 5 Correlation analysis between biomarkers and sepsis outcome in infants and toddlers. (A) Determination of HP, THBS1, and SAA
concentrations by ELISA. (B) ROC curve analysis of infant-specific prognostic biomarkers of sepsis: HP and THBS1. * indicates a significant
difference among the patient groups with p<0.05; ns indicates a difference between the patient groups without statistical significance, p>0.05.

THBS1 was evaluated with 1/THBS1 in the ROC curve analysis

infant B cells express low levels of the receptor for complement
C3d fragment (CD21), which impedes responses to polysaccharide-
complement complexes and reduces antibody response towards
polysaccharides [8, 9]. Thus, the contribution of complement system to
the infection is relatively limited in infants, while toddlers have more
mature complement system, which is more involved in host defense.
It may even lead to over activation and disturbed status during severe
infection. On the other hand, compared to adults, children exhibit
decreased thrombin product in proportion to available prothrombin
[10]. Instead of antithrombin (AT), alpha-2-macroglobulin is the dom-
inant circulating thrombin inhibitor in young infants [11]. Moreover,
infants and children had more time for fibrin formation, slower fibrin
formation velocity, less clot formation, larger pore size in the fibrin clot
structure and less resistance to fibrinolysis than adults [12]. Therefore,
the younger populations had a relatively lower incidence of throm-
bosis, while older populations were more likely to fall into a reduced
and disturbed coagulation status during severe sepsis with poor

outcome.

4.2 | Diagnosis and therapy

HP is a highly abundant acute-phase glycoprotein in plasma. HP
plays an important role in protecting the foetus and neonates from
inflammation-derived injury [13]. HP scavenges toxic haemoglobin,
dampens neutrophilic oxidative bursts, inhibits endotoxin-induced
inflammation, suppresses monocytic TNFa and IL-12 production, and
inhibits B and T lymphocyte proliferation [14-18]. Generally, HP
plasma levels increase during infections, inflammation, and various
malignant diseases and decrease with malnutrition, haemolysis, hep-
atic disease, allergic reactions and seizure disorders [19]. In our study,
HP showed increased levels in infant patient groups with poor prog-
nosis but decreased levels in toddler groups with poor prognosis com-
pared to their matched patients with good prognosis. PPl analysis
showed that HP interacted mainly with acute inflammatory proteins,
such as SAA1/2, S100A8/9, and S100A12, in infant groups (Figure 4).
However, in toddlers, HP was coexpressed with haemoglobin proteins
(HBA1, HBB, and HBD), lipoproteins (APOA1, LPA, and PLA2G7) and
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inflammatory proteins (SAA1/2). This result suggested that infant sep-
tic patients with poor prognosis were possibly associated with inflam-
mation, whereas toddler patients with poor prognosis were possibly
associated with multiple factors, such as haemolysis, malnutrition, and
inflammation. This notion was consistent with the literature [19]. Alto-
gether, developmental age affected HP biological function and expres-
sion level during sepsis.

Another biomarker candidate is THBS1, which is a glycoprotein
that is mainly found in the alpha granules of platelets and secreted
by numerous other cells, such as endothelial cells, leukocytes, smooth
muscle cells, monocytes and macrophages, under conditions of stim-
ulation [20-22]. THBS1 interacts with proteins on the cell membrane
and extracellular matrix and contributes to platelet aggregation, angio-
genesis, wound healing, and the immune response [23, 24]. THBS1 was
reported as an element of a multiple biomarker-based risk model for
pediatric septic shock stratification [25]. However, one single-centre
cohort study in the ICU showed that baseline thrombospondin-1 con-
centrations were not associated with mortality in adult septic patients
[26]. Intriguingly, we found that THBS1 was a prognostic biomarker
candidate of poor outcome only in septic infants but not toddler
patients. PPl analysis indicated that THBS1 is mainly coexpressed
with different proteins involved in platelet degranulation between
the infant and toddler groups (Figure 4). This finding suggested that
developmental age may affected the biological function of THBS1
during sepsis.

In this study, the response to steroid hormone was significantly
downregulated in the group of infants with sepsis but upregulated in
nonsurviving toddlers, suggesting that toddlers with extremely poor
outcomes may positively respond to steroid hormone therapy and
that infants were probably less responsive to steroids (supplement 4-
Figure S2). This finding is consistent with the literatures. In patients
with endotype B, older children, and patients with intermediate to high
PERSEVERE-based mortality, the use of corticosteroids was indepen-
dently associated with a greater than 10-fold reduction in the risk of a
complicated course [27, 28]. Another study demonstrated that adjunc-
tive corticosteroids were independently associated with an increased
risk of mortality in the subjects of subclass A (smaller median age), but
not in the subjects in subclass B (greater median age) [29]. When test-
ing the interaction between subclass and adjunctive corticosteroids,
the effect of corticosteroids on the mortality odds ratio was increased
approximately four-fold in subclass A patients compared with subclass
B [30].

4.3 | Concluding remarks

Our proteomic analysis combined with clinical laboratory data pro-
vided comprehensive insight into the complex, heterogeneous host
response to pneumonia-derived pediatric sepsis and allowed identi-
fication of critical protein differences between the two developmen-
tal age groups. Moreover, based on a single centre cohort, combined
HP and THBS1 was confirmed as a potential infant-specific prognostic
marker of sepsis with an AUC value of 0.958 (95% Cl: 0.868-1.000),

suggesting that a more accurate prognosis should be age adapted.

Therefore, a multicentre cohort study with a large sample size is
urgently needed for developmental age-adapted prognosis of and ther-
apies for pneumonia-derived pediatric sepsis and improved survival of
septic children.

4.4 | Associated data

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD026656 [31].
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