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SUMMARY

Pneumonia stands as the primary cause of death among children under five, yet current diagnosis methods
often result in inadequate or unnecessary treatments. Our research seeks to address this gap by identifying
host transcriptomic biomarkers in the blood of children with definitive viral and bacterial pneumonia. We per-
formed RNA sequencing on 192 prospectively collected whole blood samples, including 38 controls and 154
pneumonia cases, uncovering a 5-transcript signature (genes FAM20A, BAG3, TDRD9, MXRA7, and KLF14)
that effectively distinguishes bacterial from viral pneumonia (area under the curve (AUC): 0.95 [0.88–1.00]).
Initial validation using combined definitive and probable cases yielded an AUC of 0.87 [0.77–0.97], while
full validation in a new prospective cohort of 32 patients achieved an AUC of 0.92 [0.83–1.00]. This robust
signature holds significant potential to enhance diagnostics accuracy for pediatric pneumonia, reducing
diagnostic delays and unnecessary treatments and potentially transforming clinical practice.

INTRODUCTION

Pneumonia is an acute respiratory infection and one of the lead-

ing causes of morbidity and mortality worldwide. In children

younger than 5 (excluding the neonatal period), it remains the pri-

mary cause of death.1,2 Common symptoms in children include

fever, tachypnea, cough, chest pain, and difficulty in breathing.3

Pneumonia can be caused by a variety of microorganisms,

including bacteria, viruses, and fungi, depending on age groups

and the specific epidemiological situation. However, Strepto-

coccus pneumoniae is the most common bacterial cause of

pneumonia across all age group.2,4 The causative microorgan-

isms also vary significantly between the two main types of

pneumonia: community-acquired pneumonia (CAP) and hospi-

tal-acquired pneumonia (HAP). Pseudomonas aeruginosa,

Staphylococcus aureus, and Enterobacter are themost common

causes of HAP5 whereas Streptococcus pneumoniae; Staphylo-

coccus aureus; Streptococcus pyogenes; Haemophilus influen-

zae; Mycoplasma pneumoniae; Legionella pneumophila; and

respiratory viruses, such as respiratory syncytial virus, rhino-

virus, or influenza virus A/B, are the most common microorgan-

isms responsible for CAP.3,6 The introduction of improved conju-

gate vaccines against Haemophilus influenzae type b and

Streptococcus pneumoniae has led to a reduction in the inci-

dence and severity of childhood pneumonia, resulting in signifi-

cant changes in the proportions of CAP cases etiologies.7,8

The clinical presentation of pneumonia is diverse and may

overlap with other respiratory conditions such as asthma, bron-

chiolitis, pertussis, lung abscess, bronchiectasis, or malaria,

among others.6,9–14 Accurate assessment of disease severity15

is crucial for effective management, influencing decisions on

antibiotic prescriptions and hospitalization.16,17 Despite efforts
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to enhance international guidelines,9,10,18 the variability in caus-

ative microorganisms and symptoms poses a significant chal-

lenge for clinicians in healthcare centers.14,19–22 Current diag-

nostic criteria rely on nonspecific symptoms, chest imaging,

and inconclusive laboratory analysis,14,19,23,24 with limitations

in differentiating the etiology of the disease (i.e., viral and bacte-

rial). Obtaining lower respiratory tract samples in children is often

difficult.19,20 Consequently, misdiagnosis of bacterial pneu-

monia is common, leading to increased costs, unnecessary

medical tests, hospital admissions, and incorrect antibiotic

prescriptions.6,25

Given these challenges, numerous studies have suggested the

potential use of biomarkers as supplementary tools in the manag-

ing and diagnosis of pneumonia.9,16,25–27 Serum or plasma

C-reactive protein (CRP) and procalcitonin (PCT) have been iden-

tified as potential biomarkers to assist in the diagnosis and prog-

nosis of pneumonia patients.9,16,28,29 The study of host transcrip-

tomic in the field of infectious disease has become increasingly

important in recent years, leading to advancements in under-

standing host-pathogen interactions and the development of use-

ful tools for diagnosing and prognosing diseases, including the

development of point-of-care devices.30–35 There are a growing

number of studies investigating host gene expression biomarkers

related to different infectious diseases, such as tuberculosis,36–38

H1N1,39 Respiratory Syncitial Virus (RSV),40 and rotavirus,41 and

also aiming at differentiating bacterial from viral infection.30,35,42,43

However, the study of host transcriptomics in pneumonia patients

has not received as much attention, and only a few studies
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describing blood transcriptomic biomarkers related to CAP in

adults are available in the literature.27,44 Some studies have

recently focused on pneumonia outcome prediction45–47 or pneu-

monia etiology discrimination.48,49

Regarding pediatric pneumonia, most studies have focused on

the potential use of already described biomarkers, such as white

blood cell (WBC) count, neutrophil percentage (NP), serum CRP,

and PCT. However, results indicate that these biomarkers are

not good predictors for pediatric pneumonia due to their inability

to differentiate pneumonia from bacterial and viral origins.50,51

Toour knowledge, there is only one study investigating blood tran-

scriptomics in the context of pediatric pneumonia etiology, but in a

very specific population from amalaria-endemic area and using a

signaturewith a high number of genes.52 Therefore, further studies

are necessary to approach this complex disease in children.

In light of these challenges in pneumonia diagnosis and man-

agement in children, we analyze the whole blood transcriptome

of the largest pediatric pneumonia cohort recruited to date with

the aim of (1) shedding light on the molecular mechanisms un-

derlying pediatric pneumonia, providing insights on new thera-

peutic targets; (2) investigating host’s differential response to

pneumonia of bacterial and viral origin; and (3) proposing a min-

imal transcriptomic signature that allows for the differentiation

between viral and bacterial pneumonia in children.

RESULTS

Discovery cohort description
In this study, blood samples were collected from192 children (see

Figure 1 and STAR Methods for details on the experimental

design). Among them, 154were hospitalizedwith pneumonia (me-

dianage:3.4years;51.3%male) and38werehealthycontrols (me-

dianage: 3.3 years; 68.4%male).Clinical anddemographicdetails

of the entire cohort and sub-categories used in different analyses

areprovided inTable 1.Among thepneumoniapatients, 25%were

admitted to Pediatric Intensive Care Unit (PICU), 3% died, and

39% required oxygen support (16.2% with invasive ventilation).

No statistically significant differences were found between the

bacterial and viral pneumonia sub-groups for these parameters.

The majority of bacterial pneumonias were caused by Strepto-

coccus pneumoniae (47.5%) followed by Staphylococcus aureus

(10.0%) and Streptococcus pyogenes (7.5%) among others

(35.0%).Viral pneumoniaswerecausedby influenzavirus (22.2%),

bocavirus (22.2%), RSV (22.2%), rhinovirus (11.1%), adenovirus

(11.1%), and parainfluenza (11.1%).

As expected, CRP values were significantly higher in definitive

bacterial (DB) + probable bacterial (PB) compared to definitive

viral (DV) + probable viral (PV) (p value = 0.001). CRP values

were higher in the DB group compared to DV; this difference ap-

proached the significance threshold (p value = 0.062), likely due

to limited statistical power, especially given the low number of

samples in the DV group, coupled with missing data. For the re-

maining blood tests, there were no significant statistical differ-

ences between bacterial and viral sub-groups.

Differentially expressed genes in pneumonia
Through a comparative analysis of transcriptomes in children

with pneumonia vs. healthy controls, we identified 5,486 differ-

entially expressed genes (DEGs), using a significance threshold

of Benjamini-Hochberg false discovery rate (FDR) 5% (see

Table S1). Within this set of DEGs, 2,716 were found to be upre-

gulated, while 2,770 were downregulated.

To gain insight into the overall variation in gene expression, we

performed a principal component analysis (PCA) on a subset of

100 highly variable genes out of a total of 192 samples. The first

principal component (PC1), explaining approximately 30%of the

variation, effectively segregated the samples into two main clus-

ters, corresponding to pneumonia samples and healthy control

samples (Figure 2A).

To prioritize significant changes in gene expression, we

applied a selective criterion, including an adjusted p value < 0.05

and a log2FC > |2|. This selection process yielded 272 DEGs (Fig-

ure 2B), with 208 exhibiting upregulation and 64 genes showing

downregulation, indicating a prevailing pattern of overexpres-

sion among these genes.

Next, we compared the DEGs identified in our RNA

sequencing (RNA-seq) cohort, with those inferred from the

analysis of the Wallihan et al. study53 (accession number

GSE103119). The dataset by Wallihan et al. included transcrip-

tomic data from blood samples of pediatric pneumonia cases

(n = 152) and healthy controls (n = 20). Our comparison revealed

1,729 common DEGs (Table S2). Focusing on the DEGs with

significant expression changes compared to healthy controls

(adjusted p value < 0.05 and log2FC > |1|; n = 310 genes),

we found a strong positive correlation (r = 0.81; p

value < 2.2e�16) between log2FC values obtained from both da-

tasets (Table S2; Figure 2C). Furthermore, the expression

pattern of these 310 shared genes clearly segregated pneu-

monia cases from healthy controls, forming two distinct clus-

ters in both our RNA-seq discovery cohort and Wallihan’s

microarray dataset (Figure 2D).

Functional enrichment analysis of DEGs
To further characterize DEGs from a functional point of view, we

conducted an over-representation analysis (ORA) and a gene set

enrichment analysis (GSEA) based on Gene Ontology (GO) and

Reactome using only validated DEGs with a positive correlation

between the discovery and the validation datasets. We set

a threshold of an adjusted p value < 0.05 for significance and a

|log2FC| > 1.5. The analysis revealed that the most significant

pathways (adjusted p value < 0.01) are associated with essential

immune processes, primarily related to the innate response to

severe CAP (Table S3; Figure 2E).

The Reactome-ORA analysis indicated a robust association

between the selected DEGs, including matrix metalloprotei-

nase-8 (MMP8), OLFM4, or CD177, and an innate response

characterized by ‘‘neutrophil degranulation.’’ This pathway dis-

played the highest significance (adjusted p value = 6.5e�12;

Table S3). Consistently, GO-ORA results identified differences

in neutrophil-related immune pathways, including ‘‘leukocyte

mediated immunity’’ (adjusted p value = 7.4e�5), ‘‘myeloid leuko-

cyte mediated immunity’’ (adjusted p value = 0.001), ‘‘neutrophil

mediated immunity’’ (adjusted p value = 5.1e�5), ‘‘myeloid leuko-

cyte activation’’ (adjusted p value = 1.4e�5), ‘‘granulocyte activa-

tion’’ (adjusted p value = 0.002), and ‘‘neutrophil activation’’

(adjusted p value = 0.001) (Table S3; Figure 2E).
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Furthermore, there is a significant overlap in enrichment re-

sults from GO and Reactome, particularly regarding humoral im-

munity processes. Notably, GO-ORA identified ‘‘humoral im-

mune response’’ (adjusted p value = 4.4e�5), ‘‘antimicrobial

humoral response’’ (adjusted p value = 1.4e�5), and ‘‘antimicro-

bial humoral immune response mediated by antimicrobial pep-

tide’’ (adjusted p value = 0.0003) (Table S3; Figure 2E) as highly

significant pathways. Likewise, Reactome-ORA highlighted the

involvement of various humoral responses in severe CAP,

including the complement system (‘‘regulation of complement

cascade’’ [adjusted p value = 0.001] and ‘‘complement

cascade’’ [adjusted p value = 0.003]), as well as humoral immu-

nity mediated by ‘‘antimicrobial peptides’’ (adjusted p value =

1.2e�9) (Table S3; Figure 2E).

Most significant pathways fromGO-ORAwere those implicated

in ‘‘defense response to bacterium’’ (adjusted p value = 2.3e�8),

Figure 1. Scheme of the study design

The figure was built using BioRender resources; created in BioRender. BioRender.com/b32x666.
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Table 1. Clinical features of the pneumonia patient’s cohort

Pneumonia vs. healthy controls DV vs. DB DV + PV vs. DB + PB

Controls

(n = 38)

Pneumonia

(n = 154) n DB (n = 40) n DV (n = 9) n p value DB + PB (n = 98) n DV + PV (n = 12) n p value

Gender (male) 68.4% (36/38) 51.3% (79/154) 154 62.5% (25/40) 40 55.6% (5/9) 9 0.72 53.1% (52/98) 98 58.3% (7/12) 12 0.769

Age (years) 3.3 (2.3–8.2) 3.36 (1.24–6.17) 153 2.77 (1.25–5.78) 40 2.75 (1.52–4.76) 8 0.923 3.78 (1.54–6.285) 98 1.93 (0.94–3.88) 11 0.096

Days hospitalized – 5 (3–10) 149 6.5 (3.5–14) 38 6 (4.75–8.5) 8 0.621 5 (3–9) 95 6 (3.5–9) 11 0.536

PICU admission – 24.7% (38/154) 154 30% (12/40) 40 22.2% (2/9) 9 1 22.4% (22/98) 98 25% (3/12) 12 1

PICU days – 7 (3–11) 37 11 (6.5–16) 11 6.5 (4.25–8.75) 2 0.372 6 (3–11) 21 2 (2–6.5) 3 0.356

Death – 3.2% (5/154) 154 7.5% (3/40) 40 11.1% (1/9) 9 0.569 4.1% (4/98) 98 8.3% (1/12) 12 0.445

Treatments

Inotropes – 9.7% (15/154) 154 5% (2/40) 40 11.1% (1/9) 9 0.464 6.1% (6/98) 98 8.3% (1/12) 12 0.565

IV – 16.2% (25/154) 154 15% (6/40) 40 22.2% (2/9) 9 0.628 11.2% (11/98) 98 25% (3/12) 12 0.18

NIV – 11% (17/154) 154 15% (6/40) 40 11.1% (1/9) 9 1 8.2% (8/98) 98 8.3% (1/12) 12 1

Oxygen – 39% (60/154) 154 40% (16/40) 40 33.3% (3/9) 9 1 34.7% (34/98) 98 41.7% (5/12) 12 0.751

Analytical parameters

CRP (mg/L) – 81 (30.1–215.5) 59 146 (34.5–244) 11 28.5 (11.85–30.15) 6 0.062 190 (81–273) 33 27 (5.9–30.1) 7 0.001*

Platelets (109/L) – 322 (259–433) 135 287.5 (175.5–405.5) 28 491 (283–507) 5 0.173 324 (262.75–421.5) 84 398 (273.5–495) 8 0.458

White cells (109/L) – 17.2 (10.2–25) 133 18.75 (10.075–26.075) 28 7.2 (6.35–16.25) 3 0.423 18.65 (12.18–26.72) 84 6.85 (5.75–20.775) 6 0.089

Lactate (mmol/L) – 1.9 (1.18–2.65) 30 2.5 (2.3–2.7) 5 2.5 (2.5–2.5) 1 1 2.2 (1.48–2.55) 16 2.5 (2.5–2.5) 1 0.539

Neutrophils (109/L) – 11.87 (6.47–19.95) 128 13.4 (8.05–20.88) 26 12.06 (7.94–16.18) 2 0.762 14.61 (7.82–23.62) 82 4.16 (3.82–18.6) 5 0.111

Monocytes (109/L) – 0.8 (0.17–1.7) 84 0.61 (0.125–1.2) 14 0.8 (0.4–1.15) 3 0.801 0.955 (0.168–1.92) 56 0.02 (0–0.8) 5 0.068

Lymphocytes (109/L) – 3.17 (1.67–5.4) 130 1.95 (1.4–5.65) 27 4.1 (3.42–8.55) 3 0.213 2.6 (1.5–5.4) 83 3.42 (2.1475–6.35) 6 0.381

Wilcoxon and Fisher exact test were used to assess statistical significance between groups in numerical and categorical variables, respectively. IV, invasive ventilation; NIV, non-invasive venti-

lation. * indicates statistical significance.
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Figure 2. Pneumonia patients vs. healthy controls

(A) PCA of transcriptome profiles from pneumonia and healthy control samples. Two first principal components (PC1 and PC2) are shown.

(B) Volcano plot showing the DEGs between conditions: pneumonia vs. healthy control. Downregulated genes are colored blue, and upregulated genes are

colored red (thresholds: adjusted p value = 0.05, log2FC = |2|).

(C) Correlation between log2FC of DEGs obtained from the comparison pneumonia vs. healthy controls in RNA-seq/microarray data. Only genes with adjusted p

value < 0.05 and log2FC > |1| are displayed. The color scale represents the differences between the log2FC values of both analyses. The p value of the correlation

is 2.2e�16, and only names of genes with a Log2FC > |5| are shown.

(D) Two-way hierarchical clustering analysis heatmap of DEGs between pneumonia and healthy control samples in RNA-seq and microarray validation cohorts.

Each row represents one transcript; each column represents one patient. The bar at the bottom indicates the sample phenotype. Only genes with a log2FC > |1|

and adjusted p value < 0.05 were represented in the heatmap, and only the genes that were common in the top 40 with the lower p value in both analysis were

printed. Expression intensity is indicated by color (red, high expression; blue, low expression).

(E) Dot plot from over-representation analysis (ORA) pathway analysis of common DEGs between RNA-seq and microarray cohort with adjusted p value

(FDR) < 0.05 and a log2FC > |1.5| for the comparison pneumonia patients vs. healthy controls using Gene Ontology (GO) and Reactome as reference. Size along

the x axis indicates the number of genes in the input list that are annotated to the corresponding term/number of genes in the input list (gene ratio). Dot colors

correspond to the different FDR p values associated with the pathways.

(F) Dot plot from GSEA pathway analysis of common DEGs between RNA-seq and microarray cohort with FDR p value < 0.05 and a log2FC > |1.5| for the

comparison pneumonia patients vs. healthy controls using GO and Reactome as reference. Size of the dots corresponds to FDR p values associated with the

pathways. Dot colors correspond to the pathway normalized enrichment scores (NESs) values.
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‘‘defense response to fungus’’ (adjusted p value = 1.0e�5), and

related processes (‘‘defense response to gram-negative bacte-

rium’’ and ‘‘antibacterial humoral response’’) (Table S3; Figure 2E).

It is not surprising that genes related to defense against bacteria

were overrepresented in the overall analysis as most of the sam-

ples in the dataset correspond to bacterial-origin pneumonia.

Additionally, GO-ORA analysis highlighted a significant

association of CAP with biological processes that play essential

roles not only in innate protection against viral and bacterial inva-

sion but also in disease pathogenesis. This encompasses regu-

latory pathways related to transcription factors, such as the

pro-inflammatory nuclear factor kB (NF-kB) (‘‘regulation of

DNA-binding transcription factor activity,’’ ‘‘positive regulation

of DNA-binding transcription factor activity,’’ and ‘‘positive regu-

lation of NF-kB transcription factor activity’’), as well as path-

ways indicating inflammatory response (‘‘regulation of inflamma-

tory response,’’ ‘‘positive regulation of inflammatory response,’’

and ‘‘acute inflammatory response’’) and activation of the cyto-

kine signaling system (‘‘positive regulation of cytokine produc-

tion’’ and ‘‘cytokine-mediated signaling pathway’’) (Table S3;

Figure 2E).

The results from the GSEA closely mirrored those obtained

from both microarray53 and our RNA-seq cohorts. Remarkably,

all differentially regulated pathways exhibited significant over-

activation in pneumonia cases (normalized enrichment score

[NES] > 0) (Table S3; Figure 2F). The most significant pathways

identified in the GO and Reactome analysis overlapped with

those detected in the ORA, highlighting key processes such as

the ‘‘response to other organism’’ and ‘‘response to bacterium’’

in GO. Additionally, pathways related to the ‘‘innate immune sys-

tem’’ and processes like ‘‘neutrophil degranulation’’ in Reactome

were also prominently featured.

Bacterial vs. viral pneumonia: Diagnostic signature
We conducted an additional PCA analysis to compare the tran-

scriptomic profiles of pneumonia in DB and DV infections. Our

goal was to investigate how these two groups cluster in relation

to each other and in comparison to the control group. In the first

PCA (Figure 3A), pneumonias separated distinctly from the con-

trol group along PC1, which accounted for 45% of the variation.

Specifically, the DB profiles clustered at one pole of the plot, the

controls in the opposite side, and the DV profiles in between. A

separate PCA, including only DB (n = 40) andDV (n = 9) transcrip-

tomic samples, revealed a relatively weak separation between

the two groups. DV profiles primarily clustered to one side along

its PC1 (28% of the variation), albeit with some slight mixing with

other DB samples (Figure 3A).

Our differential expression analysis between DB and DV pneu-

monias identified 282 DEGs (FDR of 5%; Table S4). The majority

showed under-expression in DB with respect to DV pneumonia

(n = 217; 77%). However, when considering geneswithmore sub-

stantial expression changes (setting a threshold of adjusted p

value < 0.05 and |log2FC| > 2), we found that the proportion of

over-expressedgenes inDBpneumonia (n= 30; 55%)was slightly

higher than the proportion of under-expressed genes (n = 25;

45%; Table S4; Figure 3B). Interestingly, ALB was the gene

yielding the lowest adjusted p value (1.88e�7) in the comparison

between DB and DV patients (Table S4; Figures 3B and S1).

To further investigate, we selected a subset of DEGs candi-

dates from the DV vs. DB differential expression in pneumonia

samples (n = 36; see STAR Methods). We then employed the

least absolute shrinkage and selection operator (LASSO) regres-

sion algorithm to identify the optimal transcriptomic signature for

distinguishing between these two types of infection.

The best model for differentiation between viral and

bacterial pneumonia comprised five genes (FAM20A, BAG3,

TDRD9, MXRA7, and KLF14), forming the optimal signature

(Table S5). Among these genes, four were over-expressed

(FAM20A, TDRD9, MXRA7, and KLF14) while one (BAG3)

showed under-expression in bacterial compared to viral pneu-

monia. This transcriptomic signature statistically discriminated

between viral and bacterial pneumonia with high accuracy (p

value = 3.0e�5; optimal cutoff value = 2.204; Figure 3C) and

demonstrated excellent performance in the training set, gener-

ating an area under the curve (AUC) value of 0.95 [0.88–1.00]

(sensitivity = 0.80 and specificity = 1.00) (Figure 3C;

Table S6). Moreover, the signature reliably differentiated bacte-

rial pneumonia from healthy controls (AUC: 0.91 [0.84–0.98])

(Figure S2).

Due to the limited number of samples classified as viral pneu-

monia (DV = 9; PV = 3), we were unable to split the dataset into

training and test sets conventionally. Instead, we adopted an

initial validation approach, evaluating the performance of the

transcriptomic signature in a test dataset that included not

only the samples confidentially classified as DB and DV, which

had been already used in the training dataset for the signature

discovery (DB = 40; DV = 9), but also all PB (n = 58) and PV

(n = 3) pneumonias (DB + PB = 98; DV + PV = 12; Figure 1).

This 5-transcripts signature identified in the training cohort ex-

hibited robust discriminatory capacity when validated in this

test set (p value = 2.8e�5, Figure 3D). In this scenario, the

receiver operating characteristic (ROC) curve also indicates

high accuracy, resulting in an AUC value of 0.87 [0.77–0.97]

(sensitivity = 0.76 and specificity = 0.83; Figure 3D; Table S6).

Considering only PV and PB samples, we obtained an expected

decrease in the AUC value (0.69 [0.40–0.97]), as these samples

are codedwith a phenotype of lower clinical confidence and are

therefore more likely to contain viral samples within the PB set,

bacterial samples within the PV set, or mixed infections (see

score values for classification in Figures 3C and 3D; see also

Figure S3A).

The performance of our 5-transcriptomic signature was also

compared to the previously described 2-transcript signature

that generically differentiates viral from bacterial infections

in febrile children using IFI44L and FAM89A transcripts.30

Although the 2-transcript signature showed a good perfor-

mance discriminating viral and bacterial pneumonia (AUC:

0.87 [0.76–0.96]) in our discovery dataset, the AUC value

was lower than that obtained from the specific 5-transcript

signature we propose (Figure S3B). When we tested the

2-transcripts viral/bacterial signature in the PB vs. PV subset,

the AUC value was also lower than the AUC from the pneu-

monia signature (AUC: 0.44 [0.00–0.89]; Figure S3C). Finally,

to check the best performance that we could achievewith these

two transcripts in our discovery dataset, we re-trained the

model using IFI44L and FAM89A transcripts. In this case we
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obtained an AUC value of 0.88 [0.77–0.98] (Figure S3D), which

is still below the AUC from the specific pneumonia signature

(AUC: 0.95 [0.88–1.00]).

Additionally, we tested the 5-transcripts signature and the

2-transcript signature from Herberg et al.30 in the bacterial and

viral pneumonia samples (excluding co-infections) from the da-

taset of Wallihan et al.53 Both signatures yielded AUC values

close to 0.5 for this dataset, with the 5-transcript signature

achieving an AUC of 0.52 [0.40–0.64] and the 2-transcripts

signature from Herberg et al. reaching an AUC of 0.56 [0.45–

0.68]. These results indicate limited discrimination ability for

these signatures, within this specific dataset.30

Validation of the 5-transcripts pneumonia’s signature
We validated the diagnostic accuracy of the proposed signature

using new gene expression data obtained from an independent

cohortofchildrenwithpneumonia (Tables2andS7).Thevalidation

results confirm that the 5-transcript signature can accurately

differentiate between DV and DB pneumonias in this new cohort,

achieving an impressive AUC of 0.92 [0.83–1.00] (Figures 4A

and 4B).

To ensure that the effectiveness of the signature was not influ-

enced by disease severity or specific pathogens, we conducted

a stratified analysis based on the causal pathogens of DB pneu-

monias—S. pneumoniae, S. aureus, and S. pyogenes—and by

severity (mild/moderate vs. severe). The results affirmed the

robustness of the signature across different bacterial pathogens:

AUC values of 0.95 [0.87–1.00] for S. pneumoniae, 0.82 [0.54–

1.00] for S. aureus, and a perfect AUC of 1.00 [1.00–1.00] for

S. pyogenes (Figure 5A). Moreover, the signature consistently

demonstrated high performance in distinguishing between viral

and bacterial pneumonias across both mild/moderate and se-

vere cases, with AUC values of 1.00 [1.00–1.00] for mild/moder-

ate cases and 0.92 [0.77–1.00] for severe cases (Figure 5B).

Co-expression analysis of viral vs. bacterial pneumonia
To understand the distinct host mechanisms and key genes

involved in the specific response to viral and bacterial

A B

C D

Figure 3. Viral and bacterial pneumonias
(A) PCA of transcriptome profiles of DV and DB pneumonias and healthy control samples. Two first principal components (PC1 and PC2) are shown.

(B) Volcano plot showing the DEGs between conditions: DB pneumonia vs. DV pneumonia (DV). Downregulated genes are colored blue, and upregulated genes

are colored red (thresholds: adjusted p value = 0.05, log2FC = |2|).

(C) Receiver operating characteristic (ROC) curves based on the specific 5-transcript signature from the training cohort including the area under the curve (AUC) and

95% confident intervals (CIs) values (left). Boxplots of the predicted values using the optimal model in the training cohort. Wilcoxon p value is also displayed (right).

(D) Receiver operating characteristic (ROC) curves based on the specific 5-transcript signature from the test cohort including the area under the curve (AUC) and

95%confident intervals (CIs) values (left). Boxplots of the predicted values using the optimal model in the training cohort.Wilcoxon p value is also displayed (right).

Red dashed line represents the optimal cutpoint. The boxes are defined by the upper and lower quartile (Q1 and Q3); whiskers extend to the most extreme data

point, which is no more than 1.5 times the IQR from the box; the median is shown as a bold-colored horizontal line.
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pneumonia, we conducted a co-expression network analysis us-

ing the subset of pneumonia samples with DB or DV origin. The

analysis detected 16 modules of co-expressed genes (Fig-

ure S4), with three of them significantly correlated (p value < 0.05)

with viral/bacterial phenotypes (Figures 6A and 6B). The blue

module (Enah//Vasp-like [EVL] module, R = �0.4; p value =

0.0043; 661 genes) and darked module (Transforming Growth

Factor Beta 3 [TGFB3] module, R = �0.32; p-value = 0.025; 73

genes) exhibited negative correlation with bacterial pneumonia.

In contrast, the salmon module (mitogen-activated protein

kinase [MAPK]14]) showed a positive correlation (R = 0.32; p

value = 0.026; 1,132 genes) with bacterial pneumonia

(Figures 6A and 6B). The EVL and TGFBR3 modules clustered

together on the dendrogram, indicating their involvement in

similar biological processes globally activated during viral pneu-

monia (Figure 6A). Genes within these significant modules dis-

played a strong correlation between trait significance (GS) and

module membership (MM), suggesting that highly intercon-

nected genes (higher MM) within the module are closely related

to the causal pathogen of pneumonia (Figure 6B). These driver

genes, located in the upper right side of the plots, are pivotal

for predicting viral or bacterial pneumonia.

Functional assessment of the significant modules unveiled

different immune responses for viral and bacterial pneumonia.

The modules over-regulated in viral pneumonia showed enrich-

ment in terms associated with both innate and adaptative im-

mune responses. For example, the EVL module was linked to

adaptative T cell response (T cell selection; T cell receptor

signaling; and T cell activation, differentiation, and proliferation)

and interferon production (interferon gamma production) (Fig-

ure 6C; Table S8), while the TGBR3 module participated in ‘‘nat-

ural killer mediated immunity’’ (innate response) and, as in the

case of the EVL module, in an adaptative response involving

‘‘leukocyte mediated cytotoxicity’’ and ‘‘T cell mediated immu-

nity’’ (Table S8).

Conversely, the significant pathways related to genes from the

bacterial MAPK14 module primarily represent a different innate

response characterized by ‘‘positive regulation of cytokine pro-

duction,’’ ‘‘cytokine-mediated signaling pathway,’’ ‘‘acute in-

flammatory response,’’ ‘‘pattern recognition receptor signaling,’’

and ‘‘myeloid leukocytes activation’’ (granulocytes, monocytes,

macrophages, and dendritic cells). These findings were further

supported by an ORA using the Reactome database, empha-

sizing the role of MAPK14 module genes in innate immune

responses, including neutrophil degranulation, various Toll-like

receptor (TLR) cascades, and signaling by interleukins (Fig-

ure 6D; Table S8).

DISCUSSION

Pneumonia is a complex disease characterized by diversity in its

etiology, symptomatology, and clinical management. This

complexity extends to decisions regarding the prescription of

antibiotics and hospitalization for children, which remains a sig-

nificant issue in terms of medical cost.13 Some efforts have been

made to identifying molecular biomarkers to assist in diagnosing

and predicting pneumonia outcomes. However, there is still not

an optimal test to accurately diagnose pneumonia in children or

Table 2. Clinical features of the validation cohort

Healthy controls DB vs. DV

Controls (n = 35) DB (n = 22) n DV (n = 10) n p value

Gender (male) 54.3% (19/35) 63.6% (14/22) 22 60% (6/10) 10 1

Age (years) 4.2 (1.24–6.17) 4.8 (0.1–17.5) 22 2.4 (0.1–15.6) 10 0.167

Days hospitalized – 14.0 (3.5–14) 22 6 (4.75–8.5) 8 0.038

PICU admission – 54.5% (12/22) 22 40%% (4/10) 10 0.703

PICU days – 2.0 (0.0–14.0) 22 7,5 (2.00, 8.00) 4 0.843

Death – 4.5% (1/22) 22 0% (0/9) 10 1

Treatments

Inotropes – 32% (7/22) 22 20% (2/10) 2 0.379

IV – 31.8% (7/22) 22 30% (3/10) 9 0.750

NIV – 13,6% (3/22) 22 30% (3/10) 9 1

Oxygen – 54.5% (12/22) 22 60% (6/10) 9 0.637

Analytical parameters

CRP (mg/L) – 208.4 (46.2–375.4) 16 18.2 (1.3–52.5) 10 0.084

Platelets (109/L) – 249.0 (17.0–1299.0) 19 271.5 (141.0–522.0) 10 0.449

White cells (109/L) – 13.5 (4.8–28.3) 19 5.8 (2.8–11.5) 10 0.001*

Lactate (mmol/L) – 1.4 (0.6–5.9) 8 0.7 (0.5–1.7) 4 0.147

Neutrophils (109/L) – 9.6 (3.7–24.0) 15 3.0 (0.9–5.1) 9 0.001*

Monocytes (109/L) – 0.8 (0.1–3.4) 15 0.4 (0.1–2.0) 8 0.258

Lymphocytes (109/L) – 2.5 (0.2–6.0) 15 2.6 (0.9–4.7) 9 0.765

Wilcoxon and Fisher exact test were used to assess statistical significance between groups in numerical and categorical variables, respectively. IV,

invasive ventilation; NIV, non-invasive ventilation. * indicates statistical significance.
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to distinguish between bacterial and viral pneumonia. Conse-

quently, antibiotics are often prescribed when a bacterial infec-

tion cannot be ruled out leading to unnecessary cost and con-

tributes to the development of antimicrobial resistance.9,54

Our current analysis reveals that pneumonia in children in-

duces extensive modifications in the host’s transcriptome. Our

findings indicate that pneumonia alters the expression of more

than 5,000 genes in blood of affected children. Subsequent vali-

dation of these differential expression results in an independent

cohort of pediatric pneumonia cases confirmed these findings.

Additionally, two independent enrichment approaches (ORA

and GSEA) using GO and Reactome as reference databases re-

vealed a convergence of altered pathways within the immune

system. Specifically, these pathways involve the activation and

migration of leukocytes, with significant focus on neutrophil tran-

scripts. During pneumonia, there is recruitment of neutrophils

into the lungs. In cases of acute lung injury, a distinct pattern

of activated neutrophils, referred to as the neutrophil activation

signature,55 emerges. This pattern is unique to the process of

neutrophils migrating toward infected lung tissue, leading to

various responses, including the release of bactericidal enzymes

through degranulation, the discharge of cytokines and reactive

oxygen species, and the generation of neutrophil extracellular

traps. While these activities facilitate the elimination of causative

pathogens, they may also result in tissue damage and exacer-

bate acute inflammation.56–58

Most prominent overexpression changes detected in our RNA-

seq cohort, which were subsequently validated in an independent

dataset, were represented by genes that produce proteins

secreted by secondary granules released from neutrophils. These

genes includeOLFM4,MMP8, andCD177, andsomeof themhave

been previously reported as candidate biomarkers for the diag-

nosis/prognosis of CAP and predictors of sepsis.59–61 MMP8 is a

collagenase derived from neutrophils that has implications in a

A

B

Figure 4. Validation cohort

(A) Boxplots showing the expression values of the

genes included in the 5-transcript signature in

the validation cohort. The boxes are defined by the

upper and lower quartile (Q1 and Q3); the median

is shown as a bold-colored horizontal line; whis-

kers extend to the most extreme data point, which

is no more than 1.5 times the IQR from the box.

(B) ROC curve, AUC value with confidence inter-

val, and boxplot of the predicted value obtained

from applying the 5-transcript viral/bacterial

signature coefficients in the validation cohort.

Wilcoxon test p values are displayed in the box-

plots.

wide variety of pulmonary pathologies. It

can degrade all components of the extra-

cellularmatrixandplaysa role inneutrophil

migration.62 Its expression has already

been shown to be significantly higher in

pneumonia patients compared to healthy

controls, representing one of the most

over-expressed gene in adult pneumonia

samples from various studies,27,63 and

also in our pediatric cohort. Serum and plasma levels of MMP8

protein have been proposed for diagnosing CAP, and as prog-

nostic biomarker of fatal outcome in septic patients and predictive

of serious bacterial infection, suggesting that could be an inflam-

matory modulator in sepsis.64–66 However, its poor specificity

limits its use as a single protein diagnostic biomarker. Our findings

support the evidence that MMP8 gene is also over-expressed in

childrenwithpneumonia.Similarly,weobservedasignificantover-

expression of theOLFM4 gene in pneumonia patients.OLFM4 is a

matrix glycoprotein of neutrophil-specific granules and has been

described as a marker of severity in infectious diseases. In chil-

dren, it has been identified as an independent risk factor for poor

outcomes in sepsis,67,68 and its inhibition has been proposed as

a possible therapeutic approach in infected patients.68 CD177 is

a glycosylphosphatidylinositol-anchored protein that plays a

crucial role in regulating neutrophils by modulating their migration

and activation. CD177 has been identified as the most dysregu-

lated molecule in purified neutrophils from patients with septic

shock and severe influenza infection.69 Recently, it has also

been associated with worse outcome and higher mortality in pa-

tients infected with SARS-CoV-270 and included in a diagnostic

four-gene signature for pediatric sepsis.59

ABL was the gene yielding the lowest significant value when

comparing DB and DV patients. ALB encodes for the albumin

protein, the most abundant protein in human blood, but it is

primarily expressed in the liver and pancreas (https://www.

gtexportal.org/). Although the overall expression of ALB in

our blood samples was low (median log2 values of 2.07, 5,

and 3.09 for DB, DV, and healthy controls, respectively), it

showed a significant overexpression in DV compared to DB

patients. Some studies have showed that decreased levels

of albumin in serum and plasma may indicate a higher risk

of ICU admission and death in sepsis,71,72 serve as a diag-

nostic biomarker for infectious diseases,73 and act as a risk
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factor for more severe clinical manifestations in COVID-19

patients.74,75

In addition to the neutrophil-related innate response, our anal-

ysis identified a common enrichment of terms related to humoral

immunity processes, consistent with previous results from pedi-

atric pneumonia cases,76 as well as an enrichment of innate pro-

cesses commonly activated in response to viral and bacterial in-

fections, such as the cytokines release and inflammation. At the

same time, however, the over-activation of these processes can

also be responsible for the clinical consequences of severe

pneumonia, increasing the risk of severe sepsis and death.77,78

Since pneumonia can be caused by a broad range of viral or

bacterial pathogens, it is essential to investigate new approaches

to differentiate the pathogenic origin of the disease, which may

support decisions regarding antibiotic prescriptions. Molecular

methods for detecting causative bacteria remain less effective

in pneumonia patients, mainly due to challenges in obtaining

samples from the infection site and the frequent absence of pos-

itive results from accessible sites such as blood.79 Moreover, de-

tecting viruses in nasopharyngeal secretions frompneumonia pa-

tients is common due to colonization, but this does not exclude

the possibility of a concurrent bacterial infection.80,81 A compar-

ison of gene expression between DV vs. DB pneumonia revealed

282DEGs between both categories. Functional studies of the co-

expression modules driving the host-specific responses to viral

or bacterial pneumonia highlighted differentially activated immu-

nological pathways in both pneumonia etiologies. We identified

two significant modules associated with viral pneumonia (EVL

and TGBR3) and one associated with bacterial pneumonia

(MAPK14). Genes from the MAPK14 module are primarily

involved in innate responses related to cytokine production,

acute inflammation, neutrophil degranulation, deficiencies in

TLR cascade, and interleukin signaling. TLR receptors are critical

in constraining the proliferation and dissemination of invading

A

B

Figure 5. Performance of the 5-transcript

signature

(A) ROC curves, AUC values, and boxplots of the

performance of the 5-transcript signature in

pneumonias with different causal pathogens. Only

bacterial groups with more than 3 samples were

considered for the AUC and ROC analysis. The

boxes are defined by the upper and lower quartile

(Q1 and Q3); the median is shown as a bold-

colored horizontal line; whiskers extend to the

most extreme data point, which is no more than

1.5 times the IQR from the box.

(B) ROC curves, AUC values, and boxplots of the

performance of the 5-transcript signature in

pneumonias with different severities (severe or

mild/moderate).

bacteria. Activation of TLRs triggers

innate immune signaling pathways and

transcriptional upregulation of pro-inflam-

matory mediators that recruit neutrophils

to pulmonary tissue during bacterial infec-

tion.82 An effective and timely inflamma-

tory response is key to pathogen clear-

ance and control the infection in pneumonia. However, an

exacerbated and prolonged release of pro- and anti-inflamma-

tory cytokines, followed by neutrophil hyper-responsiveness, is

associated with an increased risk of severe sepsis and poor out-

comes in CAP.77,83 TLRs can detect various conserved patterns

from both viral and bacterial pathogens. Interestingly, significant

pathways involving TLRs detected in the bacterial module are

among the TLR cascades commonly activated by bacterial path-

ogen-associated molecular patterns (PAMPs; e.g., lipoproteins

TLR1/TLR2/TLR6 and lipopolysaccharide TLR4).84 Most TLRs,

except TLR3, signal via myeloid differentiation primary response

88 (MyD88) and interleukin-1 receptor-associated kinase 4 (IRAK-

4). IRAK-4 is critical for MyD88-dependent TLR signaling, and

patients with IRAK-4 mutations are susceptible to recurrent bac-

terial infections.85,86 Patients with both IRAK-4 and MyD88 defi-

ciencies are predisposed to severe bacterial infection,87 and de-

fects in MyD88-mediated TLR signaling make children much

more susceptible to pneumonia.88 The canonical TLR pathway

can activate NF-kB and MAPKs through different mediators; in

this regard, the hub gene of our bacterial module, MAPK14, is a

key gene in the development of ventilator-associated bacterial

pneumonia in adults.89

Collectively, these findings suggest that immune responses to

severe bacterial pneumonia are primarily characterized by

dysfunction in the innate TLR signaling. This dysfunction leads

to an exacerbated inflammatory response, driven by cytokine

release and neutrophil degranulation, which may play a pivotal

role in the development of the severe clinical symptoms

observed in these patients.

In the case of viral pneumonia-correlated modules (EVL and

TGBR3), we identified a significant representation of adaptative

immunity mediated by T cells. Genes within the EVL module

were associated with processes such as T cell selection; T cell

receptor signaling; and T cell activation, differentiation, and
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D

Figure 6. Co-expression analysis of viral vs. bacterial pneumonia

(A) Hierarchical clustering eigengene dendrogram and heatmap showing relationships among the modules and pneumonia etiology (DB and DV pneumonias).

Gene names on the left of the heatmap are the hub genes of each module.

(B) Correlation values heatmap between co-expression modules and DB and DV conditions (DV was considered the reference group). Values show individual

correlations of the module with DB phenotype (left). Correlation values are also indicated with different colors (legend gradient color bar). p values of these

correlations are represented in brackets (lower values). Plots showing comparison between MM (module membership) and GS (correlation with bacterial/viral

condition) of genes from the most significant modules detected.

(C) Top 15 statistically associated GO biological processes detected for each of the significantly correlated modules.

(D) Top 15 statistically associated Reactome pathways detected for each of the significantly correlated modules.

12 iScience 28, 111747, February 21, 2025

iScience
Article

ll
OPEN ACCESS



proliferation. The TGFBR3module also reveals pathways related

to adaptative immunity, such as ‘‘leukocyte mediated cytotox-

icity’’ and ‘‘T cell mediated immunity.’’ T cells are essential in

combating viral infections, by inducing cell death through cyto-

kines release.90 Notably, both CD4+ and CD8+ T cells increase

in population during the first days to weeks of an acute viral

infection.91 CD8+ cells have been described to be critical in

clearing various viral infections in mouse models,92 while CD4+

T cells serve as helpers for B cells and CD8+ T cells, also pos-

sessing independent antiviral function through cytokine secre-

tion.93 Of interest, polymorphisms in the hub gene TGFBR3

were previously associated with a history of pneumonia in sickle

cell disease patients.94 EVL expression was associated with

poor prognosis in sepsis.95

We have identified a 5-transcript blood signature that can

accurately differentiate bacterial from viral pneumonias with an

AUC of 0.95 (sensitivity = 0.80; specificity = 1.00), demonstrating

superior discriminant power between viral and bacterial pneu-

monia compared with previously published non-syndrome-spe-

cific signatures for differentiating viral from bacterial infections in

children (AUC: 0.87 [0.75–0.96] and 0.88 [0.78–0.98] in the re-

trained model).30 However, as the general signature also per-

forms effectively in this cohort, both methods could be imple-

mented complementarily in a clinical context for the definitive

confirmation of the diagnosis. The 5-transcript signature’s per-

formance remains high when including pneumonia samples of

bothPBandPVorigin (AUC=0.87; sensitivity = 0.76; specificity =

0.83), affirming the robustness and discriminatory power of the

transcriptomic signature. Among the genes selected in this

signature, some are associated with antiviral or bacterial activity.

For instance, BAG3 is a cochaperone recently linked to intracel-

lular bacterial proliferation96. FAM20A, a pseudokinase, exhibits

increased expression in the lung and liver,97 in sepsis,98 and in

blood neutrophils of acute respiratory distress syndrome pa-

tients.55 The TDRD9 gene was previously described in a tran-

scriptomic signature for sepsis derived from CAP.99 MXRA7 is

highly expressed in murine and human ocular tissues and may

play a role in pathological processes involving injury, neovascu-

larization, and wound healing, although its function remains

mainly unknown.100 Finally, the Kr€uppel-like transcription factor

KLF14 exhibits a modulatory role in macrophages-driven inflam-

mation101 and has been found to be upregulated in septic pa-

tients.102 Its potential regulatory function in sepsis positions

this gene as a therapeutic target candidate for sepsis.

We have also observed that the 5-transcript signature identified

in the present study and the signature identified byHerberg et al.30

for differentiating viral from bacterial infection did not prove effec-

tive in the pneumonia cohort fromWallihan et al..53 This outcome

can be explained by the fact that the vast majority of patients with

bacterial pneumonia in the Wallihan et al. cohort have infections

caused byMycoplasma pneumoniae (30/35; 86%). These results

suggest that the host gene expression response to this pathogen

is specific and distinct from that triggered by other pneumonia-

causing bacteria. The fact that M. pneumoniae is generating

worrying outbreaks in the post-COVID-19 pandemic era103,104 de-

serves further dedicated investigation.

The validation of the transcriptomic signature in an indepen-

dent cohort of children with pneumonia further reinforces its

high specificity and sensitivity in accurately distinguishing bacte-

rial from viral infections. Importantly, our analysis confirmed that

the effectiveness of the signature is independent of both the

causal bacterial pathogen responsible and the severity of the dis-

ease. This robust performance across diverse clinical contexts

underscores the potential of this signature as a reliable diagnostic

tool for pediatric pneumonia, offering a significant advancement

in precision and reliability over current diagnostic methods.

Our study involved hospitals from different countries, reducing

the potential bias from specific populations or areas. It has char-

acterized and independently validated transcriptomic changes

caused by CAP in hospitalized children.

We have uncovered various immune mechanisms and genes

that are distinctly activated in viral and bacterial pneumonia,

making a significant advance in the field. Most notably, our

5-transcript signature stands out for its ability to accurately

differentiate between bacterial and viral pneumonia, even in

cases of uncertain origin. Crucially, this signature might make

such distinctions before the full clinical symptoms emerge.

This early diagnostic capability holds the potential to drastically

reduce the time to a definitive diagnosis compared to traditional

culture-based methods, ultimately shortening hospital stays,

andmitigate the consequences of delayed or missed diagnoses,

such as unnecessary hospital investigations and antibiotic pre-

scriptions when a bacterial infection is suspected. These bene-

fits position our findings as a major step forward in improving

pneumonia management.

Limitations of the study
The primary limitation of our study is the limited number of sam-

ples from children with viral pneumonia. Therefore, further valida-

tion is required, utilizing additional datasets that encompass well-

defined pneumonia infections of both viral and bacterial origins.

Despite this limitation, our results reaffirm the classification of pe-

diatric patients into viral and bacterial pneumonia categories

based on the clinical algorithm developed by Herberg et al..30
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Cots, David Moreno Pérez, Ana Cordón Martı́nez, Antonio
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Martı́nez, Ana Isabel Dacosta Urbieta, Wiktor Dominik Nowak,

Julia Garcı́a Currás, Nour El ZaharaaMallah, JuliánMontoto Lou-

zao, Sara Rey Vázquez, Sandra Viz Lasheras, Patricia Regueiro

Casuso, Miriam Taboada Puga, Lucı́a Vilanova Trillo, Susana

Beatriz Reyes, Marı́a Cruz León León, Álvaro Navarro Mingor-
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Hannah Frederick, Rebecca Jennings, Joanne Johnston, Rhian

Kenwright, Colin G Fink, Elli Pinnock, Marieke Emonts, Rachel

Agbeko, Suzanne Anderson, Fatou Secka, Kalifa Bojang, Isatou

Sarr, Ngane Kebbeh, Gibbi Sey, Momodou Saidykhan, Fatou-

matta Cole, Gilleh Thomas, Martin Antonio, Werner Zenz, Dan-

iela S. Klobassa, Alexander Binder, Nina A. Schweintzger,

Manfred Sagmeister, Hinrich Baumgart, Markus Baumgartner,

Uta Behrends, Ariane Biebl, Robert Birnbacher, Jan-Gerd

Blanke, Carsten Boelke, Kai Breuling, J€urgen Brunner, Maria

Buller, Peter Dahlem, Beate Dietrich, Ernst Eber, Johannes Elias,

Josef Emhofer, Rosa Etschmaier, Sebastian Farr, Ylenia Girtler,

Irina Grigorow, Konrad Heimann, Ulrike Ihm, Zdenek Jaros, Her-

mann Kalhoff, Wilhelm Kaulfersch, Christoph Kemen, Nina
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Álvarez Álvarez, Marı́a José Lozano, Eduardo Carreras, Sonia
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Materials availability
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the study are described in the STAR Methods section.

Data and code availability
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11671,105 E-MTAB-12793,106 and E-MTAB-14564. Additional details

are provided in Table S7.
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paper is available upon request.
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nal, M., Bódalo-Torruella, M., Sierra, M., Rombauts, A., et al. (2023).

Whole-Blood Gene Expression Profiles Associated with Mortality in

Community-Acquired Pneumonia. Biomedicines 11, 429.

46. Zhao, J., He, X., Min, J., Yao, R.S.Y., Chen, Y., Chen, Z., Huang, Y., Zhu,

Z., Gong, Y., Xie, Y., et al. (2023). A multicenter prospective study of

comprehensive metagenomic and transcriptomic signatures for predict-

ing outcomes of patients with severe community-acquired pneumonia.

EBioMedicine 96, 104790.

47. Hopp, L., Loeffler-Wirth, H., Nersisyan, L., Arakelyan, A., and Binder, H.

(2018). Footprints of sepsis framed within community acquired pneu-

monia in the blood transcriptome. Front. Immunol. 9, 1620.

48. Anahtar, M., Chan, L.W., Ko, H., Rao, A., Soleimany, A.P., Khatri, P., and

Bhatia, S.N. (2022). Host protease activity classifies pneumonia etiology.

Proc. Natl. Acad. Sci. USA 119, e2121778119.

49. Siljan, W.W., Sivakumaran, D., Ritz, C., Jenum, S., Ottenhoff, T.H., Ulves-

tad, E., Holter, J.C., Heggelund, L., and Grewal, H.M. (2022). Host tran-

scriptional signatures predict etiology in community-acquired pneu-

monia: Potential antibiotic stewardship tools. Biomark. Insights 17,

11772719221099130.

50. Principi, N., and Esposito, S. (2017). Biomarkers in pediatric community-

acquired pneumonia. Int. J. Mol. Sci. 18, 447.

51. Virkki, R., Juven, T., Rikalainen, H., Svedström, E., Mertsola, J., and

Ruuskanen, O. (2002). Differentiation of bacterial and viral pneumonia

in children. Thorax 57, 438–441.

52. Silterra, J., Gillette, M.A., Lanaspa, M., Pellé, K.G., Valim, C., Ahmad, R.,
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study utilized blood samples from paediatric patients recruited in the European Union Childhood Life-threatening Infectious Dis-

eases Study (EUCLIDS- https://www.euclids-project.eu/).107 The EUCLIDS study enrolled children and young adolescents aged

1 month to 18 years who were admitted to hospitals with suspected sepsis or severe focal infection. The study encompassed a

network of 194 hospitals across nine European countries, as well as two hospitals located in The Gambia, Africa. Patient recruitment

occurred between July 1, 2012, and December 31, 2015.

Pneumonia phenotype was defined as clinical symptoms compatible with acute respiratory infection and inflammation of one or

both lungs with lobar or segmental or multilobar collapse/consolidation on chest X-ray. More specifically, following radiological

findings of consolidation/pleural effusion must be met: alveolar consolidation (defined as a dense or fluffy opacity that occupies

a portion or whole of a lobe or of the entire lung that may or may not contain air-bronchograms) or pleural effusion (defined as fluid

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human whole blood samples This paper Available in Table S7

Critical commercial assays

TruSeq RNA Sample Preparation Kit Illumina # RS-122-2001

Illumina� Ribo-Zero Gold kit Illumina # 20037135

Deposited data

RNA-Seq data This paper GEO database: GSE261482

RNA-Seq data This paper ArrayExpress database: E-MTAB-14564

RNA-Seq data Jackson et al.106 ArrayExpress database: E-MTAB-12793

RNA-Seq data Habgood-Coote et al.105 ArrayExpress database: E-MTAB-11671

Microarray data Wallihan et al.68 GEO accession number: GSE103119

R code This paper https://github.com/Sandraviz/Pneumonia_

Transcriptomic-Analysis

Software and algorithms

R software https://www.r-project.org/ Version 4.2.0

FastQC Andrews et al.55 https://github.com/s-andrews/FastQC

STAR Dobin et al.56 https://github.com/alexdobin/STAR

FeatureCounts Liao et al.58 https://www.bioconductor.org/packages/

release/bioc/html/Rsubread.html

DESeq2 Love et al.59 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

RUVSeq Risso et al.60 https://bioconductor.org/packages/

release/bioc/html/RUVSeq.html

limma Ritchie et al.62 https://bioconductor.org/packages/

release/bioc/html/limma.html

Clusterprofiler Yu et al.63 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

glmnet Friedman et al.64 https://cran.r-project.org/web/packages/

glmnet/index.html

pROC Robin et al.65 https://cran.r-project.org/web/packages/

pROC/index.html

OptimalCutPoints López-Ratón et al.66 https://cran.r-project.org/web/packages/

OptimalCutpoints/index.html

WGCNA Langfelder et al.67 https://cran.r-project.org/web/packages/

WGCNA/index.html
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in the lateral pleural space and not just in the minor or oblique fissure) that was spatially associated with a pulmonary parenchymal

infiltrate (including other infiltrate) or obliterated enough of the hemithorax to obscure an opacity. It does not include just perihilar

consolidation or patchy consolidation. Children with pneumonia (n = 154) and age and sex matched healthy controls (n = 38;

Table 1) were selected from the EUCLIDS database108 for transcriptome analysis in whole blood samples collected in PAXgeneTM

and TempusTM RNA tubes. In a subsequent analysis, pneumonia samples were further classified using the algorithm developed by

Herberg et al.30 C-reactive protein (CRP) and neutrophil threshold criteria were employed where available, with 72.5% and 33.3%

of missing CRP values in definitive bacterial (DB) and definitive viral (DV), respectively (see30 for details on clinical characteristics of

the cohort and definitions on DB and DV). Thus, DB (n = 40) and DV (n = 9) pneumonias were selected to study the differences in

transcriptome depending on the etiology of the infection. Pneumonias categorized as Probable Bacterial (PB) and Probable Viral

(PV) were excluded from this specific analysis to minimize possible confounding factors in stablishing a transcriptomic signature

for differentiating bacterial from viral pneumonia in children but were used post-hoc to test the signature in a more realistic clinical

scenario (Figure 1).

In order to validate the proposed signature, a new independent cohort comprising blood samples obtained from children with viral

(n = 10) and bacterial (n = 22) pneumonias was employed (Figure 1). Clinical and demographic information are provided in Table 2.

These samples were recruited by the PErsonalised Risk assessment in Febrile illness to Optimise Real-life Management across the

European Union (PERFORM - https://www.perform2020.org/) and the Diagnosis and Management of Febrile Illness using RNA Per-

sonalised Molecular Signature Diagnosis (DIAMONDS - https://www.diamonds2020.eu) consortiums.

All newly generated data from human patients were obtained through harmonized procedures for patient recruitment, classifica-

tion, clinical data collection, and sample acquisition, processing, and storage across the participating centers. All necessary ethical

approvals were obtained from each participating country’s Ethics Committee (EC).

METHOD DETAILS

RNA-seq analysis
For the discovery cohort, RNA was isolated from blood samples collected in PAXgeneTM and in TempusTM RNA tubes. RNA

sequencing was conducted on a HiSeq 4000 (Illumina) platform, with library preparation and sequencing of 30 million 75 or

100 bp paired-end reads. The Illumina’s TruSeq RNA Sample Preparation Kit was used for library preparation, and ribosomal and

globin RNA depletion was performed using the Illumina� Ribo-Zero Gold kit. For the validation cohort, RNA was isolated using PAX-

gene blood miRNA isolation kit according to the manufacturer’s instructions (Qiagen). A DNAse treatment was carried out with the

RNA clean & concentrator kit (Zymo Research) prior to sequencing. RNA was quantified using RiboGreen (Invitrogen) on the

FLUOstar OPTIMA plate reader (BMG Labtech) and the integrity was analyzed on the TapeStation 2200(Agilent, RNA

ScreenTape). After a normalization step, a strand specific library preparation was completed using NEBNext� UltraTM II mRNA kit

(NEB) and NEB rRNA/globin depletion probes following manufacturer’s recommendations. Individual libraries were normalized using

Qubit, pooled together and diluted. The sequencing was performed using a 150 paired-end configuration in a Novaseq6000 platform.

Quality control of all raw data was carried out using FastQC,109 alignment and read counting were performed using STAR,110 align-

ment filtering was done with SAMtools111 and read counting was carried out using FeatureCounts.112

Differential expression analysis
RNAseq data was processed for batch correction using control samples and COMBAT-Seq R package.113 The RUVg method im-

plemented in the RUVSeq package of R114 was employed to identified and adjust for other factors of undesirable variation present

in the dataset, selecting a k = 2 as a number of variables to include. After that, data normalization, differential expression (DE) analysis

and covariates correction were carried out using DESeq package.115 Differentially expressed genes (DEGs) were identified through

the Negative Binomial distribution implemented in the DESeq package. The fitted model included known covariates such as sex,

batch, and type of collection tube as well as the factors of undesirable variation, to correct the differences in gene expression related

to these factors. A generalized linear model was fitted, and a t-statistic was calculated for each gene. P values were corrected for

multiple testing using the Benjamini-Hochberg False Discovery Rate (FDR).

As a validation cohort for the pneumonia vs. control study, we downloaded the GSE103119 microarray dataset from the Gene

Expression Omnibus (GEO) database. This dataset comprises whole blood gene expression data from children with pneumonia

(n = 152) as well as healthy controls (n = 20). Data were normalized, processed and analyzed using the limma R package.116 A linear

model was fitted, considering the sex as a categorical covariate. Multiple testing correction was performed using the FDR.

Principal Component Analysis (PCA) was used to visualize the global transcriptome patterns of both RNA-seq andmicroarray data.

A Spearman test was computed for the correlation indices (r) and the associated p values. Wilcoxon test was performed to assess

statistical significance between groups.

Pathway analysis
Weused the Reactome andGO (GeneOntology) databases as references to examine biological pathways and processes associated

with the DEGs in pneumonia patients. We followed both an over-representation analysis (ORA) and a gene-set enrichment (GSEA)

approaches, considering DEGs with a log2FC R |1.5| and an adjusted p value < 0.05. The analysis was performed using the
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Clusterprofiler117 R package. To account for multiple test correction, we applied the FDR procedure, establishing a significant

threshold of 0.05.

Signature discovery using LASSO
We employed a Least Absolute Shrinkage and Selection Operator (LASSO) regression model to identify a subset of genes that could

serve as a predictive transcriptomic signature differentiating viral from bacterial pneumonia in the RNA-seq cohort. A predictive tran-

scriptomic signature was computed using the R package glmnet118 and the cv.glmnet function. A logistic LASSO regression model

was fitted with the alpha parameter set to 1. We selected 36 DEGs filtered based on |log2FC| > 1.5, adjusted p value < 0.05, and a

BaseMean > 50 as input for themodel. To determine the optimal parameter selection for the LASSO regressionmodel, we conducted

a 10-fold cross-validation, which helps evaluate the model’s performance and effectively tune the parameters.

To assess the accuracy of the predictive transcriptomic signature, we calculated the area under the receiver operating character-

istic curve (AUC) with 95%confidence intervals (CI) using the pROC package119 in R. Receiver Operating Characteristic (ROC) curves

were generated to graphically represent the model’s true positive rate against the false positive rate. The optimal cut-point value,

maximizing sensitivity and specificity, was calculated using the Youden method included in the OptimalCutPoints R package.120

Signature validation
We assessed the performance and accuracy of the 5-transcript signatures using RNAseq data from an additional pediatric cohort

(Table 2). Coefficients and intercepts from the LASSO model were applied to the new data to perform ROC analysis and calculate

the AUC. We tested different data comparisons: DB vs. DV pneumonias, a disaggregation of different DB pneumonias by the causal

pathogen (S.pneumoniae, S.aureus and S.pyogenes) vs. DV pneumonias and a disaggregation by severity groups based on PICU

admission of the patients (mild/moderate vs. severe disease).

Weighted Gene Correlation Network Analysis
We conducted a co-expression network analysis using the Weighted Gene Correlation Network Analysis (WGCNA) package121 to

detect clusters of co-expressed genes specifically correlated to viral or bacterial pneumonia. We selected all patients with DV

(n = 9) and DB (n = 40) pneumonia for the analysis. Only protein-coding genes exhibiting the highest expression variance among sam-

ples (the top 25%) were included, totaling 4,831 genes. Normalized gene expression data were used to construct a signed weighted

correlation network. A matrix of correlations between all pairs of selected genes was generated from the expression values and con-

verted into an adjacencymatrix with a power function.We determined a soft-thresholding power of 20 (maximummodel fitting index),

selected on the criterion of scale-free topology after evaluating several candidate powers (Figure S5).

We calculated the Topological Overlap Matrix (TOM) and the corresponding dissimilarity (1–TOM) values. For module detection

and merging, we showed a minimum module size of 30, and a cut height threshold of 20, respectively. Correlation between module

eigengenes and the viral/bacterial pneumonia was calculated to identify modules of co-expressed genes significantly associated

with the phenotype (gene significance, or GS) and using the viral category as reference. Module Membership (MM) measured intra-

modular connectivity, and the most interconnected gene (hub gene) named the modules.

The biological pathways represented by each of the significantly correlated modules were investigated through an over-represen-

tation analysis with the Clusterprofiler R package,117 with terms from GO and Reactome databases as references.

All graphics were created using R software v.4.2.0 (www-r-project.org).

QUANTIFICATION AND STATISTICAL ANALYSIS

Wilcoxon and Fisher exact test were used to assess statistical significance on clinical and demographic features between groups in

numerical and categorical variables respectively. (*) indicates statistical significance. ‘‘n’’ represent number of patients or controls in

each case and median values are presented with either proportion on their group or interquartile ranges with the observed minimum

and maximum values.
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