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Abstract

Background Host gene expression profiling holds great potential in improving the
differential diagnostics of bacterial and viral infections. We investigated its discriminative
value in children with suspected serious infections.
Methods Peripheral blood gene expression profiles were analyzed by RNA sequencing in
268 children aged between 4 weeks and 16 years: 211 hospitalized due to a suspected
severe infection, 15with aconfirmedviral respiratory tract infectionmanagedasoutpatients,
and 42 healthy control children. We classified children according to the bacterial, viral, or
other etiology of their final diagnosis, and determined expression profiles. We derived
2-transcript signatures discriminating bacterial infections and viral-bacterial co-infections
from viral infections in a discovery group (n = 101) of childrenwith respiratory tract infections
and validated them in children (n = 109) with non-respiratory infections, including caseswith
probable and mixed etiologies in the analyses.
Results Here, we show that clustering of blood transcriptome cannot be unequivocally
explained by the etiology of infection. A 2-transcript signature comprising TSPO and
SECISBP2 genes differentiates bacterial and viral-bacterial co-infections from viral
infectionswith an area under the curve of 0.93 and 0.87 (95%confidence interval, 0.88–0.98
and 0.82–0.92) in the discovery and discovery plus validation groups, respectively. Both
groups combined, the sensitivity is 77%, and specificity 87%.
Conclusions The identified 2-transcript signature demonstrates good accuracy in
distinguishing between bacterial and viral infections in a complex population of children
hospitalized for suspected severe infection. Heterogeneity of clinical manifestations needs
to be considered in diagnostic gene expression studies.

Differential diagnosis of bacterial and viral infections in children is crucial in
reducing the misuse of antibiotics and related harms, including increase in
antimicrobial resistance and short- and long-term adverse effects. However,
the tools available for this differentiation have deficiencies. Diagnostic
approaches based ondirect detection ofmicrobes face limitations, including
the potential inaccessibility of the infection site, time required for culture
methods, and often questionable pathogenic role of a detected microbe1–5.
Notably, young children are frequently respiratory virus-positive, on

average every other week, regardless of symptoms3. Although rapid multi-
plexpolymerase chain reaction (PCR) assays have become available, they do
not distinguish between asymptomatic or co-incidental and true
infections1,2. Despite widespread use, biomarkers for bacterial infection,
such as C-reactive protein (CRP) and procalcitonin (PCT), lack the desired
specificity to effectively guide antibiotic use6,7. While there are reports of
promisingnovelbiomarkers for viral infection, such asmyxovirus resistance
protein A (MxA)8–11, none are so far implemented in routine clinical use.

A full list of affiliations appears at the end of the paper. e-mail: ruut.piri@utu.fi

Plain language summary

Geneexpressionanalysis is amethodused to
study which genes are active in blood at a
given time. It is a promising tool for
distinguishing bacterial infections, which
require antibiotic treatment, from self-
resolving viral infections, as different genes
are turned on, or “expressed”, during these
infections. We examined whether bacterial
and viral infections can be differentiated
through blood gene expression analysis in
children hospitalized for suspected severe
infection with various diagnoses. We identi-
fied a combination of two activated genes,
TSPO and SECISBP2, that had good accu-
racy in distinguishing between bacterial and
viral infections. The findings suggest that
gene expression analysis could improve the
diagnostics of infectious diseases in children
and help reduce the overuse of antibiotics in
the future.
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As an alternative approach, host gene expression profiling has shown
great promise in improving the differential diagnostics of bacterial and viral
infections, both in children and adults12–24. It has demonstrated excellent
performance in discriminating betweenmicrobiologically confirmed severe
bacterial and viral infections in children, with less pronounced results in
groups with an indeterminate or probable etiology of infection12,13. AnRNA
signature comprising only two transcripts reliably categorized febrile chil-
dren in a dichotomous manner12, and a larger transcript combination was
able to classify children into 18 categories of infectious or inflammatory
diseases22. However, the application of gene expression profiling in complex
and ambiguous cases, such as infections caused by a combination of
microbes, with two or more foci of infection, or with atypical clinical pre-
sentation, is less explored in children. Ideally, markers of bacterial or viral
infection should perform well in a patient population with a wide range of
clinical illnesses and causative agents.

This study aims to investigatewhetherbacterial andviral infections can
be differentiated through host gene expression analysis in a diverse popu-
lation of children hospitalized for a suspected severe infection, with a wide
age range and various clinical diagnoses. After initial analysis in the whole
study population, we divide patients into groups with respiratory infections
and other infections tomanage heterogeneity in clinicalmanifestations. The
performance of transcript signatures derived from a discovery group of
children with respiratory infections is examined in a validation group of
children with infections not affecting the respiratory tract. We identify a
2-transcript signature of TSPO and SECISBP2 genes that discriminates
between bacterial and viral infections with good accuracy.

Methods
Study design and conduct
This prospective two-center study was conducted at the pediatric emer-
gency departments of Turku University Hospital and Seinäjoki Central
Hospital, Finland, between December 2016 and April 2018. The inclusion
criteria were: (1) age between 4 weeks and 16 years, (2) admission to hos-
pital, and (3) blood bacterial culture drawn by the decision of the attending
clinician. To ensure a balanced representation between bacterial and viral
infections in the study population,we also included a convenience sample of
childrenwith a suspected or confirmed viral infection, either hospitalized or
managedas outpatients. For childrenhospitalizeddue to a suspected serious
viral infectionbetween June 2017 andApril 2018, the inclusion criteriawere:
(1) age between 4 weeks and 16 years, (2) admission to hospital for an acute
infection, (3) no antibiotic treatment initiated on admission or used within
one week before hospitalization, and (4) venous blood samples required for
other reasons. Children with an RNA sample drawn were eligible for this
study.Wedefined children hospitalized according to these criteria as having
a suspected severe infection. Children with a confirmed rhinoviral upper
respiratory tract infection managed as outpatients were part of an obser-
vational birth cohort study named Steps to the Healthy Development and
Wellbeing of Children (STEPS study) conducted between November 2010
and March 2012 in Turku University Hospital. Asymptomatic virus-
negative childrenparticipating in the STEPS study at their scheduled visits at
the age of 2, 13, or 24 months served as healthy controls.

The study protocols were approved by the Ethics Committee of the
Hospital District of Southwest Finland (approval numbers 48/1801/2016
and 16/180/2008). The parents of all children, and older children or ado-
lescents themselves, provided their written informed consent at the
enrollment.

Diagnostic measures
Of hospitalized children, blood samples were collected for blood bacterial
culture, white blood cell (WBC) count, and determinations of plasma CRP
and PCT levels, as well as for blood MxA level. WBC, CRP and PCT
determinations were performed by routine methods in the hospital central
laboratories. Whole blood samples for MxA measurement were diluted in
1:20 hypotonic buffer and stored at−70 °C until the enzyme immunoassay
analysis was performed, as described earlier25. Nasopharyngeal swab

samples were suspended into phosphate-buffered saline, and nucleic acids
were extracted using NucliSENS easyMAG (bioMérieux). Multiplex RT-
PCRAllplex respiratorypanels 1–3 (Seegene)wereused inTurkuUniversity
Hospital, while FilmArray (BioFire Diagnostics) was employed at Seinäjoki
Central Hospital for detecting respiratory viruses. Both methods detected
adenovirus; influenzaA andBviruses; parainfluenza viruses type 1, 2, 3, and
4; respiratory syncytial virus; human metapneumovirus; coronaviruses
229E,NL63, andOC43; rhinovirus; and enteroviruses. Additionally, Allplex
detected human bocavirus, and FilmArray identified coronavirus HKU1.
FilmArray results for rhinovirus/enterovirus were further analyzed with
Allplex to specifically document rhinovirus or enterovirus. In the STEPS
study, nucleic acids were extracted from nasal swabs using NucliSENS
easyMAG (bioMérieux) or MagNA Pure 96 (Roche). Rhinovirus, enter-
oviruses, respiratory syncytial virus, and influenza A and B viruses were
analyzed using PCR as described earlier26.

Other microbiological samples were collected, and radiographic ima-
ging performed in hospitalized children when deemed necessary by the
attending physician.

Classification of children according to etiology
Initially, children were classified into eight etiologic groups (hereafter
referred to as detailed etiologic classification; see Supplementary Methods
for details): (1) definite bacterial infection, a clinical and microbiological
diagnosis of bacterial infection in the absence of viral infection; (2) definite
viral infection, a clinical and microbiological diagnosis of viral infection in
the absence of bacterial infection; (3) probable bacterial infection, and; (4)
probable viral infection, same criteria as for definite infections but without
microbiological confirmation; (5) viral-bacterial co-infection, an infection
with viral and bacterial etiology, or simultaneous viral and bacterial infec-
tions at distinct foci; (6) bacterial infection with an asymptomatic virus
finding, a definite or probable bacterial infection and a respiratory virus
finding without respiratory symptoms or an incidental finding of another
virus not causing symptoms; (7) infection of undetermined etiology; and (8)
noninfectious disease.

For subsequent analyses, the etiologic classification was simplified into
two groups (hereafter referred to as the dichotomous etiologic classifica-
tion). Children with a definite or probable bacterial infection, viral-bacterial
co-infection or bacterial infection with an asymptomatic virus finding were
combined into a bacterial infection group. Children with a definite or
probable viral infection were combined into a viral infection group. Chil-
dren with an infection of undetermined etiology or noninfectious disease
were excluded from these analyses.

RNA isolation and quality control
Whole blood samples from case and control subjects were collected in
Tempus Blood RNA tubes (Thermo Fisher Scientific) as instructed by the
manufacturer. The samples collected between 2010 and 2012 were cryo-
preserved at −80 °C, and samples collected between 2016 and 2018 at
−20 °Cuntil RNA isolation. Total RNAwas isolated using theTempus Spin
RNA Isolation Kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. RNAquality was verifiedwith theAgilent RNA6000
Pico Kit (Agilent) on a 2100 Bioanalyzer (Agilent) instrument. An RNA
integrity number of 7.5 or higher was considered adequate for RNA
sequencing. The isolated RNA samples were stored frozen at −80 °C until
RNA sequencing library preparation.

Preprocessing
The samples were arranged into seven libraries to enable bias correction27,
and processed by single-cell tagged reverse transcription (STRT) 2 with
Globin-Lock28. Next, the sequences were processed with STRTprep
pipeline29 for the quality check and further analysis. The quality checks
included assessing the number of spike-in reads, the ratio of mapped reads
to spike-in reads, and the 5’-end capture rates of spike-ins and of protein-
coding genes. In each library, outlier samples in any of the quality check
parameters were considered disqualified. Following the exclusion of
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disqualified samples, biases between the libraries were corrected, as
described earlier27.

Statistics and reproducibility
We estimated that a sample size of 200, with a prevalence of 15% for both
definite bacterial and viral infections, would be sufficient for the planned
analyses. During the study, we observed a lower rate of definite viral
infections than anticipated, and therefore recruited children with a sus-
pected viral infection to ensure the inclusion of at least 30 subjects in both
these groups. Clinical characteristics of the study population was assessed
using SPSS, version 29.0 (IBM).

Variable genes. The bias-corrected read counts were normalized using
the spike-in normalizationmethod29,30. Subsequently, variable geneswere
selected29. Genes that significantly fluctuated (adjusted fluctuation P
values less than 0.05) compared to the technical variations modeled from
the variation of spike-in RNA levels were considered as variable genes.

Overview of expression profile. The bias-corrected read counts were
adjusted by adding an offset of one to avoid log(0), and subsequently
normalized by spike-in normalizationmethod29,30. The offset-normalized
values were then subjected to a logarithmic transformation (log2) and
scaled. Using the scaled, log-transformed, and normalized expression
levels of the fluctuated genes, the optimal number of clusters in the
samples was determined based on the total within sums of squares using
the fviz_nbclust function in R’s factoextra package. The samples were
then clustered using R’s k-means function. A heatmap with hierarchical
clustering and sample annotation was illustrated using R’s Complex-
Heatmap package, with hierarchical sample clusters determined by R’s
k-means function. Principal component analysis (PCA) was performed
using R’s FactoMineR package, and uniform manifold approximation
and projection (UMAP) was carried out using R’s umap package.

Differential expression test. Differential expression was examined
using SAMstrt30 with 1000 permutation trials. The significance of the
effect size was then compared to the technical variations observed in the
spike-ins29 to identify variable genes. Genes with adjustedP < 0.05 in both
the differential expression and the effect size were considered significant.

Prediction. To predict bacterial infection based on the expression levels
of two genes, logistic regression analysis was performed using the glm
function in R. The accuracy of the predictions was evaluated using R’s
pROC package. The optimal sensitivity and specificity were estimated by
Youden’s method with 2000 bootstrap iterations through the ci.coords
function, while the area under the curve (AUC) was calculated using
DeLong’s method through ci.auc function.

Quantitative real-time reverse transcription PCR (qRT-PCR)
To validate the results with qRT-PCR, RNA was reverse transcribed with
SuperScript™ II reverse transcriptase (Invitrogen) according to the manu-
facturer’s instructions. An ERCC RNA spike-in mix was included in each
reaction as a control for normalization. Quantitative RT-PCR was per-
formed using TaqMan® Gene Expression Assays (Applied Biosystems)
using the following assay IDs:Hs00559362_m1 forTSPO, Hs00225345_m1
for SECISBP2, and Ac03459873_a1 for the ERCC control. qPCR reactions
were run on Bio-Rad CFX384 thermocycler and analyzed with Bio-Rad
CFXManager 3.1 software. The accuracy of the predictions was confirmed
as described above, but with using the log2-transformed normalized
expression values.

Results
Characteristics and classification of study children
An RNA sample was obtained from 232 children hospitalized due to a
suspected severe infection, and from 72 children participating in the STEPS
study. Out of the 304 children, 36 were excluded due to insufficient sample

volume or quality, resulting in a total of 268 children included in the ana-
lyses. Among these, 211 (78.7%)were hospitalized due to a suspected severe
infection, 15 (5.6%) had a confirmed rhinoviral respiratory tract infection
and were managed as outpatients in the STEPS study, and 42 (15.7%) were
healthy children from the STEPS study (Fig. 1). Themedian ages of children
with an acute infection and healthy children were 3.4 and 2.1 years (inter-
quartile range [IQR], 1.6–7.9 and 1.2–2.1 years), respectively. The clinical
characteristics, diagnoses, detected pathogens and biomarker levels of 226
children with an acute infection are shown in Supplementary data file 1.
Three (1.3%) of them had an immunosuppressive condition, while 46
(20.4%) had another chronic condition without immunosuppression. Of
the hospitalized children, 183 (86.7%)were febrile prior to admission,with a
median duration of fever of 2 days. A respiratory virus was detected in a
nasopharyngeal sample in 122 (61.0%) hospitalized children of the
200 studied, and in all 15 children managed as outpatients. Rhinovirus was
the most frequent finding, detected in 77 (35.8%) children, followed by
respiratory syncytial virus in 19 (8.8%), and human bocavirus in 19 (8.8%)
children.

Out of 226 children with an acute infection, we determined 34 (15.0%)
to have a definite bacterial infection, 29 (12.8%) a probable bacterial
infection, 77 (34.1%) a viral-bacterial co-infection, 23 (10.2%) a bacterial
infection and an asymptomatic virus finding, 41 (18.1%) a definite viral
infection, 7 (3.1%) a probable viral infection, 12 (5.3%) an infection of
undetermined etiology, and 3 (1.3%) a noninfectious disease (Fig. 1).

Clustering based on blood transcriptome
In our initial analysis, we compared the gene expressionprofiles of all study
children based on the detailed etiologic classification. From the 268 sam-
ples, expression of a total of 15,789 protein-coding genes was detected, of
which 6308 were found to be significantly variable. The peripheral blood
transcriptome formed five clusters based on these variably expressed genes
(Fig. 2a); however, the three main etiologic groups (definite bacterial
infection, n = 34; definite viral infection, n = 41; and control children,
n = 42) did not emerge as the primary determinants of the clusters. A PCA
(Fig. 2b) and UMAP (Fig. 2c) suggested distinct expression patterns
between healthy control children and children with a definite bacterial
infection, but the expression profile of children with a definite viral
infection was heterogeneous and not readily distinguishable from other
groups. The clinical characteristics, diagnoses, and biomarker levels of
children with a definite bacterial or viral infection are shown in Supple-
mentary Table 1.

Characteristics of children in thediscoveryandvalidationgroups
Next, we analyzed children based on the dichotomous (bacterial vs. viral)
etiologic classification, dividing them into adiscovery groupof childrenwith
a respiratory tract infection and a validation group of children with a non-
respiratory infection. In this way, wewere able to decrease the heterogeneity
of the clinical constellations in the discovery group and validate the per-
formance of the best markers in children with a broad range of clinical
presentations. The clinical characteristics, diagnoses, and biomarker levels
are shown in Supplementary Table 2.

The discovery group consisted of 101 children (median age, 2.9 years,
IQR, 1.7–6.3 years, 51.5% female) with a respiratory tract infection of either
bacterial or viral etiology. Within this group, 72 (71.3%) were classified as
having a bacterial infection, and 29 (28.7%) as a viral infection. Clinical
diagnoses in thediscovery group includedpneumonia (n = 66) andupper or
lower respiratory infection without pneumonia (n = 35). To assess the
discriminatory potential of the identified classifier genes between bacterial
and viral infections, a validation group was employed. This group com-
prised109 children (medianage, 5.0 years, IQR, 1.2–9.1 years, 50.5% female)
with infectionsprimarilynot affecting the respiratory tract.Among them, 91
(83.5%) were classified as having a bacterial infection, and 18 (16.5%) as a
viral infection. The most frequent clinical diagnoses in the validation group
included pyelonephritis (n = 36), skin or soft tissue infection (n = 28), and
suspected or microbiologically confirmed sepsis without focus (n = 11).
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Differentiation between bacterial and viral infections by
2-transcript signatures
Sequencing of the transcripts in the discovery group (n = 101) identified
6147 genes, of which 2974 were differentially expressed between bacterial
and viral respiratory infections. Among the differentially expressed genes,

the best 2-transcript predictor for bacterial infectionwas the combination of
GAPDH and SHQ1 genes, achieving an AUC of 0.96 (95% confidence
interval [CI], 0.93–0.99) (Supplementary data file 2; Figs. 3 and 4). This
signature demonstrated a sensitivity of 88.9% and specificity of 100.0%.
However, neither this combination nor four of the other top five signatures

Fig. 1 | Participant flowchart. Of the 304 children with an RNA sample drawn, 36
were excluded due to insufficient sample volume or quality. A total of 268 children
were included (211 hospitalized, 15 outpatients, and 42 healthy controls). Partici-
pants were classified into detailed etiologic categories, which were subsequently

grouped into bacterial (n = 163) or viral (n = 48) infections for dichotomous clas-
sification. Children were further assigned to the discovery group (n = 101) or vali-
dation group (n = 109), with one excluded due to a missing RNA sample.
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Fig. 2 | Overview of peripheral blood gene expression profiles in 42 healthy
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ponent analysis (PCA), and uniform manifold approximation and projection
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the distribution of samples based on their gene expression profiles, with circles
representing individual samples. The first (PC1) and the second principal compo-
nent (PC2) explain 46.0% and 14.3% of the total variance, respectively. c UMAP
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reflecting differences in gene expression patterns.
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(all but one including the SHQ1 gene) in the discovery group exhibited good
discriminative value in the validation group, which consisted of children
with different infection foci. In the combined discovery and validation
groups, theAUCofGAPDH and SHQ1was 0.79 (95%CI, 0.73–0.86). In the
validation group alone, the best-performing signature included the
C12orf75 and TUSC2 genes, and exhibited an AUC of 0.88 (95% CI,
0.80–0.96) (Supplementary data file 2). However, like the most effective
signatures in the discovery group alone, its discriminative value was lower
when applied to both the discovery and validation groups together (AUC
0.81 [95% CI, 0.75–0.87]) (Supplementary data file 2).

Instead, a 2-transcript signature composed of TSPO and SECISBP2
genes showed strong performance in the discovery group, validation
group, and combined discovery plus validation groups, withAUCs of 0.93,
0.81 and 0.87 (95% CI, 0.88–0.98, 0.71–0.91, and 0.82–0.92), respectively
(Supplementary data file 2; Figs. 3 and 4). The signature demonstrated a
sensitivity and specificity of 87.5%and 89.7% in the discovery group, 71.4%
and 88.9% in the validation group, and 76.7% and 87.2% in the combined
groups.When prioritizing a higher sensitivity of 85.0%, aiming for a better
rule-out value for a bacterial infection, the specificity was 70.2% in both
groups combined. When combining both groups, four out of five best-
performing 2-transcript combinations included SECISBP2, with two
including TSPO. The expression of TSPO was upregulated in bacterial
infections and downregulated in viral infections, whereas the reverse
pattern was observed for SECISBP2. The signature proved to be more
accurate than CRP and PCT, despite them being used in the etiologic
classification of some of the children. In the combined discovery and
validation groups, the AUC, sensitivity, and specificity for CRP were 0.82
(95% CI, 0.76–0.89), 73.0% and 87.9%, respectively, whereas for PCT, the
respective values were 0.73 (95% CI, 0.66–0.81), 54.7% and 93.8% (Sup-
plementary data file 2).

We further analyzed the performance of the TSPO and SECISBP2
signature in children with microbiologically confirmed bacterial or viral
infectionwithout co-infection.The gene pair differentiateddefinite bacterial

(n = 34) fromdefinite viral infections (n = 41)with anAUCof 0.91 (95%CI,
0.84–0.97), sensitivity of 88.2% and specificity of 85.0% in the combined
discovery and validation groups (Supplementary Table 3).

Additionally, we evaluated the performance of the 2-transcript sig-
nature proposedbyHerberg et al.12, which includes the IFI44L andFAM89A
genes identified from children with a microbiologically confirmed bacterial
or viral infection. In our discovery group, neither of these genes showed
significant differential expression betweenbacterial and viral infections. The
obtained AUCwas low both in the discovery (0.63, 95% CI, 0.51–0.76) and
in the combined discovery and validation groups (0.61, 95% CI, 0.52–0.71)
(Supplementary data file 2).

Validation of the TSPO and SECISBP2 signature by qRT-PCR
We internally validated the performance of the top-performing 2-transcript
predictor for bacterial infection, TSPO and SECISBP2, by qRT-PCR in a
subset of 90 samples. This subset included 61 samples from the discovery
group (50 bacterial, 11 viral infections) and 29 samples from the validation
group (16 bacterial, 13 viral infections). The gene pair distinguished bac-
terial from viral infections with an AUC of 0.82 (95% CI, 0.72–0.91) in the
combined groups (Supplementary Table 4; Supplementary Figs. 1, 2 and 3).
In comparison, CRP and PCT achieved AUCs of 0.86 (95% CI, 0.78–0.94)
and 0.83 (95% CI, 0.74–0.92), respectively, in the combined dataset.

Discussion
In this study of children hospitalized with severe infections, the clustering of
peripheral blood transcriptome could not be unequivocally explained by the
etiology of infection. Although distinct expression patterns were observed
between healthy children and children with a definite bacterial infection, the
expressionprofile of childrenwith adefinite viral infectionwasheterogeneous.
Toaddress clinicalheterogeneity,weanalyzed respiratoryandnon-respiratory
infectionsfirst separately (discovery and validation groups) and then together,
categorized into bacterial and viral infections. The identified 2-transcript
signature (TSPO and SECISBP2) differentiated between bacterial and viral

Fig. 3 | Receiver operating characteristic curves
and scatter plots of normalized expression levels
of the 2-transcript predictors for bacterial infec-
tion. In a receiver operating characteristic (ROC),
curves are presented for the 2-transcript signatures
TSPO and SECISBP2, as well as for GAPDH and
SHQ1, along with bacterial biomarkers C-reactive
protein (CRP) and procalcitonin (PCT) in the dis-
covery group (respiratory tract infections; n = 101).
Area under the curve (AUC) values and their cor-
responding 95% confidence intervals (CI) are pro-
vided. The gray vertical line indicates 95%
specificity. In b a scatter plot illustrates the nor-
malized expression levels of the 2-transcript sig-
nature GAPDH and SHQ1 in the discovery group
(n = 101), where it was the best-performing combi-
nation. In c ROC curves are presented for the
2-transcript signatures TSPO and SECISBP2, as well
as for GAPDH and SHQ1, and CRP and PCT in the
combined discovery and validation groups
(n = 210). AUC values and their corresponding 95%
CI are provided. The gray vertical line indicates 95%
specificity. In d a scatter plot illustrates the nor-
malized expression levels of the 2-transcript sig-
nature TSPO and SECISBP2 in the combined
discovery and validation groups (n = 210), where it
was the best-performing combination.
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infections with good accuracy in both the discovery and validation groups,
despite the groups having different clinical manifestations.

The finding that the etiology of infection did not emerge as the main
determinant of sample clustering canprobably be explainedby the inclusion
of various infections with diverse foci and pathogens, as well as the wide age
range of children, since leukocyte subpopulation counts change during
childhood31. The distinct expression patterns between healthy children and
hospitalized children with a definite bacterial infection are comprehensible.
The heterogeneous expression profile of children with a definite viral
infection may have resulted from this group consisting of children with
various infectious diseases differing in viral etiology, clinical focus of
infection, and illness severity.

Previous studies have identified mitochondrial translocator protein
(TSPO) among transcripts distinguishing children with and without ser-
ious bacterial infections13,32,33. In adults with sepsis, TSPO expression cor-
related with disease severity and immune activation34. Conversely, TSPO
was underexpressed in children with influenza compared to those with
bacterial infections35. TSPO participates in mitochondrial bioenergetics,
generation of reactive oxygen species (ROS), and regulation of inflam-
matory responses36–38. In immune cells, bacterial lipopolysaccharide sti-
mulation increases TSPO expression, promoting the release of
proinflammatory cytokines and ROS, possibly facilitating pathogen
killing39–41. Beyond systemic infection, TSPO has been widely used as a
biomarker of neuroinflammation, with animal studies linking its upre-
gulation to sepsis-associated encephalopathy42–46. Pharmacological mod-
ulation of TSPO has demonstrated both anti-inflammatory and
neuroprotective effects in preclinical models47–54. Taken together, our
observation of TSPO expression as a biomarker for bacterial infection is
biologically rational.

To our knowledge, no previous studies have described SECISBP2
expression in the context of acute infections. The SECISBP2 protein reg-
ulates the incorporation of selenium into selenoproteins, which have anti-
oxidant, immunomodulatory, and antiviral functions55–59. Selenium reduces
the occurrence and severity of viral infections by enhancing T cell, natural
killer cell and macrophage activity60–62. Its antioxidative effects counteract
infection-induced oxidative stress57–62. Selenium deficiency, conversely,
leads to oxidative stress, potentially enhancing viral replication, and has
been associated with worse clinical outcomes during viral infections63–67. A
plausible hypothesis for SECISBP2 upregulation in viral infections observed
in our study is the antiviral effect of selenium,mediated through SECISBP2-
dependent mechanisms involving selenoproteins.

Noteworthy, with an AUC of 0.87 in the discovery plus validation
groups, the identified 2-transcript signature outperformed CRP and PCT,
despite their partial use in the etiologic classification. In the qRT-PCR
validation within a subset of children, the AUC remained approximately
similar (0.82). In a recent systematic comparison of published host gene
expression signatures in discriminating between bacterial and viral infec-
tions, the signature performances variedwidely,withmedianAUCs ranging
from0.55 to 0.96 for predicting bacterial infections and from0.69 to 0.97 for
viral infections68. Interestingly, diagnostic accuracy was lower in children
under 11 years of age compared to adolescents and adults.

Previous RNA signature studies have predominantly focused on
microbiologically confirmed single-etiology cases, often excluding complex
patient populations such as those with probable or mixed
etiologies12,13,15–18,22–24,69. However, one might argue that the latter patient
populations are in the greatest need of novel diagnostic tests. While the
discriminative accuracy has been excellent in rigorously defined cohorts
(AUCs > 0.90; sensitivities 87–100%, and specificities 80–96%),
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Fig. 4 | Boxplots of normalized expression levels of the 2-transcript predictors for
bacterial infection. Boxplots represent the distribution of normalized expression
levels of the 2-transcript predictor pairs a GAPDH and SHQ1, and b TSPO and
SECISBP2, in the discovery (respiratory tract infections; n = 101) and validation

(non-respiratory infections; n = 109) groups. In each boxplot, the central line
denotes themedian, the box bounds represent the interquartile range (IQR), and the
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performance declines in probable etiologies or milder diseases13,14,22,70,71.
Lydon et al. validated a transcript signature in adults and adolescents with
acute respiratory illnesses, also in complex cases20. Among patients with
suspected bacterial infections or viral-bacterial co-infections, the signature
identified 82% and 71% of cases, respectively, as having either a bacterial
infection or co-infection.

Interestingly, the 2-transcript signature by Herberg et al.12 performed
poorly in our study population, likely due to the high prevalence of viral-
bacterial co-infections in our cohort. Interferon-stimulated genes (e.g.,
IFI44L) upregulated in viral infections may not effectively distinguish
between viral infections and viral-bacterial co-infections, as both trigger
antiviral responses. Furthermore, Herberg’s signature was derived from
children with severe, microbiologically confirmed infections, many
requiring intensive care, whereas only one third of our children had
microbiologically confirmed single-etiology infections, while another third
presented with viral-bacterial co-infections. Additionally, we identified that
10% of children had a bacterial infection with an asymptomatic virus
finding. Generally, RNA signature performance decreases when distin-
guishing between three or more phenotypes (e.g., bacterial, viral, non-
infectious) compared to only two phenotypes68.

We included clinically complex yet relevant populations, and validated
the discovered 2-transcript signatures across different clinical presentations
(respiratory vs non-respiratory infections).Our aimwas tofind outwhether
the identified signatures are applicable toawide rangeof common infections
encountered in hospitalized children. The top five gene pairs from the
discovery group performed inadequately in the validation group, under-
scoring the need to test beyond a single syndrome. However, we identified
TSPO and SECISBP2 as a robust signature across presentations and in
combined analyses.

Because this signature discriminated both bacterial infections and
viral-bacterial co-infections from viral infections, it could help target
antibiotic treatment. Given the novelty and preliminary nature of our
finding, it should be further investigated and externally validated across
diverse cohorts. Similar to other expression signatures, integration with
clinical data would be needed. Furthermore, timely results are crucial to
impact diagnostic decision-making. Our internal qRT-PCR validation is a
pragmatic step towards implementable assays. Development of point-of-
care tests for other validated transcript signatures has recently been
reported21,70,72. The advantage of using gene expression analysis in mea-
suring antiviral host response instead of direct detection of pathogens by
PCR is the ability to differentiate between incidental and pathogenic virus
findings, as well as to assess the potential coexisting bacterial infection. In a
recent multicentre PERFORM study, extensive molecular testing for
viruses in febrile children did not significantly improve the diagnostic
assignment, as the identification of a virus had poor predictive value for
excluding a bacterial infection73.

A strength of our study is the relatively large, prospectively recruited
cohort covering a wide pediatric age range and including children with
comorbidities and complexphenotypes, thereby representing the real-world
patient population of a tertiary care pediatric hospital. Another advantage is
the systematic respiratory virus PCR testing, allowing for a detailed etiologic
classification. As the number of children with a viral infection without
bacterial involvementwas initially lower than expected,we addressed this by
recruiting an additional sample of children with either a suspected or
confirmed viral infection. As a limitation of our study, healthy control
children and a minor part of children with a viral infection were recruited
from a previous study conducted at a different time point. As with all
diagnostic performance studies, the lack of a golden reference standard for
the etiologic classification of infectious diseases represents another limita-
tion. We adopted a pragmatic approach in identifying and validating the
signatures within a heterogeneous and complex patient population. This
introduced uncertainty in the etiological classification and may have
reduced the performance of the signature. However, it simultaneously
enhances the generalizability of the results. We preferred a pragmatic study
design, since there is a need to distinguish between not only the confirmed

bacterial and viral infections but also between the less straightforward cases,
which are common among hospitalized children.

Conclusion
In conclusion, our study demonstrated a good performance of a
2-transcript signature, TSPO and SECISBP2, in discriminating between
bacterial and viral infections in children primarily hospitalized for sus-
pected severe infections. It also provides insights into the utility of tran-
scriptomics in acute pediatric infectious diseases with complex
phenotypes. Heterogeneity of patient groups and frequency of viral-
bacterial co-infections challenges novel diagnostic approaches. While the
performance of our signature derived from a group of children with
respiratory tract infections could be replicated in the validation group
consisting of children with non-respiratory infections, and was internally
validated byqRT-PCR in our owndataset, our discovery is preliminary and
should be further investigated and externally validated in different clinical
settings.

Data availability
Individual participant data used in this study are not publicly available
because that would compromise research participant privacy. The de-
identified data and the full analysis source code are available upon rea-
sonable request from the corresponding author (E-mail: ruut.piri@utu.fi)
pending approval of our institution, and may require a data use agreement
between the parties.

Code availability
TheSTRTpreppipeline29 for STRTRNA-Seqdatapreprocessing is available at
https://github.com/shka/STRTprep/tree/v3dev. Parts of the code used for
downstream analysis of STRT RNA-seq data are available as follows: https://
gist.githubusercontent.com/shka/204e85b8a7a25ba8d264f5481f13c292/raw/
362c47e384c26c53bccb7d6d771b1b23bbe9a397/spikein_normalization.R for
spike-in normalization; https://gist.githubusercontent.com/shka/d5bdcdbe
91df7e6565bdb6d2ed72805e/raw/a11e93113a9741a3e141ac7b7d94d99584
315a74/test_fluctuation.R for identification of fluctuated genes; and https://
gist.githubusercontent.com/shka/7ceff193189b0f914408b3e58f9fc69b/raw/
da0327be4756b6a967fd3f4ab0e0b39de0177cdd/automation_SAMstrt_
fluctuation.R for differential expression analysis. CFX Manager 3.1 software
can be purchased from Bio-Rad. Full R scripts for downstream analyses of
STRT RNA-seq and qRT-PCR data, as well as SPSS syntax used for the
statistical analyses, are available upon reasonable request, together with the
participant data (see data availability section).
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