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Transcript host-RNA signatures to discriminate bacterial and
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Traditional laboratory markers, such as white blood cell count, C-reactive protein, and procalcitonin, failed to discriminate viral and
bacterial infections in children. The lack of an accurate diagnostic test has a negative impact on child’s care, limiting the ability of
early diagnosis and appropriate management of children. This, on the one hand, may lead to delayed recognition of sepsis and
severe bacterial infections, which still represent the leading causes of child morbidity and mortality. On the other hand, this may
lead to overuse of empiric antibiotic therapies, particularly for specific subgroups of patients, such as infants younger than 90 days
of life or neutropenic patients. This approach has an adverse effect on costs, antibiotic resistance, and pediatric microbiota.
Transcript host-RNA signatures are a new tool used to differentiate viral from bacterial infections by analyzing the transcriptional
biosignatures of RNA in host leukocytes. In this systematic review, we evaluate the efficacy and the possible application of this new
diagnostic method in febrile children, along with challenges in its implementation. Our review support the growing evidence that
the application of these new tools can improve the characterization of the spectrum of bacterial and viral infections and optimize
the use of antibiotics in children.
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IMPACT:

● Transcript host RNA signatures may allow to better characterize the spectrum of viral, bacterial, and inflammatory illnesses in
febrile children and can be used with traditional diagnostic methods to determine if and when to start antibiotic therapy.

● This is the first review on the use of transcript RNA signatures in febrile children to distinguish viral from bacterial infections.
● Our review identified a wide variability of target populations and gold standards used to define sepsis and SBIs, limiting the

generalization of our findings.

INTRODUCTION
Sepsis remains a leading cause of morbidity and mortality in
neonatal and pediatric age,1 in both low-to-middle countries
(LMICs) and well-resourced setting.2 The early diagnosis of sepsis
and serious bacterial infections (SBIs) is pivotal to establish early
treatments and reduce mortality and morbidity. However, clinical
examination is often non-specific and laboratory tests usually used
have little sensitivity and specificity; to date, there is no single
laboratory test that can accurately identify sepsis and SBIs during
the early stages of disease.3

Blood culture remains the gold standard for diagnosis of sepsis
and SBIs, although false-negative cultures can occur as a result of
small volumes of blood drawn (particularly in neonates, infants, and
young children), low levels of bacteremia, use of previous antibiotics,
or the presence of bacteria that require specific cultures or have
high replication time.4 Moreover, blood culture results require hours
to days according to settings, and therefore they cannot guide initial
diagnostic and management decisions. The traditional laboratory
tests used in differential diagnostics (such as white blood cell count,
C-reactive protein, and procalcitonin) failed to distinguish the

etiology of fever in children and also have numerous limitations.
For example, C-reactive protein (CRP) is a non-specific marker and
can increase in all inflammatory situations (including non-infectious
ones), while procalcitonin (PCT) showed better accuracy to
recognized sepsis and SBIs than other tests, but has higher costs
(limiting its widespread use in LMICs) and can also be negative in
the early stages of disease.5

Since invasive bacterial infections must be treated immediately,
the absence of accurate diagnostic tools leads to high use of
empirical antibiotic therapies. Although fever in infants less than
90 days old is more often of viral etiology, it is associated with a
severe bacterial infection in 8–12.5% of cases.6 For this reason,
antibiotic therapy is usually empirically started pending cultures or
clinical evolution and is often continued beyond 48 h (despite
negative cultures) when clinical signs and laboratory markers are
consistent with infection. This has an adverse effect on costs,
antibiotic resistance, and microbiota.
In recent years, new methods have been studied to better and

earlier recognize sepsis and SBIs, including RNA biosignatures.
Transcript host RNA signatures are a new tool increasingly used to
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differentiate viral from bacterial infections by analyzing the
transcriptional biosignatures of RNA in host leukocytes, in
response to a clinically undifferentiated infection.6

Studies on the adult population have shown encouraging
results regarding the use of these methods in the diagnosis of
infectious diseases. Suarez et al.7 conducted a prospective work in
patients aged ≥21 years hospitalized for low respiratory tract
infection and identified 10 classifier genes (8/10 related with
Interferon pathway) that discriminated between bacterial and viral
infection with a 95% sensitivity and 92% specificity, compared
with a sensitivity of 38% and a specificity of 91% for procalcitonin.
However, the use RNA biosignatures to recognize children with

sepsis and SBIs is not yet completely established; therefore, we
performed a systematic literature review to better understand the
possible application of transcript host RNA signatures to
discriminate bacterial and viral infections in febrile children.

METHODS
Search strategy
We performed a systematic literature review to evaluate the
efficacy of transcript host RNA signatures for the discrimination of
bacterial and viral infections in febrile children.
Five different searches were conducted on Pubmed using the

following keywords: “Transcriptomic & sepsis & children”, “RNA
signatures & sepsis & children”, “transcriptome & infection &
children”, “RNA signatures & infection & children” “gene expression
signature & sepsis & children”. All studies published between January
2011 and February 2021 were considered (n= 1073). In total, 188
duplicates were removed after comparison of the five searches.
We included all studies of quantitative research, while letters to

the editor (n= 2), protocols (n= 4), reviews (n= 72) and off-topic
publications (n= 777) were excluded. No articles were excluded
due to the language. We additionally analyzed reference lists of
the included articles to identify further relevant studies (n= 3).

Study selection
A first screening process was performed to identify off-topic
studies: 777 articles were excluded from the database. The
remaining list was screened to identify quantitative research
about the efficacy of transcript host RNA signatures for diagnosis
of bacterial and viral infections in febrile children. After an initial
preselection of 33 articles, 16 publications were fully considered to
be included in this review.

Data extraction
The data extraction template was filled by the author coordinated
by the two leading researchers, based on a sample of three studies
previously screened and assessed by them, in order to adjust the
template to make it perfectly suitable for the study’s aim. The
results were then checked again across the original manuscript by
a third researcher.

Data synthesis
Characteristics of the included studies were presented in
tabulated form. The data were collected in columns: study
reference, analyzed population and mean age, aim, main result
and study limitations. We also presented a supplementary table
which reported: type of study, country, setting and conflicts of
interest (when present and/or reported).
The data were then summarized using a narrative synthesis

approach.

RESULTS
Study selection and description
A total of 1076 articles were identified according to the specified
selection criteria on Pubmed. After duplicates were removed (n=

188), a total of 888 citations were identified from searches of
electronic databases and review article references. Based on the
title and the abstract, 777 were excluded, with 108 full text articles
to be retrieved and assessed for eligibility. We were able to
retrieve all the selected articles. Of these, 78 were not considered
to be original quantitative research (72 review articles, 2 letters to
the editor, 4 protocol studies).
We preselected 33 articles and, after discarding 17 works

(because they did not have as their main purpose the distinction
between infections), finally, the remaining 16 studies were
considered eligible for this review (Fig. 1).
No meta-analysis was done because the published childhood

transcript host biomarker studies were highly heterogeneous. The
method used to confirm bacterial and viral infections was also
heterogeneous, ranging from positive or negative cultures to
different ranges of inflammation indices, up to clinical
evaluation alone.

Characteristics of sources of evidence
The modules are described in Table 1, together with a description
of aim, target group, main results, and study limitations.
A critical appraisal within sources of evidence, including the

studies’ place of origin, design, setting, and conflicts of interest are
presented in the Supplementary Table 1.

Critical appraisal within sources of evidence
Results of sources of evidence. We included 16 studies,8–23 with a
total of 4841 analyzed patients. Of the 16 selected studies, 14
(87,5%) examined the discrimination of bacterial and/or viral
infections using transcript host RNA biosignatures, with 2 of these
conducted on a population of oncological children.12,16 Of the
remaining studies, one concerned the identification of a marker of
severity in hospitalized children with pneumonia19 and the other
studied markers that allowed to distinguish real asthma exacer-
bations from episodes that resolved spontaneously in the absence
of treatment.20 In both cases, differentiation of the underlying
infectious agents was considered a secondary endpoint.
One study23 analyzed also the correlation between sepsis severity

and gene expression, but did not find statistically significant
correlation. Most of the included were prospective studies.
Six studies were conducted in a hospital ward, eight in an

emergency department, and two using data from the GEO (Gene
Expression Omnibus) dataset.
The majority of publications analyzed children from the United

States and China. Other countries with less studies included: Mexico,
Spain, Sweden, Mozambique, and Brazil. One study analyzed
children from different countries (United Kingdom, Spain, the
Netherlands, and the United States). About the two studies that
used the GEO dataset, one was conducted in the USA analyzing only
data from Mexican children.
In 10 studies the authors declared that they have no conflict of

interest; in two studies there is no reference about conflict of
interest, while in only four studies possible confounding factors are
reported: after our careful analysis, both were deemed suitable for
our review.
The majority were conducted only among children (n= 14;

87.5%); 10 studies included only children under 10 years old and
4 studies included children under 18 years. Only two studies
analyzed children and adults.8,14

The 16 studies reported diverse and heterogeneous forms
of biomarkers as a gold standard for infection diagnosis,
which require different types of clinical specimens and utilized
diverse techniques and laboratory assays for identifying
biomarkers. IFI44L was one of the most used markers for the
diagnosis of viral infections9–11,15 with also genes linked to IFN
pathway.13,14,16,18,20,22,23

The vast majority of studies15,16 report that transcriptomics can be
used as a diagnostic supplement for pediatric diseases and allow to
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distinguish bacterial from viral infections. We found only one study
that reported no benefit between transcript host RNA signatures
and the discrimination of pathogens and involved 63 episodes of
febrile neutropenia in 45 oncological children.12 The average
numbers of participants (much lower than in others which report
an association) and the particular clinical condition of children
analyzed in this study could be confounding factors.

DISCUSSION
We conducted a systematic review of host-response and
pathogen-derived biomarkers for viral and bacterial infections in
children to find a possible new test to optimize diagnosis and
antibiotic therapy in children. Most of the studies analyzed in our
systematic review highlighted that RNA biosignatures are an
effective method to differentiate the different types of infections
in children with infectious diseases of various types. The
distinction between viral and SBIs is often difficult, with blood
cultures (the gold standard for diagnosing sepsis) taking days to
positivize and laboratory markers that can increase in different
cases of inflammation.24 The identification of new methods for
early diagnosis and the distinction of bacterial from viral infections
is one of the priorities of scientific research, which may have a
major impact on clinical practice and quality of care with short-
and long-term benefits.
Gene-expression signatures derived from whole blood have

been reported for several diseases; one of the most important
applications is in oncology, where these methods are used to
distinguish among the types of tumor, identify stages of cancer,
and predict the effectiveness of administered therapies.25 About
infectious diseases, the use of these diagnostics has not yet been
fully defined, especially in children. However, it is known that
peripheral blood cells share more than 80% of their transcriptome
with those of specific organs; for this reason whole-blood
expression profiling can be used to identify distinct disease
signatures regardless of the site of infection.26 Sherrianne et al.27

showed that the transcriptional responses of very preterm infants
with confirmed late onset sepsis differed significantly from non-

sick children, for a total of 1317 differentially expressed genes.
However, infants diagnosed with possible sepsis (with negative
blood culture and altered CPR) could not be distinguished from
children without or with confirmed infection; this limitation
highlights the difficulty in transforming transcriptomics into a
rapid and effective diagnostic test.
In this scoping review we identified 16 primary studies

addressing the discrimination of bacterial and viral infections
through transcript host RNA signatures, published between
January 2011 and February 2021. Our findings indicate that these
molecular tests could be used in combination with standard
exams in children with fever to characterize any underlying
infection (viral or bacterial), pending the blood culture report and
other ongoing tests.
The differential gene expression taken into consideration in the

analyzed studies is very large and allows to accurately distinguish
bacterial infections from viral ones, even if the use of a few
markers would seem adequate for the identification of certain
pathologies. For example, Herberg et al.,10 using only a
2-transcript signature, found that the expression of IFI44L was
increased in patients with viral infection and FAM89A was
increased in patients with bacterial infection, relative to healthy
children. Similar results, using the same markers, were achieved in
other studies.9 Gomez-Carballa et al.15 also found that the
monogenic IFI44L expression signature yielded better results than
those obtained from the 2-transcript test with sensitivity 90.9%
and specificity 92.8%. Differences in transcriptomic expression are
also reported on the basis of the type of bacterium or virus
present, with markers more expressed by specific pathogens (such
as Shigella) compared to pathogens belonging to the same
category.11 The use of targeted markers could improve diagnostic
accuracy and, considering the smaller amount of transcripts to be
analyzed, optimize costs.
The transcriptomic methods could also be compared with

classic inflammation markers measured in pediatric age in the
suspicion of infection, such as procalcitonin. In comparison to this,
Lydon et al.8 reported that the reverse transcriptase PCR (RT-PCR)
test used in his study offered similar performance in distinguishing

Records identified through 
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Duplicates (N= 188)

Records screened 
(N= 885)

Other sources 
(N= 3)

Off topic
 (N= 777)

Protocol
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 (N=72)

Letter to the editor
 (N= 2)

Language
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Fig. 1 Study flow: selection and description.
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bacterial versus non-bacterial infections but offered better
discrimination in viral versus non-infectious illness or bacterial/
viral coinfection. This study suggests that transcriptomics can be
used not only as an isolated diagnostic tool, but also with other
standard tests, increasing sensitivity and specificity of the
diagnosis.
In the only study where no benefit was found, Wahlund et al.12

analyzed 63 episodes of febrile neutropenia in 45 children
suffering from different oncological pathologies. The authors
summarize that immunosuppressed children do not have enough
immune cells in the blood for a reliable analysis of gene
expression, suggesting that transcriptomics may not be used to
accurately determine the etiology of infections in febrile
neutropenia. However, single-cell RNA expression technology
could be used to overcome the concern with cell number/relative
proportions.28 The role of transcriptomic in immunosuppressed
patients should therefore be carefully evaluated in future studies
also using new single-cell RNA technologies, even if in the other
study conducted on oncohematological patients16 the authors
showed increased specific cytokines levels within 24 h after
infection that correlate with the corresponding bacterial infection.
Sensitivity of cytokine detection soon after infection was greater
than that of CRP or blood culture levels, and cytokine profiles
during infection provided a better indication of infection control
status than CRP levels. The use of transcriptomics in frail patients
(such as oncological children or other immunosuppressed
patients) would be essential to guide antibiotic therapies during
infectious processes, which are much more frequent than in the
general population. Immune deficiencies make the use of these
methods more difficult; therefore, future studies should investi-
gate this relationship to evaluate their real effectiveness.
A potential important application of transcriptomics in infec-

tious diseases is the possibility of establishing targeted and
personalized therapies instead of general empirical treatments.
However, there is no single laboratory test that can accurately
identify sepsis during the early stages of disease; among the
studies we have analyzed, one of the most frequently reported
limitations is the lack of a gold standard for diagnosing infection.
For example, Mahajian et al.21 consider bacterial etiology as the
bacterial detection in culture, despite a known substantial rate of
false-positive and false-negative results. Negative cultures may
reflect antibiotic abuse, low numbers of bacteria in the culture or
inaccessible sites of infection. Difficulty in differentiating bacterial,
viral, and non-infectious etiologies of children diseases contributes
to antibiotic overuse. It is known that the inappropriate use of
antibiotic therapy (both in terms of duration and spectrum of
action of the drug) can lead to the development of bacterial
resistance through genetic and epigenetic modifications29,30

favoring the onset of subsequent infections that are difficult to
treat.31 This is especially true for pediatric patients, who often
develop fever due to viruses and are still treated with antibiotic
therapies to cover up any bacterial infections.32 A more accurate
diagnosis would reduce the improper use of antibiotics and would
allow the use of targeted drugs, with less prescription of empirical
therapies. Sweeney et al. used their previously published 11-gene
Sepsis MetaScore together with the new bacterial/viral classifier to
build an integrated antibiotics decision model. In a pooled analysis
of 1057 samples from 20 cohorts, the integrated antibiotics
decision model had a sensitivity and specificity for bacterial
infections of 94.0% and 59.8%, respectively (negative likelihood
ratio, 0.10).33 However, they excluded infants, which represent one
of the most challenging populations in pediatric practice, where
clinical signs and symptoms are often subtle and difficult to
understand, and discriminating viral from bacterial infections is
particularly important but, at the same time, especially difficult.
Similarly, the definition of the spectrum of conditions behind a
febrile child can help advancing clinical practice and pathophy-
siologic understanding of underlying mechanisms.Ta
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The mentioned difficulties in defining and, therefore, recogniz-
ing bacterial and viral infections highlight a relevant point to be
taken into account in the assessment of new biomarkers: the
clinical definition of viral and bacterial infections, which ultimately
affect all clinical decisions and also the proper assessment of every
study. There is increasing understanding that the historic
dichotomous distinction of febrile children in the cohort of
bacterial and viral infections is not only difficult to achieve (due to
sensitivity problems of microbiological gold standards), but it is
probably not appropriate from a clinical point of view.34 There is,
in fact, emerging evidence for a complex relationship between
bacterial and viral pathogens and their interplay in the etiology,
clinical presentation, and determination of disease severity.35

Moreover, biomarkers can have significant overlaps that cannot
simply be explained by a dichotomous classification, as found by a
recent and innovative approach proposed by Nijman et al.34 The
PERFORM consortium (Personalized Risk assessment in febrile
children to optimize Real-life Management across the European
Union) recently proposed an algorithm that showed better
discrimination between patients with bacterial and viral infection,
aligned better with host-response biomarker concentrations and
clinically relevant, patients-centered outcomes, providing a frame-
work for phenotyping children with infections based on the trends
in the different biomarkers in relation to the certainty of the
diagnosis of either bacterial or viral categories. In this new
algorithm, a more granular classification that also adds the
“probable bacterial” or “probable viral” infections groups gives a
wider range of clinical phenotypes that better reflects clinical
practice. We strongly support this view, and encourage future
studies in the field of biomarkers to prospectively consider this
perspective and include these categories to have a proper
interpretation of biomarkers according to these outcomes. The
last decade has seen a similar change in the field of tuberculosis,
where the classic dichotomous classification of active tuberculosis
and latent infection has now been substituted by the so-called TB-
spectrum, which better reflects both clinical observations and
biomolecular phases of the complex interplay between the host
and M. tuberculosis.36,37 Similarly, the definition of the spectrum of
conditions behind a febrile child can help advancing clinical
practice and pathophysiologic understanding of underlying
mechanisms.
The transcriptomic profile of infections is not only influenced by

the underlying pathogen but also by the immune system of the
involved person; the expression signatures observed could
represent differences in cell types and levels, rather than gene
expression. It is therefore possible that higher cellular concentra-
tions can provide higher amounts of RNA, while low levels are
associated with an often unsatisfactory transcriptomic profile. In
many of the other studies analyzed there was no normalization of
the values for the number of white blood cells, and this could be
an important confounding factor. Balamuth et al.22 excluded from
the cohort of his study children with absolute neutrophil counts
<1000 × 109/L because they were not likely associated with
sufficient quantities of RNA for transcriptomic analysis. Therefore,
this aspects is particularly relevant when the transcriptomics
techniques are implemented in a center, or in the evaluation of
results from different studies. Similarly, this problem should always
be taken into account when specific cohort of patients with
impaired white blood cell count for underlying conditions are
included in the analyses, since false-negative results may have
serious implications in the most fragile patients, such as the
oncoheamatologic ones. However, as previously mentioned, new
single-cell technologies can potentially bypass these problems.28

The importance of the contribution of white blood cell counts
to the interpretation of RNA-transcriptomic has been addressed by
Monaco et al., which highlighted how studying o peripheral blood
mononuclear cells (PBMCs) in their entirety often contributes to
inconclusive or difficult to interpret results, as it not always

possible to accurately ascertain which specific immune cell types
are responsible for any given transcriptomic signal of interest.
Moreover, the proportion of immune cell subsets in the blood can
vary during disease, age, or clinical interventions.38 To address
these issues, they identified sets of genes that are specific, are co-
expressed, across different cell types, provided mRNA abundance
revealing cell type specificity and developed transcriptomics
signatures normalized by mRNA abundance, eventually providing
transcriptomic data specific for different immune subsets. How-
ever, studies including patients of different ethnic backgrounds
and age groups will be still necessary in order to allow a better
characterization of specific cohort of patients and a more
standardized clinical application.
Importantly, the method of collecting, transporting, and storing

samples for transcriptomic analysis can also influence the results
of gene expression profiles39 causing ex vivo alterations in mRNA
transcripts. High-quality sample preparation and immediate RNA
isolation are prerequisites for the best transcriptional analysis40

although many times the samples are stored and processed later.
For example, Prashant et al.21 used frozen samples for RNA
analyses and specifies it in the limitations of their work.
One of the problems that hinder the application of transcrip-

tomics in clinical practice is the high cost and the need for
dedicated skills for the interpretation of results. The bed side use
of this technology is the key and fundamental point for the clinical
application, even if to date the transcripts to be analyzed for a
correct differential diagnosis are several and, in the context of the
creation of a device for the detection of signatures, evidence is
available only for some transcripts. However, incredible improve-
ments have been achieved in the last decade in the implementa-
tion of easier platforms that are now able to allow transcriptomic
analysis at a single-cell resolution, simultaneous analysis of host
and pathogen transcriptomes (dual RNA-seq), and sequencing of
full-length transcripts to allow detailed analysis of transcript
isoforms and direct analysis of RNA.41 In the future, techniques
such as laser capture microdissection may be coupled with RNA-
seq to allow host cells and their interacting pathogens to be
isolated and studied as defined cell groups or dual single-cell
analyses. Technical advances are also behind the corner.
Measurement of the release of hydrogen ions during the
nucleotide incorporation process with a pH semiconductor
system42 could facilitate in the future the creation of devices for
the analysis of nucleic acids in real time using portable and low-
cost devices. Moreover, studies are underway that attempt to
simplify the use of these methods, such as the one conducted by
Pennisi et al.;43 they proved that EMR1-ADGRE (replacing FAM89A)
and IFI144L transcript signatures can be detected using an
inexpensive semiconductor-based sensing platform. Using this
device, host RNA signatures can be detected rapidly and cost-
effectively, at a lower cost than traditional diagnostic methods, in
a format suitable for development as a point-of-care diagnostic
test that might be applied to a range of different clinical settings.
Last, new and less invasive routes for host RNA signatures have
been tested, including the nasal environment. Jinsheng et al.44

found that gene expression signatures were as good or better for
discriminating between respiratory syncytial virus (RSV) infection,
symptomatic non-RSV respiratory virus infection, asymptomatic
rhinovirus infection, and virus-negative asymptomatic controls.
Although the authors did not include a control group of bacterial
or probable-bacterial infections, this is a promising area of
investigation.

Limitations
Our scoping review has some limitations. First of all, a formal
assessment of publication bias was not performed. We know also
that transcriptomics is a very recent topic, which is being studied
not only for infections but also for other pathologies such as
oncological ones; our systematic review includes all relevant
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publications up to February 2021 but it is likely that further works
about transcriptomic signatures and pediatric infection will be
published during these months. Additionally, it is always possible
in a systematic review that relevant publications were not
identified in the search; however, the search term was extensively
calibrated by authors. In addition, the available studies used
different gold standards to define sepsis and SBIs, and the lack of a
clinically relevant gold standard (children can have a SBI or sepsis
with negative blood cultures) further limits the generalization of
results of this review. Last, differences in the size of the datasets,
heterogeneity of included patients, and wide variation of
biosignatures analyzed between articles further limit the general-
izability of our studies, and should be taken into account for future
researches.
Future studies should target their biomarker research for a new

diagnostic test intended for use in children and should be
performed in diverse geographical places, involving different
populations, because the diagnostic test can be applied in
different settings.

CONCLUSIONS
Transcript host RNA signatures may have the potential role to
support clinicians in differentiating bacterial from viral infections
in febrile children and can be used with traditional diagnostic
methods to determine if and when to start antibiotic therapy. A
more accurate diagnosis of infectious diseases would improve
diagnosis of SBIs in febrile children and optimize the use of drugs,
reducing adverse effects such antibiotic resistance or dysregula-
tion of pediatric microbiota. While the summarized results are
promising, our review identified a wide variability of target
populations and gold standards used to define sepsis and SBIs,
limiting the generalization of our findings. Importantly, a new
classification of the spectrum of viral and bacterial infections in
children, which better reflects routine practice, seems necessary to
have more standardized and comparable outcome measures, and
should be considered in future studies that should address the
role of transcript host RNA signatures in defining this spectrum.
Given the importance of the topic, we hope that this systematic

review will contribute to provide targeted guidance for further
scientific explorations toward the eventual development of a new
diagnostic tool to differentiate bacterial and viral infections in
children.
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