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Discovery and validation of a three-gene signature to
distinguish COVID-19 and other viral infections in emergency
infectious disease presentations: a case-control and
observational cohort study
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Summary

Background Emergency admissions for infection often lack initial diagnostic certainty. COVID-19 has highlighted a
need for novel diagnostic approaches to indicate likelihood of viral infection in a pandemic setting. We aimed to
derive and validate a blood transcriptional signature to detect viral infections, including COVID-19, among adults
with suspected infection who presented to the emergency department.

Methods Individuals (aged =18 years) presenting with suspected infection to an emergency department at a major
teaching hospital in the UK were prospectively recruited as part of the Bioresource in Adult Infectious Diseases
(BioAID) discovery cohort. Whole-blood RNA sequencing was done on samples from participants with subsequently
confirmed viral, bacterial, or no infection diagnoses. Differentially expressed host genes that met additional filtering
criteria were subjected to feature selection to derive the most parsimonious discriminating signature. We validated
the signature via RT-qPCR in a prospective validation cohort of participants who presented to an emergency
department with undifferentiated fever, and a second case-control validation cohort of emergency department
participants with PCR-positive COVID-19 or bacterial infection. We assessed signature performance by calculating
the area under receiver operating characteristic curves (AUROCs), sensitivities, and specificities.

Findings A three-gene transcript signature, comprising HERC6, IGFIR, and NAGK, was derived from the discovery
cohort of 56 participants with bacterial infections and 27 with viral infections. In the validation cohort of 200 participants,
the signature differentiated bacterial from viral infections with an AUROC of 0-976 (95% CI 0-919-1-000), sensitivity
of 97-3% (85-8-99-9), and specificity of 100% (63-1-100). The AUROC for C-reactive protein (CRP) was
0-833 (0-694-0-944) and for leukocyte count was 0-938 (0-840-0-986). The signature achieved higher net benefit in
decision curve analysis than either CRP or leukocyte count for discriminating viral infections from all other infections.
In the second validation analysis, which included SARS-CoV-2-positive participants, the signature discriminated
35 bacterial infections from 34 SARS-CoV-2-positive COVID-19 infections with AUROC of 0-953 (0-893-0-992),
sensitivity 88 -6%, and specificity of 94-1%.

Interpretation This novel three-gene signature discriminates viral infections, including COVID-19, from other
emergency infection presentations in adults, outperforming both leukocyte count and CRP, thus potentially providing
substantial clinical utility in managing acute presentations with infection.
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Introduction setting of an emerging pandemic, such tests might not

There has been extensive interest in biomarkers that
discriminate between bacterial and viral infections in
emergency medicine, primarily fuelled by the aspiration to
reduce inappropriate prescribing of antibacterial agents.'
The COVID-19 pandemic has highlighted a further need
for tests that can trigger infection control and antiviral
interventions before a specific diagnosis is available.
Molecular diagnostic tests for viruses are often used
only if participants are admitted to hospital and, in the

be available if the causal pathogen is yet to be identified,
or delayed through over-centralisation, rationing of
testing, or issues with single suppliers.?* The COVID-19
pandemic has brought these issues into sharp focus,
presenting health-care systems with an immense
diagnostic challenge. Molecular diagnostic tests for
SARS-CoV-2 were not widely available at the start of the
pandemic,’ underlining the value of a readily available
agnostic blood test (ie, does not require previous
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Research in context

Evidence before this study

Differentiation of infections is a major challenge in emergency
settings, where decisions to prescribe antibiotics to potentially
save life must be weighed against the risk of aiding
antimicrobial resistance or of complications through over-use.
Viral diagnoses are perceived to have few immediate treatment
consequences, thus were seldom actively sought until the
COVID-19 pandemic. Several molecular diagnostic biomarkers
to distinguish between viral and bacterial infection have been
proposed but none are in routine use. We searched PubMed for
clinical studies published in English between database inception
and April 1, 2021, using the search terms “bacterial” AND “viral”
AND “blood” AND (“RNAseq” OR “transcriptomic” OR
“transcriptome” OR “gene expression”) AND (“signature” OR
“diagnosis” OR “classification” OR “classifier”). Our search
returned more than 70 papers, and five gene expression
signatures that distinguish between bacterial and viral
infections, although none were derived and validated in adult
emergency settings, and none have been validated in patients
with COVID-19.

Added value of this study

Our study provides a unique snapshot of gene expression in a
large cohort of well phenotyped adults at the point of
admission to an emergency department with suspected sepsis.
A simple three-gene PCR signature was derived, which has
superior ability to differentiate viral from other infection
presentations compared with existing biomarkers, such as
C-reactive protein and leukocyte count. The signature was
validated on a prospective cohort of real-world emergency
infectious disease admissions. The signature was further

knowledge of any specific pathogenic agent) to detect
viral diseases, such as COVID-19, by host response. As
the pandemic developed, notwithstanding delays in
test availability, COVID-19 posed additional challenges,
because the clinical features and routine laboratory
diagnostic tests greatly overlapped with those of bacterial
sepsis.” Perhaps the greatest challenge has been the
association of COVID-19 with elevated C-reactive protein
(CRP). Although molecular tests for SARS-CoV-2 appear
robust, the phenomenon of the SARS-CoV-2 PCR-
negative participant who manifests disease consistent
with COVID-19 is well reported.** There is the possibility
that viral genetic variation in the future could render
PCR or antigen-based tests for SARS-CoV-2 unreliable.
Furthermore, as the pandemic recedes, COVID-19 could
be considered less probable in the differential diagnosis.
There is a pressing need for a ready-to-use test that is
available to all and can discriminate viral infections, such
as COVID-19, from other infections.

Blood transcriptomic biosignatures have the potential
to be translated into point-of-care diagnostic tests
and have shown promise in distinguishing between
patients with and without infection and between those

validated on PCR-positive COVID-19 admissions to the
emergency department, a group where RT-qPCR testing via
nasopharyngeal sampling alone can be inaccurate. To our
knowledge, this analysis represents the first host gene signature
to be validated for COVID-19, providing proof of principle that
point-of-care gene expression-based diagnostics can support
decision making in acute and ambulatory emergency settings.

Implications of all the available evidence

Infection-related primary diagnoses represent almost 20% of
emergency department presentations in the USA. There is an
expanding menu of biomarker and gene expression signatures
that can differentiate infection from inflammation, and viral
from bacterial infection. Viral infection is characterised by a
unique host gene expression profile that is highly specific and is
unlikely to be affected by variation in viral genome. Our study
has shown that such profiles can be reduced to a simple
three-gene, rapid PCR-based signature that can distinguish
non-SARS-CoV-19 and SARS-CoV-19 viral infections from
other emergency sepsis presentations. Few gene expression
signatures enable easy translation to point-of-care test.

Our work provides a roadmap to a fingerprick test that could
ultimately distinguish COVID-19 from other viral and bacterial
disease presentations in adults, providing an important asset in
the current pandemic and a tool to guide future antimicrobial
prescribing. The three-gene signature we discovered could
allow for improved stratification of anti-infective prescribing
among participants with respiratory illness, contribute to earlier
diagnosis, and provide more targeted infection control
strategies in the COVID-19 era.

with bacterial and with viral infection, as well as severity
stratification.”™

We aimed to characterise the differential gene expres-
sion in a unique cohort of patients who presented
at an emergency department with suspected infections.
We hypothesised that a minimal diagnostic signature
identified in the blood of patients with confirmed viral
and bacterial infections could be used to discriminate
these infections via an RT-qPCR diagnostic assay. We
then aimed to assess the performance of the RT-qPCR
assay in the identification of viral infections from the
large mix of adult patients presenting to the emergency
department with suspected infection in a prospectively
recruited cohort of patients who required hospi-
talisation, and further evaluated the assay in an
additional emergency department cohort of COVID-19
patients who required hospitalisation.

Methods

Study design and participants

Individuals (aged =18 years) presenting with suspected
infection to an emergency department were prospectively
recruited at a major teaching hospital in the UK as part of
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the Bioresource in Adult Infectious Diseases (BioAID)."*
Individuals were eligible if they had a clinical syndrome
sufficient to warrant blood culture testing. Whole-blood
RNA was obtained at the point of presentation, in
conjunction with demographic and clinical data.

Eligible participants were recruited into three separate
cohorts: the discovery cohort and two validation cohorts.
The discovery cohort comprised participants identified as
having definite categories of infections (definite bacterial,
definite viral, or no infection) and was used to derive a
novel gene expression signature. Two separate validation
cohorts were used to validate the signature: a pre-
COVID-19 pandemic cohort and a COVID-19 pandemic
cohort.

Ethical approval was granted by the South Central-
Oxford C national research ethics committee to obtain
deferred consent from participants from whom an RNA
specimen had been collected (14/SC/0008 and
19/SC/0116).*

Discovery cohorts for RNA sequencing analysis

The discovery cohort (case-control design) comprised
participants recruited between Sept 15, 2014, and
April 28, 2017 We used National Health Service (NHS)
hospital pathology and patient administration databases
to identify 30 participants from each of the following
categories: microbiologically confirmed Gram-positive
or Gram-negative bacteraemia; a positive viral diagnostic
test in the context of acute admission; and those with no
positive microbial diagnostic test, no infection-related
International Classification of Diseases-10 diagnostic
codes from BioAID admission, and no empirical
antiviral or antimicrobial treatment lasting more than
48 h. When more than 30 participants were identified in
any category, random selection was applied using
Microsoft Excel. Using whole-blood samples already
collected on admission, RNA sequencing analysis was
done. In parallel, full case records of each participant
were reviewed by two independent specialists (HKL and
SS) to confirm categorisation into specific infection
categories (appendix p 11). Differential gene expression
analyses, with additional filtering criteria (absolute
log, fold-change >1, adjusted p<0-05, and mean
expression value; appendix p 14), between all categories
and feature selection (using forward selection-
partial least squares [FS-PLS] or elastic net) were done
(appendix pp 4-7, 23).

Three-gene signature derivation

All participants with definite bacterial or viral infection
were included in signature discovery (appendix pp 4-5).
We used a FS-PLS method to identify a minimal
diagnostic signature, resulting in a logistic regression
model. FS-PLS selects for minimally correlated genes
and has previously been described in detail.>” We
calculated the FS-PLS score into a single metric using
weighted sums of log, gene counts (appendix pp 6, 29).

To assess the generalisability of the diagnostic signature,
we assessed its performance in a publicly available
microarray gene expression dataset of confirmed bacterial
and viral infections (appendix pp 7, 31).

Pre-COVID-19 prospective validation cohort and three-
gene signature evaluation

To test the hypothesis that the three-gene signature can
discriminate bacterial infection from COVID-19, whole-
blood RNA samples from a 6-month cohort of consecu-
tively admitted BioAID participants (recruited between
Sept 1, 2017, and Feb 28, 2018, >2 years before the onset of
the first COVID-19 epidemic wave in the UK) were used to
evaluate the performance of the gene expression signature
using a Biomark HD high-throughput qPCR platform
(Fluidigm, San Francisco, CA, USA; appendix pp 8-9).
All emergency infectious disease admissions to hospital
recruited to BioAID entered this cohort regardless of
what their final diagnosis was. Participants had been
previously categorised (appendix p 12) using clinical data
as having definite viral, definite bacterial, probable viral, or
probable bacterial infection. Participants with co-infections
or lacking diagnostic certainty were categorised as
indeterminate, and if no evidence of infection was found,
participants were categorised as not infected or other
infection (fungal, parasitic, or mycobacterial), reflecting
real-life practice. The three-gene signature performance
was assessed using area under receiver operating
characteristic curve (AUROC) analysis.

Decision curve analysis in the pre-COVID-19 prospective
validation cohort

To determine how well the signature would perform in
everyday clinical practice, we used decision curve analysis.
We evaluated the clinical utility of each of leukocyte count,
CRP, and the three-gene signature to identify definite and
probable viral or bacterial infections among all participants
in the entire pre-COVID-19 prospective validation cohort
where all three measurements were available, including
the indeterminate groups, thereby avoiding over optimistic
estimates of test performance derived from case-control
analyses. Decision curve analysis yields the net benefit of
a given decision from the true positive rate (benefit) offset
by the false positive rate (harm), weighted by the
risk:benefit ratio of the intervention. The cutoff for the
predictive value of a test that triggers an intervention
(threshold probability) is used as a surrogate of perceived
risk of the intervention (risk:benefit ratio). We considered
a threshold probability of 50% to be the upper limit of
acceptable risk for an intervention based on these tests.
We used the rmda package (version 1.6) in R (version 3.6.3)"
for decision curve analyses. Full details are given in the
appendix (pp 9-10).

COVID-19 case-control validation cohort
We used NHS hospital pathology and patient adminis-
tration databases to identify BioAID participants who
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Discovery cohort COVID-19 validation cohort

1163 adults with acute febrile syndrome 666 adults with acute febrile syndrome 2175 adults with acute febrile syndrome
recruited between Sept 15, 2014, and recruited between March 13 and recruited before Feb 5, 2020
April 28,2017 May 5,2020

Hospital IT system used to identify four ¢

categories: Gram-positive bacteraemia, Cases categorised into definite COVID-19 or

Gram-negative bacteraemia, viral infection definite bacterial infection groups

group, and not infected group

|
v : 1

30 samples randomly selected from

each categorised group 334 definite COVID-19 | | 231 definite bacterial infection
(120 in total)
203 samples unavailable 98 samples unavailable owing
—» 49 incorrect sample > to being used in other
154 consent pending studies
+ v y X
RNA sequencing | | Clinical assessment | 35 samples randomly selected for RT-qPCR 35 samples randomly selected for RT-qPCR
¢ ¢ testing of the signature testing of the signature
6 samples failed sequencing 4 samples excluded on clinical ¢
owing to low gene counts review | 1sample failed |
110 samples for RNA sequencing analysis 69 samples underwent RT-qPCR analysis
of the signature

v ! v v v

56 definite bacterial 27 definite viral 27 not infected 34 definite COVID-19 35 definite bacterial infection
infections infections

Pre-COVID-19 validation cohort

228 adults with acute febrile syndrome recruited between
Sept 1, 2017, and Feb 28, 2018 (prospective 6-month cohort)

v v

228 clinical cases categorised by infection 228 samples for RT-qPCR testing of the
type three-gene signature
38 definite bacterial

ig E;:?:e\/ibrzlmnal —PI 4 samples unavailable

12 probable viral

93 indeterminate
26 not infected o| 23 samples excluded due to
3 other infection g low RNA concentration

| 201 samples underwent RT-qPCR testing

—>| 1 sample failed RT-qPCR |

228 clinical cases available for analysis | | 200 RT-gPCR results available for analysis

| |
v v v v v v

Definite bacterial Probable bacterial Definite viral Probable viral Indeterminate Not infected Other infection
infections infections infections infections 81 RT-qPCR results 21 RT-qPCR results 3 RT-gPCR results
37 RT-qPCR results 40 RT-qPCR results 8 RT-qPCR results 10 RT-qPCR results 93 clinical cases 26 clinical cases 3 clinical cases
38 clinical cases 46 clinical cases 10 clinical cases 12 clinical cases

Figure 1: Study profile
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had either definite COVID-19—defined as being
RT-qPCR positive for SARS-CoV-2 and having acute
COVID-19 symptoms (recruited between March 13 and
May 5, 2020, in the first pandemic wave)—or definite
bacterial infection (defined by bacteraemia, recruited
between Nov 2, 2014, and Feb 5, 2020). 35 participants
from each group were randomly selected using Microsoft
Excel, omitting any participants previously included
in RNA analyses (appendix p 13). Whole-blood RNA
samples collected at admission to hospital underwent
RT-qPCR for the novel diagnostic signature and were
evaluated by AUROC analysis.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

To derive a minimal transcriptomic signature, an initial
discovery cohort of 120 RNA samples was selected from
participants of BioAID who presented to the emergency
department with suspected sepsis. RNA sequencing
was done from 30 participants with Gram positive
bacteraemia, 30 with Gram-negative bacteraemia, 30 with
a viral diagnosis, and 30 with no final microbiological
diagnosis (appendix p 24). Pathogens identified in this
discovery cohort are recorded in the appendix (p 25). A
full case record review was done of all participants to
assign them into definite bacterial, definite viral, or not
infected categories (diagnostic algorithm, appendix p 11).
Four participants were identified as having mixed or
equivocal infection and, thus, were not included in our
analysis. Five RNA samples were excluded due to a low
RNA sequencing count and one failed RNA sequencing
quality control, leaving 83 participants with definite
bacterial or definite viral infection, and 27 classified as not
infected, with RNA sequencing data to analyse (figure 1).
Participants assigned as having definite viral infection
were younget, had fewer comorbidities, and had lower
leukocyte, neutrophil, and CRP counts than those with
definite bacterial infections (appendix p 24).

Differential gene expression analysis comparing parti-
cipants with definite bacterial or viral infection (n=83)
against those who were categorised as having no
infection (n=27) identified a list of 59 significant genes
(adjusted p<0-01). 57 genes were overexpressed in the
definite infection group but only two genes, SLC24A2
and CDIE, were overexpressed in the no infection group
(appendix pp 26-27).

To identify a signature that discriminates between
bacterial and viral infection, data from the 56 participants
with definite bacterial infection and 27 participants
with definite viral infection underwent differential gene
expression analysis. Between the two groups, 3469 genes
were differentially expressed, of which 627 met additional
filtering criteria (appendix p 14). Feature selection using
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Figure 2: Performance of the FS-PLS signature in the discovery and microarray

validation cohorts

Boxplot showing the FS-PLS signature score of definite bacterial and viral infections in the discovery cohort (A)
and ROC curve of FS-PLS signature for bacterial versus viral infections (B) in the discovery cohort. Boxplot showing

the FS-PLS signature score (C) and ROC curve of the FS-PLS signature for bacterial
previously published microarray cohort. Boxplots show mean and IQR and the das|

versus viral infections (D) in a
hed line corresponds to the

threshold that maximises the Youden'’s J statistic. In the ROC plots, the shaded areas represent 95% Cls plotted for
sensitivity at given in-sample specificities. AUC=area under the curve. FS-PLS=forward selection-partial least

squares. ROC=receiver operating characteristic.

elastic net identified 16 transcripts that discriminated
bacterial from viral infection in the discovery cohort with
an AUROC of 0-999 (95% CI 0-994-1-000), sensitivity
of 96-4% (95% CI 92-9-100), and specificity of 100%
(95% CI 96 - 3-100; appendix pp 15, 28, 30).

The FS-PLS method identified a signature comprising
just three genes: HERC6, IGFIR, and NAGK (appendix
p 29). The combination of weighted expression values
provided a score for each participant, which yielded an
AUROC of 0-974 (95% CI 0-929-1-000), sensitivity
of 100% (91-1-100), and specificity of 88-9% (77-8-100)
when distinguishing between bacterial and viral infection
(figure 2; appendix p 35). HERCG6 and IGFIR each had
an AUROC of 0-956, whereas NAGK had an AUROC
of 0-821 (appendix p 30).

The AUROC of 0-974 in discriminating bacterial from
viral infection exceeded the performance of either CRP
or leukocyte count, which had AUROCs of 0-745 (95% CI
0-622-0-856) and 0-763 (0-647-0-863), respectively
(appendix pp 16-17, 30).

To validate the three-gene signature in silico, we tested
the signature on adult participants with bacterial (n=399)
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Figure 3: Performance of the FS-PLS signature in the pre-COVID-19 prospective validation cohort

Boxplots showing the FS-PLS signature score (A), CRP (C), and leukocyte count (E) in the prospective validation cohort comparing different infection categories.

ROC curves of the FS-PLS signature (B) CRP (D), and leukocyte count (F) for definite bacterial versus definite viral comparison. Boxplots show mean and IQR and the
horizontal dashed line corresponds to the threshold that maximises the Youden's ] statistic. In the ROC plots, the shaded areas represent 95% Cls plotted for sensitivity at
given in-sample specificities. AUC=area under the curve. CRP=C-reactive protein. FS-PLS=forward selection-partial least squares. ROC=receiver operating characteristic.

and viral (n=382) infections, from previously published
microarray transcriptomic datasets (appendix pp 31-32).
The FS-PLS model had an AUROC of 0-912 (95% CI
0-891-0-931), sensitivity of 89-5% (76-7-95-5), and
specificity of 77-0% (70-7-90-3; figure 2). HERC6 and
NAGK each had similar performance, whereas IGFIR
had reduced performance (appendix p 18). We could not

accurately assess the performance of the elastic net
signature as only seven of 16 genes were matched to the
microarray validation dataset.

To validate the new three-gene signature on a prospective
cohort of participants using RT-qPCR, a pre-COVID-19
validation cohort of 228 consecutive BioAID participants
presenting to an emergency department over a 6-month
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period with undifferentiated infection were categorised
according to the diagnostic categorisation algorithm
(appendix p 12). Of these, 84 had definite or probable
bacterial infection, 22 had definite or probable viral
infection, 93 had an indeterminate infection, 26 had no
infection, and three had an alternate other infection
(mycobacterial, fungal, or parasitic; figure 1, appendix p 33).
Pathogens identified in the definite infection group in this
cohort are recorded in the appendix (p 25). From the
228 participants in the clinical validation cohort, RNA
samples for the three-gene RT-qPCR testing were
unavailable from four participants, RNA concentrations
were too low in 23, and one sample failed the RT-qPCR
(figure 1). 200 (88%) of 228 participants in the validation
cohort had RT-qPCR data available for analysis. These
included 77 participants with definite or probable bacterial
infection, and 18 with definite or probable viral infection
(appendix p 33).

The three-gene signature provided a clear distinction
between definite bacterial and viral infections with
an AUROC of 0-976 (95% CI 0-919-1-000; figure 3).
This discrimination was higher than that for CRP
(AUROC 0-833, 0-694-0-944) and leukocyte count
(0-938, 0-840-0-986). The sensitivity and specificity of
the signature were 97-3% (85-8-99-9) and 100%
(63-1-100), respectively, versus 77-8% (60-8-89-9) and
87-5% (47-3-99-7) for CRP, and 83-8% (70-0-93-8) and
100% (63 -1-100) for leukocyte count (figure 3; appendix
p 19). When combining the definite bacterial and viral
groups with those classified as having probable bacterial
and viral infections, the signature had an AUROC
of 0-841 (0-713-0-934; appendix pp 20-21). For
participants with indeterminate infection, as expected,
the signature yielded mixed results.

186 participants had data available for decision curve
analysis. The new three-gene signature provided the
greatest overall net benefit to trigger an intervention for
definite or probable viral infection, whereas CRP provided
the greatest overall net benefit to trigger an intervention
for definite or probable bacterial infection (figure 4).

To test the hypothesis that the three-gene signature can
discriminate bacterial infection from COVID-19, we tested
blood RNA samples from a further cohort of BioAID
participants presenting to the emergency department,
comprising 35 participants with bacteraemia recruited
before the onset of the first COVID-19 epidemic wave in
the UK, and 35 BioAID participants with COVID-19
confirmed by positive SARS-CoV-2 RT-qPCR test (figure 1;
appendix p 13). The bacterial group had higher leukocyte
and neutrophil counts than the COVID-19 participants
but overlapping CRP and lymphocyte counts, and the
COVID-19 group was characterised by high mortality
(appendix p 34). Pathogens identified in the bacterial
group in the COVID-19 validation cohort are recorded in
the appendix (p 25). All participants, except one in the
COVID-19 validation cohort, had analysable RT-qPCR
results.
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Figure 4: Decision curve analysis in the pre-COVID-19 prospective validation cohort
Net benefit for FS-PLS, CRP, or leukocyte count measurements to discriminate between definite bacterial versus
others (A), definite and probable bacterial versus others (B), definite viral versus others (C), and definite and probable
viral versus others (D). In each analysis, these biomarkers are benchmarked against a treat all or treat none approach.
All curves are smoothed using locally estimated scatterplot smoothing. The analysis includes complete cases for which
data are available for all three measurements (n=186). CRP=C-reactive protein. FS-PLS=forward selection-partial

least squares.

The three-gene signature distinguished the 35 parti-
cipants with confirmed bacterial infection from
34 participants with confirmed COVID-19 with an
AUROC of 0-953 (95% CI 0-893-0-992), sensitivity of
88-6% (73-3-96-8), and specificity of 94-1% (80-3-99-3;
figure 5). CRP and leukocyte count achieved an AUROC
of 0-636 (0-499-0-776) and 0-888 (0-800-0-957),
respectively; sensitivity and specificity were 70-6%
(52-5-84-9) and 67-6% (49-5-82-6) for CRP, and 82-9%
(66-4-93-4) and 82-4% (65-5-93-2) for leukocyte count.
The signature score was not affected by participant age,
duration of COVID-19 illness, or COVID-19 severity as
assessed by chest radiograph and maximum oxygen
requirement (appendix p 22).

Discussion

There is a pressing need for accessible and rapid
diagnostic tools to differentiate between infections in
emergency settings. Although much attention has
focused on the need to definitively identify bacterial
infections and rationalise antibiotic prescribing, the
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Figure 5: Performance of the FS-PLS signature in the COVID-19 validation cohort

Boxplot showing the FS-PLS signature score (A), CRP (C), and leukocyte count (E) in the COVID-19 validation cohort
comparing definite bacterial and COVID-19 groups. ROC curve of the FS-PLS signature (B), CRP (D), and leukocyte
count (F) for the definite bacterial versus definite COVID-19 comparison. Boxplots show mean and IQR and the
horizontal dashed line corresponds to the threshold that maximises the Youden'’s | statistic. In the ROC plots, the
shaded areas represent 95% Cls plotted for sensitivity at given in-sample specificities. AUC=area under the curve.
CRP=C-reactive protein. FS-PLS=forward selection-partial least squares. ROC=receiver operating characteristic.

COVID-19 pandemic has highlighted the value of a
readily available test that can indicate the strong
likelihood of viral infection. Here, we describe a novel
three-gene blood transcriptional signature that can
discriminate between bacterial and viral infections in
adults presenting to an emergency department in
the UK. We externally validated this signature against
previously published case-control data and a new
observational validation cohort, in which the signature

discriminated proven bacterial and viral infections with
AUROC of 0-976, sensitivity of 97-3%, and specificity
of 100%. Notably, our signature also discriminated
between bacterial infection and COVID-19 with an
AUROC of 0-953, sensitivity of 88-6%, and specificity
of 94-1%, whereas CRP levels demonstrated considerable
overlap between these groups. Such a test would have
been invaluable in the early stages of the COVID-19
pandemic when specific virology tests were not available.

RT-qPCR testing of nasopharyngeal swabs is the
current mainstay of COVID-19 diagnosis. Despite
widespread use, multiple studies have questioned its
reliability as the gold standard owing to low sensitivity
when the clinical index of suspicion is high, but also
when the time of testing was either too early or too late
during the infection course. These doubts led us to
explore the use of host gene expression assays.”” The
three-gene signature we discovered could allow for
improved stratification of anti-infective prescribing
among participants with respiratory illness, contribute to
earlier diagnosis, and provide more targeted infection
control strategies in the COVID-19 era.

Our study has notable strengths. The three-gene
signature was derived using a cohort of adult participants
who presented to the emergency department with
suspected acute infection, and samples were obtained at
the point of presentation, before any treatment or
interventions were started. We, therefore, are confident
that the signature has been derived at the most relevant
timepoint (the point of presentation to secondary care),
when a point-of-care test can be of greatest value. By
undertaking RNA sequencing on the initial cohort, we
were able to exploit the data to design optimised primers
for a PCR-based point-of-care test that was validated in
two different cohorts, including participants presenting
with acute COVID-19 symptoms. The combination of
discovery and validation of a signature, including in
COVID-19-positive participants, using a tractable PCR-
based approach is, to our knowledge, unique. Regarding
the genes in the signature, NAGK is a salvage enzyme
responsible for amino acid metabolism,” HERC6 belongs
to the HERC family of ubiquitin ligases that have been
reported to exhibit different antiviral activity when
induced by interferon,” and IGFIR is an insulin signalling
transmembrane tyrosine kinase protein, which is
reported to act as an entry receptor for respiratory
syncytial virus and also to activate macrophages and
redirect phagocytosis.?* Each gene showed consistent
amplification in RT-qPCR, underpinned by RNA
sequencing data to inform probe design. Although
HERCG6 has been identified as one of a large number of
genes that were upregulated in influenza,” to date, the
three genes have not been validated nor included in
minimal diagnostic signatures.

The prospective validation cohort represented a true-to-
life series of consecutive participants presenting to the
emergency department with undifferentiated infection,
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providing insight into how the test might perform in
routine practice. All 200 participants in the validation
cohort were considered to have infection, had blood
cultures taken, and received empiric antibiotics. We used
robust clinical and pathological criteria to categorise the
6-month cohort of participants into definite, probable,
indeterminate, not infected, and other infection groups
to assess the three-gene signature performance in a
series of participants with a wide range of diagnoses. We
then tested the clinical utility of the signature using
decision curve analysis. Consistent with the hypothesis
that the three-gene signature primarily reflects the host
immune response to viruses, decision curve analysis
showed that the signature offered the greatest net benefit
(vs CRP and leukocyte count) to guide targeting of
additional diagnostic tests, antiviral treatment, and
infection control measures for proven or probable viral
infections, whereas CRP offered the greatest net benefit
for targeting of antibacterial treatment for proven or
probable bacterial infections. Combining existing and
novel biomarkers might, therefore, provide a useful asset
in infection management decisions.

There is some evidence to suggest that rapid point-of-
care testing has little effect on overall antimicrobial
prescribing.” However, as the ongoing COVID-19
pandemic shows, the rationale for rapid diagnostic
testing goes well beyond antimicrobial stewardship.
Indeed, using antimicrobial prescribing as a metric of
success undervalues the importance of making a
diagnosis and targeting treatments. We believe that a
rapid and definitive point-of-care diagnosis of a viral
infection could effectively serve as a rule-out for bacterial
infection; such a diagnostic test is, therefore, more likely
to prevent unnecessary antibiotic prescribing and will
target antiviral treatments more effectively, as shown for
influenza.”

There are some limitations to our study. At the time
of recruitment, adults presenting to the emergency
department in the UK rarely received a full array of
microbiological tests, particularly if viral infection was
suspected, contrasting with other settings, such as
intensive care. As such, low numbers of confirmed viral
infections necessitated a 3-year recruitment period. The
signature we discovered differentiated between infections
in a UK-based emergency department; we do not know
how the test might perform in non-UK settings, or if it
could be used in primary care. Whether the test might be
of value in co-infections could not be addressed.

Our study has identified various areas for future
research. Adult participants with non-infective fever
represent a substantial group of emergency department
attendees, who might be spared antibiotic exposure if
correctly identified, exemplified by the not infected
groups in our discovery and validation cohorts. Although
promising differences in gene expression were seen, a
more comprehensive signature might be required to
differentiate this group. Interestingly, a high-performing

16-gene elastic net signature showed great promise at
distinguishing between bacterial and viral infections;
however, the high number of genes precluded inclusion
in a qPCR-based assay. Our future work will address
these research questions, and adapt the minimal gene
signature for translation to handheld point-of-care
testing, where a turn-around time of less than 30 min
and low cost (<£5 GBP)®” might have an even greater
effect on infection control, antimicrobial stewardship,
and referral to secondary care.

Our work provides proof of principle that small RNA
transcript signatures with as few as three gene transcripts
can differentiate viral infections, including COVID-19,
from other emergency presentations of infection in adults.
Whether an enhanced signature to distinguish COVID-19
from other viral and bacterial infections can be derived
from new RNA sequencing data is a subject of active
research. Rapid point-of-care blood tests might be an asset
in future pandemics and assist in the management of
participants presenting with undifferentiated infection,
particularly as incidence of COVID-19 declines or variants
emerge that elude standard tests.” Implications for
participant care include improving time to diagnosis,
targeted use of proven treatments, appropriate infection
control interventions, and consequent decreased length of
hospital stay. These represent positive steps for outcome,
health-care costs, antimicrobial resistance, and safety
within the health-care environment.
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