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SUMMARY

Background: Acute febrile illnesses (AFIs) represent a major disease burden globally; however, the paucity
of reliable, rapid point-of-care testing makes their diagnosis difficult. A simple tool for distinguishing bac-
terial versus non-bacterial infections would radically improve patient management and reduce indiscrim-
inate antibiotic use. Diagnostic tests based on host biomarkers can play an important role here, and a
target product profile (TPP) was developed to guide development.
Objectives: To qualitatively evaluate host biomarkers that can distinguish bacterial from non-bacterial
causes of AFL.
Data sources: The PubMed database was systematically searched for relevant studies published between
2015 and 2019.
Study eligibility criteria: Studies comparing diagnostic performances of host biomarkers in patients with
bacterial versus non-bacterial infections were included.
Participants: Studies involving human participants and/or human samples were included.
Methods: We collected information following PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. A risk of bias assessment was performed, based on a modified QUADAS-2
(Quality Assessment of Diagnostic Accuracy Score 2).
Results: We identified 1107 publications. Following screening, 55 publications were included, with 265
biomarker entries. Entries mostly comprised protein biomarkers (58.9%), followed by haematological,
RNA, and metabolite biomarkers (15.5%, 8.7%, 12.5%). Sensitivity/specificity was reported for 45.7% of
biomarker entries. We assessed a high overall risk of bias for most entries (75.8%). In studies with
low/medium risk of bias, four biomarker entries tested in blood samples had sensitivity/specificity of
more than 0.90/0.80. Only 12 additional biomarker entries were identified with sensitivity/specificity of
more than 0.65/0.65.
Conclusions: Most recently assessed biomarkers represent well-known biomarkers, e.g. C-reactive protein
and procalcitonin. Some protein biomarkers with the highest reported performances include a combined
biomarker signature (CRP, IP-10, and TRAIL) and human neutrophil lipocalin (HNL). Few new biomarkers
are in the pipeline; however, some RNA signatures show promise. Further high-quality studies are needed
to confirm these findings.
© 2021 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Severe and non-severe fevers are a major cause of morbidity
and mortality around the world and are one of the primary reasons
patients seek healthcare services, both in high-income countries
(HICs) and low- and middle-income countries (LMICs).! Fever, also
referred to as acute febrile illness (AFI), may result from a variety
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of infectious or non-infectious causes. However, infections are the
leading cause of AFI; particularly in LMICs, where AFI-caused in-
fections represent a major disease burden for children.:> There is
considerable heterogeneity, by geography, season, and comorbidi-
ties such as HIV infection, in the incidence and aetiology of AFIs
of infectious origin.*> While the widespread use of rapid diagnos-
tic tests for malaria has transformed the management of fevers in
tropical settings, it has been accompanied by an increase in antibi-
otic prescriptions, as in the absence of further diagnostics malaria-
negative patients with fever are often treated for bacterial infec-
tion.%7 Unnecessary use of antibiotics is a major driver of antimi-
crobial resistance (AMR), a serious threat to global public health
resulting in worse patient outcomes and increased health expendi-
ture.”-8

To reduce the indiscriminate use of antibiotics, a fever triage
test capable of distinguishing between bacterial and non-bacterial
infections is desirable. It is thought that one of the most promising
solutions for a point-of-care (POC) diagnostic test to support triage
of bacterial/non-bacterial cases of AFI is a test that measures the
levels of host biomarkers. Ideally, such a test could be deployed
in conjunction with integrated disease management guidelines.”+?
Certain host biomarkers are widely used in clinical practice in
HICs, e.g. C-reactive protein (CRP) and procalcitonin (PCT).10-13
However, several studies have revealed that these biomarkers per-
form poorly in LMICs, mostly due to widespread malnutrition and
high levels of co-infections in these settings, which themselves
lead to increased CRP and PCT levels.>:? Therefore, biomarkers that
demonstrate good performance in LMICs are still required. Such
tools could ultimately support patient care at the primary care
level, indicate to healthcare providers if antibiotic treatment is
needed, and identify a need for referral in cases of bacterial co-
infections or patients with signs of severe infection. Furthermore,
targeted antibiotic treatment for patients with AFI will reduce the
long-term negative effects of antibiotic overuse, including avoid-
able health costs, adverse events, and AMR.

In 2016, a target product profile (TPP) was developed to assist
in working towards a next-generation host biomarker test.” A 2016
systematic review of the literature published between 2010 and
2015 summarised the performance data of host biomarkers for dis-
tinguishing bacterial from non-bacterial causes of AFL> The present
systematic review of literature published between 2015 and 2019
expands on this work - incorporating the TPP criteria - and pro-
vides a novel view of the findings.

Methods

We conducted a systematic review of the PubMed database for
literature published in English, between 1 January 2015 and 31
December 2019, and pertaining to host biomarkers differentiat-
ing bacterial from non-bacterial infections. We followed the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) reporting guidelines,'® using similar methods and crite-
ria to those employed previously,? briefly outlined below.

Search strategy

A PubMed database search was conducted using a search strat-
egy developed and validated based on key publications chosen by
experts in the field. Any key publications identified by field experts
not found in the PubMed search results were also included in this
review (Supplementary Table S1 shows the full strategy).
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Eligibility criteria

Study population

We included studies comparing the diagnostic performance of
host biomarkers in patients with bacterial versus non-bacterial
infections. We also captured studies that included other com-
parator groups, such as healthy participants, in addition to the
bacterial/non-bacterial infection groups. Case reports were ex-
cluded, as were studies involving host biomarker comparisons with
non-infectious diseases or studies investigating biomarkers of non-
infectious conditions.

Biomarker, sample, and study types

Studies of host biomarkers included host proteins, RNA tran-
scripts, biochemical reactions, and cellular processes; clinical signs
and symptoms were excluded unless they were used in combi-
nation with host biomarkers or were part of an objective, com-
puterised fever management algorithm. Studies of pathogen mark-
ers alone or in combination with host biomarkers were ex-
cluded. Studies involving human participants and/or human sam-
ples were included; animal studies and human tissue culture stud-
ies were excluded. Studies using biomarkers to answer research
questions unrelated to using host biomarkers to differentiate AFIs
of bacterial/non-bacterial origin were excluded. Only studies re-
porting the diagnostic performance of a quantitative biomarker
(sensitivity/specificity or area under the receiver operating char-
acteristic curve [AUROC]) or providing statistical significance were
included.

Study screening, selection, and data extraction

All publications identified were stored in Endnote. Following
de-duplication, one reviewer (EM) screened all publications by title
and abstract prior to full-text screening. A second reviewer (BLFC)
screened any studies with an unclear reason for inclusion.

Quality control and validation

Information was collected in a standardised manner (see Sup-
plementary Table S2), similar to that used in a review of active
tuberculosis biomarkers; data quality control and validation also
followed this previously reported approach.'> Sensitivity/specificity
values were recalculated and compared with reported values. We
assessed study quality and risk of bias using a modified Quality As-
sessment of Diagnostic Accuracy Score 2 (QUADAS-2) tool. For sim-
plicity and in line with related work,!® five quality items within
three QUADAS-2 domains were used: study recruitment timing,
study design, sampling, blinding of index test, and reference stan-
dard’® (Fig. 1). As per QUADAS-2 guideline, the selected questions
were those deemed most relevant for identifying biases for those
studies included in the review.

Biomarker entries

A biomarker entry was defined as either an individual
biomarker or a signature (the latter comprising several biomark-
ers), together with performance data.”® A publication that re-
ported performance data for several biomarkers resulted in an en-
try for each biomarker in that publication. Multiple performance
data points for one biomarker in a publication led to multiple en-
tries in that publication. No meta-analyses were performed due to
high between-study heterogeneity and/or insufficient studies per
biomarker.

Results
Search results

The database search and subsequent de-duplication of records
identified 1107 publications. Most were excluded following abstract
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Quality and bias of a publication

The risk of bias assessment consisted of five selected quality items,
representing three domains of QUADAS-2.

Individual quality items

Study
recruitment
timing

Reference
standard

Study
design

Blinding of

Samping index test

Cohort, cross-sectional
Case-control, unclear
Random, consecutive
Convenience, unclear
Yes
No, unclear

Prospective
Retrospective, unclear
Not clinical assessment only

Clinical assessment only, unclear

Low |High [Low |High [Low |High [Low |High [Low |High |

Overall risk of bias

= 4 quality items = | 3 quality items = o _
Low i < 2 quality items = Low
Low Medium High

Fig. 1. Criteria used to assess the quality and risk of bias of a publication. QUADAS:
quality assessment tool for diagnostic accuracy studies. Individual quality items
were scored as ‘yes’, ‘no’, or ‘unclear’; then each study was assigned an overall risk
of bias of ‘low’, ‘medium’, or ‘high’.

screening (957/1107), leaving 150 publications for full-text screen-
ing; this elicited 55 studies for inclusion (Supplementary Fig. S1
shows PRISMA flow-chart of publication selection).

175
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Entries per biomarker category

This review included 265 biomarker entries from 55 stud-
ies (full dataset available as Supplementary material). Entries
were classified into: protein, haematological, RNA, metabolites,
and signatures with combined biomarker types. Each category
was sub-classified according to the type of quantitative diagnostic
performance measures provided (sensitivity/specificity, AUROC, p-
values only; Fig. 2).

Most entries were proteins (156/265, 58.9%), followed by
haematological, RNA, and metabolites (41/265, 15.5%; 23/265, 8.7%;
and 33/265, 12.5%, respectively). Sensitivity/specificity were re-
ported for 121/265 (45.7%) entries, AUROC values without sensitiv-
ity/specificity were included for 54/265 (20.4%), statistical signifi-
cance data only were available for 90/265 (34.0%).

Table 1 shows all biomarkers and signatures with three or more
associated entries.

Study size

Just 20 biomarker entries (20/265, 7.5%) were evaluated in large
studies (>500 samples or patients); 29/265 (10.9%) entries were
assayed in sample sizes of 251 to 500; and 79/265 (29.8%) entries
were tested in sample sizes of 100 to 250. Most studies were small
(137/265, 51.7%), with entries evaluated on <100 samples.

Biomarkers with reported diagnostic performance

All biomarker entries with reported sensitivity and specificity
(121/265, 45.7%) were plotted on a sensitivity-specificity scatter
plot (Fig, 3).17-21 24 26-28,30,32,35-42,44,47 48,52-57,59,61-66,60

Protein markers were the most frequent biomarker category
for which sensitivity/specificity was reported. Study size varied in
this biomarker category, as did sensitivity/specificity values. Some
studies examining protein signatures (pink) reported higher sen-
sitivity/specificity values than CRP, PCT, and other protein mark-
ers alone. RNA biomarkers were the next most frequently reported
biomarker category with sensitivity/specificity data. Although RNA
biomarker studies tended to be smaller than the other studies,
they generally reported high sensitivity/specificity values.

150 Only p-value provided (no sens/spec nor AUROC provided)

125

100

75

50

Number of biomarker entries

25

i
Protein
biomarkers (156) biomarkers (41)

= AUROC provided (no sens/spec provided)

m Sens/spec provided

Haematological RNA biomarkers

| |

Metabolite Signatures with

(23) biomarkers (33) combined
biomarker types
(12)

Fig. 2. Number of biomarker entries per biomarker category and subgroups based on performance measures. Biomarker entries represented in green reported sensitivity
and specificity, in blue provided AUROC (and no sensitivity and specificity), and in pink included values of statistical significance only."”-"!
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Table 1
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Number of biomarker entries per biomarker or signature from 55 studies, subdivided based on performance measures.'”-’! For example, CRP is the protein biomarker with
the highest number (32) of entries. Sensitivity/specificity and/or AUROC values were reported in 22 CRP entries, and AUROC without sensitivity/specificity was provided for

four. The other CRP entries reported only statistical significance.

Biomarker name Number of Number of Reported No S/C, reported No S/C, no No S/C, no
markers entries S/C AUROC AUROC, p <0.05 AUROC, p >0.05
Protein biomarkers
CRP 1 32 22 4 5 1
PCT 1 21 16 3 2 0
IL-6 1 9 3 2 3 1
MxA 1 6 4 1 1 0
HNL 1 5 3 2 0 0
IL-10 1 3 1 1 1 0
IL-4 1 3 1 1 0 1
IL-2 1 3 1 1 1 0
Other protein biomarkers 1 56 20 15 12 9
CRP; IP-10; TRAIL 3 5 4 1 0 0
CRP; PCT 2 3 2 1 0 0
Signatures of protein biomarkers 2-3 10 3 6 1 0
Haematological biomarkers
WBC 1 13 8 1 4 0
ANC 1 5 5 0 0 0
Neutrophils 1 5 3 1 0 1
PLT 1 3 1 0 1 1
Other haematological biomarkers 1 8 4 1 2 1
Signatures of haematological biomarkers 2 7 3 1 0 3
RNA biomarkers
Single RNA transcript biomarkers 1 13 0 1 6 6
71-RNA transcript signature 71 5 5 0 0
Signatures of RNA biomarkers 2-66 5 4 1 0 0
Metabolite biomarkers
Lactate 1 3 1 0 2 0
Other metabolite biomarkers 1 29 5 0 24 0
CSF glucose:blood glucose ratio 2 1 0 0 1 0
Signatures with combined biomarker types (e.g. protein, clinical symptoms, haematology, and metabolite markers)
Signatures with combined individual 2-4 12 2 10 0 0

biomarker types

Biomarkers with less than three biomarker entries were combined. The ‘Number of markers’ column denotes whether a biomarker is an individual biomarker or a signature.
Within each biomarker category, individual biomarkers (top) and signatures (bottom) are organised by the number of biomarker entries (highest to lowest), thus reflecting the
most frequently reported biomarkers. Abbreviations: ANC, absolute neutrophil count; AUROC, area under the receiver operating characteristic curve; CRP, C-reactive protein;
CSF, cerebrospinal fluid; HNL, human neutrophil lipocalin; IL-6, interleukin 6; IL-10, interleukin 10; IL-4, interleukin 4; IL-2, interleukin 2; IP-10, interferon-gamma-inducible
protein 10; Mxa, myxovirus resistance protein 1; PCT, procalcitonin; PLT, platelets; S/C, sensitivity/specificity; TRAIL, tumour necrosis factor-related apoptosis-inducing ligand;

WBC, white blood cells.

Fig. 4 shows the same 121 biomarker entries plotted by disease
group.

The number of biomarker entries varied by disease group
(Fig. 4). Febrile illness and pneumonia included a high number of
entries (37 and 36, respectively), while few were seen for sepsis
(6).

Biomarker categories varied by disease groups. Protein and
haematological biomarkers comprised most biomarker entries for
febrile illness (35/37, 95%), sepsis (6/6, 100%), and pneumonia
(34/36, 94%), with CRP and PCT the most frequently evaluated
protein biomarkers. RNA biomarkers comprised most entries for
respiratory tract infections (7/13, 54%).

Sample types

Most biomarkers were measured in blood samples (190/265,
71.7%). However, 58 (21.9%) entries were measured exclusively in
cerebrospinal fluid (CSF) and 11 (4.2%) in blood and CSF; all of
these were focused on meningitis, neurological infections, and en-
cephalopathy. One entry, measured in stool samples, focused on
gastrointestinal diseases, and five entries in urine focused on lep-
tospirosis.

Study quality of included biomarker entries

Overall risk of bias was high for most entries (201/265, 75.8%),
primarily because of retrospective and case-control designs, a lack

of random/consecutive sampling, and a lack of blinding (Fig. 5).
Few entries showed a low (33/265, 12.5%) or medium (31/265,
11.7%) overall risk of bias.

Most promising biomarkers

The objective here was to assist in the development of as-
says to differentiate bacterial from non-bacterial infections. Thus,
we included biomarkers with the most potential for this applica-
tion, i.e. entries from studies with low/medium risk of bias that
met the TPP minimal performance criteria (>0.90/0.80 sensitiv-
ity/specificity) in accessible, commonly collected specimen types
(including blood, saliva, and urine, and excluding CSF and stool
samples). Fig. 6 shows the performance of entries from all stud-
ies with low/medium overall risk of bias. Table 2 gives details
of entries (plotted in Fig. 6) with high (meet current TPP mini-
mum diagnostic performance criteria, i.e. >0.90 and 0.80 sensitiv-
ity/specificity) and moderate (>0.65 and 0.65 sensitivity/specificity
but not >0.90 and 0.80 sensitivity/specificity) performance. Sen-
sitivity/specificity was not reported for any entries evaluated in
urine and no entries were evaluated in saliva. Thus, all entries
plotted in Fig. 6 and summarised in Table 2 were evaluated in
blood.

Only four entries met the minimal TPP performance: CRP, the
CRP, IP-10, and TRAIL signature, and two RNA signatures20.21.36.38
(Table 2). Even when considering entries with moderate perfor-
mance, only 12 additional entries were identified (Table 2).
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Table 2
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Details of 16 biomarker entries (plotted in Fig. 6) evaluated in blood samples from studies with low or medium overall risk of bias and with either (1) high performance
(meet the current TPP minimum diagnostic performance criteria, i.e. >0.90 and 0.80 sensitivity/specificity) or (2) moderate performance (>0.65 and 0.65 and <0.90 and 0.80
sensitivity/specificity).19-2136-39.59 To avoid overlooking other potentially useful biomarkers, biomarker entries with medium or high performance evaluated in studies with a
high risk of bias were also identified (see Supplementary Table S3). All biomarkers/signatures and their corresponding performances listed in the table are biomarker entries
from unique publications. Performances are not summaries from all studies related with a given biomarker/signature.

Biomarker name Number of  Biomarker Study Sample size  Sensitivity Specificity Risk of bias  Disease group
markers category

Biomarker entries with high performance

CRP 1 Protein Dashti, 2017 39 0.91 1.00 Low Meningitis

CRP; IP-10; TRAIL 3 Protein Ashkenazi-Hoffnung, 314 0.94 0.94 Low Febrile illness; Respiratory
2018 tract infection

CRP; IP-10; TRAIL 3 Protein Stein, 2018 108 0.93 0.91 Medium Respiratory tract infection

RNA signature 2 RNA biomarker  Herberg,2016 51 1.00 0.96 Medium Febrile illness

(FAMS89A; IFI44L}

Biomarker entries with moderate performance

CRP 1 Protein Ashkenazi-Hoffnung, 314 0.91 0.78 Low Febrile illness; Respiratory
2018 tract infection

CRP 1 Protein Zarkesh, 2015 195 0.82 0.90 Medium Febrile illness/Severe

bacteraemia

CRP 1 Protein Van Houten, 2017 443 0.82 0.83 Medium Febrile illness

CRP 1 Protein Stein,2018 124 0.79 0.97 Medium Respiratory tract infection

HNL 1 Protein Ashkenazi-Hoffnung, 78 0.71 0.78 Low Febrile illness; Respiratory
2018 tract infection

IL-17a 1 Protein Liu, 2017 124 0.70 0.66 Medium Pneumonia

IL-6 1 Protein Zarkesh, 2015 195 0.79 0.92 Medium Febrile illness/Severe

bacteraemia

PCT 1 Protein Van Houten, 2017 419 0.80 0.85 Medium Febrile illness

PCT 1 Protein Esposito, 2016 265 0.67 0.65 Low Pneumonia

PDGF-BB 1 Protein Liu, 2017 124 0.82 0.71 Medium Pneumonia

CRP; IP-10; TRAIL 3 Protein Van Houten,2017 443 0.87 0.91 Medium Febrile illness

ESR 1 Haematological ~ Dashti, 2017 46 0.86 0.68 Low Meningitis

marker

Abbreviations CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HNL, human neutrophil lipocalin; IF144L, interferon-induced protein 44-like; IL-6, interleukin 6;
IL-17a, interleukin 17a; IP-10, interferon-gamma-inducible protein 10; PCT, procalcitonin; PDGF-BB, platelet-derived growth factor homodimer BB; TPP, target product profile;

TRAIL, tumour necrosis factor-related apoptosis-inducing ligand.
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Fig. 3. Sensitivity-specificity scatter plot of 121 biomarker entries with reported
sensitivity and specificity. Symbol colours represent different biomarker categories
and the size of the symbol represents the study sample size. Abbreviations CRP,
C-reactive protein; PCT, procalcitonin; WBC, white blood cells.

Biomarker entries with AUROC>0.8 without sensitivity/
specificity are shown in Table S4. In low/medium risk of bias
studies, 11 biomarker entries have AUROC>0.8, all from the same
study in the context of meningitis and evaluated in blood and CSF
samples (Anahita Sanaei Dashti 2017). In high risk of bias studies,
there are 28 biomarker entries mainly focused on meningitis
(9/28), and febrile illnesses and respiratory tract infections (18/28).

Protein biomarkers

Three protein entries met the minimal TPP performance criteria
and were evaluated in studies at low/medium risk of bias: one CRP
entry in the context of meningitis, and two entries for the CRP,
IP-10, and TRAIL signature in the context of febrile illnesses and
respiratory tract infections.20-21.38

CRP was the most extensively evaluated biomarker. One en-
try showed high performance in a study at low risk of bias
while four and eight entries performed moderately in studies
with low/medium and high risk of bias, respectively (Table 2 and
Supplementary Table $3).19-21.24,27.32,37,41,52,66 CRP cut-off values
used in these studies varied widely: ~20 (2 entries), ~40 (4),
~60 (1), and ~80mg/L (5).19-21:24.27,32,38,41,52,66 pCT was another
widely evaluated biomarker, with reported cut-off values of 0.19
(pneumonia), 0.50 (febrile illness), 0.88 (sepsis), and 0.99 ng/mL
(sepsis).‘9'54'55'59

Human neutrophil lipocalin (HNL)??4%-47 and some interleukins
(IL-6, IL-17a, and the IL-6, IL-10 signature)®’-39-6> demonstrated
high and/or moderate performances in studies with different risk
of bias levels (Table 2 and Supplementary Table S3). The myxovirus
A (MxA) and CRP signature showed high performance (0.92/0.85
sensitivity/specificity, 0.94 AUROC) in a study at high risk of bias.>>
Another study involving this signature, with a high risk of bias,
only reported AUROC (0.77).2> Other protein entries with moderate
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Fig. 4. Sensitivity-specificity scatter plots of 121 biomarker entries with reported sensitivity and specificity, clustered by disease group. Number of biomarker entries by
disease group: febrile illness, 37; sepsis, 6; respiratory tract infection, 13; pneumonia, 36; meningitis/neurological infection, 14; and ‘others’, 15. (‘Others’ included dengue
fever, leptospirosis, gastroenteritis, and combinations such as febrile illness and respiratory tract infections). Symbol colours represent different biomarker categories, and the
size of the symbol represents the study sample size. Abbreviations CRP, C-reactive protein; PCT, procalcitonin; WBC, white blood cells.

performances were platelet-derived growth factor homodimer BB Haematological biomarkers

(PDGF-BB)*? and a three-protein signature (haptoglobin, IL-10, and

tissue inhibitor of metalloproteinases 1 [TIMP1]),°” which were No haematological biomarkers showed a high performance
evaluated for pneumonia. in differentiating bacterial from non-bacterial infections; how-
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Fig. 5. Summary of the modified QUADAS-2 assessment for study quality and bias risk. Responses in pink and green represent high or low risk of bias, respectively. Bar
lengths represent the proportion of answers to each question. Some studies are represented more than once if they reported multiple biomarker entries.

ever, several biomarkers/signatures displayed moderate perfor-
mance (Table 2 and Supplementary Table S3).24.38,40.61,66

RNA biomarkers

The only RNA biomarker with high performance evaluated in a
study with low risk of bias was the FAM89A and IFI44L RNA sig-
nature.36 Three gene-expression studies with high risks of bias re-
ported RNA signatures comprising 10, 11, and 71 transcripts that
demonstrated high/moderate performances with respiratory tract
infections** 62. 64, 3 7-RNA transcript signature with AUROC 0.91
(no sensitivity/specificity data provided) was also reported in a
study with a high overall risk of bias (Supplementary Table S4).°8

Biomarkers and signatures with low performance

Table 1 includes biomarkers with non-significant p-values (p
>0.05). For several of the biomarkers, some studies reported a sig-
nificant result and others did not. This was the case for CRP (5/1,
number of studies in which p <0.05/p >0.05); IL-6 (3/1); polymor-
phonuclear neutrophils (PMN) (3/1); and platelets (PLT) (1/1).

Fig. 3 shows all biomarker entries with a reported sensitiv-
ity/specificity. Biomarkers from each category appear in the low-
performance area (<0.65 or 0.65 sensitivity/specificity). Entries
evaluated in studies with relatively large sample sizes (>250) and
low performances included CRP, PCT, neutrophils, and white blood
cells (WBCs) (Supplementary Table S5).

Discussion

This review identified 265 biomarker entries, from 55 studies
published from January 2015 through December 2019, that were
reported for use in discriminating bacterial from non-bacterial in-
fections. The most frequently evaluated host biomarkers identi-
fied in this work were CRP, PCT, IL-6, and WBCs, similar to find-
ings from an earlier review.> Protein and RNA signatures were
the best performing entries. The CRP, IP-10, and TRAIL signature
was the only entry with high performance evaluated in studies
with low/medium risk of bias and >250 patients or samples. This
three-protein signature has been evaluated multiple times in HIC
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Fig. 6. Sensitivity—specificity scatter plot for a selection of 16 biomarker entries
(from Fig. 3) evaluated in blood samples, from studies with low or medium over-
all risk of bias and with moderate or high performance. The symbol colours rep-
resent different biomarker categories, and the size of the symbol represents the
study sample size. The yellow and green shaded areas represent moderate and high
performance, respectively. Abbreviations CRP, C-reactive protein; PCT, procalcitonin;
WBC, white blood cells.
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in ELISA format and showed high levels of performance.'9-22.66
MeMed Diagnostics utilizes this signature in a POC device, MeMed
BV™ 72 HNL, the MxA and CRP signature, and the IL-6 and IL-10
signature were evaluated in studies with high risk of bias.3>:40.65
These biomarkers and signatures should be investigated in stud-
ies with low risk of bias, particularly because AgPlus Diagnostics
is developing a POC test based on HNL,® which could be suit-
able for LMICs. The MxA and CRP signature is utilised by the
FebriDx® test (Lumos Diagnostics) to provide qualitative results
on CRP and MxA levels in capillary blood.”* The CRP, IP-10, and
TRAIL signature, the MxA and CRP signature, and HNL were eval-
uated in the context of febrile illness and in studies specifically
designed to differentiate bacterial from non-bacterial infections, in
line with the TPP. The IL-6 and IL-10 signature was evaluated in
the context of pneumonia and it would be interesting for it to be
evaluated within additional illnesses. Most biomarker entries were
evaluated in laboratories using research techniques (ELISA, cytom-
etry, microarrays, etc.) and in few studies. Ideally, for all promising
protein-based biomarkers/signatures highlighted here, independent
studies should be performed using POC tests suitable for deploy-
ment in settings with poorly accessible healthcare.

Other high performing entries were three RNA signatures com-
prising 2, 10, and 71 RNA-transcript signatures. These signatures
were evaluated in the context of febrile illness (2-RNA transcript
signature) and respiratory tract infections (10 and 71-RNA tran-
script signatures). It would be desirable to evaluate the latter sig-
natures for other febrile illnesses, in addition to respiratory tract
infections. Although RNA signatures are promising, they are cur-
rently less likely to be developed into rapid, low-cost POC tests ac-
cessible to LMICs; additionally, the more RNA markers needed to
comprise a signature, the more costly and complex it is to translate
it into a POC test. It is therefore important to determine whether
the diagnostic performances of these signatures remain acceptable
using fewer RNA transcripts. Furthermore, it would be interesting
to determine whether any of these RNA signatures contain protein-
encoding RNAs; these proteins could potentially then be tested as
diagnostic targets, e.g. protein based lateral flow assays, making
them more suitable as low-cost POC tests.

Other notable biomarkers included widely evaluated biomark-
ers such as CRP and PCT, as well as the moderately performing
biomarkers platelet-derived growth factor BB homodimer (PDGF-
BB) and a three-marker signature (haptoglobin; IL-10; and tissue
inhibitor of metalloproteinases 1 [TIMP1]), which should be as-
sessed in studies with lower risks of bias and larger sample sizes.

Biomarker entries were subcategorised by disease, given that
some biomarkers might perform better with certain diseases. It is
challenging to identify host biomarkers for differentiating bacterial
from non-bacterial infections in the general febrile illness popula-
tion as this population encompasses a broad group of conditions;
therefore, identifying biomarkers at the required standard of per-
formance for the TPP may be over-ambitious. However, in this re-
view, some biomarkers tested in specific disease groups (e.g. pneu-
monia) did not show an improved performance compared with the
results of the same biomarker in the general febrile illness popula-
tion.

A previous review? highlighted seven strong performing
biomarkers: the CRP, IP-10, and TRAIL signature; HBP, PCT, and a
10-gene classifier signature; PMN counts; a 48-gene classifier sig-
nature; a CD35, CD32, CD88, and MHC1 signature; MxA; and IL-
4, Of which only the CRP, IP-10, and TRAIL signature continues to
be reported as a high-performing biomarker, while MxA showed
moderate performance in a study with a high risk of bias, and IL-
4 showed low performance. The other four biomarkers/signatures
were not evaluated in the current review. Hence, the recommen-
dation to further assess any strongly performing biomarkers iden-
tified in the previous review remains valid.
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Most entries were evaluated in hospital settings in HICs, with
only around one-third evaluated in LMICs. The scarcity of rapid
diagnostic tests in LMICs means AFIs tend to be indiscriminately
treated with antibiotics, leading to increased AMR.? Of the promis-
ing biomarkers, the CRP, IP-10, and TRAIL signature, the MxA and
CRP signature, and the 2, 10, and 71-RNA transcript signatures
were evaluated in HICs, while HNL and IL-6 were tested in an LMIC
(China). Applying biomarker that have been studied in HIC to a
LMIC can be misleading due to the different patients’ demograph-
ics (immune function, co-infections, nutrition status, age groups,
etc.). Further multi-site clinical evaluations in LMICs, using POC
tests when available, is desirable for all promising biomarkers.

Most studies identified in this review were of low quality based
on QUADAS criteria, with a high overall risk of bias for 75.8% of
entries. There were various reasons for this. First, because of ret-
rospective and case-control designs, a lack of random/consecutive
sampling, and a lack of blinding. More blinded, prospective stud-
ies should be conducted, with consecutive or random sampling,
and cohort or cross-sectional study designs. Second, incomplete re-
sults were reported for many entries, and only p-values (and no
sensitivity/specificity or AUROC data) were reported for 34.0% of
entries. AUROC values and sensitivity/specificity values are essen-
tial when describing diagnostic performance. Third, the reference
methods used to determine whether patients had bacterial or non-
bacterial infections varied and were poorly defined, adding further
complexity. Additionally, most entries were evaluated in studies
with small sample sizes (51.7% of entries were evaluated in <100
samples/patients), increasing the probability of recruiting unrepre-
sentative study populations.

When matching the TPP? with the findings of this systematic
review, we identified 12 entries that met the minimum perfor-
mance criteria. Only one of the high performing biomarker en-
tries was evaluated in a study at low/medium risk of bias and
with >250 samples or patients. Based on evidence collected thus
far in this and prior systematic reviews, the performance require-
ments of this ambitious TPP appear to be unachievable, at least in
the short-term. Therefore, the TPP might need revisiting and re-
assessed. Host biomarker tests may need to form part of a suite of
tools, including good clinical guidance and training, to ensure any
potential lack of accuracy of such tests is acknowledged and con-
sidered when making any diagnosis or decision relating to patient
management.

Limitations

While this comprehensive review has many strengths, there are
some limitations. First, the time frame was limited to January 2015
to December 2019. Literature from 2010 to 2015 was reviewed pre-
viously.? The current review is complementary to the 2016 publica-
tion, providing data over a longer timeframe. COVID-19 pandemic
started after the time frame of this study and thus articles related
with COVID-19 are not included in this review. Second, the study
quality assessment method we used was based on five QUADAS-2
questions deemed most relevant; therefore, other biases could have
been overlooked, although we consider the included questions cov-
ered the most critical risks. If information to assess specific quality
criteria was not reported or was insufficiently or poorly described,
then we assumed the study did not meet those criteria. Therefore,
it is possible that the number of low-quality studies was over-
estimated due to poor quality reporting rather than poor quality
methodology.

Conclusions and outlook

This review sought to identify promising host biomarkers for
distinguishing between bacterial and non-bacterial infections; it is
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hoped this will help guide future research and development of
novel biomarker tests. Interestingly, the best known and most fre-
quently assessed biomarkers (e.g. CRP, PCT, WBCs, and neutrophils)
are not the best performing ones but they do represent those most
frequently used in routine care and hence are the most accessible.
The most promising recently reported protein biomarkers are the
CRP, IP-10, and TRAIL signature, the MxA and CRP signature, the
IL-6 and IL-10 signature, and HNL. Several RNA signatures demon-
strated high performance, although rapid POC tests based on these
signatures may be prohibitively expensive for many LMICs. There
is a clear need for more quality studies to be conducted, in both
LMICs and HICs, to fully explore the potential of host biomarkers or
combinations in distinguishing bacterial from non-bacterial causes
of acute febrile illness.

Contributors

SD conceived the study. BLF-C, CE, EM, and AK collected the
data. BLF-C prepared the first draft of the manuscript. All authors
contributed to the final version of the manuscript.
Declaration of Competing Interest

The authors declare no conflict of interest.

Funding

This work was supported with Product Development Partner-
ship Grant III funds from the Dutch Government.

Access to data

Collected information in a standardized manner from the 55
studies included in this work provided as Supplementary material.

Acknowledgments

Medical writing assistance as editing support, under the direc-
tion of the authors, was provided by Adam Thomas Bodley, funded
by Foundation for Innovative New Diagnostics (FIND), according to
Good Publication Practice guidelines.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jinf.2021.01.028.

References

—_

. Farrar J, et al. Manson’s Tropical Diseases. 22nd ed. UK: London; 2009.

. Crump JA, Gove S, Parry CM. Management of adolescents and adults with febrile
illness in resource limited areas. BMJ 2011;343:d4847.

3. Kapasi AJ, et al. Host biomarkers for distinguishing bacterial from non-bac-
terial causes of acute febrile illness: a comprehensive review. PLoS One
2016;11(8):e0160278.

4. Hamilton JL, John SP. Evaluation of fever in infants and young children. Am Fam

Phys 2013;87(4):254-60.

. Jones KE, et al. Global
2008;451(7181):990-3.

. Hopkins H, et al. Impact of introduction of rapid diagnostic tests for malaria

on antibiotic prescribing: analysis of observational and randomised studies in

public and private healthcare settings. BMJ 2017;356:j1054.

Escadafal C, et al. New biomarkers and diagnostic tools for the management

of fever in low- and middle-income countries: an overview of the challenges.

Diagnostics 2017;7(3) (Basel).

. O'Neil J. Tackling Drug-Resistant Infections Globally: Final Report and Recommen-
dations. London: Inited Kingdom; 2016.

. Dittrich S, et al. Target product profile for a diagnostic assay to differ-
entiate between bacterial and non-bacterial infections and reduce antimi-
crobial overuse in resource-limited settings: an expert consensus. PLoS One
2016;11(8):e0161721.

N

w

trends in emerging infectious diseases. Nature

[=2}

~N

foel

©

10.

11.

jary

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2

28.

29.

30.

31

32.

33.

34.

35.

36.

3

38.

39.

40.

~

~

Journal of Infection 82 (2021) 1-10

Van den Bruel A, et al. Diagnostic value of laboratory tests in identifying serious
infections in febrile children: systematic review. BMJ 2011;342:d3082.

Esposito S, et al. Procalcitonin measurements for guiding antibiotic treatment
in pediatric pneumonia. Respir Med 2011;105(12):1939-45.

Manzano S, et al. Impact of procalcitonin on the management of children aged
1 to 36 months presenting with fever without source: a randomized controlled
trial. Am J Emerg Med 2010;28(6):647-53.

Schuetz P, et al. Procalcitonin to guide initiation and duration of antibiotic
treatment in acute respiratory infections: an individual patient data meta-anal-
ysis. Clin Infect Dis 2012;55(5):651-62.

Moher D, et al. Preferred reporting items for systematic reviews and meta-anal-
yses: the PRISMA statement. BMJ 2009;339:b2535.

MacLean E, et al. A systematic review of biomarkers to detect active tuberculo-
sis. Nat Microbiol 2019;4(5):748-58.

Whiting PF, et al. QUADAS-2: a revised tool for the quality assessment of diag-
nostic accuracy studies. Ann Intern Med 2011;155(8):529-36.

Maric LS, et al. Chemokines CXCL10, CXCL11, and CXCL13 in acute dissem-
inated encephalomyelitis, non-polio enterovirus aseptic meningitis, and neu-
roborreliosis: CXCL10 as initial discriminator in diagnostic algorithm? Neurol Sci
2018;39(3):471-9.

Li W, et al. C-reactive protein concentrations can help to determine which
febrile infants under three months should receive blood cultures during in-
fluenza seasons. Acta Paediatr 2017;106(12):2017-24.

van Houten CB, et al. A host-protein based assay to differentiate between bac-
terial and viral infections in preschool children (OPPORTUNITY): a double-blind,
multicentre, validation study. Lancet Infect Dis 2017;17(4):431-40.
Ashkenazi-Hoffnung L, et al. A host-protein signature is superior to other
biomarkers for differentiating between bacterial and viral disease in patients
with respiratory infection and fever without source: a prospective observational
study. Eur J Clin Microbiol Infect Dis 2018;37(7):1361-71.

Stein M, et al. A novel host-protein assay outperforms routine parameters for
distinguishing between bacterial and viral lower respiratory tract infections. Di-
agn Microbiol Infect Dis 2018;90(3):206-13.

Oved K, et al. A novel host-proteome signature for distinguishing between acute
bacterial and viral infections. PLoS One 2015;10(3):e0120012.

Tang BM, et al. A novel immune biomarker IFI27 discriminates between in-
fluenza and bacteria in patients with suspected respiratory infection. Eur Respir
J 2017(6):49.

Nuutila ], et al. A single-tube two-color flow cytometric method for distin-
guishing between febrile bacterial and viral infections. | Microbiol Methods
2018;152:61-8.

Ivaska L, et al. Aetiology of febrile pharyngitis in children: potential of myx-
ovirus resistance protein A (MxA) as a biomarker of viral infection. J Infect
2017;74(4):385-92.

Moniuszko-Malinowska A, et al. Assessment of HMGB-1 concentration in tick-
-borne encephalitis and neuroborreliosis. Int J Infect Dis 2018;70:131-6.

Higdon MM, et al. Association of C-reactive protein with bacterial and respira-
tory syncytial virus-associated pneumonia among children aged <5 years in the
PERCH study. Clin Infect Dis 2017;64(suppl_3):S378-86.

Mahajan P, et al. Association of RNA biosignatures with bacterial infections in
febrile infants aged 60 days or younger. JAMA 2016;316(8):846-57.

Dittrich S, et al. Blood-brain barrier function and biomarkers of central nervous
system injury in rickettsial versus other neurological infections in Laos. Am |
Trop Med Hyg 2015;93(2):232-7.

Nazir M, et al. Cerebrospinal fluid lactate: a differential biomarker for bacterial
and viral meningitis in children. J Pediatr 2018;94(1):88-92 (Rio J).

Li Z, et al. Cerebrospinal fluid metabolomic profiling in tuberculous and viral
meningitis: screening potential markers for differential diagnosis. Clin Chim Acta
2017;466:38-45.

Bhuiyan MU, et al. Combination of clinical symptoms and blood biomarkers can
improve discrimination between bacterial or viral community-acquired pneu-
monia in children. BMC Pulm Med 2019;19(1):71.

Zhu G, et al. Combined use of biomarkers for distinguishing between bacte-
rial and viral etiologies in pediatric lower respiratory tract infections. Infect Dis
(Lond) 2015;47(5):289-93.

Fuchs A, et al. Cytokine kinetic profiles in children with acute lower respiratory
tract infection: a post hoc descriptive analysis from a randomized control trial.
Clin Microbiol Infect 2018;24(12) 1341.e1-1341.e7.

Engelmann I, et al. Diagnosis of viral infections using myxovirus resistance pro-
tein A (MxA). Pediatrics 2015;135(4):e985-93.

Herberg JA, et al. Diagnostic test accuracy of a 2-transcript host RNA signa-
ture for discriminating bacterial vs viral infection in febrile children. JAMA
2016;316(8):835-45.

Zarkesh M, et al. Diagnostic value of IL-6, CRP, WBC, and absolute neutrophil
count to predict serious bacterial infection in febrile infants. Acta Med Iran
2015;53(7):408-11.

Sanaei Dashti A, et al. Diagnostic value of lactate, procalcitonin, ferritin,
serum-C-reactive protein, and other biomarkers in bacterial and viral menin-
gitis: a cross-sectional study. Medicine 2017;96(35):e7637 (Baltimore).

Liu M, et al. Differences in inflammatory marker patterns for adult communi-
ty-acquired pneumonia patients induced by different pathogens. Clin Respir |
2018;12(3):974-85.

Yu Z, et al. Distinction between bacterial and viral infections by serum measure-
ment of human neutrophil lipocalin (HNL) and the impact of antibody selection.
J Immunol Methods 2016;432:82-6.


https://doi.org/10.1016/j.jinf.2021.01.028
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0003
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0003
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0003
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0004
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0004
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0004
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0005
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0005
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0005
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0007
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0007
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0007
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0008
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0008
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0009
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0009
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0009
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0010
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0010
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0010
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0012
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0012
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0012
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0013
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0013
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0013
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0014
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0014
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0014
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0015
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0015
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0015
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0017
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0017
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0017
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0019
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0019
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0019
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0020
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0020
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0020
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0021
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0021
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0021
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0022
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0022
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0022
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0023
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0023
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0023
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0024
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0024
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0024
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0025
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0025
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0025
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0026
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0026
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0026
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0027
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0027
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0027
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0030
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0030
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0030
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0033
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0033
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0033
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0034
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0034
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0034
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0036
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0036
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0036
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0037
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0037
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0037
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0038
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0038
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0038
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0039
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0039
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0039
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0040
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0040
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0040

B. Leticia Fernandez-Carballo, C. Escadafal, E. MacLean et al.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Tamelyte E, et al. Early blood biomarkers to improve sepsis/bacteremia diagnos-
tics in pediatric emergency settings. Medicina 2019;55(4) (Kaunas).

Duman M, et al. Fecal calprotectin: can be used to distinguish between bacterial
and viral gastroenteritis in children? Am J Emerg Med 2015;33(10):1436-9.
Ding Y, et al. High expression of HMGB1 in children with refractory My-
coplasma pneumoniae pneumonia. BMC Infect Dis 2018;18(1):439.

Tsalik EL, et al. Host gene expression classifiers diagnose acute respiratory ill-
ness etiology. Sci Transl Med 2016;8(322) 322rall.

Venge P, et al. Human neutrophil lipocalin as a superior diagnostic means to
distinguish between acute bacterial and viral infections. Clin Vaccine Immunol
2015;22(9):1025-32.

Venge P, et al. Human neutrophil lipocalin in activated whole blood is a specific
and rapid diagnostic biomarker of bacterial infections in the respiratory tract.
Clin Vaccine Immunol 2017(7):24.

Venge P, et al. Human neutrophil lipocalin in fMLP-activated whole blood as a
diagnostic means to distinguish between acute bacterial and viral infections. |
Immunol Methods 2015;424:85-90.

Esposito S, et al. Measurement of lipocalin-2 and syndecan-4 levels to differen-
tiate bacterial from viral infection in children with community-acquired pneu-
monia. BMC Pulm Med 2016;16(1):103.

Belogurov AA Jr, et al. Mediators and biomarkers of inflammation in menin-
gitis: cytokine and peptidome profiling of cerebrospinal fluid. Biochemistry
2016;81(11):1293-302 (Mosc).

Yusa T, et al. New possible biomarkers for diagnosis of infections and diagnostic
distinction between bacterial and viral infections in children. J Infect Chemother
2017;23(2):96-100.

Chaurasia R, et al. Pathogen-specific leptospiral proteins in urine of patients
with febrile illness aids in differential diagnosis of leptospirosis from dengue.
Eur ] Clin Microbiol Infect Dis 2018;37(3):423-33.

Lubell Y, et al. Performance of C-reactive protein and procalcitonin to distin-
guish viral from bacterial and malarial causes of fever in Southeast Asia. BMC
Infect Dis 2015;15:511.

Self WH, et al. Procalcitonin as a marker of etiology in adults hospitalized with
community-acquired pneumonia. Clin Infect Dis 2017;65(2):183-90.

Park BS, et al. Procalcitonin as a potential predicting factor for prognosis in bac-
terial meningitis. J Clin Neurosci 2017;36:129-33.

Miglietta F, et al. Procalcitonin, C-reactive protein and serum lactate dehydro-
genase in the diagnosis of bacterial sepsis, SIRS and systemic candidiasis. Infez
Med 2015;23(3):230-7.

Fernando N, et al. Protein carbonyl as a biomarker of oxidative stress in severe
leptospirosis, and its usefulness in differentiating leptospirosis from dengue in-
fections. PLoS One 2016;11(6):e0156085.

Valim C, et al. Responses to bacteria, virus, and malaria distinguish the etiology
of pediatric clinical pneumonia. Am J Respir Crit Care Med 2016;193(4):448-59.
Sweeney TE, Wong HR, Khatri P. Robust classification of bacterial and vi-
ral infections via integrated host gene expression diagnostics. Sci Transl Med
2016;8(346) 346ra9l.

Esposito S, et al. Sensitivity and specificity of soluble triggering receptor ex-
pressed on myeloid cells-1, midregional proatrial natriuretic peptide and midre-
gional proadrenomedullin for distinguishing etiology and to assess severity in
community-acquired pneumonia. PLoS One 2016;11(11):e0163262.

10

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Journal of Infection 82 (2021) 1-10

Duran A, et al. Serum level of C-reactive protein is not a parameter to deter-
mine the difference between viral and atypical bacterial infections. ] Med Virol
2016;88(2):351-5.

Davido B, et al. Serum protein electrophoresis: an interesting diagnosis tool to
distinguish viral from bacterial community-acquired pneumonia. Eur J Clin Mi-
crobiol Infect Dis 2016;35(6):899-902.

Suarez NM, et al. Superiority of transcriptional profiling over procalcitonin for
distinguishing bacterial from viral lower respiratory tract infections in hospital-
ized adults. J Infect Dis 2015;212(2):213-22.

Vasconcellos AG, et al. Systemic cytokines and chemokines on admis-
sion of children hospitalized with community-acquired pneumonia. Cytokine
2018;107:1-8.

Bhattacharya S, et al. Transcriptomic biomarkers to discriminate bacterial from
nonbacterial infection in adults hospitalized with respiratory illness. Sci Rep
2017;7(1):6548.

Zhou JM, Ye Q. Utility of assessing cytokine levels for the differential di-
agnosis of pneumonia in a pediatric population. Pediatr Crit Care Med
2017;18(4):e162-6.

Srugo I, et al. Validation of a novel assay to distinguish bacterial and viral in-
fections. Pediatrics 2017;140(4).

Morichi S, et al. Vascular endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF) levels in the cerebrospinal fluid of children with influen-
za-associated encephalopathy. J Infect Chemother 2017;23(2):80-4.

Gallego M, et al. C-reactive protein in outpatients with acute exacerbation of
COPD: its relationship with microbial etiology and severity. Int ] Chron Obstruct
Pulmon Dis 2016;11:2633-40.

Lu A, et al. Lactate dehydrogenase as a biomarker for prediction of
refractory mycoplasma pneumoniae pneumonia in children. Respir Care
2015;60(10):1469-75.

Yang L, et al. Lectin microarray combined with mass spectrometry identifies
haptoglobin-related protein (HPR) as a potential serologic biomarker for sep-
arating nonbacterial pneumonia from bacterial pneumonia in childhood. Pro-
teomics Clin Appl 2018;12(6):e1800030.

Lv X, et al. Diagnostic and clinical value of C-reactive protein and interleukin-6
serum levels in children with Streptococcus pneumoniae. Int J Clin Exp Pathol
2016;9(2):1474-80.

MeMed Receives CE Mark for Two Pioneering Technologies: The MeMed
BV™ test and MeMed key™ point-of-need platform. 2020; Available from:
https://www.globenewswire.com/news-release/2020/06/02/2042093/0/en/
MeMed- Receives-CE-Mark-for-Two-Pioneering-Technologies-The-MeMed-BV-
Test-and-MeMed-Key-Point-of-Need-Platform.html.

Antimicrobial Resistance. 2020; Available from: https://www.agplusdiagnostics.
com/products-and-services/antimicrobial-resistance.html.

Self WH, et al. Diagnostic accuracy of FebriDx: a rapid test to detect im-
mune responses to viral and bacterial upper respiratory infections. J Clin Med
2017;6(10).


http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0041
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0041
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0041
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0042
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0042
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0042
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0043
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0043
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0043
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0044
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0044
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0044
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0045
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0045
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0045
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0046
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0046
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0046
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0047
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0047
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0047
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0048
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0048
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0048
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0049
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0049
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0049
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0050
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0050
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0050
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0051
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0051
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0051
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0052
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0052
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0052
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0053
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0053
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0053
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0054
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0054
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0054
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0055
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0055
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0055
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0056
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0056
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0056
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0057
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0057
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0057
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0058
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0058
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0058
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0058
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0059
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0059
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0059
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0060
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0060
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0060
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0061
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0061
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0061
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0062
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0062
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0062
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0063
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0063
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0063
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0064
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0064
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0064
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0065
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0065
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0065
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0066
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0066
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0066
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0067
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0067
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0067
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0068
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0068
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0068
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0069
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0069
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0069
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0070
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0070
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0070
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0071
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0071
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0071
https://www.globenewswire.com/news-release/2020/06/02/2042093/0/en/MeMed-Receives-CE-Mark-for-Two-Pioneering-Technologies-The-MeMed-BV-Test-and-MeMed-Key-Point-of-Need-Platform.html
https://www.agplusdiagnostics.com/products-and-services/antimicrobial-resistance.html
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0074
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0074
http://refhub.elsevier.com/S0163-4453(21)00085-2/sbref0074

	Distinguishing bacterial versus non-bacterial causes of febrile illness - A systematic review of host biomarkers
	Introduction
	Methods
	Search strategy
	Eligibility criteria
	Study population
	Biomarker, sample, and study types
	Study screening, selection, and data extraction
	Quality control and validation
	Biomarker entries


	Results
	Search results
	Entries per biomarker category
	Study size
	Biomarkers with reported diagnostic performance
	Sample types
	Study quality of included biomarker entries
	Most promising biomarkers
	Protein biomarkers
	Haematological biomarkers
	RNA biomarkers
	Biomarkers and signatures with low performance

	Discussion
	Limitations

	Conclusions and outlook
	Contributors
	Declaration of Competing Interest
	Funding
	Access to data
	Acknowledgments
	Supplementary materials
	References


