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A B S T R A C T

Objectives: The distinction between bacterial and viral causes of acute infec-
tions is a major clinical challenge. In this report we investigate the diagnostic performance in this regard of nine candidate biomarkers together with HNL (Human
Neutrophil Lipocalin).
Methods: Blood was obtained from patients with symptoms of infectious (n=581). HNL was measured in whole blood (B-HNL) after pre-activation with the
neutrophil activator fMLP or in plasma (P-HNL). Azurocidin also known as heparin-binding protein (HBP), Calprotectin, PMN-CD64, CRP (C-reactive protein), IP-10
(Interferon γ-induced Protein 10 kDa), PCT (Procalcitonin), TK1 (Thymidine kinase 1), TRAIL (TNF-related apoptosis-inducing ligand) were measured in plasma/
serum. Area under the ROC (receiver operating characteristics) curve (AuROC) was used for the evaluation of the clinical performance of the biomarkers.
Results: Side-by-side comparisons of the ten biomarkers showed large difference in the AuROC with B-HNL being the superior biomarker (0.91, 95% CI 0.86–0.95)
and with the other nine biomarkers varying from AuROC of 0.63–0.79. The combination of B-HNL with IP-10 and/or TRAIL increased the diagnostic performance
further to AuROCs of 0.94–0.97. The AuROCs of the combination of CRP with IP-10 and/or TRAIL were significantly lower than combinations with B-HNL 0.87 (95%
CI 0.83–0.91).
Conclusion: The diagnostic performance of whole blood activated HNL was superior in the distinction between bacterial or viral infections. The addition of IP-10 and/
or TRAIL to the diagnostic algorithm increased the performance of B-HNL further. The rapid analysis of HNL, reflecting bacterial infections, together with biomarkers
reflecting viral infections may be the ideal combination of diagnostic biomarkers of acute infections.

1. Introduction

The rapid and accurate distinction between the causes of respiratory
infections is a major clinical need in order to reduce the misuse of
antibiotics (Hopstaken et al., 2005; Dupuy et al., 2013; Quenot et al.,
2013; Laxminarayan et al., 2013). Currently the measurements of white
blood cell numbers and/or biomarkers such as CRP (C-reactive protein)
are widely used to assist the doctor in this distinction. It is, however,
well documented that neither of these measures, although rapid, are
sufficiently sensitive and specific to satisfy these needs. HNL (Human
Neutrophil Lipocalin) is a protein stored in and released from the sec-
ondary granules of human neutrophils. In our previous studies we
showed that the measurements of HNL in serum or after activation of
the neutrophils in whole blood might fulfill the unmet clinical needs
since they showed superior sensitivities and specificities as compared to
the contemporary biomarkers, but also to some of the more recent

biomarkers such as Procalcitonin and the expression of CD64 in neu-
trophils (Yu et al., 2016; Venge et al., 2015a; Venge et al., 2015b; Xu
et al., 1995). However, many other biomarkers have recently been
proposed to be used for the distinction between acute infections caused
by either bacteria or virus. Some of these biomarkers originate, as HNL,
from circulating neutrophils i.e. Azurocidin (Heparin Binding Protein,
HBP) (Linder et al., 2009a) and Calprotectin (Sander et al., 1984).
Others, such as TRAIL (TNF-Related Apoptosis-Inducing Ligand) (Oved
et al., 2015a), IP-10 (Interferon γ-induced Protein 10 kDa) (Hayney
et al., 2017) and TK1 (Thymidine kinase 1) (Kumar et al., 2016a) have
several cellular origins, but been proposed as useful biomarkers in this
regard.

The aim of this report was to compare the measurements of HNL
side-by-side with several potentially useful biomarkers for their potency
in the distinction between bacterial and viral causes of acute infections,
but also to combine these biomarkers in order to find the most powerful
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algorithm for this distinction.

2. Methods

The total study cohort included 725 participants. Patients with signs
and symptoms of acute infections were 253 males (age
52.7±20.0 years ±SD) and 328 females (age 46.4±19.3 years). The
144 healthy controls i.e. subjects without apparent infection and other
disease, had an average age of 43.6± 12.8 years and consisted of 57
males (age 41.3 years±12.7) and 87 females (age 45.0 years ±12.8).

In total 581 patients with signs and symptoms of acute infections i.e.
infectious symptoms of a duration of < one week, were recruited as
described previously (Venge et al., 2015b; Venge et al., 2015a). The
type and location of the infections was also described previously. In-
clusion criteria were fever >38 °C and signs and symptoms of acute
infection. Known to the adjudicator were in addition to clinical find-
ings, CRP, white blood cell counts, X-ray and all microbiological test
results. Based on this information patients were judged to have either
bacteria or virus as their causing infectious agent. Thus, in 288 of the
patients a microbiological confirmation of the clinical diagnosis was
achieved and in these patients the diagnosis as to bacterial or viral
infections as well as to etiology were regarded “certain” and confirmed.
Exclusion criteria were known chronic viral infection, such as human
immunodeficiency virus infection and patients on antibiotics treatment.
In addition, children under the age of 18 years and patients that could
not give informed consent were excluded from this study. The patients
were admitted to the infectious disease department at the University
Hospital in Uppsala or to a primary care unit in Uppsala during a two-
year period and included consecutively. All patients were evaluated
blinded to the biomarker results by the same adjudicator (KP). In cases
of uncertainty of the clinical diagnosis a second opinion from the in-
fectious specialist in charge of the patient was obtained. Radiological
findings were based on the analysis of a radiologist. The adjudication
was performed without the knowledge of the biomarker results. Blood
was drawn before start of antibiotics treatment. The study was ap-
proved by the ethics committee of Uppsala.

Patients with confirmed etiology of their acute infection were 288
(49.6% of all patients) (Venge et al., 2015a). Of these patients 185 had
a bacterial infection (101 females, age median 44 years, range
18–87 years, 84 males, age median 59 years, range 18–90 years), 54 a
viral infection (27 females, age median 41, range 19–88 years, 27 males
age median 50, range 24–92 years), 26 mycoplasma infection and 23
bacterial infection as a secondary infection to Influenza. Patients with
mycoplasma infection or bacterial infection secondary to a viral infec-
tions were not included in the calculations of this report. Patients with
symptoms of infections, but in whom a confirmed etiology could not be
established, were excluded from all calculations.

3. Biomarker assays

HNL was measured in whole blood after activation with fMLP (N-
formyl-met-leu-phe) as described previously (Venge et al., 2015b).
Briefly, whole blood was incubated for 20min at 37 °C with fMLP
5×10−8 M. The activation process was terminated by adding ice-cold
EDTA and the plasma harvested by centrifugation. HNL was measured
in plasma by ELISA. HNL was also measured in EDTA-plasma without
prior activation of whole blood (Diagnostics Development, Uppsala,
Sweden).The expression of CD64 on polymorphonuclear leukocytes was
evaluated by flow cytometry as described (Fjaertoft et al., 2005b). CRP
was measured in plasma by the routine department of clinical chemistry
at the University Hospital. Azurocidin (HBP i.e. Heparin Binding Pro-
tein) (Hycult Biotech, Uden, The Netherlands) and Calprotectin (Gen-
tian Diagnostics, Moss, Norway) were measured in EDTA-plasma. IP-10
(Invitrogen, Thermo Fisher Scientific), Procalcitonin (Thermo Fisher
Scientific), TK1 (Arocell AB, Uppsala, Sweden) and TRAIL (Affymetrix,
Thermo Fisher Scientific) were measured in serum. Whole blood, EDTA-

plasma and serum were obtained simultaneously. After 30min at room
temperature plasma and serum were obtained by centrifugation and
stored frozen (-70 °C) until analysis. All biomarkers were run according
to the manufacturer's instructions for use. Imprecision of duplicate
samples were between 4 and 10% CV (Coefficient of Variation) for all
assays.

4. Statistics

Data was expressed as medians and interquartile ranges or full
ranges as indicated. Comparisons of groups i.e. healthy controls, pa-
tients with confirmed bacterial infection and patients with confirmed
viral infection, were performed by the non-parametric Mann-Whitney's
test for independent groups. In order to estimate the clinical perfor-
mances of the biomarker assays receiver operating characteristics
(ROC) analyses were performed and comparisons of areas under the
curves analyzed by c-statistics. Youden index J was calculated by the
formula: J=max [Sensitivity + Specificity – 1] and used to estimate
the optimal discriminatory concentration of the biomarker. The diag-
nostic performance of combinations of biomarkers was expressed as
Area Under the ROC-curve (AuROC) and calculated by logistic regres-
sion analysis. In the logistic regression analysis patients with confirmed
bacterial infection were included as positive cases and patients with
confirmed viral infections included as negative cases. Logistic regres-
sion analysis was performed in either of two ways. One was entering all
variables (biomarkers) into the model and the other using the proce-
dure of backward exclusion of variables. The criteria of entering vari-
ables was if p< .05 and remove if p> .1.

For the calculations of the statistics, MedCalc Statistical Software
version 18.2.1 (MedCalc Software bvba, Ostend, Belgium; http://www.
medcalc.org; 2018) was used.

5. Results

In Figs. 1-10 we show the distributions of the biomarker con-
centrations in blood, serum or plasma in patients with confirmed
etiology of their acute infections in comparison to the results of healthy
references. It is seen from these results that the biomarkers were raised
in bacterial infections in comparison to the results of healthy refer-
ences. However, one exception was the findings with TRAIL, since the
results of TRAIL in bacterial infections were significantly lower than the
healthy references. Most biomarkers were raised in bacterial infections
as compared to viral infections. However, the results of IP-10, TK1 and
TRAIL were significantly higher in viral infections as compared to
bacterial infections (Supplemental Table 1).

In the next step the diagnostic power of the individual biomarkers
was evaluated by ROC-curves in the distinction between bacterial and
viral causes of the acute infection (Fig. 11). All biomarkers had a sig-
nificantly raised AuROC. However, the AuROCs varied between 0.63
and 0.91. TK1, HBP and PCT were the three biomarkers with lowest
AuROC. The three neutrophil biomarkers Calprotectin, CD64 and P-
HNL had intermediate AuROCs between 0.70 and 0.72, whereas TRAIL
and IP-10 had higher AuROCs of 0.79. CRP with an AuROC of 0.81 is
shown for comparison keeping in mind that the results of this bio-
marker was known to the adjudicators. The highest AuROC was seen for
whole blood HNL after activation (0.91, 95% CI 0.86–0.95). The
AuROC of B-HNL was significantly larger than for any of the other
biomarkers (p= .003-p< .0001). The optimal cut-offs for the in-
dividual biomarkers were calculated by the Youden index and shown in
supplemental Table 2.

In order to investigate the diagnostic performance of combinations
of biomarkers, a logistics regression analysis was performed including
all biomarkers. As entered in the model B-HNL (p< .0001), IP-10
(p= .0059) and TRAIL (p= .0130) added significantly and in-
dependently to the discrimination between bacterial and viral infec-
tions with an AuROC of 0.95 (95%CI 0.91–0.98) (Table 1 and
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Fig. 1. In Fig. 1 the concentrations of Azurocidin (Heparin binding protein) in plasma are shown in healthy persons as compared to patients with either bacterial or
viral infections. The statistical difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney
non-parametric test and shown on the figure. The box plot indicates median and quartile ranges.

Fig. 2. In Fig. 2 the concentrations of HNL in whole blood after activation are shown in healthy persons as compared to patients with either bacterial or viral
infections. The statistical difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-
parametric test and shown on the figure. The box plot indicates median and quartile ranges.
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Fig. 3. In Fig. 3 the concentrations of Calprotectin in plasma are shown in healthy persons as compared to patients with either bacterial or viral infections. The
statistical difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test
and shown on the figure. The box plot indicates median and quartile ranges.

Fig. 4. In Fig. 4 expressions of CD64 on polymorphonuclear leukocytes (PMN) are shown in healthy persons as compared to patients with either bacterial or viral
infections. The statistical difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-
parametric test and shown on the figure. The box plot indicates median and quartile ranges.

P. Venge, et al. Journal of Immunological Methods 474 (2019) 112627

4



Fig. 5. In Fig. 5 the concentrations of CRP in plasma are shown in healthy persons as compared to patients with either bacterial or viral infections. The statistical
difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test and shown
on the figure. The box plot indicates median and quartile ranges.

Fig. 6. In Fig. 6 the concentrations of IP-10 in serum are shown in healthy persons as compared to patients with either bacterial or viral infections. The statistical
difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test and shown
on the figure. The box plot indicates median and quartile ranges.
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Supplemental Table 3). When patients with respiratory infections were
evaluated separately only B-HNL (p= .0038) and TRAIL (p= .0012)
(Table 2) added independently to the discrimination between bacterial
and viral causes of their infections.

By the exclusion of the whole blood assays i.e. B-HNL, CD64 ex-
pression on neutrophils and blood neutrophil counts (B-PMN) and only
calculating on plasma/serum biomarkers except CRP an AuROC of 0.86
(95% CI 0.81–0.90) was achieved. In this model Calprotectin
(p= .004), PCT (p= .02), TK1 (p= .008) and IP-10 (p= .0001) con-
tributed independently (supplemental Table 4a). When CRP was added
the AuROC increased, however non-significantly, to 0.90 (95% CI
0.86–0.94) and with CRP as the most powerful biomarker (p< .0001)
together with TK1 (p= .01), PCT (p= .03) and IP-10 (p= .0001) as
significant contributors to the discrimination between bacterial and
viral causes of the infections (supplemental Table 4b).

Fig. 12 shows the comparison of AuROCs of some combinations of
biomarkers with the greatest potential. As can be seen the addition of
IP-10 and/or TRAIL to CRP increased the AuROC from 0.81 (0.76–0.86,
95%CI) to 0.87 (95%CI 0.83–0.91), p=ns. However, the AuROCs were
similar whether either IP-10 or TRAIL was added. The addition of CRP
to HNL affected marginally the AuROC of HNL alone (0.91, 0.86–0.95
vs 0.92, 0.88–0.96 95%CI), whereas the addition of IP-10 and TRAIL to
HNL increased the AuROC significantly (0.96, 0.92–0.99 95% CI),
p= .03. The AuROC of this latter combination was the same as the
AuROC with all 10 biomarkers included in the model. However, when
B-HNL was omitted from the model i.e. only including plasma/serum
biomarkers, the AuROC was significantly reduced (0.98, 0.94–0.99 vs
0.90, 0.86–0.94, 95%CI) p= .002. The AuROCs of B-HNL and TRAIL or
IP-10 were the same i.e. 0.94 (0.89–0.07, 95% CI).

Several of the biomarkers were correlated to each other. A corre-
lation matrix is shown in the supplemental Table 5. The neutrophil
associated biomarkers were significantly and positively correlated to
each other and to CRP, whereas the correlations of these biomarkers

with IP-10 and TRAIL were significant but negative. IP -10 was sig-
nificantly and positively correlated to TK1 and TRAIL.

6. Discussion

In our previous reports we showed that HNL in serum (Yu et al.,
2016; Xu et al., 1995; Bjorkqvist et al., 2004) or as measured after
activation of whole blood (Venge et al., 2015b; Venge et al., 2015a) was
superior to any other known biomarker, such as procalcitonin in plasma
or CD64 expression on neutrophils, in the distinction between bacterial
or viral causes of acute infections. Such data makes HNL a very inter-
esting candidate for the future management of acute infections in order
to avoid the abuse of antibiotics (Laxminarayan et al., 2013; Dupuy
et al., 2013). However, the most widely used biomarker in the man-
agement of acute infections is currently CRP and CRP has indeed been a
valuable tool in the management of patients with acute infections
(Hopstaken et al., 2003). However, it is also well known that CRP will
react to almost any process in the body that involves inflammation,
which makes CRP quite unspecific. In our Bio-X study CRP was known
to the adjudicator and used to classify patients into those likely having a
bacterial or viral cause of their infection. In this study we evaluated an
even larger panel of potential candidate biomarkers for the distinction
between bacterial or viral causes of acute infections. The goal was to
achieve the best possible discriminator of the two causes of infections. It
was therefore of great interest that the combination of our whole blood
assay of the activation of blood neutrophils to release their specific
protein HNL and a couple of other biomarkers in serum made this
distinction quite accurate, since we achieved areas under the ROC
curves of close to 100%. This was true whether we evaluated our whole
cohort of verified infections or restricted the evaluation to those pa-
tients who presented with respiratory disease (data not shown). A dis-
tinction to this magnitude has only been achieved in our previous
studies on serum measurement of HNL (Xu et al., 1995; Yu et al., 2016).

Fig. 7. In Fig. 7 the concentrations of Procalcitonin in serum are shown in healthy persons as compared to patients with either bacterial or viral infections. The
statistical difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test
and shown on the figure. The box plot indicates median and quartile ranges.
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However, as discussed before serum measurements put demanding re-
quirements on the end-user, since the results are dependent on length of
coagulation and ambient temperature. The biomarkers that seemed to
complement B-HNL most strongly were IP-10 (Interferon γ-induced
Protein 10 kDa) and TRAIL (TNF-Related Apoptosis-Inducing Ligand)
and indeed these biomarkers have recently shown to be interesting
discriminators in these diagnoses and in particular in combination with
CRP (Oved et al., 2015b). As shown in this study both IP-10 and TRAIL
have diagnostic potentials as individual biomarkers and are as such
somewhat superior to any of the other biomarkers except B-HNL. We
therefore evaluated the combination of these biomarkers with several
other candidate biomarkers. Disappointedly we could not repeat what
has been shown recently, since the combination of the three biomarkers
CRP, IP-10 and TRAIL did not perform significantly better than either of
these alone. It was not until we combined the results of these two latter
biomarkers with the results of B-HNL, that we revealed their real po-
tential. B-HNL reflects the response of the body to a bacterial challenge
and IP-10 and TRAIL also reacts to viral infections. Indeed, the con-
centrations of TRAIL were even lower during bacterial infections than
those seen in healthy non-infected controls. Thus, the addition to the
specific bacterial biomarker of two biomarkers with a viral profile
seemed very successful.

The other biomarkers tested did not as individual biomarkers show
any promise as powerful diagnostic means to distinguish bacterial from
viral infections. As discussed before PCT did not add much to the di-
agnostic distinction between bacterial and viral causes of acute infec-
tions (Ip et al., 2007; Toikka et al., 2000; Le et al., 2015) although
numerous publications have advocated PCT as a tool to manage anti-
biotics treatment of such patients (Muller and Becker, 2001; Meili et al.,
2015; Drozdov et al., 2013). Possibly the severity of infection in our
patients was less than in many of those studies, although our previous

results on sepsis also showed the diagnostic superiority of HNL over
PCT (Martensson et al., 2013). Likewise, HBP (Azurocidin), a protein
secreted from the primary granules and secretory vesicles of neutrophils
and advocated for the diagnosis and monitoring of sepsis (Linder et al.,
2009b) did not have the capacity to distinguish between bacterial and
viral infections. Nor did HBP show up in any of our logistic regression
analysis as a significant contributor to this distinction. Calprotectin is a
well know biomarker of inflammatory bowel disease and the mea-
surements of this protein in feces is included in the management
guidelines (Fagerhol, 2000). However, originating from sequestered
neutrophils Calprotectin has also been analyzed in serum/plasma in a
number of diseases, including infections, with variable success (Jonsson
et al., 2017). Our results showed a moderate, but significant capacity of
Calprotectin to distinguish between bacterial and viral acute infections.
This capacity was most obvious when we excluded CRP from our cal-
culations in the logistic regression analysis. As shown Calprotectin and
CRP are highly correlated, which may explain these results.

Thymidine kinase (TK1) originates from all dividing cells and is
used to monitor cancer cell growth (Kumar et al., 2016b) but was also
shown in previous reports to be increased in viral infections (Gronowitz
et al., 1984). As an individual biomarker TK1 did not have the capacity
to distinguish between bacterial and viral infections. However, in the
logistic regression analysis in which only plasma/serum biomarkers
were analyzed TK1 contributed significantly to this distinction. Plasma
HNL was shown in this report for the comparison with B-HNL. As such
plasma HNL is clearly inferior to B-HNL. However, in the logistic re-
gression analyses in the absence of B-HNL, plasma HNL contributed
significantly. Indeed, we showed in previous studies on sepsis that
plasma HNL was a better diagnostic biomarker than CRP and PCT in the
discrimination between SIRS (Systemic Inflammatory Reaction Syn-
drome) and sepsis (Martensson et al., 2013).

Fig. 8. In Fig. 8 the concentrations of HNL in plasma are shown in healthy persons as compared to patients with either bacterial or viral infections. The statistical
difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test and shown
on the figure. The box plot indicates median and quartile ranges.
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Fig. 9. In Fig. 9 the concentrations of TK1 in serum are shown in healthy persons as compared to patients with either bacterial or viral infections. The statistical
difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test and shown
on the figure. The box plot indicates median and quartile ranges.

Fig. 10. In Fig. 10 the concentrations of TRAIL in serum are shown in healthy persons as compared to patients with either bacterial or viral infections. The statistical
difference between results of those with bacterial infections and healthy or virally infected patients was evaluated by Mann-Whitney non-parametric test and shown
on the figure. The box plot indicates median and quartile ranges.
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HNL is a fairly complicated molecule with several origins and sev-
eral names i.e. NGAL (Neutrophil Gelatinase Associated Lipocalin) or
Lipocalin 2 (Xu and Venge, 2000). In blood the major origin is blood
neutrophils in which cells HNL exists in a preformed state (Cai et al.,
2010). The production of HNL may, however, be induced in epithelial
cells such as in the kidney tubular cells in patients with acute kidney
injury (AKI) (Cai et al., 2009). If measured in serum or plasma, such
production of HNL could potentially affect the diagnostic performance
of HNL. HNL originating from neutrophils is to a substantial extent
released in the dimeric form, whereas HNL released from epithelial cells
is in the monomeric form. This means that assays should be able to

distinguish these forms for optimal diagnostic performance. As shown
recently the configuration of the assay by certain antibody pairs enables
such distinction when measured in serum or plasma (Yu et al., 2016). In
the present report we have circumvented these potential confounders
by measuring directly what is released from the circulating neutrophils.

The limitation of our study was the accuracy in the diagnosis i.e. in
the distinction between bacterial and viral causes of the respiratory
infections. Such distinction is notoriously difficult (Hopstaken et al.,
2003), but very important if one wishes to investigate any biomarker
for these purposes. In this report we made an effort to make an accurate
diagnosis by microbiologic testing of various body fluids, but with even
more extensive testing we might have reached higher diagnostic ac-
curacies of HNL of >>0.9. Among all patients included in the study, a
certain and confirmed microbiological diagnosis was only achieved in
50% (228/581) which may also be seen as a limitation. The exclusion of
approximately 50% of the patients is explained by the difficulties to
obtain a documented exact microbiological diagnosis. Of those ex-
cluded, several patients had both a documented viral and bacterial

Fig. 11. A comparison between individual biomarkers in their distinction between bacterial and viral infections. The results are given as AuROC and 95% CI.

Table 1
Logistic regression analysis. Dependent variable: Infectious agent bacteria or
virus. Method: Backward exclusion of variables. Enter if p< .05 and remove if
p> .1.

Variable Coefficient Std. error Wald p

B-HNL 0.027182 0.0059658 20.7602 <0.0001
S-TRAIL −0.018305 0.0052353 12.2256 0.0005
S-IP-10 −0.00074243 0.00023859 9.6829 0.0019
Area under the ROC curve (AUC) 0.961
Standard Error 0.0143
95% Confidence interval 0.920 to 0.985

Not included in the model as independent biomarkers were Calprotectin, TK1,
PCT, Azurocidin, P-HNL, CRP, CD64 and blood neutrophil counts.

Table 2
Logistic regression analysis. Dependent variable: Infectious agent bacteria or
virus. Selection respiratory infections. Method: Backward exclusion of vari-
ables. Enter if p< .05 and remove if p> .1.

Variable Coefficient Std. Error Wald p

TRAIL −0.040789 0.012580 10.5122 0.0012
B-HNL 0.028850 0.010131 8.3811 0.0038
Area under the ROC curve (AUC) 0.964
Standard Error 0.0197
95% Confidence interval 0.89 to 0.99

Not included in the model as independent biomarkers were Calprotectin, TK1,
IP-10, PCT, Azurocidin, P-HNL, CRP, CD64 and blood neutrophil counts.

Fig. 12. A comparison between individual and combinations of biomarkers in
their distinction between bacterial and viral infections. The results are given as
AuROC and 95% CI. The three vertical lines are given for comparison of AuROC
of CRP only, B-HNL only or AuROC of 1.0.
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infection concomitantly and many hade viral upper respiratory tract
infections where no microbiological tests were performed or negative
for influenza A or B but not tested for other virus. Also in a proportion
of patients with bacterial infections a documented bacterial culture was
missing because of early initiation of antibiotic treatment before cul-
tures were obtained. However, what seems very important in our study
is that the diagnostic performance of HNL in the side-by-side compar-
ison with other potential candidate biomarkers still was the superior
biomarker, but also that the diagnostic performance of HNL may be
increased further by adding biomarkers such as IP-10 and/or TRAIL.
Another limitation of the study is the lack of children among our pa-
tients nor did we include patients admitted to the intensive care unit.
This means that we cannot generalize our results into these groups,
although HNL was measured in serum in children in earlier studies and
shown to have an interesting diagnostic performance (Fjaertoft et al.,
2005a). The strength of our study was the fact that the biomarkers were
judged against each other and with the diagnostic limitations affecting
the biomarkers equally. It should, however, be emphasized that our
studies on whole blood activation and the measurement of the release
of HNL are explorative, since the technology used for this purpose is not
practical and has to be replaced by more appropriate assay formats e.g.
in the form of rapid point-of-care assays. In a recent study the three-
biomarker algorithm was found superior to HNL either measured in
serum or plasma (Ashkenazi-Hoffnung et al., 2018). The plasma HNL
results reported were in line with our own findings in that report.
Unfortunately, however, the study failed to follow the instructions for
serum preparations, which seriously invalidated the comparison with
serum HNL as the discriminator. Thus, the increased concentrations of
HNL in serum as compared to plasma are the results of active release
from the blood neutrophils. Such active release is prevented by keeping
blood at +4 °C, as was the case in the study by Ashkenazi-Hoffnung
et al.(Ashkenazi-Hoffnung et al., 2018). In a very recent study on PCT,
IP-10 and TRAIL similar results were obtained to our findings for the
indivdual protein biomarkers and also showed that the combination of
biomarkers increased the discrimination between bacterial and viral
infections (van der Does et al., 2018).

We conclude that the diagnostic performance of whole blood acti-
vated HNL is superior to any other known biomarker in the distinction
between acute infections caused by bacteria or virus. The rapid and
accurate analysis of HNL, which reflects the response of the body to a
bacterial challenge of the body, together with one or two biomarkers
reflecting viral infections may be the ideal diagnostic biomarker com-
bination in our fight against misuse of antibiotics. The development of a
point-of-care assay that will allow the diagnosis to be made within
10min from a finger stick blood is ongoing and this method should aid
the doctor in the decision of whether to treat the infection or not and
hopefully reduce the misuse of antibiotics.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jim.2019.06.018.
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