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ABSTRACT

Introduction: The aim was to assess the per-
formance of a blood assay combining measure-
ments of MxA (myxovirus resistance protein A)
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and CRP (C-reactive protein) to differentiate
viral from bacterial respiratory infections.

Methods: In a prospective study, MxA and CRP
were measured in the blood by the AFIAS panel
in adults admitted with respiratory infection.
Patients were split into discovery and validation
cohorts. Final diagnosis was adjudicated by a
panel of experts. Microbiology-confirmed cases
comprised the discovery cohort, and infections
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adjudicated as highly probable viral or bacterial
comprised the validation cohort.

Results: A total of 537 patients were analyzed:
136 patients were adjudicated with definitive
viral infections and 131 patients with definitive
bacterial infections. Using logistic regression
analysis, an equation was developed to calculate
the probability for bacterial infection using the
absolute value of MxA and CRP. Calculated
probability > 0.5 and/or MxA to CRP ratio less
than 2 applied as the diagnostic rule for bacte-
rial infections. This rule provided 91.6% sensi-

tivity and 90.4% negative predictive value for
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the diagnosis of bacterial infections. This diag-
nostic sensitivity was confirmed in the valida-
tion cohort. A MxA/CRP ratio less than 0.15 was
associated with unfavorable outcome.
Conclusion: The calculation of the probability
for bacterial infection using MxA and CRP may
efficiently discriminate between viral and bac-
terial respiratory infections.
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Why carry out this study?

There is an unmet need to differentiate if
an acute respiratory infection is of
bacterial or viral etiology.

The existence of a rapid blood test would
prevent unnecessary consumption of
antibiotics.

This study investigates if blood
measurements of MxA (myxovirus
resistance protein A) and CRP (C-reactive
protein) can inform if a respiratory tract
infection is caused by bacteria, viruses, or
both.

What was learned from the study?

MxA and CRP can be used for the
differential diagnosis between viral and
bacterial respiratory tract infections.
Quantitative blood results are interpreted
using the calculated probability for
bacterial infection and taking into
consideration the ratio of MxA to CRP.

The diagnostic algorithm needs to be
evaluated into a randomized controlled
trial to guide prescription of antibiotics.

INTRODUCTION

Viral and bacterial infections represent a major
source of morbidity, mortality, and healthcare
costs. Approximately 80% of all antibiotics are
prescribed at a primary healthcare setting and
the majority are for respiratory tract infections
[1]. Most acute respiratory infections are of viral
etiology and a tool is required to guide clini-
cians to avoid unnecessary antibiotic prescrip-
tion. This tool should be point-of-care (POC)
and readily distinguish between viral and bac-
terial infections.

Procalcitonin (PCT) is the most broadly used
biomarker to guide appropriate prescription of
antibiotics for respiratory infections [2]. The

evaluation of the patient several times looks like
a scale where one edge represents the likelihood
to have viral infection and the other edge to
have bacterial infection. Each edge needs to be
represented by biomarkers, one of which should
indicate the likelihood for viral infection and
another the likelihood for bacterial infection.
This need is dictated by several microbiology
studies showing that infections of the lower
respiratory tract are often of mixed viral and
bacterial etiology [3, 4].

Candidate biomarkers are myxovirus resis-
tance protein A (MxA) and C-reactive protein
(CRP). Mx proteins are large interferon-induced
GTPases involved in the control of intracellular
pathogens [S5]. In humans, two Mx homologs
mediate antiviral activity against a broad range
of viruses, including SARS-CoV-2 [6]. Elevated
MxA indicates increased endogenous interferon
production mediated by viral activation, and it
can be used as a marker of viral infection [6].
CRP is a well-described cytokine-induced acute-
phase protein; blood levels increase following
non-specific responses to infections stimuli [1].
These two protein measurements are integrated
into one simply POC device which informs in a
qualitative approach if MxA, CRP, or both are
increased [7].

The limitation of qualitative approaches is
that they neglect the individualized nature of
patients, several of whom are often co-infected
by viruses and bacteria. The present study fol-
lowed a novel design to investigate the value of
MxA and CRP as diagnostic tools of the etiology
of respiratory infections. Continuous measure-
ments of both proteins were analyzed and
patients were split into a discovery cohort and a
validation cohort. The discovery cohort was
composed of patients with definitive infections
and the validation cohort of patients with high
probability for infections of viral etiology or
bacterial etiology or for co-infection. Cut-offs
developed in the discovery cohort were vali-
dated in the validation cohort.

PATIENTS AND METHODS

This is a prospective study which was conducted
between July 2022 and February 2023 in six
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Table 1 Baseline characteristics of study participants

No infection  Definitive Definitive Definitive viral/  Highly Highly Definitive viral and
viral bacterial bacterial co- probable probable highly probable
infection viral bacterial bacterial
Number 40 136 131 20 11 128 71
Age, years, mean 493 (185) 679 (19.8) 701 (139) 711 (13.9) 465 (272) 728 (15.5) 69.6 (14.9)
(SD)
Male sex, 7 (%) 25 (62.5) 76 (55.0) 84 (64.1) 13 (65.0) 5 (45.5) 81 (63.3) 43 (63.3)
CCL mean (SD) 1.3 (2.1) 42 (2.6) 42 (2.6) 45 (2.2) 45 (2.2) 45 (2.4) 45 (2.6)
SOFA, mean (SD) 0.3 (0.9) 16 (16) 53 (42) 54 (4.1) 0.6 (0.9) 46 (3.9) 2.7 (2.0)
WBCs, /mm®, mean ~ 8889.7 79742 13,7811 12,708.8 8536.4 12,820.9 10,015.1 (5759.3)
(SD) (2740.6) (4844.3) (6236.4) (11,886.9) (2389.7) (7249.5)
PCT, ng/mL, 0.03 0.008 0.59 0.13 (0.03-032)  0.03 045 0.40 (0.04-17.8)
median (range) (0.02-0.04) (0.02-28.2) (0.01-67.5) (0.02-0.35) (0.02-139.4)

Most common comorbidities, 72 (%)

Hypertension 8 (20.0) 60 (44.1) 52 (39.7) 6 (30.0) 2 (18.2) 67 (52.3) 32 (45.1)

Diabetes 4 (10.0) 37 (27.2) 34 (25.9) 5 (25.0) 1(9.1) 38 (29.7) 18 (25.3)

Coronary heart 2 (5.0) 29 (21.3) 25 (19.1) 4 (20.0) 2 (182) 22 (17.2) 20 (28.2)
disease

COPD 1(25) 25 (184) 25 (19.1) 3 (15.0) 0 (0.0) 22 (172) 13 (183)

Acrial fibrillation 2 (5.0) 17 (125) 22 (168) 4(20.0) 1(9.1) 25 (19.5) 16 (22.5)

Chronic heart 1(2.5) 23 (16.9) 21 (16.0) 2 (10.0) 1(9.1) 19 (14.8) 16 (22.5)
failure

Chronic renal 0 (0.0) 8 (5.9) 12 (9.2) 1(5.0) 0 (0.0) 13 (10.2) 5 (7.0)
disease

Isolated bacterial pathogens, 7 (%)

Clostridioides ND ND 26 (19.8) 1 (5.0) ND ND ND
difficile

Staphylococcus ND ND 24 (18.3) 3 (15.0) ND ND ND
aureus

Acinetobacter ND ND 14 (10.7) 4 (20.0) ND ND ND
baumannii

Haemophilus ND ND 14 (10.7) 4 (20.0) ND ND ND
inﬂumzde

Providencia stuartii  ND ND 12 (9.2) 2 (10.0) ND ND ND

Pseudomonas ND ND 11 (8.4) 3 (15.0) ND ND ND
aeruginosa

Klebsiella ND ND 13 (9.9) 0 (0.0) ND ND ND
pneumoniae

Staphylococcus ND ND 7 (5.3) 1 (5.0) ND ND ND
mpil‘isa
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Table 1 continued

No infection  Definitive Definitive Definitive viral/  Highly Highly Definitive viral and
viral bacterial bacterial co- probable probable highly probable
infection viral bacterial bacterial

Staphylococcus ND ND 5 (3.8) 0 (0.0) ND ND ND
hominis*

Enterococcus spp. ND ND 5 (3.8) 1 (5.0) ND ND ND

Escherichia coli ND ND 5 (3.8) 0 (0.0) ND ND ND

Streptococcus ND ND 5 (3.8) 0 (0.0) ND ND ND
pneumoniae

Enterobacter cloacae ND ND 2 (1.5) 1 (5.0) ND ND ND

Serratia marcescens  ND ND 3 (2.3) 0 (0.0) ND ND ND

Moraxella ND ND 2 (15) 0 (0.0) ND ND ND
catarrhalis

Streptococcus ND ND 2 (1.5) 0 (0.0) ND ND ND
pyogenes

Legionella ND ND 1(0.8) 0 (0.0) ND ND ND
preumophila

Staphylococcus ND ND 1 (0.8) 0 (0.0) ND ND ND
epidermidis®

Klebsiella oxytoca ND ND 1(0.8) 0 (0.0) ND ND ND

Streptococcus ND ND 1 (0.8) 0 (0.0) ND ND ND
agalactiae

Isolated viral pathogens, 7 (%)

SARS-CoV-2 ND 126 92.6)  ND 13 (65.0) ND ND 56 (78.9)

Influenza A ND 7 (5.1) ND 0 (0.0) ND ND 4 (5.6)

Respiratory ND 0 (0.0) ND 3 (15.0) ND ND 6 (8.5)
syncytial virus

Human rhinovirus/ ND 0 (0.0) ND 1 (5.0) ND ND 3 (4.2)
enterovirus

Cytomegalovirus ND 1(0.7) ND 0 (0.0) ND ND 1 (1.4)

Non-SARS-CoV-2  ND 0 (0.0) ND 1(5.0) ND ND 1 (14)
coronavirus

Parainfluenza virus ND 1(0.7) ND 1 (5.0) ND ND 0 (0.0)

Adenovirus ND 0 (0.0) ND 0 (0.0) ND ND 1 (1.4)

Epstein—Barr virus ~ ND 1(0.7) ND 0 (0.0) ND ND 0 (0.0)

Human ND 0 (0.0) ND 1(5.0) ND ND 0 (0.0)
metapneumovirus

Final diagnosis by the adjudicators, 7 (%)

COVID-19 0 (0) 123 904) 0 (0) 6 (30.0) 0 (0) 0 (0) 53 (74.6)

CAP 0 (0) 6 (44) 51 (38.9) 9 (45.0) 5 (45.5) 112 (85.5) 64 (90.1)

HAP 0 (0) 0 (0) 36 (29.5) 0 (0) 0 (0) 12 95) 2 (2.8)
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Table 1 continued

No infection  Definitive Definitive Definitive viral/ ~ Highly Highly Definitive viral and
viral bacterial bacterial co- probable probable highly probable
infection viral bacterial bacterial
CDI 0 (0) 0 (0) 26 (19.8) 0 (0) 0 (0) 0 (0) 0 (0)
Influenza A 0 (0) 6 (4.4) 0 (0) 0 (0) 0 (0) 0 (0) 1(1.4)
Acute 0 (0) 0 (0) 1(L5) 0 (0) 0 (0) 4(3.1) 7 (9.9)
pyelonephritis
Primary bacteremia 0 (0) 0 (0) 14 (10.7) 5 (25) 0 (0) 0 (0) 0 (0)
Other viral 0 (0) 1(0.7) 0 (0) 0 (0) 6 (555) 0 (0) 1(1.4)
Acute stroke 2 (5.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Hidradenitis 31 (75) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
suppurativa
Non-metastatic 7 (17.5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
tumor
28-day mortality, 0 (0) 9 (6.6) 38 (29.0) 4(20.0) 0 (0) 30 (23.4) 14 (19.7)

7 (%)

CAP community-acquired pneumonia, CCI Charlson’s comorbidity index, CDI Clostridioides difficile infection, COPD chronic obstructive pulmonary

disorder, COVID coronavirus disease, HAP healthcare-associated pneumonia, ND not detected, PCT procalcitonin, SOFA sequential organ failure

assessment, WBC white blood cells

*Considered by the adjudicators as pathogens of primary bacteremia

departments of internal medicine located at
public hospitals in Greece. The study was a sub-
study part of the clinical trials ACCESS and
ImmunoSep, which were licensed by the
National Ethics Committee of Greece (approvals
122/20 and 2/21) and the National Organiza-
tion for Medicines of Greece (approvals IS113/
20 and 1S008/21) (ClinicalTrials.gov registra-
tions NCT04724044 and NCT04990232). Writ-
ten informed consent was provided by the
patients or their legal representative. Patients
who were screened for eligibility for both trials
participated in the present study. The study was
performed in accordance with the Helsinki
Declaration of 1964 and its later amendments.

Enrolled patients should meet both the fol-
lowing inclusion criteria: (1) male or female
adults (age 18 years or more), and (2) any of the
following clinical signs of infection: fever,
cough, dyspnea, sore throat, headache, nasal
congestion, or diarrhea. Exclusion criteria were:
age less than 18 years; chronic oral or intra-
venous intake of corticosteroids at a dose more

than 0.4 mg/kg of equivalent prednisone daily;
known infection by the human immunodefi-
ciency virus; neutropenia; any chronic anti-cy-
tokine treatment; and pregnancy or lactation.

Forty patients who did not meet any of the
exclusion criteria and who did not present any
sign of active infection were enrolled as
comparators.

All the study participants were subject to an
intense work-out, including present and past
medical history and thorough physical exami-
nation; laboratory evaluation including com-
plete blood cell counting, biochemistry, blood
gas and procalcitonin; chest X-ray, and, when
required, high-resolution chest computed
tomography; nasopharyngeal swab collection
for real-time PCR testing for SARS-CoV-2 and,
when needed, by the BioFire® FilmArray® panel
of the upper or lower respiratory tract (Respira-
tory Panel 2.1 plus or Pneumonia plus Panel
respectively) (bioMérieux, Lyon France); urine
detection of the antigens of Streptococcus pneu-
moniae and Legionella by the BinaxNOW assay
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Assessed for eligibility (n= 705)

Excluded (n= 168)

—>| °Age < 18 years (n=25)
« Intake of corticosteroids (n= 108)
« Intake of biologicals (n= 35)

‘ Analyzed

(n=537) ‘

‘ Classified after adj

udication (n= 537) ‘

Discovery cohort ‘ ’

Validation cohort ‘ ‘

Cut-offs for co-infection ‘

High probability
for viral infection
(n=11)

Definitive
bacterial infection
(n=131)

No infection Definitive

(n=40)

viral infection
(n= 136)

Fig. 1 Study design and flow chart; z number of patients

(Abbott Point of care); glutamate dehydroge-
nase and toxin A/B immunosorbent assays for
Clostridioides difficile in the stool; and blood,
sputum, or urine culture. The SOFA (sequential
organ failure assessment) score and the Charl-
son’s comorbidity index (CCI) were calculated.
Patients were followed-up for 28 days for
survival.

In parallel to routine blood sampling,
another 4 mL of venous whole blood was col-
lected into one EDTA-coated tube (Vacutainer;
Becton Dickinson, Cockeysville MD, USA) and
analyzed using the AFIAS MxA/CRP test.

AFIAS MxA/CRP is a fluorescent lateral flow
immunoassay test for the quantitative determi-
nation of MxA and CRP in human blood, con-
sisting of an all-in-one cartridge with a detector
part, a diluent part, and the test strip with anti-
human MxA, anti-human CRP, and CRP anti-
gen in the test line and chicken IgY in the
control line. The test was run on an AFIAS-10
automated immunoassay analyzer by Boditech
Med (Chuncheon, Republic of Korea). The
lower limit of detection was 10 ng/mL for MxA
and 1 mg/L for CRP.

| |

Definitive Definitive viral/high
viral/bacterial co- probability for bacterial
infection (n= 20) co-infection (n=71)

High probability for

bacterial infection
(n= 128)

Patients were classified into seven categories
following adjudication by two experts, who
were given access to all clinical and laboratory
information for the patients 30 days after com-
pletion of the follow-up. The only non-accessi-
ble information was the result of AFIAS MxA/
CRP. Adjudicators were told to classify patients
into one the following seven categories using
their clinical judgment and available laboratory
and microbiology results. In case the two
experts did not agree, a third expert served as an
arbiter: (1) no infection: patients without
infection; (2) definitive viral infection: infection
definitively caused by an isolated virus and
where no bacterial pathogen was detected; (3)
definitive bacterial infection: infection defini-
tively caused by an isolated bacterial species and
where no viral pathogen was detected; (4)
definitive viral/bacterial co-infection: infection
definitively caused by both viral and bacterial
species; (5) high probability for viral infection:
infection most probably of viral etiology with-
out any viral pathogen detected, (6) high
probability of bacterial infection: infection
most probably of bacterial etiology without any
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A) Definitive viral infections (n) |No infection (n) Total (n)
181
MxA 215 ng/ml | Sensitivity: 79.7% (74.5-85.0) |8 189
PPV: 95.8% (92.9-98.6)
32
MxA <15 ng/ml |46 Specificity: 80.0% (67.6-92.4) |78
NPV: 41.0% (30.1-51.9)
Total (n) 227 40 267
B) Definitive bacterial infections (n) | No infection (n) Total (n)
146
CRP 210 mg/L | Sensitivity: 96.7% (93.8-99.5) 14 160
PPV: 91.3% (86.9-95.6)
26
CRP <10 mg/L |5 Specificity: 65.0% (50.2-79.8) 31
NPV: 83.9% (70.9-96.8)
Total 151 40 191

Fig. 2 Diagnostic performance of MxA and CRP based
on pre-defined cut-offs for bacterial and viral infections.
A Diagnostic performance of the MxA in definitive viral
infection group; definitive viral infection (z = 136),
definitive viral/bacterial co-infection (7 = 20), definitive
viral/high probability bacterial co-infection (7 =71).
B Diagnostic performance of the CRP in definitive

bacterial pathogen detected, and (7) definitive
viral infection and high probability for bacterial
co-infection: infection definitively caused by an
isolated virus with high probability of bacterial
co-infection without, however, any bacterial
pathogen detected.

The study primary endpoint was to develop
an algorithm which uses blood levels of MxA,
CRP, and their ratio to classify patients into
viral and bacterial infections or co-infection.

The study’s secondary endpoint was to
develop cut-offs of MxA, CRP, and their ratio for
the early prognosis of a 28-day unfavorable
outcome.

Qualitative variables were expressed as fre-
quencies and 95% confidence intervals (ClIs)
and qualitative variables as medians and 95%
CIs. Comparisons of qualitative variables

bacterial infection group; definitive bacterial infection
(n = 131), definitive viral/bacterial co-infection (= = 20).
The confidence intervals (95% Cls) of each percentage are
provided in parentheses. CRP C-reactive protein, MxA
myxovirus resistance protein A, » number of patients,
NPV negative predictive value, PPV positive predictive
value

between groups were carried out by Fisher’s
exact test. Comparisons of quantitative vari-
ables between groups were carried out by the
Mann-Whitney U test after Bonferroni correc-
tion for multiple testing. Patients with defini-
tive viral and bacterial infections were the
discovery cohort. In these patients, two analyses
were carried out: (1) the diagnostic performance
of the combination of the suggested diagnostic
cut-offs for MxA (>15ng/mlL) and for CRP
(>10mg/L) were determined; and (2) logistic
regression analysis was performed to provide an
equation which can define the probability of a
patient for bacterial or viral infection. Then, a
receiver operator characteristic (ROC) curve
analysis was carried out to define a cut-off of the
probability with the best trade-off using the
Youden index. The area under the curve (AUC)
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and the 95% ClIs were calculated. In parallel, the
ratio of MxA to CRP was calculated and plotted
as the ROC curve, which provides the best
trade-off for the diagnosis of viral infection.
Then, the two cut-offs, the cut-off of probability
for bacterial infection and the cut-off of the
MxA/CRP ratio, were combined to a final diag-
nostic rule for the discrimination between bac-
terial and viral infections. This rule was
validated at the validation cohort. Finally, these
cut-offs were applied for patients with definitive
viral/bacterial co-infection and for patients with

definitive viral and highly probable bacterial co-
infection. Sensitivity, specificity, positive pre-
dictive value (PPV) and negative predictive
value (NPV) were calculated. Any p value below
0.05 was considered statistically significant.

RESULTS

A total of 537 patients were enrolled (Table 1),
40 of whom without infection were used as
comparators. A total of 267 patients were

A) 300 # * [l MxA (ng/ml)
W CRP (mgll)
##
#
200 * "
8 %
o
o 3
100 *
g
o
No Infection Definitive viral infection Definitive bacterial

infection

B)

Definitive bacterial (n) | Definitive viral (n) Total (n)
P 20.5 AND/OR |120 33 153
MxA/CRP <2, n |Se: 91.6% (85.6-95.2)

PPV: 78.4% (71.3-84.2)
P <0.5 AND 11 103 114
MxA/CRP 22, n Sp: 75.7% (67.9-82.2)

NPV: 90.4% (83.5-94.5)

Total (n) 131 136 267

Fig. 3 MxA, CRP, and MxA/CRP ratio for the differential
diagnosis between definitive bacterial and viral infection at
the discovery cohort. A Blood concentrations of MxA and
CRP of comparators without infection (7 = 40), of patients
with definitive viral infection (7z = 136), and of patients
with definitive bacterial infection (7 = 131). Circles denote
extreme values and asterisks denote outliers *p < 0.001
versus no infection; ##p < 0.0001 versus definitive viral
infection. B Diagnostic performance of the combination of

MxA and of CRP using the rule which combines the
probability for bacterial infection (P) and the MxA/CRP
ratio. Analysis involved the total of 267 patients with either
definitive viral infection or definitive bacterial infection. The
confidence intervals of each percentage are provided in
parentheses. CRP C-reactive protein, 7 number of patients,
MxA myxovirus resistance protein A, NPV negative predic—
tive value, PPV positive predictive value, Se sensitivity, Sp

specificity
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300 # N EMxA (ngiml)
B CRP (mgll)
*
* #

200

100

High Probabil}:}/:f&r viral Infection High probabilit{n?;ggcterial infection
Fig. 4 MxA and CRP for the differential diagnosis
between high probability bacterial infection and high
probability viral infection in the validation cohort. Blood
concentrations of MxA and CRP of patients with high
probability for viral infection (7 =11) and of patients
with high probability for bacterial infection (7 = 128) are
provided. Circles denote extreme values and asterisks
denote outliers”p < 0.05 versus high probability for bacte-
rial infection; ##p < 0.0001 versus high probability for viral
infection. CRP C-reactive protein, » number of patients,
MxA myxovirus resistance protein A

included at the discovery cohort: 136 had
definitive viral infection and 131 had definitive
bacterial infection (Fig.1). The remaining
patients were analyzed at the validation cohort.
Overall, patient mean age was 68.1 years, and
60.7% were men. The mean SOFA was 3.27 and
the mean CCI 3.9. Overall, 28-day mortality was
19.0%.

The diagnostic performance of MxA and CRP
was analyzed in the total of enrolled patients
using the cut-off values suggested by the man-
ufacturer. MxA levels > 15 ng/mL could dis-
criminate viral infection with 79.7% sensitivity
and 80.0% specificity versus no infection
(Fig. 2A). CRP > 10 mg/L had 96.7% sensitivity
and 65.0% specificity for the definitive bacterial
infection group versus no infection (Fig. 2B).

The primary endpoint was first analyzed in
the discovery cohort of 267 patients with
definitive adjudication as either viral infection
or bacterial infection. Concentrations of MxA
were greater in viral infections and of CRP in
bacterial infections (Fig. 3A). Following logistic
regression analysis, an equation was generated
which could take into consideration the

Table 2 Performance of the calculated probability () and of the MxA/CRP ratio for the separation between bacterial and

viral infection at the validation cohort

Highly probable bacterial infection, Highly probable viral infection, Total,

n n n
»>0.5 AND/OR MxA/CRP <2, 114 3 117
n Sensitivity: 89.1%
(95% Cls 82.5-93.4%)
PPV: 97.4%
(95% Cls 92.7-99.1%)
»<0.5 AND MxA/CRP > 2 14 8 2
Specificity: 72.3%
(95% Cls 43.4-90.3%)
NPV: 36.4%
(95% Cls: 19.7-57.0%)
Total, » 128 11 139

CI confidence interval, CRP C-reactive protein, MxA4 myxovirus resistance protein A, # number of patients, NPV negative

predictive value, PPV positive predictive value
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EMxA (ng/ml)
B CRP (mgll)

:

Definitive wrallbactenal co-infection

[=]

300
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| F
0

Definitive virall High probablllty for
bacterial co-infection (n=71)

Fig. 5 MxA and CRP for the diagnosis of viral/bacterial co-
infection. Blood concentrations of MxA and CRP of patients
with definitive viral infection and high-probability for
bacterial infection (7 = 71) and of patients with definitive
viral/bacterial co-infection (n = 20). *p: 0.351 versus high
probability for bacterial infection; *p: 0.413 versus high
probability for viral infection. CRP C-reactive protein,
» number of patients, MxA myxovirus resistance protein A

absolute values of MxA and CRP and conclude
with the probability for bacterial infection
(Supplementary Figs. 1A to 1C). The ROC of this
probability could clearly separate bacterial from
viral infections when values were 0.5 or more
(Supplementary Fig. 2). To further strengthen
the diagnostic performance of this probability,
the ROC curve of the MxA/CRP ratio was cal-
culated, and values of 2 or more could separate
viral from bacterial infections (Supplementary
Fig. 3). Then, we used the probability and MxA/
CRP in one single diagnostic rule, according to
which patients with probability 0.5 or more
and/or MxA/CRP less than 2 had bacterial
infection. This rule provided sensitivity of
91.6% and NPV 90.4% for bacterial infection
(Fig. 3B). At this stage, we thought that the NPV
greater than 90% was important since it might
prevent missing patients in need of antibiotics.

In the validation cohort, MxA was greater
among patients with high probability for viral

B)

200

p< 0.0001

150

mg/l

100

Survivors (n=441) Non-survivors (n=96)

Non-survivors (n) Survivors (n) Total (n)

34 79 113
Sensitivity: 35.4% (26.6-45.4)
PPV: 30.1% (22.4-39.1)

62 362 424
Specificity: 82.1% (78.2-85.4)
NPV: 85.4% (91.7-88.4)

A
) 300
200

§ p< 0.0001

o)

: .

100 e
;
o - -
Survivors (n=441) Non-survivors (n=96)
C) 100
~——MxAICRP ratio
- ——MxA (ng/ml) D)
- —Reference Line
B MxA/CRP<0.15
> 60
=
2
=
g o AUCyy,pcre: 0.69 (95%Cls 0.63-0.74) MxA/CRP=0.15
2 p<0.0001
2 AUC,,: 0.65 (95%Cls 0.59-0.70)
p<0.0001
Total (n)
20 40 60 80 100

96 441 537

100 - Specificity

Fig. 6 MxA/CRP ratio for the prognosis of unfavorable
outcome. A Comparison of MxA between 28-day survivors
and 28-day non-survivors; the p value of comparison is
provided. B Comparison of CRP between 28-day survivors
and 28-day non-survivors; the p value of comparison is
provided. C ROC curves of MxA and MxA/CRP ratio for
the prognosis of unfavorable outcome. D Prognostic
performance of the MxA/CRP ratio less than 0.15 for

ORgeatn : 2.55 (1.57-4.14); p<0.0001

death after 28 days; the OR and 95% confidence intervals
for death with MxA/CRP less than 0.15 are provided.
Analysis involves the total of 537 studied patients. AUC
area under the curve, CI confidence interval, CRP
C-reactive protein, MxA myxovirus resistance protein A,
n number of patients, NPV negative predictive value, OR
odds ratio, PPV positive predictive value, ROC receiver
operating characteristics
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infections and CRP was greater among patients
with high probability for bacterial infections
(Fig. 4). When the cut-offs developed at the
discovery cohort were applied, the calculated
sensitivity for bacterial infections was 89.1%
and the PPV for bacterial infections was 97.4%.
However, the NPV for bacterial infections was
lower than the discovery cohort (Table 2).

Both MxA and CRP were high among
patients with co-infections (Fig. 5). It was found
that, among the 71 patients with definitive viral
infection and high probability for bacterial co-
infection, 46 (64.8%) were positive for the
diagnostic rule which is using the calculated
probability and the MxA/CRP ratio. This rule
was also positive in 14 of the 20 patients (70%)
with definitive viral/bacterial co-infection.

MxA was lower in non-survivors than in
survivors (Fig. 6A) and CRP was higher in non-
survivors (Fig. 6B). The AUC of the ROC curve
was higher for the MxA/CRP ratio than for MxA
for the prediction of unfavorable outcome after
28 days (Fig. 6C). Values lower than 0.15 were
associated with NPV 85.4% for the exclusion of
risk for death (Fig. 6D).

DISCUSSION

The present study provides evidence that the
combination of MxA and CRP under a specific
algorithm may safely discriminate viral from
bacterial infections. The developed algorithm
contains the integration of calculated probabil-
ity and of the ratio MxA to CRP. In this
approach, the overall sensitivity and the overall
NPV for bacterial infections go beyond 90%.
This is not the first study in which MxA and
CRP have been used in parallel for the differ-
ential diagnosis between viral and bacterial
infections. Published evidence is mainly com-
ing from one POC device which is using blood
from the fingertip applied on a cartridge. The
cartridge is running an immunoassay and the
results are analyzed by a reader providing
qualitative interpretation. Available publica-
tions describe lower numbers of patients than
the present study. The first study enrolled
patients with acute respiratory symptoms: 34
with COVID-19; 1 infected by a virus other than

SARS-CoV-2; 8 with bacterial pneumonia; and 4
with non-infectious lung disorders. The repor-
ted sensitivity for the detection of viral infec-
tion was 100% and of bacterial infection 100%.
However, the study enrolled limited number of
patients [8]. In a study of only 54 patients, the
sensitivity for the diagnosis of bacterial respi-
ratory infection was 80% [9].

The largest study on the utility of MxA and
CRP as tools to discriminate between viral and
bacterial acute respiratory illness in the emer-
gency department was presented for 520
patients. Analysis focused most on the sensi-
tivity and specificity for the diagnosis of bacte-
rial infections which was reported as 93.2% and
88.4%, respectively [10]. This diagnostic per-
formance is in accordance with our findings.
The authors suggest that the use of this tool
may reduce the consumption of antibiotics
from 18.4% to 11.6%.

One recent meta-analysis described 421 arti-
cles on the use of POC tools for diagnostic
purposes in the emergency department. The
results showed that single biomarkers have sub-
optimal sensitivity for bacterial infections.
However, studies on the combination of MxA
and CRP were not included in the meta-analysis
[11]. The results of this meta-analysis
strengthen the need for the application of at
least two biomarkers. We believe that the bal-
ance between the biomarkers should be taken
into consideration, and this is expressed by the
MxA/CRP ratio in our study. Furthermore, the
results provided to the clinician staff should not
only be limited to the qualitative interpretation
for MxA and CRP but quantitative data are
needed. Indeed, in a recent study of 200
patients, quantitative blood measurements of
MxA and CRP were matched to qualitative
interpretation (low or high). Although most
patients reported as low MxA or low CRP had
low absolute values, some patients were false
positive or false negative, i.e., they were repor-
ted as low MxA/CRP but the absolute values
were increased and vice versa [12]. We strongly
suggest that patients should be subjected to
quantitative measurements followed by an
artificial intelligence interpretation algorithm.

One limitation of the present study is the
inclusion of patients infected by SARS-CoV-2. It
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is well known that COVID-19 infection increa-
ses the production of CRP either by the virus per
se or by bacterial co-infection [13, 14]. Further
studies are required to further clarify if MxA and
CRP may assist in the detection of bacterial co-
infection in patients with COVID-19.

CONCLUSION

The present study presents evidence that the
combination of MxA and CRP may assist in the
differential diagnosis between viral and bacte-
rial respiratory infections. Interpretation of the
measurements should rely on the suggested
algorithm which uses the calculated probability
and the ratio of MxA to CRP. This algorithm
needs to be evaluated into a randomized con-
trolled trial to guide prescription of antibiotics.
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