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Type I interferon in children with viral or bacterial infections
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Background: Fever is one of the leading cause of consultation in pediatric emergency department (PED) under the age of 3 years old. Distinguishing between bacterial and viral infections etiologies in febrile patients remains challenging. We hypothesized that specific host biomarkers for viral infections, like type I-interferon (IFN), could help clinicians decisions and limit antibiotic overuse.

Methods

: Paxgene tubes and serum were collected from febrile children (n=101) aged from 7 days to 36 months, attending PED in France with proven viral or bacterial infections. We have assessed the performance of IFN signature which is based on quantification of expression of IFN-stimulated genes using Nanostring® technology and plasma IFN-α quantified by digital ELISA technology (Quanterix ®).

Results: Serum levels of IFN-α were below the quantification threshold (30fg/mL) for 2%

(1/46) of children with proven viral infections and for 71% (39/55) of children with bacterial infections (p<0.001). IFN-α levels and IFN score were significantly higher in viral compared to bacterial infection (p<0.001). We noticed a strong correlation between serum ). Both serum level IFN-α and IFN score robustly discriminated (Area Under the Curve >0.91 for both) between viral and bacterial infection in febrile children, compared to C-reactive protein (0.83).

Conclusions:

This study revealed for the first time, that IFN-α is increased in blood of febrile infants with viral infections. The discriminative performance of IFN-α femtomolar concentrations as well as blood transcriptional signatures could show a diagnostic benefit and potentially limit antibiotic overuse.

Clinical Trials Registration clinicaltrials.gov (NCT03163628).

INTRODUCTION

Type I interferons (IFNs) are a group of cytokines that are involved in the innate antiviral response. A chronic exposure to these cytokines is also linked to the pathophysiology of a group of autoimmune diseases called type I interferonopathies [START_REF] Psarras | Type I interferon-mediated autoimmune diseases: pathogenesis, diagnosis and targeted therapy[END_REF][START_REF] Mcnab | Type I interferons in infectious disease[END_REF]. As it is secreted at very low levels (femtomolar) during disease course, detection of type I IFN in patients remains challenging and led several groups to propose an alternative strategy for the monitoring of this group of cytokines. Based on the quantification of expression of IFN-stimulated genes (ISGs), blood transcriptional signatures (IFN signature) provide an indirect estimate of the exposure of cells to type I IFN and are currently proposed for the screening of autoimmune diseases [START_REF] Rice | Assessment of Type I Interferon Signaling in Pediatric Inflammatory Disease[END_REF].

In addition, the recent development of digital ELISA (Single molecular array, Simoa) allows a very sensitive measurement of type I IFN molecules in the sera of patients.

In children, diagnosis of viral versus invasive bacterial infection is challenging since the main symptoms at onset are often similar and restricted to fever. Misdiagnosis is responsible for inappropriate antibiotic prescription contributing to the emergence of multi-drug resistant bacteria. Thus, we hypothesized that type I IFN, the key cytokine of antiviral response, may represent a new early biomarker of viral infection which could eventually help clinicians limit antibiotic overuse. The aim of this proof-of-concept study was to assess the performance of plasma IFN-α and IFN score in distinguishing documented viral and bacterial infections in a prospective cohort of children attending pediatric emergency departments (PED) for fever.

METHODS

Participants

This is an ancillary study of the prospective multicenter protocol ANTOINE (NCT03163628detailed in supplementary material and Fig- S1). The ANTOINE study was registered to the French National Data Protection Agency under the number 17-168 and has been approved by an ethics committee for biomedical research in May 2017 (Comité de Protection des Personnes Sud Méditerranée II) under the number 217-R18. For each participant, written informed consent was obtained from parents or legal guardians for the participation of the febrile children in the ANTOINE study. An additional specific written consent was required for their inclusion in this present ancillary study. Febrile children aged from 7 days to 36 months attending PED for a suspicion of infection were recruited prospectively in three different hospitals based in Lyon, Villefranche sur Saone and Colombes in France. Inclusion criteria were fever for more than 6 hours (temperature ≥38°C between 7 days and 3 months old and ≥38.5°C between 3 months and 36 months old) for which the physician prescribed venipuncture for suspected severe bacterial infection before any antibiotic treatment. For this study, Paxgene® tubes and serum were collected together with clinical blood tests.

Concomitantly, blood samples from healthy volunteers (HV, n=10) were obtained from the national blood service (Etablissement Français du Sang, Lyon, France, details in supplementary material). In addition, a pediatric disease control population (n=9) with no infection nor characterized type I Interferonopathies was also selected among patients attending consultations at the National Referee Centre for Rheumatic and AutoImmune and Systemic diseases in childrEn (details in supplementary material and patients characteristics detailed available in supplementary Table1).

Diagnostic process

Clinical Chemistry

C o n f i d e n t i a l

The ANTOINE study was designed to evaluate the performance of several biomarkers in 

IFN-α and IFN-γ assay

Serum IFN-α concentrations (in fg/ml) were determined by single molecule array (Simoa) using a commercial kit for IFN-α quantification (Quanterix™, Lexington, MA, USA). The assay is based on a 3-step protocol using an HD-1 Analyzer (Quanterix; (4) see IFN score assessment RNA was extracted from whole blood contained in Paxgene® tubes (Kit PreAnalytix, Qiagen©, SW) and quantified by spectrophotometry assay (Nanodrop 2000, Thermo Scientific™, MA, USA). RNA integrity was then evaluated by Agilent RNA microarray (Agilent Technologies©, Santa Clara, CA, USA). The mRNA quantification of 6 ISGs (IFI27, IFI44L, IFIT1, ISG15, RSAD2, SIGLEC1) and 3 housekeeping genes (ACTB, HPRT1, POLR2A), was performed using nanostring technology (Nanostring Technologies©, WA, USA). Data standardization was obtained using the geometric average of internal control and housekeeping genes count number. Interferon score was calculated as previously described [START_REF] Pescarmona | Comparison of RT-qPCR and Nanostring in the measurement of blood interferon response for the diagnosis of type I interferonopathies[END_REF] 

Statistical analysis

Non-parametric Mann-Whitney tests and Spearman's correlation were calculated for all parameters using R software V3.6.1. A p-value <0.05 was considered statistically significant.

RESULTS

Serum levels of IFN-α were below the quantification threshold (30fg/mL) for 2% (1/46) of children with proven viral infections and for 71% (39/55) of children with bacterial infections (p<0.001). Median [IQR] IFN-α levels were significantly higher in viral (7856 [3096-62305] fg/mL) compared to bacterial infections (406 [68-3708] fg/mL, p<0.001; Fig1-A). Similarly, the IFN score was increased 30-fold in viral infections compared to bacterial ones (p<0.001; Fig1-B). Interestingly, no significant difference was observed between febrile children with bacterial infections and healthy volunteers or control pediatric population (Fig1-AB). There was a very strong positive correlation between serum IFN-α concentrations and the IFN score In addition, knowing that ISG expression may also be driven by Type II interferon, we then evaluated whether serum IFN-γ concentrations could be correlated with the IFN score. No relation was observed between ISG expression and Type II interferon circulating levels (rspearman 0.18 [-0.054;0.407]; Fig1-F). Of note, no significant difference was observed between IFN-γ serum levels of children with viral infections compared to those with bacterial ones (Fig1-E).
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DISCUSSION

Biomarkers have become key tools during the clinical decision-making process for clinicians dealing with febrile children. In PED, CRP, procalcitonin (PCT), and white blood cell count are probably the most used markers despite their poor performance in guiding antibiotic prescription in such clinical settings [START_REF] Van Der Does | Procalcitonin-guided antibiotic therapy in patients with fever in a general emergency department population: a multicentre non-inferiority randomized clinical trial (HiTEMP study)[END_REF]. In combination with a marker specific for bacterial infections, a specific biomarker for viral infections could improve the management of febrile children. Recent clinical studies have shown that the combination of CRP or PCT with Myxovirus resistance protein 1 (MxA) coded by the ISG mx1, strongly improved both clinical sensitivity and specificity for differentiating infectious etiology [START_REF] Self | Diagnostic Accuracy of FebriDx: A Rapid Test to Detect Immune Responses to Viral and Bacterial Upper Respiratory Infections[END_REF][START_REF] Shirley | A Rapid Diagnostic Test for Differentiating Bacterial and Viral Aetiologies in Acute Respiratory Infections[END_REF]. Nevertheless, MxA is an intracellular protein which prevents its dosage in serum or plasma, the method currently used for dosage of CRP or PCT in routine labs [START_REF] Zav'yalov | Interferon-Inducible Myxovirus Resistance Proteins: Potential Biomarkers for Differentiating Viral from Bacterial Infections[END_REF]. Here, we have assessed by digital ELISA the performance provided by the measurement of protein IFN-α itself, which is secreted by immune cells after recognition of viruses and detectable in serum or plasma. This preliminary study showed for the first time that IFN-α, at the protein level, is increased in blood of febrile infants with viral infections. The performance of this promising biomarker needs to be confirmed in a larger cohort of febrile children with suspected and proven infections.

Moreover, the biomarkers performance reported in this study have been evaluated in the ANTOINE clinical trial performed in «real-life» condition. In our cohort, only 15% of patients have a definite infection based on the routine microbiology results and the clinical parameters. This is in line with previous reports showing that laboratory tests failed to identify a causative pathogen in over half of children with severe illness or fever leaving an important place for biomarkers to improve the management of febrile children [START_REF] Bleeker-Rovers | A prospective multicenter study on fever of unknown origin: the yield of a structured diagnostic protocol[END_REF][START_REF] Martinón-Torres | Life-threatening infections in children in Europe (the EUCLIDS Project): a prospective cohort study[END_REF]. In our study, the microbiological investigation was not exhaustive for each patient, explaining probably the low prevalence of rhinoviruses in our cohort. Consequently, viral co-infection was not investigated/reported in our cohort. This could explain the high level of interferon alpha observed for some patients with a documented bacterial infection.

The alternative to IFN-α protein quantification, represented by an IFN score measurement, was also evaluated in this study. Results suggest that this ISG-based signature has the same diagnostic performance than IFN-α protein quantification. Fast track RNA analyses using Nanostring® or FilmArray® platforms could thus be helpful to implement this marker in routine use. Of note, the circulating IFN-α concentrations as well as the IFN scores reported herein in case of viral infections were in the same order of magnitude than those observed in cases of autoimmune disease such as systemic lupus erythematosus (SLE) [START_REF] Oke | High levels of circulating interferons type I, type II and type III associate with distinct clinical features of active systemic lupus erythematosus[END_REF]. Moreover,

Clinical Chemistry

C o n f i d e n t i a l

several recent studies suggest that IFN-α could be a useful marker to monitor interferonopathie disease activity, to identify patients with high risk of relapse, and to select the best candidates for anti-IFNα treatment [START_REF] Mathian | Ultrasensitive serum interferon-α quantification during SLE remission identifies patients at risk for relapse[END_REF][START_REF] Mathian | Monitoring Disease Activity in Systemic Lupus Erythematosus With Single-Molecule Array Digital Enzyme-Linked Immunosorbent Assay Quantification of Serum Interferon-α[END_REF][START_REF] Melki | Anti-MDA5 juvenile idiopathic inflammatory myopathy: a specific subgroup defined by differentially enhanced interferon-α signalling[END_REF]. Our results suggest that viral infections could interfere and possibly be responsible of false positive diagnoses when the IFN score or IFN-α protein is used for the screening and the monitoring of autoimmune diseases.

Of note, recent published data demonstrated that in specific clinical diseases, such as Mycobacterium tuberculosis infections, ISG expression was not mediated through plasma type I IFN [START_REF] Llibre | Plasma Type I IFN Protein Concentrations in Human Tuberculosis[END_REF]. However, in febrile infants, the results herein showed that the expression of ISG was driven by IFN-α and not by IFN-γ.

According to the 68 th World Health Assembly declaration, it is urgent to find effective diagnostic tools to guide optimal antibiotic use [START_REF] Who | Antimicrobial resistance: global report on surveillance[END_REF]. Our study showed that measurement of IFN-α femtomolar concentrations as well as the use of an IFN score could offer new perspectives for improving diagnosis and limiting antibiotic overuse in febrile infants.

«

  real-life » condition. No other blood tests nor clinical investigation has been performed in addition to those requested by the emergency physician caring for febrile children. All patients underwent routine investigations as part of clinical care including blood count and differential, C-reactive protein, blood chemistry, blood, stools and urine cultures, and cerebrospinal fluid analysis where indicated. Chest radiographs were undertaken as clinically indicated. Bacteria culture and viral diagnostics using multiplex PCR were performed by routine microbiological laboratories of each hospital. For patients with suspicion of Respiratory Tract Infections (RTIs), specific PCRs targeting influenza virus or respiratory syncytial virus were performed systematically during seasonal peak. According to the routine microbiology results and the clinical parameters recorded in a numerical clinical record folder (e-CRF), we retained patients with proven viral (n=46) or bacterial (n=55) infections for this study. The infections were proven on the basis of a definite identification of pathogens using routine microbiology testing. Assignment of patients to clinical groups was validated by consensus of an independent adjudication committee (cohort description in Table1).

  (r-spearman [95%CI] 0.85 [0.76;0.91] Fig1-C).

  Analysis of the Area Under the Curve [AUC -95%CI] indicated that both IFN-α serum level (0.930 [0.877;0.983]) and IFN score (0.908 [0.845;0.971]) robustly discriminated viral infections from bacterial ones in febrile children (Fig1-D). To evaluate if IFN-α could improve the diagnosis of febrile children attending PED, we assessed the performance of this biomarker in combination with a clinically validated test that is the C-reactive protein (CRP) quantification. The AUC shown in Figure 1D revealed that the ratio of the concentrations of CRP and IFN-α strongly improves the classification of these patients compared to CRP alone (0.936 [0.888; 0.985] versus 0.829 [0.747;0.910] respectively, Fig1-D).
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