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Secondary infections in coronavirus disease 2019 (COVID-19) patients are difficult to distinguish from inflammation associated with COVID-19 and/or extracorporeal membrane oxygenation (ECMO). Therefore, highly specific and sensitive biomarkers are needed to identify patients in whom antimicrobial therapy can be safely withheld. In this prospective monocentric study, 66 COVID-19 patients admitted to the intensive care unit (ICU) for ECMO evaluation were included. A total of 46 (70%) patients with secondary infections were identified by using broad microbiological and virological panels and standardized diagnostic criteria. Various laboratory parameters including C-reactive protein (CRP), interleukin (IL)-6, procalcitonin (PCT), and IL-10 were determined at time of study inclusion. The best test performance for differentiating bacterial/fungal secondary infections and COVID-19 and/or ECMO associated inflammation was achieved by IL-10 (ROC-AUC 0.84) and a multivariant step-wise regression model including CRP, IL-6, PCT, and IL-10 (ROC-AUC 0.93). Data obtained in the present study highlights the use of IL-10 to differentiate secondary bacterial/fungal infections from COVID-19 and/or ECMO associated inflammation in severely ill COVID-19 patients.
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Introduction

During the first wave in the United States, coronavirus disease 2019 (COVID-19) resulted in high rates of hospitalization (14%), intensive care unit (ICU) admissions (2%), and mortality (5%), leading to an extreme burden on the health care system (1). The very high mortality in European ICUs of about 30% did not change during the first three waves and therefore underscores the extreme burden of the COVID-19 pandemic on global health systems (2). In critically ill patients COVID-19 related pulmonary dysbiosis is a predisposing factor for development of secondary bacterial/fungal infections, occurring in 14–41% of ICU patients (3–5).

Influenced by recent guidelines of the Infectious Disease Society of America on the management of critically ill influenza patients, frequent antimicrobial usage of up to 86.4% has been observed at the beginning of the COVID-19 pandemic (6). This high use of antimicrobials was questioned, based on low rates of secondary infections observed as the pandemic progressed. Nevertheless, secondary bacterial/fungal infections led to increased mortality rates, highlighting the need for rapid and adequate identification of these patients (3).

To date, biomarkers such as white blood cell count (WBC), C-reactive protein (CRP), and procalcitonin (PCT) have been studied to distinguish secondary infections from COVID-19 related inflammation. However, one study could only exclude bacterial co-infections in 46%, while another study lacked sufficient microbiological diagnostics and/or clinical characterization of secondary bacterial/fungal infections (7, 8).

This limited potential of differentiation is further complicated in COVID-19 acute respiratory distress syndrome (ARDS) patients requiring extracorporeal membrane oxygenation (ECMO) support, by non-infectious activation of inflammatory pathways (9). A less studied parameter in this context is interleukin (IL)-10, whose production is stimulated by peptidoglycans of the bacterial cell wall and has been shown in previous studies to be a strong prognostic factor for mortality as well as the bacterial loads in blood of patients with Staphylococcus aureus (S. aureus) bacteremia (10–13).

The aim of the present study was to determine biomarkers that allow safe discontinuation of antimicrobial therapy by correctly identifying secondary bacterial/fungal infections in critically ill COVID-19 patients admitted to a specialized ECMO center for treatment of ARDS.



Methods


Study design

This prospective observational study included patients with a positive real-time polymerase chain reaction for Severe Acute Respiratory Syndrome Coronavirus type 2 (SARS-CoV-2) from nasopharyngeal swabs and/or bronchial lavage, who had ongoing antimicrobial therapy for at least 48 h and were admitted to an ICU at the University Hospital Vienna. Patients were included in the present study at the time of admission to the participating ICUs, which in most cases was to assess the need for ECMO support for underlying ARDS. Patients below the age of 18 years were excluded from study participation. At study inclusion, a diagnostic panel consisting of inflammatory parameters such as CRP, IL-6, PCT, WBC, microbiological, and radiological diagnostics was performed, and additional blood samples were directly frozen at −80°C until further processing (Supplementary Table 1).



Interleukin-10 assay

Serum IL-10 (R&D Systems, Minneapolis, USA) was determined by sandwich enzyme immunoassays as recommended by the manufacturer, whereas all additional parameters were analyzed as part of routine diagnostics.



Data collection

The Charlson comorbidity index, the Acute Physiology and Chronic Health Evaluation (APACHE) IV, Acute Physiology Score (APS), Sequential Organ Failure Assessment (SOFA), and Simplified Acute Physiology Score (SAPS-II) score were assessed at study inclusion. Disease severity was classified as mild, moderate, severe or critical according to the world health organization (WHO) severity classification.

The site of infection was classified according to the criteria of the European Centre for Disease Prevention and Control (ECDC) Point Prevalence Survey on Healthcare Associated Infections (version 5.3). The clinical, microbiological, and laboratory parameters necessary for this classification, collected within 48 h around admission, were obtained from the patient information system of the general hospital Vienna (14). Each patient was then discussed again in an expert panel consisting of three infectious disease specialists to interpret ambiguous microbiological results and thus select the most appropriate classification.



Statistical analysis

Statistical analysis was performed using R Version 4.0.3 (Vienna, Austria). Categorical data are summarized as count with their percentage. Numeric data are presented as median with 1st and 3rd quartiles. The discriminatory ability of individual parameters was assessed using Wilcoxon rank tests and the area under the Receiver Characteristic Operator (ROC-AUC) curve. Cut-off points were calculated using the Youden Index method (pROC, R Package). Forward stepwise logistic regression models were established minimizing the Akaike information criterion (AIC) using age, sex, WHO-severity score, co-infection, and the laboratory parameters displayed in Supplementary Table 1. Additionally, a model with the two most discriminatory parameters was created. Due to the low number of available observations, cross-validation schemes or other methods for estimating the robustness of the predictive ability were not performed. Where appropriate, an accumulation of an alpha error related to multiple testing was controlled by the Bonferroni-Holm method.

Statistical significance was defined as p-values less than 0.05.




Results

Patients’ demographics and disease related characteristics are shown in Table 1. A total of 66 patients with a median age of 54 years and ongoing antimicrobial therapy were included in this study. Overall 92% of patients were defined as critical according to WHO severity classification, with 55% receiving ECMO support, which was started on average 1 day (SD ± 1.2 days) before study inclusion.


TABLE 1    Patients characteristics and outcomes (N = 66).
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Secondary infections were observed in 46 patients at time of study inclusion. Out of these, 26 patients had monomicrobial (21 bacterial, 5 fungal) and 11 patients polymicrobial infections. Nine patients were classified as systemic infections (SYS) according to the ECDC criteria as no causative pathogen could be detected, clinical sings of an acute infection were present and the physician instituted treatment for sepsis. The most common infection sources were pulmonary (n = 26, 57%), catheter related (n = 5, 11%) and urinary tract infections (n = 2, 4%). Additionally, blood stream infections of unknown origin and SYS without detected causative pathogens were found in 2 (4%) and 9 (20%) patients, respectively. The overall mortality was 38% (n = 25) with a 28-day mortality of 15% (n = 10) and a median hospital stay of 47 days (Supplementary Table 1).

When comparing patients with and without ECMO support, no apparent differences in levels of CRP, IL-6, IL-10, PCT, lactate dehydrogenase (LDH), D-dimer, leukocytes, fibrinogen, ferritin, the neutrophils/lymphocyte ratio, the IL-6/IL-10 ratio, and the SOFA score were observed (Supplementary Figure 1).

The most discriminatory parameters for secondary bacterial/fungal infections (p-value, ROC-AUC, 95% CI) were CRP (p = 0.0005, 0.77, 0.65–0.88), IL-10 (p < 0.0001, 0.88, 0.73–0.94), and PCT (p = 0.0008, 0.76, 0.65–0.88) (Supplementary Table 2). A forward step-wise logistic regression model was calculated resulting in a ROC-AUC of 0.93 (95% CI: 0.87–0.99). The final model included CRP, IL-6, IL-10, and PCT (model 1). A model solely based on CRP and IL-10 (model 2) resulted in a ROC-AUC of 0.91 (95% CI: 0.87–0.98) (Figure 1). However, both logistic regression models were not superior at predicting the presence of superinfections compared to IL-10 alone (p = 0.154, p = 0.263). IL-10 showed the best sensitivity (96%) and specificity (100%) at a cut-off value of 15.4 pg/ml compared to CRP, IL-6 and PCT (Supplementary Table 2). When a correlation matrix of major biomarkers and clinical scores was calculated, apart from the APS with the APACHE-IV score, there was no strong correlation, even between commonly used inflammation parameters (Supplementary Figure 2).
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FIGURE 1
ROC analysis for detection of additional infections in COVID-19 ICU patients. ROC-AUC, area under the receiver operating characteristics curve; 95% CI, 95% Confidence interval; CRP, C-reactive Protein; IL-6, Interleukin-6; IL-10, Interleukin-10; PCT, Procalcitonin; M_1 (model 1) and M_2 (model 2), multivariate step-wise regression models. M_1 included CRP, IL-6, IL-10 and procalcitonin. M_2 included CRP and IL-10.




Discussion

In critically ill COVID-19 patients predominantly admitted for ECMO evaluation, IL-10 supported the discrimination of bacterial/fungal secondary infections from inflammation caused by COVID-19 and/or ECMO. IL-10 alone could rule out secondary bacterial/fungal infections with an negative predictive value (NPV) of 89% (cut-off: 15.4 ng/mL), providing intensivists with a much needed tool to avoid unnecessary antibiotic therapy and to treat actual secondary infections as soon as possible.

The present study investigated a well-defined patient population with high rates of standardized and tailored microbiological/virological diagnostics obtained upon study inclusion (Supplementary Table 3). Comparable studies either focused on specific infections like pneumonia, showed lower rates of microbiological diagnostics (17–64%) due to a retrospective study design or have not stated their microbiological workup (15–17). Based on frequent microbiological diagnostics and the specific study population, including high rates of patients on ECMO (55%), high rates of secondary infections (70%), characterized using well defined ECDC criteria, were observed in the present study.

Previous reports in different ICU cohorts demonstrating lower morbidity severity indices (e.g., APACHE IV and SOFA score) with no or low rates (9.5%) of patients on ECMO observed secondary infections in 21–69% (16, 18–20). Although the study by De Bruyn et al. included less severely ill COVID-19 patients and markedly reduced microbiological diagnostics, it also showed high rates of secondary infections (69%), with pneumonia (57%), bloodstream infections of unknown origin (30%), and catheter-related sepsis (15%) being the most common sites of infection.

Acute COVID-19 infection is associated with inflammatory states and may be followed by a prolonged immune system dysregulation including consistently elevated inflammatory markers like IL-6, ferritin or CRP, for several weeks (21). ECMO therapy, a corner stone in the management of severe COVID-19 ARDS, increases inflammatory markers like WBC, IL-6, IL-10, and tumor necrosis factor (TNF)-alpha due to activation of inflammatory and coagulation pathways caused by the constant contact of cellular and humoral blood components on the large extracorporeal surface (9).

COVID-19 and/or ECMO induced inflammation might therefore complicate diagnosis of secondary bacterial/fungal infections, frequently supported by well-established laboratory markers. Various biomarkers were investigated to distinguish COVID-19 from bacterial infections such as CRP and/or WBC. A combination of WBC at admission and trajectories of CRP over 72 h allowed to exclude 46% of bacterial co-infections in COVID-19 patients (8). Another study investigated the outcome of COVID-19 patients newly admitted to the hospital with a PCT < 0.25 ng/mL, resulting in lower rates of antimicrobial prescription, ICU admission and 28-day mortality (7).

Previous studies investigated the usage of CRP and PCT to guide antimicrobial therapy (15). In a collective of 66 ICU patients secondary infections occurred in 50%, PCT demonstrated a positive predictive value (PPV) of 93% and a NPV of 81% with a cutoff of > 1 and < 0.25 μg/L, respectively. The present study showed a NPV of 77% and a PPV of 100% using a PCT cut-off of 0.6 ng/mL (Supplementary Table 2). Although van Berkel et al. investigated a less severely ill patient population, indicated by the lack of ECMO support, CRP and PCT showed comparable ROC-AUC values of 0.76 and 0.8, respectively, when compared to the present study (15).

In addition, Pink et al. showed higher ROC-AUC values for CRP (0.86) and PCT (0.88) for discrimination of secondary infections in a mixed patients collective consisting of 52 ICU and 47 non-ICU COVID-19 patients (22). However, the inclusion of non-ICU patients, the lack of ECMO support and the low rates of vasopressor use limit comparability with the present study.

IL-10 is mainly known as an anti-inflammatory cytokine and was shown to be a prognostic marker for poor outcome in COVID-19 patients. While the exact mechanisms are still unclear, evidence points in either a pro-inflammatory effect of high IL-10 levels causing T-cell exhaustion and/or an IL-10 “resistance” which is entangled with hyperglycemia (23). IL-10 concentrations observed in the present study (median: 13 pg/mL) were comparable to published data in patients with S. aureus bacteremia (median: 10–20 pg/mL) (24).

This association of IL-10 with poor outcomes in COVID-19 patients might be at least partly explained by secondary infections. IL-10 was the single parameter with the highest discriminatory power compared with CRP, IL-6 and PCT, which was exceeded only by using combinations of four markers (Model 1: CRP, IL-6, IL10, PCT; ROC-AUC 0.93) or CRP and IL-10 (Model 2: ROC-AUC 0.91) in two logistic regression models. In previous studies, elevated IL-10 at time of hospital admission or up to 72 h after presentation was shown to be predictive for mortality in patients with S. aureus bacteremia (13, 25). Although the exact reason for the association between increased IL-10 and increased mortality is not known, it has been demonstrated that IL-10 production is stimulated by components of the bacterial cell wall, particularly peptidoglycans, and is dependent on antigen levels and thus bacterial load (11, 12). Therefore, the increased mortality rate could be due to delayed or inadequate treatment of bacterial infections, so that the bacterial load in the blood, and consequently IL-10, remained significantly elevated. In conjunction with the data obtained in this study, IL-10 may thus be a valuable marker for a variety of infections, not only S. aureus bacteremia, and may potentially aid in clinical diagnosis finding. In addition, previous data investigating IL-10 serum concentrations in patients with S. aureus bacteremia demonstrated no significant change within the first 72 h, even with targeted antimicrobial treatment (24).

Interestingly, in this study, no differences in inflammatory parameters were detected between patients with and without ECMO support, although previous literature has described activation of inflammatory pathways by the extracorporeal surface during ECMO therapy. This lack of differences could be explained by the inflammation already triggered by COVID-19. However, further studies examining patients on ECMO support with and without COVID-19 are needed for a definitive explanation.

One of the main limitations of this study is the variability regarding the time of symptom onset to ICU admission, study inclusion and ECMO therapy start. This may lead to variations in the initial inflammatory stimulus, which, in conjunction with different production times and half-lives of the biomarkers studied, may explain the lack of correlation of frequently used inflammatory parameters with each other and with IL-10 (11, 26–28). Nevertheless, this study represents a real life scenario of a specialized center experienced in ARDS treatment and ECMO support, providing care of patients directly admitted from the emergency department, but also from external ICUs due to worsening respiratory failure.

This data emphasizes the use of IL-10 alone or in combination with CRP, IL-6 and PCT, to distinguish secondary infections from COVID-19 associated inflammation severely and critically ill COVID-19 patients. This biomarker may allow clinicians to omit unnecessary antimicrobial therapy. This hypothesis generating study warrants further interventional trials to evaluate the feasibility and safety of biomarker based use of antiinfectives.
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SUPPLEMENTARY FIGURE 1
Comparison of different biomarkers between patient with and without ECMO support. Figures consist of individual data points, the median and 95% confidence interval. Solitary data points outside of figure scales were set as maximum scale values and are shown as (X). For IL-10, procalcitonin and IL6/IL10 ratio, samples below the limit of detection were set as 0.1 for graphical representation. CRP, C-reactive protein; IL-6, Interleukin-6; IL-10, Interluekin-10; LDH, Lactate Dehydrogenase.

SUPPLEMENTARY FIGURE 2
Heat map of correlation matrix between different biomarkers and clinical scores. The correlation is indicated via a color scale proportional to its strength of association, ranging from blue (negative correlation; negative values) to red (positive correlation; positive values). Each cell contains the pair-wise spearman correlation coefficient between the respective biomarkers from the overall population analyzed. PTZ, prothrombin time; INR, international normalized ratio; APTT, activated partial thromboplastin time; ASAT, aspartate transaminase; ALAT, alanine transaminase; LDH, lactate dehydrogenase; CRP, C-reactive protein; IL-6, interleukin 6; IL-10, interleukin 10.

SUPPLEMENTARY TABLE 1
Table of raw patient data.

SUPPLEMENTARY TABLE 2
Laboratory parameters for detection of secondary infections in COVID-19 ICU patients.

SUPPLEMENTARY TABLE 3
Table of microbiological tests performed within 48 h of study inclusion.
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2 (10%)
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3 (15%)
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11 (55%)
0
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IQR, Interquartile range; BMI, Body Mass Index; ICU, Intensive care unit; SOFA, Sequential Organ Failure Assessment; SAPS, Simplified Acute Physiology Score; APACHE, Acute
Physiology And Chronic Health Evaluation; APS, Admission Point Score; COVID, Coronavirus disease; COPD, Chronic obstructive pulmonary disease.

“Non-invasive ventilation included patients receiving oxygen via high flow nasal cannula.

bSOFA score was calculated according to Vincent et al. (29).
“SAPS2 was calculated according to Le Gall et al. (30).

4APS and APACHE-IV was calculated according to Zimmerman et al. (31).
¢Disease severity was classified according to the WHO (32) severity classification. WHO reference number: WHO/2019-nCoV/clinical/2021.1.
fCharlson comorbidity index was calculated according to Quan et al. (33).

¢ Autoimmune diseases included psoriasis, rheumatoid arthritis, lupus erythematodes, vasculitis and myasthenia gravis.

" Cardiovascular disease included cardiac insufficiency, coronary artery disease, and myocardial infarction, cerebrovascular accident.

Malignancy was defined as an active and ongoing solid or hematogenous neoplasia.

JOthers included liver disease, defined as cirrhosis with or without portal hypertension, peptic ulcer disease and hypothyroidism.
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