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Background: Coronavirus disease 2019 (COVID-19) has placed enormous pressure on intensive care units (ICUs) and on healthcare systems in general. A deeper understanding of the pathophysiology of the most severe forms of COVID-19 would help guide the development of more effective interventions. Herein, we characterized the inflammatory state of patients with COVID-19 of varying degrees of severity to identify admission biomarkers for predicting COVID-19 worsening.

Design: Admission blood samples were obtained from 78 patients with COVID-19. Radiographic assessment of lung edema (RALE) scoring was calculated by imaging. Platelet and leukocyte counts were measured by flow cytometry, and plasma levels of C-reactive protein were assessed by immunoturbidimetry, and interleukin (IL)-8/CXCL8, IL-10, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and monocyte chemoattractant protein-1 (MCP-1/CCL2) levels by enzyme-linked immunosorbent assay (ELISA).

Results: The RALE score correlated with several admission hemogram (platelets, neutrophils, and lymphocytes) and inflammatory (IL-8/CXCL8, MCP-1/CCL2, IL-10, and C-reactive protein) parameters. COVID-19 worsening, based on the need for oxygen (Δoxygen supply) during hospitalization, correlated negatively with admission lymphocyte counts but positively with neutrophil-to-lymphocyte ratio and with plasma levels of the inflammatory parameters correlating with RALE score.

Conclusion: Our data indicate a correlation between the RALE score and Δoxygen supply and admission inflammatory status. The identification of a panel of biomarkers that reflect COVID severity might be useful to predict disease worsening during hospitalization and to guide clinical management of COVID-19-related complications. Finally, therapies targeting IL-8/CXCL8- or IL-10 activity may offer therapeutic approaches in COVID-19 treatment.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection has been unprecedented in terms of its global impact and the response to it (1). In the more vulnerable patients, SARS-CoV-2 infection can trigger a cascade of acute pathological events that ultimately necessitate mechanical ventilation and admission to the intensive care unit (ICU), and can lead to death (2). Indeed, while most of the reported hospital stays have been of short duration, the number of patients requiring ICU admission remains worryingly high. This has led to enormous pressure on ICUs and healthcare systems in general and has united researchers and clinicians in attempts to better understand the pathology of COVID-19 and the heterogeneity of the symptoms. Indeed, there is an unmet need to gain insights into clinical diagnosis criteria, such as laboratory biomarkers, to more accurately predict the most serious COVID-19 outcomes, which might reduce hospitalization rates and mortality.

Severe acute respiratory syndrome coronavirus-2 infection can trigger a cascade of biological events in patients, of which an acute inflammatory response is considered as a critical hallmark. This complex inflammatory response is due to an important innate and adaptive immune response that leads to an overexpression of pro-inflammatory cytokines, commonly known as cytokine storm, responsible for the severity of the COVID-19 immunopathology (3, 4). One of the most studied cytokines since the beginning of the pandemic, is interleukin (IL)-6 (3). Consistent results were obtained from several studies where plasma levels of IL-6 were found to be increased in COVID-19 patients being higher in severe cases (5–7). Of note, IL-6 trans-signaling is associated with pro-inflammatory responses (such as smooth muscle proliferation, endothelial dysfunction, and pro-inflammatory cytokine production and release (8, 9)) by the activation of the Janus kinases/signal transducer and activator of transcription protein 3 (JAK/STAT3) and phosphatidylinositol-3-kinase/protein kinase B or AKT (PI3K/AKT) signaling pathways (10). Indeed, JAK inhibitors have been suggested to control the cytokine storm in COVID-19 (11). While IL-6 plasma levels in COVID-19 patients have been widely studied during the pandemic and the results seemed to be consistent, some questions remain unanswered regarding the pattern of the cytokine profile in COVID-19. Nevertheless, the COVID-19-related cytokine storm is known to contribute to the mobilization and recruitment of macrophages and neutrophils which results in an acute respiratory distress syndrome (ARDS) (2, 12). Indeed, the high rate of neutrophilic infiltration in the pulmonary capillaries of COVID-19 patients has been reported to predict mortality (13). Additionally, this cytokine storm seems to contribute to T cell exhaustion which, along with T cell apoptosis directly induced by SARS-CoV-2 infection via ACE2, may be responsible for the lymphopenia observed in these patients (4, 14).

The evidence that the immune system might be insufficient against COVID-19 is compelling, which would explain the progressive organ damage seen in some patients and the significant associated lethality (15). The early detection of the heightened inflammatory state through monitoring circulating cytokines and other immune markers might provide an early therapeutic window in patients with COVID-19 who would otherwise evolve unfavorably. Described for the first time in 2018 by Warren et al. (16), the radiographic assessment of lung edema (RALE) score was first used as a non-invasive measurement of the pulmonary edema degree in 174 intubated patients with ARDS. The study showed that a low baseline RALE score was associated with better oxygenation, reflected by higher ratio of arterial oxygen partial pressure to fractional inspired oxygen (PaO2/FiO2), and longer survival in ARDS patients. In a recent post-hoc analysis (17), the correlation between RALE score and PaO2/FiO2 ratio was weak and the association between RALE score and mortality was not statistically significant. Although the ARDS is a consequence of SARS-CoV-2 infection (18) and its correlation with the RALE score is well-known; the relationship between RALE score and the inflammatory status has not yet been fully addressed.

Given the above, it seems clear that COVID-19 complications are closely linked to a proinflammatory state. In the present study, we aimed to characterize inflammation in patients with COVID-19 presenting with different degrees of severity. To do this, we stratified patients based on their admission RALE score, and on the oxygen supply applied at the time of admission and during the hospital stay. We then tested for relationships between RALE score and the inflammatory state in patients to identify admission biomarkers for predicting COVID-19 worsening, which may have the potential to guide therapeutic approaches to reduce hospitalization, deaths, and healthcare costs.



Methods


Human study population

The study complied with the principles outlined in the Declaration of Helsinki and was approved by the institutional ethics committee of the University Clinic Hospital of Valencia under the following code: 2020/349 (Valencia, Spain). In total, 78 patients with COVID-19 were included and recruited by the Pneumology Unit of the University Clinic Hospital of Valencia (Valencia, Spain) from April to December 2020. Inclusion criteria were as follows: (1) COVID-19 diagnosis confirmed by real-time reverse transcription polymerase chain reaction; (2) age ≥18 to ≤80 years; and (3) provision of written informed consent. Exclusion criteria were: (1) age <18 or >80 years; (2) days from symptoms onset >21; and (3) the presence of an active neoplastic disease.

Blood samples (EDTA) were drawn during the first few days of hospital admission (mean of 2.6 ± 0.4 days). Plasma was obtained by centrifugation method and stored at −80°C. All patients signed an informed consent. The demographic and clinical features of participants are shown in Table 1.


TABLE 1    Demographic and clinical features of participants.
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The assessment of radiological involvement of each patient was calculated by adapting and simplifying the RALE score proposed by Warren et al. (16) and widely used (19): a score of 0–4 was assigned to each lung based on the extent of involvement by consolidation or ground-glass opacities. Also, patients were stratified into three groups according to their oxygen supply (oxygeninitial) at the time of the blood extraction: without oxygen supply (group 0), nasal cannula/FiltaMask™ (group 1), or conventional oxygen therapy/non-invasive mechanical ventilation (group 2). We also registered the maximum oxygen therapy reached by each patient during the hospital stay (oxygenmaximum). Disease progression (Δoxygen supply) was calculated for each patient as follows:
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Patients were then restratified into the following additional groups: A (no changes in oxygen supply), B (moderate variation in oxygen supply), C (marked variation in oxygen supply).



Blood counts of platelets and leukocyte subsets

The number of circulating platelets and leukocyte subsets (neutrophils, lymphocytes, monocytes, eosinophils, and basophils) was determined through a conventional hemogram using laser flow cytometry (Sysmex XN-9000, Sysmex, Kobe, Japan). Additionally, the neutrophil-to-lymphocyte ratio, a commonly used prognostic marker of COVID-19 progression (20, 21), was calculated.



Determination of soluble inflammatory markers

Levels of human soluble interleukin (IL)-8/CXCL8, IL-10, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and monocyte chemoattractant protein-1 (MCP-1/CCL2) were measured by enzyme-linked immunosorbent assay (ELISA; DuoSet® or Quantikine® ELISA Kits, R&D Systems, Abingdon, United Kingdom) in plasma from EDTA-treated whole blood. Plasma levels of C-reactive protein were measured by immunoturbidimetry (Beckman Coulter Au5800, Beckman Coulter, Pasadena, CA, United States). Results were expressed as mg or pg/ml of mediator in plasma.



Statistical analysis

All results were analyzed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, United States). Values are expressed as individual data points or mean ± standard error of the mean (SEM) when appropriate. For comparisons of multiple groups, one-way analysis of variance followed by post-hoc Tukey’s analysis was used in data that passed both normality (Kolmogorov–Smirnov) and equal variance (Levene’s) tests; otherwise, the non-parametric Kruskal–Wallis test followed by Dunn’s post-hoc analysis was used. Data were considered statistically significant at p < 0.05. Correlations between experimental findings and RALE score or disease progression (Δoxygen supply) were calculated using the Pearson and Spearman correlation analysis procedures.




Results

Of 99 patients initially recruited, 78 met the inclusion/exclusion criteria and were invited to participate. The distribution of patients according to RALE scores was as follows: RALE score 0, n = 3; RALE score 1, n = 5; RALE score 2, n = 12; RALE score 3, n = 15; RALE score 4, n = 15; RALE score 5, n = 13; RALE score 6, n = 7; RALE score 7, n = 4; and RALE score 8, n = 4. Patients were categorized into three groups based on their oxygen supply requirements at the moment of sample extraction: without oxygen supply (group 0, n = 27), nasal cannula/FiltaMask™ (group 1, n = 44), or conventional oxygen therapy/non-invasive mechanical ventilation (group 2, n = 7). The demographic and clinical features of the three groups are shown in Table 1. No significant differences between the three groups were found for age, day of blood extraction after hospital admission, or the number of days with symptoms at blood extraction.


The radiographic assessment of lung edema score correlates positively with platelet and neutrophil counts and negatively with lymphocyte counts in patients with coronavirus disease 2019

We investigated the relationship between blood counts of circulating platelets and leukocyte subsets determined by flow cytometry and the RALE score in patients at admission, finding a positive correlation between the RALE score and circulating platelets (Figure 1A). A comparable result was found for the RALE score and circulating leukocytes (Figure 1B), which appeared to be due to the neutrophil population (Figure 1C) as the RALE score and lymphocyte counts showed a negative correlation (Figure 1D). Consequently, the RALE score positively correlated with neutrophil-to-lymphocyte ratio (Figure 1E), a common prognostic marker of COVID-19 progression (20, 21). No correlations were found between the RALE score and other leukocyte subpopulations (eosinophils and basophils, data not shown). We next measured the levels of six relevant soluble inflammatory mediators in the plasma of patients at hospital admission. Results showed that the admission plasma level of the neutrophil chemotactic cytokine IL-8/CXCL8, the monocyte chemoattractant cytokine MCP-1/CCL2, the anti-inflammatory cytokine IL-10, and the acute-phase inflammatory marker C-reactive protein correlated positively with the RALE score (Figures 1F–I). No correlations were found between the RALE score and TNFα or IFNγ plasma levels (data not shown).
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FIGURE 1
The radiographic assessment of lung edema (RALE) score correlates with several admission hemogram and inflammatory parameters in patients with coronavirus disease 2019 (COVID-19). Correlations between admission hemogram parameters [number of circulating platelets/L, (A) leukocytes/L, (B) neutrophils/L, (C) lymphocytes/L, (D) and neutrophil-to-lymphocyte ratio, (E)] or plasma levels of inflammatory mediators [IL-8/CXCL8, (F) monocyte chemoattractant protein-1 (MCP-1/CCL2), (G) IL-10, (H), and C-reactive protein, (I)] and the RALE score (calculated by radiographic imaging) were established using the Pearson/Spearman correlation analysis procedures. Values are expressed as individual data points (n = 78 patients). Data were considered statistically significant at p < 0.05.




Oxygen supply requirement and the radiographic assessment of lung edema score are both indicators of coronavirus disease 2019 severity

We next investigated the distribution of the RALE score in patients according to the admission oxygen supply group, finding that it was significantly higher in group 2 than in groups 0 and 1, and was significantly higher in group 1 than in group 0 (Figure 2). Representative radiographic images with the respective RALE scoring among groups 0, 1, and 2 are shown in Figure 2. We classified groups 0, 1, and 2 as mild, moderate, and severe COVID-19 groups, respectively.
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FIGURE 2
The RALE score correlates with the oxygen supply administrated, validating oxygen supply as an indicator of COVID-19 severity. Distribution of the RALE score according to admission oxygen supply groups: group 0 (mild COVID-19, without oxygen supply, n = 27), group 1 (moderate COVID-19, nasal cannula/FiltaMask™, n = 44) and group 2 (severe COVID-19, conventional oxygen therapy/non-invasive mechanical ventilation, n = 7). Representative radiographic images with the respective RALE scoring are shown. Values are expressed as mean ± SEM. *p < 0.05 or **p < 0.01 relative to group 0, and +p < 0.05 relative to group 1.




Coronavirus disease 2019 worsening during hospital stay (Δoxygen supply) correlates negatively with admission lymphocyte counts but positively with admission neutrophil-to-lymphocyte ratio and with plasma levels IL-8/CXCL8, monocyte chemoattractant protein-1/CCL2, IL-10, and c-reactive protein

To search for novel predictors of COVID-19 severity, we evaluated the disease progression (Δoxygen supply) for each patient based on the initial and the maximum oxygen supply administered during the hospital stay. This analysis produced the following three additional groups: group A (no changes in oxygen supply, n = 56), group B (moderate variation in oxygen supply, n = 13), and group C (marked variation in oxygen supply, n = 9). We then re-analyzed the blood data at admission using this new stratification. Notably, whereas admission platelet, total leukocyte, neutrophil, monocyte, eosinophil, or basophil counts showed no correlation with disease progression (data not shown), admission lymphocyte counts negatively correlated with COVID-19 worsening (Figure 3A). Contrastingly, we found a positive correlation between the admission neutrophil-to-lymphocyte ratio and disease worsening (Figure 3B). Finally, COVID-19 worsening during hospitalization is also positively correlated with admission plasma levels of IL-8/CXCL8 (Figure 3C), MCP-1/CCL2 (Figure 3D), IL-10 (Figure 3E), and C-reactive protein (Figure 3F).
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FIGURE 3
Coronavirus disease 2019 worsening during hospitalization is correlates negatively with admission lymphocyte counts but positively with admission neutrophil-to-lymphocyte ratio, IL-8/CXCL8, MCP-1/CCL2, IL-10, and C-reactive protein plasma levels. Correlations between admission hemogram parameters [number of circulating lymphocytes/L, (A) and neutrophil-to-lymphocyte ratio, (B)] or plasma levels of inflammatory mediators [IL-8/CXCL8, (C) MCP-1/CCL2, (D) IL-10, (E), and C-reactive protein, (F)] and disease progression (Δoxygen supply) were calculated using Pearson/Spearman correlation analysis procedures. Disease progression was calculated for each participant by: maximum oxygen therapy during the hospital stay–oxygen therapy at hospital-admission blood extraction (Δoxygen supply). Group A = no changes in oxygen supply; group B = moderate variation in oxygen supply; group C = marked variation in oxygen supply. Values are expressed as individual data points (n = 78 patients). Data were considered statistically significant at p < 0.05.





Discussion

The RALE score has proven to be useful in the diagnosis of acute respiratory distress syndrome (17), a complication of SARS-Cov-2 infection (18). However, little is known about the potential relationship between the RALE score and the initial inflammatory status in these patients. In the present study, we found that the admission RALE score positively correlated with several hemogram and inflammatory parameters in patients with COVID-19, which has not been previously addressed. Although a link between platelet counts and COVID-19 severity has been broadly described, these findings remain controversial. Indeed, while several reports indicated that platelet counts were lower in patients with severe COVID-19 than in peers with mild disease (22–24), the opposite has also been reported in patients with compromised lung function (25). We found that the admission platelet counts positively correlated with the RALE score, indicating that patients with a greater degree of compromised lung function have elevated platelet counts. It should be highlighted, however, that this determination was done at the time of hospital admission and a follow-up analysis would be required to fully understand the evolution of platelet counts along the disease progression and the hospital stay.

We also show that the RALE score positively correlates with admission leukocyte counts. This appears to be based on the neutrophil population, as no other positive correlation was detected with other leukocyte subsets. Indeed, a negative correlation between the RALE score and admission lymphocyte counts was observed. Consequently, the RALE score also positively correlated with the neutrophil-to-lymphocyte ratio, a common prognostic marker of COVID-19 progression (20, 21). Overall, these results suggest that COVID-19 severity is accompanied by an elevated neutrophil count and a low lymphocyte count, which is in agreement with recently published data (24).

In line with these observations, the admission levels of IL-8/CXCL8, a neutrophil chemoattractant involved in inflammatory processes (26), positively correlated with the RALE score, which might explain the neutrophilia observed in patients with compromised lung function. Indeed, elevated levels of IL-8/CXCL8 have also been documented in patients with severe COVID-19, both in plasma (27) and in lung samples (12). IL-8/CXCL8 can exert beneficial effects in pathogen elimination, but it can also contribute to tissue injury and fibrosis (26). Another chemokine found to positively correlate with the RALE score was MCP-1/CCL2, which has chemoattractant properties for CCR2-expressing monocytes and macrophages (28), whereas no correlation was found between the RALE score and admission monocyte counts, MCP-1/CCL2 is associated with monocyte-derived macrophage infiltration in the lungs of patients with COVID-19 and is increased in those patients with acute respiratory distress syndrome in which it appears to play a key role in pulmonary fibrosis development (29).

Unexpectedly, we found that admission IL-10 plasma levels also positively correlated with the RALE score despite the fact that it is a well-known anti-inflammatory cytokine. Although this observation appears to be contradictory, high levels of this cytokine have been detected in patients with COVID-19, and were greater in critical patients than in moderate/severe groups (5). IL-10 can neutralize the activity of macrophages and Th1 and natural-killer lymphocytes, and can counter the production and release of relevant proinflammatory mediators, such as IL-8/CXCL8, TNFα, IFNγ, and MCP-1/CCL2. We found that the circulating levels of these cytokines/chemokines were either unaffected or were even elevated in severe disease. Indeed, circulating T-regulatory cells, a typical IL-10-producing cell, have been found to be largely increased in abundance in severe COVID-19 despite the concomitant lymphopenia (14). Accordingly, in the scenario of COVID-19, IL-10 might worsen the disease outcome rather than produce a benefit. Finally, the admission levels of the acute-phase inflammatory marker C-reactive protein also positively correlated with the RALE score. Although this observation has not been previously described, a recent study reported decreased C-reactive protein levels in patients with COVID-19 and a low RALE score (30), in agreement with our findings.

We analyzed the differences in the RALE score among groups based on oxygen supply to validate the patient distribution for oxygen supply as an indicator of COVID-19 severity. We established three additional groups–A, B, and C (no changes, moderate variation, and marked variation in oxygen supply, respectively)–to look for novel COVID-19 worsening predictors. From the Pearson/Spearman correlation analyses, we conclude that low admission lymphocyte count and high admission neutrophil-to-lymphocyte ratio are predictors of COVID-19 worsening. Additionally, positive correlations between admission IL-8/CXCL8, MCP-1/CCL2, IL-10, and C-reactive protein plasma levels and Δoxygen supply during hospitalization could predict COVID-19 worsening, and some studies partly corroborate these findings (31–34).

Taken together, our findings suggest that admission values of lymphocyte counts, neutrophil-to-lymphocyte ratio and the levels of some inflammatory markers (IL8/CXCL8, MCP-1/CCL2, IL-10, and C-reactive protein) may be useful as COVID-19 outcome predictors during hospitalization. In addition, our results might yield new therapeutic strategies. As IL-8/CXCL8 circulating levels are elevated in COVID-19 patients with high lung function impairment (high admission RALE score) along with neutrophil counts, IL-8/CXCL8 neutralization might exert beneficial effects in pulmonary complications of the disease. In this context, a phase-2 clinical trial with a monoclonal antibody against IL-8/CXCL8 (HuMax IL8–BMS-986253) is currently ongoing in the United States (35). By contrast, anti-IL-10 therapy has not yet been attempted as far as we know, likely due to its unclear role in this disease.

In conclusion, we provide the first evidence that the RALE score and Δoxygen supply correlate with the admission inflammatory status of patients with COVID-19, which can predict COVID-19 worsening during hospitalization. These data might inform clinical approaches to reduce COVID-19-related complications. Finally, our data may have an impact on the use of new therapeutic tools targeting IL-8/CXCL8- and/or IL-10 activity.

It is noteworthy to point out that this work has some limitations. According to the last update of the European Centre for Disease Prevention and Control (ECDC) on February 24th 2022, more than 420 million cases of COVID-19 have been reported worldwide since the beginning of the pandemic (36). However, only 78 patients from a single medical center were included in this study, which can represent a limitation for the extrapolation of the results and conclusions obtained. Moreover, although significant correlations were obtained from the present study, the correlation coefficients only indicate weak-to-moderate correlations (R-values from 0.2330 to 0.4567) (37). Both limitations could be solved by increasing the sample size from an international multicenter study. Nevertheless, the results and conclusions herein presented might have an impact on the clinical routine or future research direction.
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