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Background: High levels of different cytokines have been associated in COVID-19 as predictors of mortality; however, not all studies have found this association and its role to cause multi-organ failure and death has not been fully defined. This study aimed to investigate the association of the levels of 10 cytokines with mortality in patients with COVID-19 admitted to the intensive care unit (ICU).

Materials and methods: This is a case-control study nested within a cohort of patients with COVID-19 who were on mechanical ventilation and were not hospitalized for more than 48 h across nine ICUs in Medellín, Colombia. Serum samples were collected upon admission to the ICU and 7 days later and used to measure cytokine levels.

Results: Upon admission, no differences in mortality between the cytokine levels were observed when comparisons were made quantitatively. However, in the multivariate analysis, patients with median IL-1β levels <1.365 pg/ml showed an increase in mortality (OR = 3.1; 1.24<7.71; p = 0.015). On day 7 in the ICU, IL-1β median levels were lower (0.34 vs. 2.41 pg/ml, p = 0.042) and IL-10 higher (2.08 vs. 1.05 pg/ml, p = 0.009) in patients who died. However, in the multivariate analysis, only IL-12p70 was associated with mortality (OR = 0.23; 0.07<0.73; p = 0.012). The mean difference in the levels between day 1 and day 7 decreased in both IFN-γ (3.939 pg/ml, p < 0.039) and in IL-18 (16.312 pg/ml, p < 0.014) in the patients who died. A low IL-1β/IL-10 ratio was associated with mortality on both day 1 and day 7, while an IL-1β/IL-10 ratio below the cut-off on day 7 was associated with decreased survival. The lowest TNFα/IL-10 ratio was associated with mortality only on day 7.

Conclusion: At the time of admission, patients with median IL-1β levels lower than 1.365 pg/ml had increased mortality. An IL-1β/IL-10 ratio <2 at day 7 and IL-12p70 levels >1.666 pg/ml was associated with decreased survival.
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Introduction

The coronavirus disease 2019 (COVID-19/SARS-CoV-2) pandemic has resulted in high rates of mortality (43% [95% CI: 0.29<0.58]) in patients with invasive mechanical ventilation (IMV) in intensive care units (ICUs) (1). The global UNITE-COVID study found that older age, IMV, and acute kidney injury (AKI) were the strongest predictors of mortality (2). The “cytokine storm” (CS) is characterized in severe COVID-19 by systemic inflammation with increased ferritin, D-dimers, C-reactive protein (CRP), and cytokines such as tumor necrosis factor-alpha (TNFα), interleukin 1 beta (IL-1β), interleukin-6 (IL-6), interferon-gamma (IFN-γ), and interleukin 18 (IL-18), that leads to multi-organ failure (3).

Ruan et al. found that ± 45% (68/150) of patients hospitalized in two centers in Wuhan, China, for infection of SARS-CoV-2, had died, and had higher levels of IL-6 (4). Fernandez-Botran et al. reported that high levels of IL-6 in hospitalized patients with COVID-19 were associated with the need for ICU admission, and the use of vasopressors (5). Milenkovic et al. in a retrospective cohort study of 318 patients admitted to an ICU in Belgrade, Serbia discovered that IL-6 ≥74.98 pg/ml was a predictor of mortality (6). Sancho Ferrando et al. in 122 patients with COVID-19 at ICU admission, found that the levels of TNFα receptors in their soluble form (sTNFR) 1 and 2 were higher in those who developed acute kidney injury (AKI) and in those who did not survive 30 days (7). McElvaney et al. reported that patients admitted to the ICU had higher values of IL-1β, IL-6, IL-8, and IL-10 (8).

However, Kox et al. described that plasma concentrations of tumor necrosis factor (TNF), IL-6, and IL-8 taken in the first 24 h of ICU admission were lower in patients with acute respiratory distress syndrome (ARDS) in IMV with COVID-19 than in patients with septic shock with or without ARDS and comparable to patients with out-of-hospital cardiac arrest and multiple traumas (9). Bülow Anderberg et al. showed a strong correlation at the time of admission to ICU between the lowest PaO2/FiO2 ratio and increased levels of IL-1Ra, IL-4, IL-6, and IL-8 in 24 adults with COVID-19. There was also a strong correlation of several biomarkers such as IL-4, IL-6, IL-8, IL-10 and TNFα with acute kidney injury; however, cytokines were weakly correlated with mortality except for IL-8 (10).

Li et al. in a study conducted in 40 patients hospitalized in an ICU in Wuhan, China, described how the kinetic variations in IL-6, IL-8, and IL-10 levels were associated with mortality (11). Tong-Minh et al. reported that an increase in procalcitonin (PCT), IL-6, and soluble urokinase-type plasminogen activator receptor (suPAR) in a subsequent day of ICU stay were predictors of in-hospital mortality (12). The dynamics of cytokine release during severe COVID-19 remain unknown. Moreover, whether a CS in severe COVID-19 is the most apt description of the pathogenesis remains to be determined.

We therefore focus on the critically ill patient where the levels of separate cytokines may give only a partial view of a complex and interrelated inflammatory process in the patient with COVID-19. We hypothesized that the plasma levels of cytokines are elevated like other inflammatory mediators in severe SARS-CoV-2 infection and could serve as a biomarker of multi-organ failure and death. This study aimed to characterize the association of 10 cytokine levels with mortality in patients with COVID-19 admitted to ICU with respiratory failure in IMV of samples taken on days 1 and 7 of ICU. Moreover, we sought to determine whether differences in the blood concentrations of cytokines on days 1 and 7 were associated with mortality.



Materials and methods


Study setting

This is a case-control study nested within a cohort of 149 patients included in the original study (13). The patients were >18 years of age with confirmed COVID-19 admitted at nine ICUs in Medellín, Colombia. All patients were on mechanical ventilation and could not have been hospitalized for more than 48 h at the time of ICU admission. The study was conducted between March 1 and July 30, 2021. Of the 149 patients, 39 died, and they were matched with 41 surviving patients to obtain an almost 1:1 ratio by Acute Physiology and Chronic Health disease Classification System (APACHE). The total sample size was 80 patients (Figure 1). Clinical data was retrieved from their electronic medical records. Sequential Organ Failure Assessment (SOFA) score (14), and APACHE II (15) data were collected upon ICU admission. Moreover, blood samples were collected on the day 1 of ICU for routine chemistry. Laboratory tests included white blood cell count (WBC), CRP, ferritin, procalcitonin, D-dimer, creatinine, troponin and ferritin.
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FIGURE 1
Study flowchart. ICU, intensive care unit; APACHE, Acute Physiology and Chronic Health disease.




COVID-19

The diagnosis of SARS-CoV-2 was confirmed using real-time PCR (RT-PCR) on samples obtained from nasopharyngeal swabs, in an Allplex assay (Seegene, Inc., Seoul, South Korea) to amplify SARS-CoV-2 E, RdRp/s, and N genes.



Cytokine measurements

Venous blood samples were collected upon admission to the ICU and 7 days later, in order to measure cytokine levels. Cytokines were measured at day 7 to determine their predictive value for mortality after the first week of hospitalization in those who were alive. In addition, to measure the dynamic changes with the same time difference, between days 1 and 7, in the mean difference of the serum levels of each cytokine, and its predictive value with mortality. This could generate hypotheses for possible treatments before the fatal outcome occurs.

Serum was obtained from each blood sample by centrifugation for 10 min at 2,000 RPM. Subsequently, each serum sample was stored in cryovials at –80°C until processing. This process was carried out in the BSL2 Research Laboratory of the Faculty of Medicine of the Universidad Pontificia Bolivariana (Medellín, Colombia). For this investigation, a system Human ProcartaPlex TM Multiplex Immunoassay Mix & Match of 10-Plex based on magnetic beads was selected to detect serum biomarkers Ref. PPX-10-MX323G4 (Invitrogen, Whatman, Massachusetts, United States). These analytes included interleukin 1 beta (IL-1β), IL-2, IL-6, IL-10, IL-12p70, IL-17A, interferon-gamma (IFN-γ), recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor-alpha (TNFα), and IL-18. Undiluted samples were processed following the manufacturer’ instructions. The 10 cytokines were analyzed using the Luminex® MAGPIX® System (ThermoFisher Scientific, Luminex Corporation 12212 Technology Blvd. Austin, Texas 78727). All samples and standards were measured in duplicate. Primary data were analysed using Xponet ® Software (Luminex, Austin, Texas, United States). This process was done in the Medical and Experimental Micology Laboratory of the Corporación para Investigaciones Biológicas (Medellín, Colombia).



Ethical approval

This study was approved by the ethics committee of the Universidad Pontificia Bolivariana and by the committees of the Clinics and Hospitals that participated in the study. Written informed consent was obtained from the participants or their legal representatives.



Statistical analysis

Continuous variables were presented as medians and 25th and 75th percentiles or mean and standard deviation (SD) depending on the distribution of the variables. Categorical variables were presented as frequencies and percentages. In the comparison of cytokines with mortality and other dichotomous variables, the Mann–Whitney U test was used. To compare the laboratory parameters, APACHE II, and SOFA, Spearman’s correlation coefficient was used. The change in the difference of serum levels of cytokines between days 1 and 7 with mortality was estimated. We calculated crude and adjusted odds ratios (OR)s with their confidence intervals (CI). Multivariate analysis was performed in a logistic regression model with the cytokines after being dichotomized, taking as cut-off points the medians with a statistical significance of <0.25. To evaluate the pro-inflammatory vs. anti-inflammatory activity, the following ratios were calculated: TNFα/IL-10, and IL-1β/IL-10 (16). Data were analyzed using SPSS version 26.0 and visualized using the ggplot2 and reshape2 libraries.




Results


Patient characteristics and cytokine concentrations

The demographic characteristics of the study patients are shown in Table 1. There was higher mortality in men, older age and with a history of hypertension. Table 2 lists the cytokine levels of the 80 patients on the first day of admission, and on day 7 of the 75 patients who were alive. The GM-CSF cytokine did not show any changes after 7 days and was therefore excluded from subsequent analyses.


TABLE 1    Demographic characteristics of patients with COVID-19 pneumonia admitted to intensive care units.
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TABLE 2    Levels of the 10 cytokines and association with mortality on days 1 and 7 of ICU stay.
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When comparing the cytokine levels quantitatively, there were no differences between live and dead patients on day 1 (Figure 2). However, when dichotomizing the cytokines according to their median values, we found that IL-1β was associated with mortality, with an OR of 3.1 (1.24<7.71, p = 0.015). When performing a multivariate analysis with the cytokines after being dichotomized, the IL-1β cytokine continued with a statistical association, with an OR of 2.79 (1.08<7.22, p = 0.035), when the median levels were lower than 1.365 pg/ml (Table 2).
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FIGURE 2
Serum cytokine levels on days 1 and 7 between COVID-19 patients who died and survived. IL-1β, Interleukin 1 beta; IL-2, Interleukin 2; IL-6, Interleukin 6; IL-10, Interleukin 10; IL-12p70, Interleukin 12p70; IL-17A, Interleukin 17A; IFN-γ, Interferon gamma; TNF α, tumor necrosis factor alpha; IL-18, Interleukin 18. *p-value < 0.05 for IL 1 β in serum cytokine concentrations on day 7 between who died and survived; **p-value < 0.01 for IL-10 in serum cytokine concentrations on day 7 between who died and survived.


To determine the predictive value of mortality after the first week of hospitalization, we compared quantitative cytokine levels on day 7 of the patients who survived. Only IL-1β and IL-10 were associated with hospital mortality. The level of IL-1β was lower (0.34 vs. 2.41 pg/ml, p = 0.042) and that of IL-10 higher in patients who died (2.08 vs. 1.05 pg/ml, p = 0.009; Figure 2). When dichotomizing the cytokines according to their median values, we found that IL-1β was associated with mortality, with an OR of 3.14 (1.22<8.08, p = 0.017), and IL-12p70, with an OR of 0.36 (0.14<0.93, p = 0.034). When performing a multivariate analysis with the cytokines after being dichotomized, IL-12p70 continued with a statistical association, with an OR of 0.23 (0.07<0.73, p = 0.012), when median levels were higher than 1.666 pg/ml (Table 2).

Taking the change in the mean difference between the serum levels of each cytokine between days 1 and 7, we found decreases in both IFN-γ (3.939 pg/ml, p < 0.039) and IL-18 (16.312 pg/ml, p < 0.014), in patients who died (Table 3).


TABLE 3    Change in the mean difference between the serum levels cytokines between day 1 and day 7 with mortality.
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IL-1β/IL-10 and TNFα/IL-10 ratios

A lower IL-1β/IL-10 ratio was associated with mortality on both days 1 and 7. The median on day 1 was 0.15 vs. 0.56 pg/ml (p = 0.048) and on day 7 0.14 vs. 1.63 (p = 0.002). A low TNFα/IL-10 ratio was associated with mortality only on day 7 (median 1.13 vs. 3.12 pg/ml, p = 0.008; Figure 3). The IL-1β/IL-10 ratio on day 7, with a cut-off below 2 [OR = 2.09 (1.05–4.12)], remained significantly associated with decreased survival after adjustments; however, the IL-1β/IL-10 ratio on day 1 lost its statistical significance. The TNFα/IL-10 ratio was not associated with mortality, even when the cut-off was below 4 [OR = 1.76 (0.93–3.31)].
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FIGURE 3
Comparison of IL-1β/IL-10 ratio and TNFα/IL-10 ratio concentrations on days 1 and 7 between COVID-19 patients who died and survived. TNF α, tumor necrosis factor alpha; IL-10, Interleukin 10; IL-1β, Interleukin 1 beta. For IL-1β/IL-10 ratio: *P value = 0.048 **P value = 0.002. TNFα/IL-10 ratio: *P value = 0.008.




Cytokine concentration correlations

We also determined the correlation of serum cytokine levels with APACHE and SOFA severity scores, with laboratory values taken on the first day of ICU admission, and with the probability of developing pulmonary thromboembolism during the ICU stay, with the probability of still being intubated on day 7, and with pulmonary coinfection, defined by positive result of the Biofire® FilmArray® Pneumonia Panel, or of the microbiological cultures of respiratory samples from patients.

Regarding the correlation with the severity scores, only IL-2, taken on the first day of ICU admission, correlated positively and weakly with SOFA (Table 4).


TABLE 4    Correlation matrix between cytokines with severity scores and laboratories at admission.
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Of the laboratory tests taken in the first 24 h of ICU admission, the only test that correlated with any cytokine measured on day 1 was troponin, which correlated with IL-2 and IL-12p70, both weakly and positively. Regarding inflammatory response markers, only IL-1β positively (but weakly) and IL-12p70 negatively (but weakly) correlated with the neutrophil and lymphocyte ratio. No cytokine correlated with C-reactive protein or procalcitonin.

With respect to medical complications during the stay, only IL-2, taken on the first day of ICU admission, correlated with the probability of developing pulmonary thromboembolism during the ICU stay. Neither cytokine correlated with the probability of still being intubated on day 7. Moreover, neither cytokine correlated with pulmonary coinfection (Table 5).


TABLE 5    Cytokine concentration and correlation with pulmonary coinfection, mechanical ventilation on day 7 and pulmonary thromboembolism.
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Discussion

In our study, when comparing cytokine levels in their quantitative form, there were no differences between live and dead patients on day 1. However, in the multivariate analysis we found that IL-1β was the only cytokine associated with mortality in patients who had median levels lower than 1.365 pg/ml compared to those who had higher values.

The SARS-CoV-2 has been considered to trigger an increased activation of macrophages and natural killer (NK) cells with a fulminant release of cytokines known as “CS” (17). The over-production of IL-1β acts on its receptor in tissue macrophages for the generation of more cytokines, which can lead to a vicious cycle resulting in multiple organ dysfunction in the patient (18). Treatment with anakinra, a recombinant human IL-1Ra, which limits the binding of IL-1β with its receptor, has been studied to prevent respiratory failure in patients with COVID-19 (19). However, according to our results, patients with median levels >1,365 pg/ml have a better outcome, and therefore treatment with anakinra would not be useful. One possible explanation is that the peak of IL-1β is early, before severe symptoms of the disease appear, and thus in critically ill patients requiring IMV, blood concentrations of IL-1β are at low levels and are associated with mortality (20).

The soluble urokinase plasminogen activator receptor (suPAR) is increased earlier than IL-1β, and plasma suPAR ≥ 6 ng/ml have been used in the SAVE-MORE study to guide the use of anakinra in hospitalized patients without respiratory failure defined by the use of high-flow oxygen (HFO), non-invasive ventilation (NIV) or IMV (21). suPAR levels were not measured in our study. It would be interesting to explore its relationship with IL-1β and its association with mortality.

A recent meta-analysis showed that several biomarkers including 10 cytokines are associated with severity and mortality in COVID-19 (22). Herr mentioned that a classical “CS” as seen in other conditions was not observed (23). The results of our study are in keeping with this statement. We found no association between serum IL-6 levels and mortality, as other studies have reported (24, 25).

There were no differences between live and dead patients in their conditions of immunosuppression at admission (rheumatologic disease, neoplasm, HIV, cirrhosis and prior steroid use), or at the time of onset of symptoms. To determine which phase of the inflammatory response predominated in the patients, we analyzed the IL-1β/IL-10 and the TNFα/IL-10 ratios as biomarkers of the balance between key pro- to anti-inflammatory levels. The lowest IL-1β/IL-10 ratio was associated with mortality on days 1 and 7, however, when analyzing a value or cut-off point associated with mortality, only the IL-1β/IL-10 ratio on day 7 remained significantly associated with decreased survival. A TNFα/IL-10 lower ratio was associated with mortality only on day 7. Moreover, we did not find a cut-off point that was associated with mortality. These results suggest that anti-inflammatory activity was predominant.

One possible explanation is that the anti-inflammatory activity of IL-10 has greater value. We found that the IL-10 median levels were higher on day 7 of ICU stay in patients who died. A meta-analysis showed that higher levels of IL-10 are associated with severity and mortality in patients with COVID-19 (26). Dorgham et al. detected elevated levels of IL-10 in patients with IMV and requiring extracorporeal membrane oxygenation (ECMO) (27). Lu et al. proposed that a sudden and strong elevation of IL-10 could play a role in lung injury in COVID-19 patients (28). Balzanelli et al. proposed an alternative “Trojan Horse” hypothesis where people who suddenly died would have shown a viral/bacterial/fungi coinfection with possible low expression of IL-10 (29).

Another possible conclusion is that the inflammatory activity provided by IL-1β and TNFα of patients who died is already decreased. Although median levels of IL-1β lower than 1.365 pg/ml were associated with mortality, we did not find similar results with TNF. Anderberg et al. identified that the TNFα/IL-10 ratio was correlated with multiple organ failure and mortality (10). A study by Jia et al. found that among 107 patients, those who were in the ICU with COVID-19, had higher values of TNFα, which was an independent risk factor for death (30). The interaction of the SARS-CoV-2 with angiotensin-converting enzyme 2 (ACE2) in alveolar epithelial cells is made possible by TNF-α, so anti-TNFα therapy could have a therapeutic role (31, 32).

The macrophages and dendritic cells produce IL-12 to activate NK cells and induce the secretion of IFN-γ as a defense mechanism against SARS-CoV-2 infection. This occurs in the early stages of the disease to limit the spread of the virus (33). In a study comprising 95 patients who had less than 10 days of COVID-19 symptoms, lower IL-12 levels were found in patients with severe disease (34). Other reports link IL-12 with severity. For example, Moll-Bernardes et al. in 167 hospitalized hypertensive patients with COVID-19 discovered that IL-12p70 were strongly associated with progression of symptoms to more severe forms of the disease (35). Studies on the association of IL-12 (p70) with mortality in COVID-19 are more limited. The multivariate analysis found that IL-12p70 was the only cytokine associated with mortality on day 7 of ICU stay when median levels were >1.666 pg/ml, i.e., those patients with levels <1.666 pg/ml have a 23% greater probability of survive than those with higher values. All patients at day 7 had received steroids for the management of COVID-19, and no patients were treated with anakinra or tocilizumab.

The main difference between days 1 and 7 was a decrease in IFN-γ and IL-18 levels in patients who had died. Trouillet-Assant et al. observed that the elevation of IFN-α 2 occurred on the first week of symptom onset, and then tapered off in 26 critically ill patients with COVID-19. Patients who did not present high IFN-α 2 peaks required IMV and a longer ICU stay (36). With a median of 9 days of symptom onset from day 1 of stay, we would expect lower levels of IFN on day 7. Bülow Anderberg et al. found that blood concentrations of IFN γ were elevated at hospital admission, appearing 11 days after initial symptoms appeared in patients with respiratory failure (10). Hence, IFN γ levels may reflect the later stages of the disease. Tang et al. mentioned that IFN- γ had no role in the survival analyses of 71 patients, and its level was lower in critically severe patients compared to those with mild symptoms (37).

Macrophages produce IL-18 to stimulate the production of IFN-γ for optimal viral host defense (38). IL-18 release induces ferritin, explaining the hyperferritinemia. Satış et al. reported that IL-18 serum concentrations above the cut-off value of 576 pg/ml on admission were associated with an 11.7-fold increased risk of ICU admission, in 58 COVID-19 patients (39). Dorgham et al. detected decreased levels of IL-18 in ECMO patients who died (27).

Neutrophil/lymphocyte ratios have been associated with mortality in COVID-19 (40). We found that only IL-1β and IL-12p70 correlated with the neutrophil and lymphocyte ratio. No cytokine correlated with C-reactive protein or procalcitonin. Moreover, that troponin correlates with IL-2 and IL-12p70. Song et al. noticed that TNFα, IL-8 and IL-6, were higher in 64 critically ill patients with cardiac dysfunction (41).

The strengths of our study are listed as follows: (1) This is a multicenter Latin American study; (2) Our investigation comprised critically ill patients on mechanical ventilation; (3) The serum samples were taken early in the course of their hospitalization with follow-up samples taken on day 7, covering the dynamic changes of the disease; (4) We measured different correlations of cytokine concentration with laboratory tests, pulmonary thromboembolism and pulmonary coinfection.

The limitations of this study include: (1) We did not measure viral titers and therefore, do not know whether they correlate with cytokines; Guo et al. described that the virus titers were correlated with the cytokines (42); (2) The sample size could be considered small; (3) We do not know the relationship of serum cytokines with the immune and inflammatory response at the pulmonary level; (4) We did not measure macrophages, helper/inducible T lymphocyte (CD3+ CD4+ %) or inhibitory/cytotoxic T lymphocyte (CD3+ CD8+ %) levels to analyze its correlation with cytokines.

In conclusion, on day 1 of ICU stay, IL-1β was the only cytokine that has a statistical association, with an increase in mortality in those patients who had median levels <1.365 pg/ml. On day 7 of ICU stay, IL-12p70 was associated with mortality when median levels were >1.666 pg/ml and the IL-1β/IL-10 ratio cut-off was <2. A classical “CS” was not observed in this study. The inflammatory activity of patients who died was already decreased. Anakinra or tocilizumab therapy might not be useful in our patients.
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