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Introduction

Major clinically relevant inflammatory events such as septic shock and severe COVID-19 trigger dynamic changes in the host immune system, presenting promising candidates for new biomarkers to improve precision diagnostics and patient stratification. Hepcidin, a master regulator of iron metabolism, has been intensively studied in many pathologies associated with immune system activation, however these data have never been compared to other clinical settings. Thus, we aimed to reveal the dynamics of iron regulation in various clinical settings and to determine the suitability of hepcidin and/or ferritin levels as biomarkers of inflammatory disease severity.



Cohorts

To investigate the overall predictive ability of hepcidin and ferritin, we enrolled the patients suffering with three different diagnoses – in detail 40 patients with COVID-19, 29 patients in septic shock and eight orthopedic patients who were compared to nine healthy donors and all cohorts to each other.



Results

We showed that increased hepcidin levels reflect overall immune cell activation driven by intrinsic stimuli, without requiring direct involvement of infection vectors. Contrary to hepcidin, ferritin levels were more strongly boosted by pathogen-induced inflammation – in septic shock more than four-fold and in COVID-19 six-fold in comparison to sterile inflammation. We also defined the predictive capacity of hepcidin-to-ferritin ratio with AUC=0.79 and P = 0.03.



Discussion

Our findings confirm that hepcidin is a potent marker of septic shock and other acute inflammation-associated pathologies and demonstrate the utility of the hepcidin-to-ferritin ratio as a predictor of mortality in septic shock, but not in COVID-19.
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Background

Major inflammatory events such as sepsis trigger significant changes in host metabolism aimed at supporting innate immunity while reducing the ability of pathogens to replicate and spread throughout the body. A particularly important example is iron homeostasis. Iron plays a vital role in host metabolism as a cofactor for enzymes involved in cell respiration, proliferation, and DNA synthesis. Furthermore source of iron is a required by symbiotic commensals as well as most pathogens (1). The sequestering of iron out of circulation (and therefore beyond the reach of extracellular pathogens) is a key mechanism of the innate immune system, and associations between circulating iron levels and various infections have been observed (2). This is primarily true for bacterial, fungal, and parasitic pathogens, but even viral infections may be impacted by iron metabolism; indeed, the association between iron levels and SARS-CoV-2 infection has been intensively studied (3), though further research is needed to fully clarify the functions of iron at the interface between the host immune system and this critical viral pathogen. The accumulation of iron in cells can paradoxically influence intracell pathogens and through increased intracellular availability of iron improve the virulence (4, 5).

Considering the importance of iron in metabolism and immunity, it is unsurprising that the levels of this essential micronutrient are carefully controlled by a system of critical regulatory molecules. Hepcidin is a major iron-regulating peptide hormone that is produced in the liver. Through the control of iron exporter ferroportin, hepcidin plays a central role in iron homeostasis, because it regulates the release of iron to bloodstream from its reservoirs including enterocytes, hepatocytes and iron recycling from erythrocytes (6–9).

Hepcidin expression is normally regulated in a negative feedback loop by systemic levels of iron (7, 10). However, under inflammatory conditions, hepcidin expression can also be induced independently of iron levels through TLR4 activation by LPS (11) or through the IL-6/gp130/STAT3 signaling axis (12–14). We and others showed that plasma levels of IL-6 significantly positively correlated with progression of sepsis (15) and COVID-19. Hepcidin levels are dramatically elevated during infections, including those responsible for sepsis, thereby reducing the amount of iron available to pathogens and also affecting inflammation (16).

Another important player in iron homeostasis is ferritin, the iron repository protein, which binds free iron to prevent the formation of toxic free radicals (17). Under physiological conditions, ferritin is cytosolic protein and its serum variant arising from damaged cells is released under inflammatory conditions (18). Like hepcidin, ferritin levels in blood stream are also boosted independently of iron status during infection and inflammation in order to modulate the immune response. Ferritin is an acute phase reactant, eliminating the available iron in circulation to deprive pathogens and inhibit their growth (19).

This altered metabolism during infection therefore induces significant changes in the circulating levels of iron and its associated regulatory molecules, providing an opportunity to assess disease progression by monitoring these processes. Persistently elevated serum hepcidin in an inflammatory setting produces hypoferremia, leading to a specific condition dubbed “anemia of inflammation” (20, 21) that is often observed during the progression of sepsis (22). Similar to sepsis, multiple studies have also identified dysregulated levels of iron in COVID-19 patients, portraying low serum iron as a potential predictor of the severity and mortality of this disease (23, 24). Hepcidin itself is able to regulate the levels of ferritin. Even, the distant sequence similarity between the cysteine-rich cytoplasmic tail of the SARS-CoV-2 spike protein and the hepcidin protein (25) indicates the ability of this protein to directly increase ferritin levels (26, 27).

 When the levels of a circulating molecule can be correlated with disease progression and/or outcomes, they can serve as valuable biomarkers that facilitate disease monitoring, diagnosis, and patient stratification. As discussed above, levels of circulating hepcidin and ferritin are boosted during sepsis and septic shock, and these levels can also correlate with the severity of these conditions (28). Meanwhile, in severe respiratory infections such as COVID-19, profound dysregulation of the immune system drives mortality (29, 30), and intense research efforts are ongoing to establish immune-related biomarkers for the severity and prognosis of COVID-19. These comprise both cellular (31) and humoral markers including the role of iron homeostasis (32). The objective of this study was to investigate the expression dynamics of ferritin and hepcidin as potential stratification markers in patients with septic shock or COVID-19, with emphasis on the possible immunomodulatory roles of these proteins in the context of long-term immunological exhaustion (e.g., long-term COVID-19 and post-sepsis syndrome).



Methods


Research design

In this cross-sectional study, we enrolled in total 29 patients with septic shock, 40 patients with severe COVID-19, eight orthopedic patients who underwent total hip or knee arthroplasty and nine healthy individuals were enrolled to reveal the role of hepcidin and ferritin. Inclusion and exclusion criteria are specified in the specific cohort sections.



Patient cohorts


Septic shock cohort

In total, we enrolled 29 Caucasian patients fulfilling the criteria of septic shock (33) who were admitted to the intensive care unit (ICU) at St. Anne’s University Hospital Brno. Patients with chronic immunosuppression and those who had received antibiotic therapy for more than two days were excluded. All patients were treated with a standardized therapy according to current recommendations (34). Written informed consent was obtained from all enrolled patients, and all procedures and protocols were approved by the institutional ethics committee of St. Anne’s hospital. Blood samples from each patient were collected at four timepoints: at the morning after admission to the ICU (TP1), at 3-5 days after ICU admission (TP2), upon recovery from acute phase (TP3), and at least 6 months after septic shock onset (TP4).



COVID-19 cohort

The COVID-19 cohort consisted of 40 Caucasian patients admitted to the ICU at St. Anne’s University Hospital Brno due to respiratory failure on the basis of pneumonia associated with COVID-19. All patients were mechanically ventilated. Written informed consent was obtained from all enrolled patients or their close relative, and all procedures and protocols were approved by the institutional ethics committee of St. Anne’s hospital. Blood samples were collected from all enrolled patients the morning after ICU admission (TP1).



Orthopedic cohort

We enrolled eight orthopedic patients who underwent total hip or knee arthroplasty. Written informed consent was obtained from all enrolled patients, and all procedures and protocols were approved by the institutional ethics committee of St. Anne’s hospital. Blood samples were collected at two timepoints: on the day of surgery before induction of anesthesia (TP0) and on the following day (TP1).



Healthy controls and general exclusion criteria

Nine buffy coats from healthy adult blood donors were purchased (Department of Transfusion and Tissue Medicine of the Brno University Hospital, Brno, Czech Republic).

The exclusion criteria for all cohorts enrolled in the study included ongoing chronic immunosuppression therapy, oncological disorders, and age < 18 years.




Blood sample processing

Heparinized blood samples were processed within two hours of collection. Plasma was collected from the centrifuged samples and immediately frozen and stored at -80°C until use.



Hepcidin measurement

Plasma hepcidin levels were determined using the Intrinsic Hepcidin IDx ELISA kit (Intrinsic LifeSciences) following the manufacturer’s instructions. In brief, all plasma samples were diluted 1:1 in deionized water. Subsequently, all samples and standards were added to a pre-coated microwell plate and incubated with a biotinylated hepcidin tracer for 60 minutes at room temperature (RT). After washing away unbound tracer, all samples were incubated with streptavidin-HRP conjugate for 30 minutes, followed by another wash to remove unbound streptavidin-HRP. Tetramethylbenzidine substrate was then added to each sample, and the reaction was stopped after 15 minutes by the addition of a stop solution. Samples were measured using a microplate reader Multiscan GO (Thermo Scientific) at 450nm.



Ferritin measurement

The levels of plasma ferritin were determined using the Human Ferritin DuoSet ELISA (R&D Systems) according to the manufacturer’s instructions. In brief, each sample was incubated in microplates pre-coated with capture antibody for two hours at RT, washed with 0.05% Tween 20 in PBS, and incubated with diluted detection antibody for two hours at RT. Samples were next incubated with Streptavidin-HRP B, followed by another incubation with a 1:1 mixture of H2O2 and tetramethylbenzidine. Both incubations were for 20 minutes at RT. 2 N H2SO4 was then added and mixed thoroughly to stop the reaction. Washing was performed between each step. The absorbance of samples was measured at 450nm using a microplate reader with a correction at 540nm.



Statistical analysis

R software (v 4.0.5) was used for statistical analysis. Data were tested for normal distribution using Shapiro-Wilk test and statistical tests were applied as appropriate. The statistical tests used are specified in the figure legends. Columns represent mean and error bars the SD. The level of statistical significance is indicated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.




Results

We hypothesized that plasma hepcidin levels would correlate with the severity of sepsis and COVID-19. To test this hypothesis, we enrolled 29 patients suffering from septic shock and 40 patients with COVID-19. We also enrolled eight orthopedic patients undergoing total hip/knee replacement as a control cohort with non-infectious etiology (sterile surgical trauma) and nine healthy individuals to measure background hepcidin and ferritin levels in the absence of major inflammatory events. Detailed demographic and clinical characteristics of all enrolled cohorts are summarized in Table 1. Participant age ranges were significantly different across the four cohorts. We found significant difference between COVID-19 and septic shock cohort, also between septic shock and orthopedic cohorts both in comparison to healthy cohort. We observed significant differences between the COVID-19 and septic shock cohorts in body mass index (BMI), creatinine and C-reactive protein (CRP) levels, sequential organ failure assessment (SOFA) score, and the PaO2/FiO2 ratio (which represents the severity of respiratory failure, with lower values indicating more severe status).


Table 1 | Demographic and clinical characteristics of each cohort at TP1.



We next analyzed the plasma concentrations of hepcidin and ferritin in the cohorts (Figure 1), finding significantly elevated levels of hepcidin in the orthopedic, COVID-19, and septic shock cohorts in comparison to the healthy controls (Figure 1A). Plasma hepcidin levels were not significantly different among the orthopedic, COVID-19, and septic shock cohorts, suggesting an association between elevated hepcidin and general systemic inflammation. Importantly, we observed a strong significant increase in hepcidin levels in the orthopedic cohort after surgery (TP0 to TP1). In the septic shock cohort, we observed similar levels of hepcidin at TP1 and TP2 (during acute septic shock), followed by a gradual non-significant reduction during recovery from the acute phase (TP3) to the late post-septic shock phase (TP4).




Figure 1 | Plasma levels of hepcidin and ferritin under various clinical conditions. (A) Plasma hepcidin levels were significantly elevated in all cohorts with inflammatory clinical conditions compared to healthy controls (HC). (B) Ferritin levels were significantly boosted in the COVID-19 (COV-19) and septic shock (SEP.SHOCK) cohorts in comparison to the pre-surgery orthopedic cohort (ORT; TP0) and to healthy controls. COVID-19 ferritin levels were also significantly increased in comparison to the post-surgery orthopedic cohort (TP1). Statistical comparisons were performed using the Kruskal-Wallis test with Dunn’s test: *P < 0.05, **P < 0.01, ***P < 0.001, NS = not significant. Paired data (ORT, SEP.SHOCK) were tested using the paired Wilcoxon test: #P < 0.05, ##P < 0.01 #*P < 0.05.



 We also analyzed plasma ferritin levels, finding significantly increased concentrations in the COVID-19 and septic shock cohorts compared to healthy donors (Figure 1B). Ferritin levels were also significantly higher in COVID-19 compared the orthopedic cohort both before and after (TP0 and TP1). Similarly, the septic shock cohort showed significantly increased levels of ferritin in comparison to the orthopedic cohort before surgery (TP0) and the healthy controls. That increased ferritin levels were more than six-fold higher in the COVID-19 and more than four-fold higher in the septic shock cohort compared to the non-infectious post-surgery state (TP1) in the orthopedic cohort.

These findings suggested a possible correlation between hepcidin and ferritin levels under inflammatory conditions. We found a significant correlation between the plasma levels of hepcidin and ferritin in the COVID-19 cohort (Table 2). In the septic shock and orthopedic cohorts, however, this correlation was not observed.


Table 2 | Correlation between hepcidin and ferritin levels at TP1 in each cohort.



We subsequently focused on the ability of hepcidin and ferritin levels to predict the prognosis and severity of COVID-19 and the progression of septic shock (Figure 2). We evaluated the TP1 plasma hepcidin and ferritin levels in septic shock patients who had died by five days (5D mortality group) or 28 days (28D mortality group) after admission to ICU. On the other hand, only the 28D mortality group was analyzed in the COVID-19 cohort, since no COVID-19 patients had died by the 5D timepoint. There were no significant differences in plasma hepcidin concentrations between survivors and COVID-19 patients who died within the first 28 days after disease onset (Figure 2A). In the septic shock cohort, however, the highest mean hepcidin concentrations were in patients who survived the septic shock, and this difference was significant between survivors and the 28D mortality group (Figure 2A).




Figure 2 | Hepcidin and ferritin levels in infectious disease cohorts (TP1) by patient survival status. (A, B) No significant differences in (A) hepcidin or (B) ferritin levels were observed between survivors and the 28D mortality group in the COVID-19 cohort. In the septic shock cohort, hepcidin levels at TP1 were significantly higher (P = 0.023) in survivors than in the 28D mortality group, while the difference between survivors and the 5D mortality group was not significant (P = 0.075). (B) The mean ferritin level was higher in the 28D mortality group than in the survivor group, but this difference was not significant (P = 0.264). Statistical comparisons were performed using the Mann-Whitney test. NS, non-survivor; SURV, survivor. ﻿*P < 0.05.



We also did not observe a significant difference in ferritin levels between COVID-19 survivors and the 28D mortality group (Figure 2B). In the septic shock cohort, the lowest concentrations of ferritin were found in survivors, but the mean concentration was not significantly different compared to the 5D and 28D mortality groups (Figure 2B).

Based on the expression dynamics of hepcidin and ferritin in the septic shock cohort, we evaluated the hepcidin-to-ferritin ratio to better reflect the overall prognosis of the participants in this cohort, thus pinpoint those vulnerable patients with the need of meticulous medical supervision. We observed a significantly lower hepcidin-to-ferritin ratio in both mortality groups compared to the survivors in this cohort (Figure 3A), although this ratio did not show a significant trend between survivors and non-survivors in the COVID-19 cohort. Subsequently, we also confirmed the predictive potential of the hepcidin-to-ferritin ratio for overall mortality in the septic shock cohort by receiver operating characteristics (ROC) analysis, finding that this marker displayed significant predictive potential with an area under the ROC curve (AUC) of 0.79 (Figure 3B).




Figure 3 | The hepcidin-to-ferritin ratio is a potential marker for stratification of septic shock patients. (A) The TP1 hepcidin-to-ferritin ratio was significantly lower in the 5D and 28D mortality groups in comparison to survivors in the septic shock cohort. (B) ROC curve analysis was performed to evaluate the diagnostic potential of the hepcidin-to-ferritin ratio for predicting overall mortality in septic shock patients. The resulting AUC was 0.79, indicating a predictive potential. Statistical comparisons were performed using the Mann-Whitney test. AUC, area under the curve; NS, non-survivor; ROC, receiver operating characteristic; SURV, survivor. *P < 0.05.



We next investigated the possibility of correlations between hepcidin or ferritin levels and the length of survival in the non-survivors within the COVID-19 and septic shock cohorts (Table 3). We found a significant positive correlation between ferritin levels and days of survival in the COVID-19 cohort. No other parameter displayed a correlation with days of patient survival. Finally, we explored whether these marker levels correlated with SOFA scores in the COVID-19 and septic shock patients (Table 4), finding a weak negative correlation between SOFA score and ferritin levels in the former cohort.


Table 3 | Correlation between TP1 hepcidin or ferritin levels and days survived by deceased infectious disease patients.




Table 4 | Correlation between TP1 hepcidin or ferritin levels and SOFA scores of all enrolled patients.





Discussion

In this study, we focused on hepcidin and ferritin as markers of septic shock and COVID-19 and tested their predictive potential for disease severity. Hepcidin and ferritin dynamics in these infectious disease cohorts were compared with the orthopedic cohort, where major surgery (hip or knee replacement) led to immune system activation without pathogenic stimuli. This condition, where sterile inflammation or systemic inflammatory response syndrome (SIRS)-like occurs early after surgery, helped us to determine whether the observed changes in hepcidin levels were pathogen-dependent or -independent.

The role of iron homeostasis in COVID-19 has recently been investigated (32), with a significant strong association found between decreased iron levels and COVID-19 progression. We have also previously shown that survival of fulminant septic shock can be associated with the specific proteomic profile of neutrophils (35). One of the involved proteins was lactotransferrin, an iron-binding protein. The neutrophil-to-CD8+ T cell ratio in severe COVID-19 patients was also found to predict in-ICU mortality, thereby stratifying patients and identifying those more susceptible to the disease (31). Neutrophils are one of the key immune cell subsets in sepsis-associated dysregulation of the immune system as well (36), and iron levels have been shown to have a profound impact on neutrophil functionality (37). Altogether, these findings suggest that dysregulated iron and hepcidin levels may be related to disease-associated neutrophil dysfunction.

The role of hepcidin and the predictive ability of its circulating concentrations during COVID-19 and septic shock remain controversial. An analysis of biomarkers in COVID-19 patients showed that serum iron levels were strongly associated with IL-6 and other inflammatory components, but no correlation was observed with COVID-19 recovery or even hepcidin levels (32). Conversely, other groups have associated higher levels of hepcidin or iron with the severity of COVID-19 (38–41) or sepsis (22), though studies in mice have reported that high hepcidin levels play a beneficial role in sepsis models (42–44). Similarly, several neonatal studies have shown a protective role for elevated hepcidin against various bacterial infections in children (45, 46). In the context of these data, it is clear that we and others confirm increased levels of hepcidin during severe inflammatory/infectious events such as septic shock, COVID-19, and the SIRS-like post-surgery inflammatory status.

While significant changes in hepcidin levels have been reported during infectious events such as sepsis and COVID-19, our results show for the first time that circulating hepcidin also reflects the activation of the immune system in the absence of invading pathogens. This finding contrasts with previous data showing a correlation between hepcidin expression and the infection state in a patient with epididymitis and sepsis, suggesting a direct effect of bacteria on hepcidin levels (47). Similarly, other studies reported that hepcidin levels decreased during the course of successful patient antibiotic therapy (48, 49). Based on our data, we speculate that this antibiotic therapy instead had an indirect effect on the observed gradual decrease in hepcidin levels, since hepcidin expression was also induced by non-pathogenic intrinsic stimuli and persisted at increased levels long after the period when patients were treated with antibiotics.

Interestingly, we observed similar levels of hepcidin in the COVID-19, septic shock, and orthopedic cohorts during TP1, indicating a stronger influence by general inflammatory mediators and overall immune dysregulation than by specific infectious vectors. Contrary to hepcidin, we found that ferritin levels were six-fold and four-fold higher in the COVID-19 and septic shock cohorts, respectively, in comparison to the orthopedic cohort. Although ferritin has previously been found to reflect the development of severe complications in COVID-19 (50), we did not observe any significant difference in the levels of hepcidin or ferritin between COVID-19 survivors and 28D non-survivors.

We subsequently analyzed the hepcidin-to-ferritin ratio, which showed a significant ability to predict 5D and 28D mortality in septic shock patients. It was previously reported that, in some clinical settings, the expression of hepcidin and ferritin can be fully driven by inflammation and not only by the regular need to mediate iron metabolism (7). During inflammation, elevation of hepcidin and the subsequent reduction in iron availability lead to impaired hemoglobin synthesis, followed by the development of anemia of inflammation (16). Moreover, under inflammatory conditions, rapid synthesis of ferritin leads to the generation of ferritin with a significantly lower amount of bound iron than in healthy conditions and even more contributing to the anemia of inflammation (51, 52). In COVID-19, meanwhile, the overall condition is also affected by the hepcidin-mimicking spike protein of SARS-CoV-2, which can increase ferritin levels independently of inflammatory stimuli (27). This could explain progressive anemia and hyperferritinemia in COVID-19 (53, 54).

Our study showed that the levels of hepcidin and ferritin at TP1 behaved differently in the septic shock and COVID-19 cohorts: in the former, the expression of both proteins was independent, while in the latter, their expression levels were positively correlated. These data indicate that, although COVID-19 and septic shock share similar illness manifestations such as cytokine storm, there are still differences in illness etiology and progression that likely influence hepcidin and ferritin levels. Therefore, although associations between hepcidin or ferritin levels and disease severity have been observed multiple times (22, 38–41), they cannot be used universally as predictors for mortality. However, hepcidin remains a reliable marker of early sepsis onset due to its expression kinetics, with elevated levels observable early after induction by various pathogenic and non-pathogenic stimuli. Other iron indicators can be used to validate the importance of iron, especially transferrin as it`s levels can be also affected during infection or inflammation. In COVID-19 infection Claise et al. have shown that transferrin levels were decreased during severe infection in comparison to boosted levels of ferritin (55), this corroborates our ferritin levels observations.

The etiology and immune mechanisms underlying inflammatory disease connects with use of hepcidin and ferritin as markers for predicting mortality. It was previously reported that the expression of hepcidin was induced mainly by the IL-6 signaling. Notably, adipocytes are an important source of IL-6 (56), and blocking of the IL-6 axis leads to the accumulation of adipose tissue mass and subsequently increased IL-6 production (57). Our study revealed a significant difference in BMI between the COVID-19 and septic shock cohorts at TP1, correlating with changes in IL-6 which we have reported earlier in sepsis cohorts (15). Our data also indirectly confirmed one of the hallmarks of organism aging – namely, we observed higher hepcidin levels in the elderly orthopedic cohort in comparison to the younger healthy controls (HC). We suggest that a role of chronic low-grade inflammation in hepcidin induction should be considered in future research, since IL-6 is a well-known player in low-grade inflammation. Indeed, dysbiosis needs to be taken into consideration also in the context of chronic inflammation (58–60) and its contribution to hepcidin production. Microbiota can modulate many mutual processes within host (61, 62), and its composition is heavily affected during COVID-19 or sepsis, where can represents source of further stimulation molecules leading to endotoxemia. The complex mutual mechanism may provide multiple targets to take therapeutical advantage for better infection control.

In summary (Figure 4), we report here that hepcidin levels were significantly increased during the onset of septic shock, in severe COVID-19, and shortly after major surgery, demonstrating its value as a very early marker of immune system activation in pathogenic and non-pathogenic inflammatory contexts. Corresponding increases in ferritin appeared to be more specific for different causes of inflammation onset: ferritin levels clearly increased in the septic shock and COVID-19 cohorts compared to healthy controls, but only a small significant increase was observed after surgery in the orthopedic cohort. Importantly, we have established a significant diagnostic value of the hepcidin-to-ferritin ratio for predicting mortality in septic shock patients, while this ratio failed to predict the prognosis of COVID-19 in our tested cohort. These findings confirm hepcidin as a potent marker of septic shock and of other acute inflammatory pathologies under certain conditions, and we believe that hepcidin can serve as valuable marker in various clinical settings. Nevertheless, this study has several limitations, namely the number of enrolled patients in all cohorts recruited from single center, or numerous comorbidities of enrolled patients, which can influence the levels of hepcidin and ferritin. Based on these limitations, validation of our data will be required. Future studies will be necessary to define how the observed discrepancies in hepcidin dynamics are driven within different inflammatory and pathological contexts.




Figure 4 | Graphical summarization of obtained results. Activation by sterile inflammation, but also by pathogens lead to increased production of hepcidin at the same manner. Subsequently, the same activation leads to pathogen dependent production of ferritin. In septic shock had levels of hepcidin and ferritin inverse dynamics based on survivorship and led us to prepare hepcidin-ferritin ratio with capacity to predict the prognosis of septic shock patients.
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Recruited patients, n 10 29 8 9

Gender

Female, n (%) 11 (27.5) 1(37.9) 4 (50) 4 (44.4)
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Mech. ventilation, n (%) 40 (100) 26 (89.7) - -

Values represent the mean, with the range shown in parentheses, unless otherwise indicated. Asterisks indicate significant differences between the COVID-19 and septic shock cohorts, hashes indicate
significant difference between septic shock and healthy cohorts, and dollar shows significant difference between orthopedic and healthy cohorts. All data were tested using the Kruskal-Wallis test with
Dunn’s post-hoc test (for multiple comparisons) or the Mann-Whitney test (for two-group comparisons). *P < 0.05, **P < 0.01, ***P < 0.001. BMI, body mass index; CRP, C-reactive protein;
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SOFA, sequential organ failure assessment. ****P < 0.001, *°P < 0.01.





