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Background: A better understanding of COVID-19 immunopathology is needed to identify the most vulnerable patients and improve treatment options.

Objective: We aimed to identify immune system cell populations, cytokines, and inflammatory markers related to severity in COVID-19.

Methods: 139 hospitalized patients with COVID-19−58 mild/moderate and 81 severe/critical—and 74 recovered patients were included in a prospective longitudinal study. Clinical data and blood samples were obtained on admission for laboratory markers, cytokines, and lymphocyte subsets study. In the recovered patients, lymphocyte subsets were analyzed 8–12 weeks after discharge.

Results: A National Early Warning Score 2 >2 (OR:41.4; CI:10.38–167.0), ferritin >583 pg/mL (OR:16.3; CI: 3.88–69.9), neutrophil/lymphocyte ratio >3 (OR: 3.5; CI: 1.08–12.0), sIL-2rα (sCD25) >512 pg/mL (OR: 3.3; CI: 1.48–7.9), IL-1Ra >94 pg/mL (OR: 3.2; IC: 1.4–7.3), and IL-18 >125 pg/mL (OR: 2.4; CI: 1.1–5.0) were associated with severe/critical COVID-19 in the multivariate models used. Lower absolute values of CD3, CD4, CD8, and CD19 lymphocytes together with higher frequencies of NK cells, a CD4 and CD8 activated (CD38+HLA-DR+) memory T cell and effector memory CD45RA+ (EMRA) phenotype, and lower T regulatory cell frequencies were found in severe/critical patients relative to mild/moderate and recovered COVID-19 patients. A significant reduction in Th1, Tfh1, and Tc1 with higher Th2, Tfh2, Tc2, and plasma cell frequencies was found in the most severe cases.

Conclusion: A characteristic hyperinflammatory state with significantly elevated neutrophil/lymphocyte ratio and ferritin, IL-1Ra, sIL-2rα, and IL-18 levels together with a “low T1 lymphocyte signature” was found in severe/critical COVID-19 patients.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been afflicting humanity since it was first described in Wuhan City, China, in December 2019 (1, 2). As of 27 October 2021, there have been 244.737.391 confirmed cases worldwide (3). Clinical presentation of COVID-19 ranges from asymptomatic cases to fatal disease. Most patients (80%) display an asymptomatic or moderate disease, but others can develop a respiratory illness requiring hospital care. Pulmonary disease can progress to acute respiratory distress syndrome (ARDS) (4, 5). Several risk factors like age, sex, and comorbidities (6), and various aspects of the immune response to SARS-CoV-2 have been related to disease severity (7). Despite great advances in the understanding of COVID-19 over the last year and a half, we are far from knowing the importance of the different components of the innate and adaptive immune system in the strength and durability of the immune response to SARS-CoV-2 and the degree of severity of the disease, and even the possible implications of the immune response in the long-COVID-19 immunopathology. Improving our understanding of the immunopathology of COVID-19 is urgently needed to identify the most vulnerable patients and to develop successful treatments and vaccines.

The immune response to SARS-CoV-2 in non-severe patients is similar to other antiviral responses. A transient innate immune response occurs followed by an adaptive immune response with an increase in T follicular helper (Tfh) cells and specific B cells, and activation of T helper (Th)1 CD4 T cells and cytotoxic CD8 T cells (8–10). Antibodies to SARS-CoV-2 are generated and response contracts as the disease resolves. However, hyperactivity of the innate immune system with hyperinflammation and deregulation of the adaptive immune response is present in critical patients (7, 11). There is great interest in finding clinical and laboratory parameters to predict the development of critical symptoms in newly diagnosed patients (12), as reflected in several attempts to develop a COVID-19 score to aid in clinical management and treatment decisions (13, 14). Moreover, the study of the different cell populations of the immune system according to disease severity in COVID-19 patients may provide substantial information on the role of the adaptive immune response on the course of the disease (9, 15). The combination of information on these cell subpopulations with other clinical and laboratory parameters may help to promptly identify patients likely to develop severe disease and eligible for personalized treatments.

Thus, the purpose of our study was to describe the different immune system cell populations, cytokines, and other inflammatory markers found in acute COVID-19 hospitalized patients with different clinical severities and to identify laboratory parameters and cell populations associated with severe/critical disease.



METHODS


Study Design

A prospective longitudinal study was designed. Patients admitted to Son Espases Hospital in Palma de Mallorca (Spain) between 01 August 2020 and 31 November 2020 with a positive nasopharyngeal swab RT-PCR test result for COVID-19 were enrolled in the study, and recovered patients recruited in the outpatient post-COVID-19 clinic during the same period were included exclusively in the flow-cytometry part of the study. The study was approved by the local Ethics Committee (Comité Ético de Investigación Clínica Illes Balears n° IB 4169/20 PI) and was performed in compliance with the Declaration of Helsinki. All participants provided a written informed consent before participation in the study.



Patients

Clinical data were recorded from patients hospitalized with a COVID-19 diagnosis, and blood samples were obtained within the first 48 h of admission. In the recovered patient group, a blood sample to study lymphocyte subsets was obtained 8–12 weeks after being discharged. Clinical and demographic data retrieved from the participants' electronic medical records included age, gender, comorbidities, and the National Early Warning Score (NEWS)-2 (16) on admission. The severity of signs and symptoms developed during hospitalization was categorized as mild/moderate (grade 1), severe (grade 2), and critical (grade 3). Mild to moderate disease was established when the patient had symptoms without pneumonia or with mild pneumonia; severe disease was established when dyspnoea was associated with a respiratory rate ≥30/min or blood oxygen saturation <93%, or a partial pressure of arterial oxygen to fraction of inspired oxygen ratio <300, and/or lung infiltrates >50% within 24–48 h from admission; and critical disease was established for cases with respiratory failure, septic shock, and/or multiple organ dysfunction or failure (17). Patients were treated during hospitalization in accordance with international COVID-19 treatment guidelines valid during the study period. Blood samples were always obtained in the first 24–48 h of admission when some severe and critical patients had already started corticosteroids, but no anti-IL6 receptor monoclonal antibodies. The most severe category developed during hospitalization was selected to classify patients, and in all cases the highest degree of severity occurred in the first 72 h of admission.



Hematological and Biochemical Parameters

Routine blood examinations included leukocyte, neutrophil, and lymphocyte counts (cells*103/μL) and percentages. Serum biochemical parameters recorded were ferritin (ng/L) determined by chemiluminescence immunoassay in Architect i2000 analyser (Abbot), C-reactive protein (CRP) (mg/dL), and D-dimer (μg/L) quantified by immunoturbidimetry in Architect c16000 (Abbot) and ACL TOP 700 (Instrumentation Laboratory), respectively. We used a chemiluminescence assay (IMMULITE, Siemens, Germany) to determine serum soluble IL-2 receptor alpha (sIL-2rα or sCD25), and a human cytokine magnetic bead panel (Merck Millipore, Billerica, MA, USA) to measure levels of other cytokines associated with “cytokine storm”: IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-6, IL-8, IL-17A, IL-18, IL-22, interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), and IL-10.



Flow Cytometry

Cell surface marker expression was analyzed by flow cytometry using a BD FACSLyric cytometer and data analysis was performed with the FlowJo software, both from Becton-Dickinson.

A surface staining protocol was applied to study the distribution of different cell subpopulations in peripheral blood. Briefly, 50 μL of peripheral whole blood were incubated with different combinations of fluorochrome conjugated monoclonal antibodies 20 min at room temperature (25°C). Red blood cells were lysed for 10 min with 2 mL of FACS Lysing solution (Becton Dickinson) and washed with phosphate-buffered saline (PBS) before flow cytometry analysis. Combinations of the following monoclonal antibodies were used: anti-CD3-PerCPCy5.5, anti-CD4-V500, anti-CD8-APCR700, anti-CD19-PECy7, anti-CD56-FITC, anti-CD45-APCH7, anti-CD45-V500, anti-HLA-DR-V450, anti-CD25-PECy7, anti-CD127-APC, anti-CD45RA-BV605, anti-CXCR5-BB515, anti-CXCR3-APC, anti-CCR6-PE, anti-CCR7-APCR700, anti-CD27-APC, anti-IgD-V450, anti-CD38-PE, anti-CD38-PerCPCy5.5, and anti-CD24-PE, all from Becton-Dickinson.



Statistical Analysis

Categorical variables were expressed as numbers and percentages, and continuous variables as median and interquartile range (IQR) values. Proportions for categorical variables were compared between groups using the chi-squared test. Normal distribution was studied by plotting histograms and with the Shapiro-Wilk test. The t-test for independent groups and the Mann–Whitney U test were used for the comparison of continuous normally and not normally distributed variables, respectively. Correlation between variables was evaluated using Spearman's correlation test. Non-parametric Kruskall–Wallis and Mann–Whitney U tests were performed, respectively, to compare the difference between the three groups of patients classified as mild/moderate, severe/critical, and recovered, and the two groups classified as mild/moderate and severe/critical. Receiver operating characteristic (ROC) curves were used to assess the prognostic value of the biological markers. A prognostic value for the development of severe/critical disease was considered when the area under the ROC curve was >0.65; the optimal cut-off value providing the best trade-off between sensitivity and specificity was selected with the Youden index. Univariate and multivariate age-adjusted logistic regression analyses were performed to explore the association between laboratory parameters and the risk of developing critical disease, using the values provided by the Youden index as cut-off points. All statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) version 22.0 software (SPSS Inc.) or GraphPad Prism (version 8.0 La Jolla, Ca USA). Two-sided P-values of < 0.05 were considered statistically significant.




RESULTS


Patient Characteristics and Classification

Two hundred and thirteen COVID-19 patients agreed to participate and were included in the study: 139 patients diagnosed and hospitalized with acute COVID-19, and 74 recovered patients. Hospitalized patients had a median age of 52.0 years (p25–p75: 43.0–64.0) and 74 (53.2%) were men. COVID-19 was considered mild/moderate in 58 (41.7%), severe in 60 (43.2%), and critical in 21 (15.1%) patients. Three (2.2%) patients died. The most commonly associated comorbidities were hypertension (33.1%), dyslipidaemia (28.1%), obesity (Body Mass Index >30, 23.7%), and cardiomyopathies (13.7%). We performed an initial analysis and comparison of the three different groups and found very similar disease trajectories between severe and critical patients (data not shown). We therefore decided to consider severe and critical patients as a single group. Severe/critical disease was significantly more frequent in men (50/74 men developed severe disease vs. 31/65 women, P = 0.028). Compared to patients with mild/moderate disease, patients with severe/critical COVID-19 were significantly older median age 56.0 (p25–p75: 45.0–67.0) vs. 49.0 (p25–p75: 38.0–60.5). NEWS2 score median value on admission was 0.0 (p25–p75: 0.0–0.0) in patients with mild/moderate disease and 4.0 (p25–p75: 2.0–5.0) in patients who developed severe or critical COVID-19 (P < 0.001). Recovered patients had a median age of 56.0 years (p25–p75: 48.0–66.0) and 36 (48.6%) were men. COVID-19 had been mild/moderate in 35 (47.3%) and severe or critical in 39 (52.7%).



Laboratory Markers and Cytokines on Admission

Significant laboratory marker and cytokine levels on admission in mild/moderate and severe/critical patients are shown in Table 1. IFN-γ, IL-1β, IL-17, and IL-22 have been excluded, since levels were undetectable in most cases and/or no significant differences between median levels in these groups were observed. Compared with patients with mild/moderate disease, patients who developed severe/critical disease had a significant lower absolute lymphocyte count and a higher neutrophil/lymphocyte ratio (NLR) as well as high levels of ferritin, D-dimer, IL-6, IL-10, sIL-2rα (sCD25), IL-1Ra, IL-18, and complement factor C3 (Table 1).


Table 1. Comparison of laboratory markers and cytokine levels in mild/moderate and severe/critical COVID-19.
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Lower Absolute Lymphocyte Counts and Higher Natural Killer (NK) Cell Frequencies in Severe/Critical Patients Compared With Mild/Moderate and Recovered COVID-19 Patients

Lower absolute counts of CD3, CD4, CD8, and CD19 lymphocytes were detected in severe/critical patients compared with recovered (all p-values < 0.001) and mild/moderate patients (p < 0.001, p < 0.001, p < 0.001, p < 0.01, respectively). No differences were found in NK absolute numbers between groups (Figure 1A). These results could be a reflection of the characteristic lymphopenia observed in COVID-19 patients. To avoid the influence or bias derived from lymphopenia, the rest of the study was therefore performed considering the frequencies of the distinct subpopulations within each major population. Percentages of CD3 and CD4 cells were lower in severe/critical patients compared with mild/moderate (both p-values < 0.001) and recovered patients (both p-values < 0.001). The percentage of NK cells was higher in severe/critical patients compared with mild/moderate (both p-values < 0.001) and recovered patients (both p-values < 0.001). No differences were found in the percentages of CD8 and CD19 lymphocytes between the different groups (Figure 1B).


[image: Figure 1]
FIGURE 1. Lower lymphocytes absolute number and frequency and higher NK frequency in severe/critical COVID-19 patients. Absolute numbers (A) and frequency (B) of peripheral blood cell populations (CD3, CD4, CDS, CD19 and NK) in mild/moderate (light gray circles), severe/critical (dark gray circles) and recovered (white circles) groups of patients. Each dot represents an individual patient. Data are given as mean (Kruskal–Wallis test P-values: **P < 0.01; ***P < 0.001).




Switch to an Activated (CD38+HLA-DR+) and Effector Memory CD45RA+ (EMRA) Phenotype in Severe/Critical Patients Compared With Recovered and Mild/Moderate COVID-19 Patients

We also evaluated the activation status and the distribution of CD4 and CD8 memory T cell subpopulations and T regulatory (Treg) cells in the three groups of patients. There was a lower Treg cell frequency in severe/critical patients compared with recovered patients (p < 0.001). Treg cell frequency was also lower in the mild/moderate group, but the difference was not significant (Figure 2A). The frequency of activated CD38+HLA-DR+CD4+ cells and activated CD38+HLA-DR+CD8+ cells was significantly higher in severe/critical patients compared with mild/moderate (p < 0.001, p < 0.01, respectively) and recovered patients (both p-values < 0.001) (Figure 2A). Naïve CD4 T cell (CD45RA+CCR7+CD4+) frequency was higher in severe/critical patients vs. recovered patients (p < 0.05). The frequencies of T effector memory CD4 (CD45RA-CCR7-CD4+) and CD8 (CD45RA-CCR7-CD8+) cells were lower in both mild/moderate and severe/critical patients than in recovered patients, although the differences were more pronounced for the severe/critical group (p < 0.01, p < 0.001, respectively). Similarly, severe/critical patients had fewer T central memory CD4 (CD45RA-CCR7+CD4+) and CD8 (CD45RA-CCR7+CD8+) cells than recovered patients (p < 0.01, p < 0.05, respectively). The frequency of the EMRA CD4 and CD8 phenotype characterized by effector memory T cells re-expressing CD45RA was significantly higher in severe/critical patients compared with recovered (both p-values < 0.001) and mild/moderate patient groups (p < 0.05, p < 0,01, respectively) (Figure 2B).
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FIGURE 2. Lower regulatory T cells and higher activated (CD38+HlA-DR+) and EMRA phenotype CD4 and CDS frequency in severe/critical COVID-19 patients. Frequency of selected peripheral blood T cell populations (A,B) in mild/moderate (light gray circles), severe/critical (dark gray circles) and recovered (white circles) groups of patients. Each dot represents an individual patient. Data are given as mean (Kruskal–Wallis test P-values: *P < 0.05; **P < 0.01; ***P < 0.001). TEM, T effector memory; TCM, T central memory; EMRA, terminally differentiated effector memory cells re-expressingCD45RA.




Severe/Critical COVID-19 Patients Showed Higher Tfh2 and Th2 Cell Subpopulation Frequencies and Lower Tfh17.1, Tfh1, Th17.1, and Th1 Cell Subpopulation Frequencies

Severe/critical patients showed a significantly lower proportion of Tfh1 cells compared with recovered patients (p < 0.001), and of Tfh17.1 cells compared with mild/moderate (p < 0.001) and recovered groups (p < 0.05). Conversely, the percentages of Tfh2 and Tfh17 cells were significantly higher in severe/critical patients compared with recovered patients (both p-values < 0.05) (Figure 3A).
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FIGURE 3. Lower Tfhl, Thl, and Tel and higher Tfh2, Th2, and Tc2 cells frequency in severe/critical COVID-19 patients. Frequency of T follicular helper cells (A), T helper cells (B) and T cytotoxic cells (C) in mild/moderate (light gray circles), severe/critical (dark gray circles) and recovered (white circles) groups of patients. Each dot represents an individual patient. Data are given as mean (Kruskal–Wallis test P-values: *P < 0.05; **P < 0.01; ***P < 0.001). Tfh, T follicular helper; Th, T helper; Tc, T cytotoxic.


Non-follicular Th2 CD4 cell subpopulation frequencies were significantly higher in severe/critical patients than in mild/moderate or recovered patients (both p-values < 0.01). Th17.1 cell frequencies were lower in severe/critical patients than in their mild/moderate counterparts (p < 0.01) (Figure 3B). Th1 CD4 cell frequencies were lower in all hospitalized patients than in recovered patients (p < 0.01 for severe/critical and p < 0.05 for mild/moderate), while no differences between groups were detected for the Th17 CD4 cell subpopulation.

Differences were more pronounced in the effector CD8 subpopulations. In our cohort, all hospitalized patients had lower T cytotoxic (Tc)1 cell frequencies (both p-values < 0.001), and higher Tc2 and Tc17 cell frequencies than recovered patients (p < 0.001, p < 0.01 for severe/critical and p < 0.01, p < 0.001 for mild/moderate). Severe/critical patients had lower Tc17.1 frequencies than mild/moderate (p < 0.01) and recovered patients (p < 0.001) (Figure 3C).



Severe/Critical COVID-19 Patients Had Lower Frequencies of Memory and Double-Negative B Cells and Increased Frequencies of Naïve and Plasma Cells

Although no differences were found in the frequency of total CD19 B cells between hospitalized and recovered patients (Figure 1B), we aimed to study if there were differences in the B cell subpopulations. All hospitalized patients had significantly higher frequencies of naïve B cells (p < 0.001 and p < 0.05) and lower frequencies of non-switched and switched memory B cells than recovered patients, although differences were more pronounced for severe/critical patients (both p < 0.001 for severe/critical, p < 0.05 for mild/moderate). However, plasma cell frequencies were significantly increased only in severe/critical patients compared with recovered patients (p < 0.01) (Figure 4). No differences were found in transitional B cell frequencies, while a lower percentage of double-negative B cells was described in the severe/critical group compared with the recovered patients (p < 0.01) (Figure 4).
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FIGURE 4. Lower memory and “double negative” and higher naive and plasma B cells frequency in severe/critical COVID-19 patients. Frequency of peripheral blood B cell populations in mild/moderate (light gray circles), severe/critical (dark gray circles) and recovered (white circles) groups of patients. Each dot represents an individual patient. Data are given as mean (Kruskal–Wallis test P-values: *P < 0.05; **P < 0.01; ***P < 0.001). nsm B, non-switch memory B; smB, switch memory B.


Neither statistically significant correlations nor severity-adjusted correlations were found between cell subpopulations and the NEWS2 score or any laboratory marker/cytokine (data not shown).



Prognostic Values for the Development of Severe and Critical Disease

A prognostic value of the clinical and biological markers was found for the NEWS2 score, ferritin, CRP, NLR, sIL-2rα (sCD25), IL-1Ra, and IL-18 as well as for activated CD4 and CD8, EMRA CD8, and Tc2 (Figure 5). Cut-off values and ORs (95% CI) for the risk of developing severe/critical COVID-19 in the univariate and multivariate analyses for NEWS2, ferritin, CRP, and NLR (model 1), for the cytokines sIL-2rα (sCD25), IL-1Ra, and IL-18 (model 2), and for activated CD4 and CD8, NK, Tc2, and EMRA CD8 (model 3) are presented in Table 2.
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FIGURE 5. Performance of ROC curves in predicting severe/critical COVID-19 disease for News-2, Ferritin, NLR and CRP (A), sCD25s, 111Ra, and IL1S (B) and activated CD4 and CDS, NK, Tc2 and EMRA CDS (C).



Table 2. Cut-off values and ORs (95% CI) for the risk of developing severe/critical COVID-19 in the univariate and multivariate analyses for News-2, Ferritin, CRP and NLR (model 1), for the cytokines sCD25, IL1Ra and IL18 (model 2) and for activated CD4 and CD8, NK, Tc2 and EMRA CD8 (model 3).
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DISCUSSION

Immune response to SARS-CoV-2 resembles other antiviral responses in non-severe individuals, with a rapid activation of the innate immune response that contains the viral spread while the adaptive immune response develops. Patients who recover from the disease develop both neutralizing antibodies and virus specific memory T cells (18), indicating that both T and B cells are important players in the response. Patients unable to contain the virus in the acute phase develop a hyperinflammatory state causing a cytokine storm and exhaustion of the adaptive response that results in severe disease and eventually death. Identifying immune dysfunction patterns common to severely ill patients will allow to anticipate which patients will require Intensive Care Unit (ICU) admission and help to identify potential therapeutic targets.

In this study, we compared the immune phenotypes of 58 mild/moderate, 81 severe/critical, and 74 recovered patients. There was clear evidence of a hyperinflammatory state in the severe/critical group of patients, with higher levels of proinflammatory cytokines (IL-6, IL-18), IL-1Ra, sIL-2rα (sCD25), IL-10, ferritin, D-dimer, and complement factor C3. Severe/critical patients exhibited generalized lymphopenia but normal NK cell numbers. A decrease in CD3+ T cell frequency (explained mostly by a CD4+ decrease) and an increase in NK cells were evident in the severe/critical group. CD4+ and CD8+ T cells had an increased activated (HLA-DR+ and CD38+) and EMRA phenotype, and an increased Tfh2, Th2, and Tc2, and decreased Tfh17.1, Th17.1, and Tc17.1 phenotype in severe/critical patients. Severe/critical patients had significantly higher frequencies of naïve and plasma B cells and lower frequencies of non-switched and switched memory B cells than recovered patients.

Hyperferritinaemia and high sIL-2rα (sCD25) levels are included in the diagnostic criteria of haemophagocytic lymphohistiocytosis and have been related to severity and mortality in COVID-19 in several studies (11, 19, 20) and in a meta-analysis (21). An association between increased in-hospital death risk and D-dimer >1 μg/mL has also been found (22, 23). High levels of the complement component C3, point of convergence of the three complement activation pathways, may also be related to the hyperinflammatory state, as described in acute infections and metabolic syndrome (24, 25). Therapeutic C3-targeted interventions are under investigation in COVID-19 (26).

Proinflammatory cytokines, including IL-6, IL-7, IL-8, TNF-α and others, and the anti-inflammatory cytokine IL-10 have been widely associated to disease severity and death in COVID-19 (7, 11, 27–30), but their use and usefulness in routine clinical practice is still debated. The elevated serum IL-1Ra levels found in our severe/critical patients probably reflect elevated levels of IL-1β that remain undetected due to the short half-life of this cytokine. In our study, IL-18 levels were significantly elevated in severe/critical patients compared with mild/moderate patients. IL-18, a surrogate marker of inflammasome activation, has recently been described as a promising marker of COVID-19 severity (31–33). In response to SARS-CoV-2, the NLRP3 inflammasome activates caspase-1, which cleaves gasdermin D and the precursor cytokines pro-IL-1β and pro-IL-18, initiating pyroptosis and maturation of IL-1β and IL-18. Most patients who develop severe/critical COVID-19 have risk factors (obesity, diabetes, heart disease, hypertension, or aging) characterized by chronic inflammasome activation that may account for the progression to respiratory failure in the context of chronic inflammation (34). However, we did not find higher levels of IL-18 in severe/critical patients with any of the above risk factors compared with those without them (data not shown), which supports its role as an independent marker of severity. New therapies that inhibit NLRP3 are under investigation, and phase II clinical trials are ongoing (34).

In our study and others (6, 11, 35), patients who developed severe/critical disease had a significantly elevated NLR related to lymphopenia and these markers have been included in previously proposed severity scores (13, 14). The pathogenesis of peripheral blood lymphopenia has not yet been fully elucidated, and many factors seem to be implicated: apoptosis (36), pyroptosis mediated by inflammasome activation (32), direct cytopathic effect of the virus, and lymphocyte infiltration and sequestration in the lungs.

We observed a decrease in the CD3+ T cell frequency (explained mostly by a CD4+ decrease) and an NK cell increase in the severe/critical group. CD4+ and CD8+ T cells showed an increased activated (HLA-DR+ and CD38+) and EMRA phenotype in severe/critical patients and higher frequencies of naïve and plasma B cells with lower frequencies of non-switched and switched memory B cells. Robust CD4 activation and proliferation, decreased T follicular cells, increased plasmablast response, and exhausted CD8 T cells has been described as a phenotype associated with severe disease, while classical CD8 response with low CD4 and plasmablast response represents a more favorable immune landscape (9). The increase in HLA-DR and CD38 expression associated with activation of CD8 and CD4 T cells in critical COVID-19 patients (37) has already been found in association with an increased frequency of terminally differentiated EMRA CD4+ and CD8+ cells. Activated T cells can be recruited to infection sites to fight viruses by secreting cytokines, promoting cytotoxicity but also pathogenicity and causing severe disease. The presence of highly activated T cells in COVID-19 patients has been related to a senescent phenotype and the expression of inhibitory receptors, suggesting that these cells are exhausted. However, Shahbaz et al. have demonstrated decreased but highly activated T cells in COVID-19 patients. In these cells, upregulation of coinhibitory receptors was accompanied by an increased cytokine production capacity, reflecting an activated rather than exhausted phenotype (38). Treg cell frequency was decreased in both groups of hospitalized patients compared with recovered patients, although the difference was only statistically significant for severe/critical patients. Thus, this scenario of immune hyperactivation described in our severe/critical patients could be related to overstimulation secondary to the hyperinflammatory state or a lack of regulation by Treg cells.

Our major contribution is the comprehensive characterization of helper, follicular, and Tc subpopulations performed in this study. A variety of CD4+ T cell subsets can participate in a humoral immune response through common patterns of cytokine production (39). A decrease in the percentage of Th1 cells was already evident in the mild/moderate forms of the disease and was accompanied by a decrease of the Th17.1 and an increase of the Th2 subpopulations in the severe/critical form. A negative clinical course in COVID-19 patients has been related to an underrepresentation of the Th1 subset (15). Th1 lymphocytes are essential for the immune response to intracellular microorganisms and viruses through the secretion of IL-2 and IFN-γ which activates CD8+ cytotoxic cells that destroy virus infected cells (40). Moreover, antibody response to SARS-CoV-2 correlates with the Th1 response (41). A higher percentage of senescent Th2 cells has been found in patients who died than in those who survived, and it has been considered as an independent risk factor for death (42). Roncati et al. found evidence of Th2 response in COVID-19 patients requiring intensive care (43). We did not find differences in the Th17 subpopulation. There is controversy on the role of Th17 response in COVID-19. Evidence suggests that it plays an important role in the pathogenesis of COVID-19 through the release of IL-17 and GM-CSF, promotion of neutrophil migration, induction of Th2 and inhibition of Th1 differentiation, and downregulation of Treg response (44). However, efficacy of secukinumab, an anti-IL-17 monoclonal antibody, was not demonstrated in a phase II controlled trial (45). Follicular T cells are essential for B cell proliferation, survival, differentiation, and antibody responses. Eisenbarth et al. in their opinion article, propose a uniform nomenclature for follicular T cells. They emphasize the plasticity of the Tfh subset and its capacity for interconversion with other T cell subsets (39). We also found an altered distribution of Tfh populations in our severe/critical group. There was an analogous increase of both Tfh2 and Tfh17 frequency together with a decrease in Tfh1 frequency in severe/critical patients compared with recovered patients. Moreover, there was a decrease in Tfh17.1 cells in severe/critical patients compared with mild/moderate and recovered patients. We also found a strikingly altered distribution of Tc populations in our COVID-19 patients. Both hospitalized groups showed a high Tc2 and Tc17 and a low Tc1 cell frequency relative to recovered patients. However, there was a decrease in the proportion of Th17.1 cells only in severe/critical patients compared with mild/moderate and recovered patients. Considering all three T cell population responses as a whole, we detected an underrepresentation of T1 and T17.1 response and an overrepresentation of Th2 and Th17 in severe/critical patients.

Although no differences were found in the frequencies of total B lymphocytes between the different groups of patients, subpopulation distribution was strikingly different. Previous studies have shown a correlation between the frequency of memory B cells, both non-switched and switched, and disease resolution (46). A decrease in both non-switched and switched memory B cells and an increase in naïve B cells accompanied by a corresponding increase in the naïve subpopulations was a common finding in our hospitalized patients, although it was more pronounced in the severe/critical group. This may represent exhaustion and overactivation of these subpopulations (9, 47–49). A high proportion of plasma cells was a characteristic of the severe/critical group. The mechanism and relevance of the plasma cell increase and the relationship with severity is unclear although it has been related to the early production of anti-SARS-CoV-2 antibodies (50, 51). Several studies have demonstrated a correlation between the frequency of plasmablasts and the severity of the disease in other viral infections (52). In our case, the percentage of double-negative B cells was decreased in the severe/critical group. Although the function of the different subpopulations of double-negative B cells has not been elucidated, some authors have described altered distributions of subpopulations of these cells in COVID-19 patients related to severity (53). Thus, the severity of the disease is related to a progressive decrease in memory B cell populations that characteristically culminates in an increase of plasma cells in the more severely ill patients. These populations return to baseline levels as patients recover.

Our study has some important limitations. It was conducted in a single center with a limited number of patients and, since only peripheral blood was analyzed, no correlations with immunological changes in bronchoalveolar lavage fluid were determined.

In conclusion, the determination of several cytokines, notably IL-18 and sIL-2rα (sCD25), and the flow-cytometry analysis of activated CD4, CD8, NK, Tc2 CD8, and EMRA CD8 cells on admission may have a prognostic value, but it does not replace other laboratory parameters such as ferritin, CRP, or NLR, nor the easy-to-perform clinical NEWS2 score. However, our results contribute to the understanding of COVID-19 immunopathology and add relevant information on the involvement of the adaptive immune system in the physiopathology of severe forms of COVID-19. Evaluating the immunophenotype of relevant peripheral blood subpopulations may help to identify those patients at risk of a critical disease course and apply early therapeutic measures to control disease severity. It may also provide clues for specific interventions to restore the balance of the adaptive immune system subpopulations involved in the severity of the disease.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The study was approved by the local Ethics Committee (Comité Ético de Investigación Clínica Illes Balears no. IB 4169/20 PI). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MG-G, MB-R, and JF: conception and design of the work, acquisition, analysis and interpretation of data, and drafting the work and revising it. JP, NM-P, MR, and JM: conception and design of the work and revising the manuscript critically for important intellectual content. AR, AI, IL-A, AF-C, and AB: acquisition and analysis of the data and revising the manuscript critically for important intellectual content. All authors provided approval for publication of the content and agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a grant from Instituto Salud Carlos III [grant number COV20/00943]. Publishing fees were supported by Fundació Institut d'Investigació Sanitària Illes Balears – IdISBa.



ABBREVIATIONS

COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T reg, T regulatory; Tfh, T follicular helper; Th, T helper; Tc, T cytotoxic; NK, natural killer; sIL-2rα, serum soluble IL-2 receptor Alpha; IL-1Ra, IL-1 receptor antagonist; IFN, interferon; TNF-α, tumor necrosis factor alpha; NLR, neutrophil/lymphocyte ratio; EMRA, effector memory T cells reexpressing CD45RA.



REFERENCES

 1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients with pneumonia in China, 2019. N Engl J Med. (2020) 382:727–33. doi: 10.1056/NEJMoa2001017

 2. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 3. Johns Hopkins Center for Systems Science and Engineering (CSSE). Available online at: https://coronavirus.jhu.edu/map.html (accessed october 27, 2021).

 4. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical characteristics of coronavirus disease 2019 in China. N Engl J Med. (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

 5. Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak in china: summary of a report of 72 314 cases from the chinese center for disease control and prevention. JAMA. (2020) 323:1239–42. doi: 10.1001/jama.2020.2648

 6. Berenguer J, Ryan P, Rodríguez-Baño J, Jarrín I, Carratalà J, Pachón J, et al. Characteristics and predictors of death among 4,035 consecutively hospitalized patients with COVID-19 in Spain. Clin Microbiol Infect. (2020) 26:1525–36. doi: 10.1016/j.cmi.2020.07.024

 7. Zhang X, Tan Y, Ling Y, Lu G, Liu F, Yi Z, et al. Viral and host factors related to the clinical outcome of COVID-19. Nature. (2020) 583:437–40. doi: 10.1038/s41586-020-2355-0

 8. Thevarajan I, Nguyen THO, Koutsakos M, Druce J, Caly L, van de Sandt CE, et al. Breadth of concomitant immune responses prior to patient recovery: a case report of non-severe COVID-19. Nat Med. (2020) 26:453–5. doi: 10.1038/s41591-020-0819-2

 9. Mathew D, Giles JR, Baxter AE, Oldridge DA, Greenplate AR, Wu JE, et al. Deep immune profiling of COVID-19 patients reveals distinct immunotypes with therapeutic implications. Science. (2020) 369:eabc8511. doi: 10.1126/science.abc8511

 10. Wong SS, Oshansky CM, Guo XJ, Ralston J, Wood T, Seeds R, et al. Severe influenza is characterized by prolonged immune activation: results from the SHIVERS cohort study. J Infect Dis. (2018) 217:245–56. doi: 10.1093/infdis/jix571

 11. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. dysregulation of immune response in patients with coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis. (2020) 71:762–8. doi: 10.1093/cid/ciaa248

 12. Tjendra Y, Al Mana AF, Espejo AP, Akgun Y, Millan NC, Gomez-Fernandez C, et al. Predicting disease severity and outcome in COVID-19 patients: a review of multiple biomarkers. Arch Pathol Lab Med. (2020) 144:1465–74. doi: 10.5858/arpa.2020-0471-SA

 13. Ji D, Zhang D, Xu J, Chen Z, Yang T, Zhao P, et al. Prediction for progression risk in patients with COVID-19 pneumonia: the CALL score. Clin Infect Dis. (2020) 71:1393–9. doi: 10.1093/cid/ciaa414

 14. Shang Y, Liu T, Wei Y, Li J, Shao L, Liu M, et al. Scoring systems for predicting mortality for severe patients with COVID-19. EClinicalMedicine. (2020) 24:100426. doi: 10.1016/j.eclinm.2020.100426

 15. Gutiérrez-Bautista JF, Rodriguez-Nicolas A, Rosales-Castillo A, Jiménez P, Garrido F, Anderson P, et al. Negative clinical evolution in COVID-19 patients is frequently accompanied with an increased proportion of undifferentiated th cells and a strong underrepresentation of the Th1 subset. Front Immunol. (2020) 11:596553. doi: 10.3389/fimmu.2020.596553

 16. Physicians RCo. National Early Warning Score (NEWS) 2: Standardising the assessment of acute-illness severity in the NHS. Updated report of a working party. London: RCP (2017). Available online at: www.rcplondon.ac.uk/projects/outputs/national-early-warning-score-news-2 (accessed July 20, 2020).

 17. Team TNCPERE. The Epidemiological Characteristics of an Outbreak of 2019 Novel Coronavirus Diseases (COVID-19) — China, 2020. Wuham: China CDC Weekly (2020). p. 113–22. doi: 10.46234/ccdcw2020.032

 18. Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, et al. SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-19. Nature. (2020) 587:270–4. doi: 10.1038/s41586-020-2598-9

 19. García-Gasalla M, Ferrer JM, Fraile-Ribot PA, Ferre-Beltrán A, Rodríguez A, Martínez-Pomar N, et al. Predictive immunological, virological, and routine laboratory markers for critical COVID-19 on admission. Can J Infect Dis Med Microbiol. (2021) 2021:9965850. doi: 10.1155/2021/9965850

 20. Hou H, Zhang B, Huang H, Luo Y, Wu S, Tang G, et al. Using IL-2R/lymphocytes for predicting the clinical progression of patients with COVID-19. Clin Exp Immunol. (2020) 201:76–84. doi: 10.1111/cei.13450

 21. Cheng L, Li H, Li L, Liu C, Yan S, Chen H, et al. Ferritin in the coronavirus disease 2019 (COVID-19): a systematic review and meta-analysis. J Clin Lab Anal. (2020) 34:e23618. doi: 10.1002/jcla.23618

 22. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet. (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3

 23. Lu H, Chen M, Tang S, Yu W. Association of coagulation disturbances with severity of COVID-19: a longitudinal study. Hematology. (2021) 26:656–62. doi: 10.1080/16078454.2021.1968648

 24. Copenhaver M, Yu CY, Hoffman RP. Complement components, C3 and C4, and the metabolic syndrome. Curr Diabetes Rev. (2019) 15:44–8. doi: 10.2174/1573399814666180417122030

 25. Kurtovic L, Beeson JG. Complement factors in COVID-19 therapeutics and vaccines. Trends Immunol. (2021) 42:94–103. doi: 10.1016/j.it.2020.12.002

 26. Mastellos DC, Pires da Silva BGP, Fonseca BAL, Fonseca NP, Auxiliadora-Martins M, Mastaglio S, et al. Complement C3 vs C5 inhibition in severe COVID-19: early clinical findings reveal differential biological efficacy. Clin Immunol. (2020) 220:108598. doi: 10.1016/j.clim.2020.108598

 27. Del Valle DM, Kim-Schulze S, Huang HH, Beckmann ND, Nirenberg S, Wang B, et al. An inflammatory cytokine signature predicts COVID-19 severity and survival. Nat Med. (2020) 26:1636–43. doi: 10.1038/s41591-020-1051-9

 28. Guo J, Wang S, Xia H, Shi D, Chen Y, Zheng S, et al. cytokine signature associated with disease severity in COVID-19. Front Immunol. (2021) 12:681516. doi: 10.3389/fimmu.2021.681516

 29. Chi Y, Ge Y, Wu B, Zhang W, Wu T, Wen T, et al. Serum cytokine and chemokine profile in relation to the severity of coronavirus disease 2019 in China. J Infect Dis. (2020) 222:746–54. doi: 10.1093/infdis/jiaa363

 30. Mulchandani R, Lyngdoh T, Kakkar AK. Deciphering the COVID-19 cytokine storm: systematic review and meta-analysis. Eur J Clin Invest. (2021) 51:e13429. doi: 10.1111/eci.13429

 31. Kerget B, Kerget F, Aksakal A, Aşkin S, Saglam L, Akgün M. Evaluation of alpha defensin, IL-1 receptor antagonist, and IL-18 levels in COVID-19 patients with macrophage activation syndrome and acute respiratory distress syndrome. J Med Virol. (2020) 93:2090–8. doi: 10.1002/jmv.26589

 32. Rodrigues TS, de Sá KSG, Ishimoto AY, Becerra A, Oliveira S, Almeida L, et al. Inflammasomes are activated in response to SARS-CoV-2 infection and are associated with COVID-19 severity in patients. J Exp Med. (2021) 218:e20201707. doi: 10.1084/jem.20201707

 33. Satiş H, Özger HS, Aysert Yildiz P, Hizel K, Gulbahar Ö, Erbaş G, et al. Prognostic value of interleukin-18 and its association with other inflammatory markers and disease severity in COVID-19. Cytokine. (2020) 137:155302. doi: 10.1016/j.cyto.2020.155302

 34. Vora SM, Lieberman J, Wu H. Inflammasome activation at the crux of severe COVID-19. Nat Rev Immunol. (2021) 21:694–703. doi: 10.1038/s41577-021-00588-x

 35. Huang W, Berube J, McNamara M, Saksena S, Hartman M, Arshad T, et al. Lymphocyte Subset Counts in COVID-19 Patients: A Meta-Analysis. Cytometry A. (2020) 97:772–6. doi: 10.1002/cyto.a.24172

 36. Cizmecioglu A, Akay Cizmecioglu H, Goktepe MH, Emsen A, Korkmaz C, Esenkaya Tasbent F, et al. Apoptosis-induced T-cell lymphopenia is related to COVID-19 severity. J Med Virol. (2021) 93:2867–74. doi: 10.1002/jmv.26742

 37. Wang Z, Yang X, Zhou Y, Sun J, Liu X, Zhang J, et al. COVID-19 severity correlates with weaker T-cell immunity, hypercytokinemia, and lung epithelium injury. Am J Respir Crit Care Med. (2020) 202:606–10. doi: 10.1164/rccm.202005-1701LE

 38. Shahbaz S, Xu L, Sligl W, Osman M, Bozorgmehr N, Mashhouri S, et al. The quality of SARS-CoV-2-specific T cell functions differs in patients with mild/moderate versus severe disease, and T cells expressing coinhibitory receptors are highly activated. J Immunol. (2021) 207:1099–111. doi: 10.4049/jimmunol.2100446

 39. Eisenbarth SC, Baumjohann D, Craft J, Fazilleau N, Ma CS, Tangye SG, et al. CD4(+) T cells that help B cells - a proposal for uniform nomenclature. Trends Immunol. (2021) 42:658–69. doi: 10.1016/j.it.2021.06.003

 40. Sercan O, Stoycheva D, Hämmerling GJ, Arnold B, Schüler T. IFN-gamma receptor signaling regulates memory CD8+ T cell differentiation. J Immunol. (2010) 184:2855–62. doi: 10.4049/jimmunol.0902708

 41. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell. (2020) 181:1489–501.e15. doi: 10.1016/j.cell.2020.05.015

 42. Gil-Etayo FJ, Suàrez-Fernández P, Cabrera-Marante O, Arroyo D, Garcinuño S, Naranjo L, et al. T-helper cell subset response is a determining factor in COVID-19 progression. Front Cell Infect Microbiol. (2021) 11:624483. doi: 10.3389/fcimb.2021.624483

 43. Roncati L, Nasillo V, Lusenti B, Riva G. Signals of T(h)2 immune response from COVID-19 patients requiring intensive care. Ann Hematol. (2020) 99:1419–20. doi: 10.1007/s00277-020-04066-7

 44. Martonik D, Parfieniuk-Kowerda A, Rogalska M, Flisiak R. The role of Th17 response in COVID-19. Cells. (2021) 10:1550. doi: 10.3390/cells10061550

 45. Resende GG, de Cruz LR, Lobe SQ, Medeiros AF, Costa e Silva AD, Sá ATN, Oliveira AJA, et al. Blockade of interleukin seventeen (IL-17A) with secukinumab in hospitalized COVID-19 patients – the BISHOP study. Cells. (2021) 10:1550. doi: 10.1101/2021.07.21.21260963

 46. Newell KL, Clemmer DC, Cox JB, Kayode YI, Zoccoli-Rodriguez V, Taylor HE, et al. Switched and unswitched memory B cells detected during SARS-CoV-2 convalescence correlate with limited symptom duration. PLoS ONE. (2021) 16:e0244855. doi: 10.1371/journal.pone.0244855

 47. De Biasi S, Lo Tartaro D, Meschiari M, Gibellini L, Bellinazzi C, Borella R, et al. Expansion of plasmablasts and loss of memory B cells in peripheral blood from COVID-19 patients with pneumonia. Eur J Immunol. (2020) 50:1283–94. doi: 10.1002/eji.202048838

 48. Kaneko N, Kuo HH, Boucau J, Farmer JR, Allard-Chamard H, Mahajan VS, et al. Loss of Bcl-6-expressing t follicular helper cells and germinal centers in COVID-19. Cell. (2020) 183:143–57.e13. doi: 10.1016/j.cell.2020.08.025

 49. Oliviero B, Varchetta S, Mele D, Mantovani S, Cerino A, Perotti CG, et al. Expansion of atypical memory B cells is a prominent feature of COVID-19. Cell Mol Immunol. (2020) 17:1101–3. doi: 10.1038/s41423-020-00542-2

 50. Jesenak M, Brndiarova M, Urbancikova I, Rennerova Z, Vojtkova J, Bobcakova A, et al. Immune parameters and COVID-19 infection - associations with clinical severity and disease prognosis. Front Cell Infect Microbiol. (2020) 10:364. doi: 10.3389/fcimb.2020.00364

 51. Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, et al. Characteristics of peripheral lymphocyte subset alteration in COVID-19 pneumonia. J Infect Dis. (2020) 221:1762–9. doi: 10.1093/infdis/jiaa150

 52. Garcia-Bates TM, Cordeiro MT, Nascimento EJ, Smith AP, Soares de Melo KM, McBurney SP, et al. Association between magnitude of the virus-specific plasmablast response and disease severity in dengue patients. J Immunol. (2013) 190:80–7. doi: 10.4049/jimmunol.1103350

 53. Sosa-Hernández VA, Torres-Ruíz J, Cervantes-Díaz R, Romero-Ramírez S, Páez-Franco JC, Meza-Sánchez DE, et al. B cell subsets as severity-associated signatures in COVID-19 patients. Front Immunol. (2020) 11:611004. doi: 10.3389/fimmu.2020.611004

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Garcia-Gasalla, Berman-Riu, Pons, Rodríguez, Iglesias, Martínez-Pomar, Llompart-Alabern, Riera, Ferré Beltrán, Figueras-Castilla, Murillas and Ferrer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-09-828678-g005.gif





OPS/images/fmed-09-828678-t001.jpg
Abs Lymph (mmd)
Feritin (ng/mL)
D-dimer (ng/mL)
NLR

CRP (mg/dL)

IL6 (pg/mL)

1L10 (pg/m)
slL-2ra (sCD25)(pg/mL)
IL-1Ra (pg/mL)
IL-8 (pg/mL)
1L-18 (pg/mL)
TNF-a (pg/mL)
Complement C3

Complement C4

Group 1
mild/moderate

(n=58)

1,770
(1,255-2,325)
223
(78-527)
170
(126-272)
18
(12-2.7)
42
(1.0-10.7)
1.2
(1.8-39.2)
155
(2.6-55.3)
578
(409-778)
106
(47.8-216)
51.4
(28.9-69.9)
114
(66.8-206)
230
(7.4-54.9)
135
(113-154)
330
(255-38.2)

Group 2
and3
severe/critical
(=81

940
(735-1,285)
763
(897-1292)
262
(185-467)
45
8.0-7.0
9.4
(4.0-16.3)
254
(7.0-72.2)
53.6
(85-102.1)
745
(684-965)
180
(105-358)
487
(25.1-79.1)
179
(113-822)
315
(145-68.1)
145
(131-159)
36.0
(285-48.0)

P-value

<0.001

<0.001

0.009

<0.001

0.138

0.007

0.006

0.003

0.045

0.190

<0.001

0.327

0.022

0.180

Median and IQR (p25-p75). COVID-19, coronavirus disease 2019; CRP, C-reactive
protein; IQR, interquartie range; NLR, neutrophilymphocyte ratio; IL-1Ra, IL-1 receptor
antegonist; TNF, tumor necrosis factor; slL-2ra, serum IL-2 receptor alpha; C3/C4,
complement factors C3 and C4. Bold values mean there is statistical significance.





OPS/images/fmed-09-828678-g003.gif





OPS/images/fmed-09-828678-g004.gif
Double Negative B

Transitional Cell

Ll

Plasma Cell






OPS/images/fmed-09-828678-t002.jpg
Variable Cutoff OR(95%CI)  OR(95% Cl)

univariate multivariate
model model
Model 1 News-2 2 27.7 (11.0-70.0)  41.4 (10.3-167.0)
Fertitin (ng/mL) 583 118(49-284)  16.3(38-69.9)
CRP (mg/dl) 53  11.0(4.9-245)  25(07-85)
NLR 30 4.12.0-85) 35 (1.0-12.0)
Model2  sCd25 (pg/mi) 512 39(1.7-89) 33(1.4-7.9)
IL1Ra (pg/mi) 940  39(18-84) 32(1.4-79)
1L18 (pg/m) 125 3.1(15-6.4) 24(1.1-5.0)
Model3  Activated CD4 (%) 5.1 4.6 (2.2-9.6) 22(0.9-5.4)"
Activated CD8 (%) 15.2 4.0(1.8-8.7) 1.7 (0.7-4.4y
NK (%) 176 50(23-109)  33(1.4-7.8)
Te2 (%) 233 32(1.6-6.7) 2.8(1.2-6.4)
EMRA CD8 (%) 535  62(1665) 20(09-4.5)

NLR, Neutrophillymphocyte ratio; CRP. C Reactive protein; Activated CD4, CD38+HLA-
DR+CD4+; Activated CD8, CD38+HLA-DR+CD8+; Tc2, CCR6-CXCR3-CD45-RA-
CD4-CD3+; EMRA CD8, CD45RA+CCR7-CD8+.

“Not statistically significant.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hyperinflammatory State and Low T1 Adaptive Immune Response in Severe and Critical Acute COVID-19 Patients



		Introduction



		Methods



		Study Design



		Patients



		Hematological and Biochemical Parameters



		Flow Cytometry



		Statistical Analysis







		Results



		Patient Characteristics and Classification



		Laboratory Markers and Cytokines on Admission



		Lower Absolute Lymphocyte Counts and Higher Natural Killer (NK) Cell Frequencies in Severe/Critical Patients Compared With Mild/Moderate and Recovered COVID-19 Patients



		Switch to an Activated (CD38+HLA-DR+) and Effector Memory CD45RA+ (EMRA) Phenotype in Severe/Critical Patients Compared With Recovered and Mild/Moderate COVID-19 Patients



		Severe/Critical COVID-19 Patients Showed Higher Tfh2 and Th2 Cell Subpopulation Frequencies and Lower Tfh17.1, Tfh1, Th17.1, and Th1 Cell Subpopulation Frequencies



		Severe/Critical COVID-19 Patients Had Lower Frequencies of Memory and Double-Negative B Cells and Increased Frequencies of Naïve and Plasma Cells



		Prognostic Values for the Development of Severe and Critical Disease







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Hyperinflammatory State and Low
T1 Adaptive Immune Response in
Severe and Critical Acute COVID-19
Patients





OPS/images/fmed-09-828678-g001.gif
-l
¢ e |l
<]






OPS/images/fmed-09-828678-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





