

[image: Different polarization and functionality of CD4+ T helper subsets in people with post-COVID condition]
Different polarization and functionality of CD4+ T helper subsets in people with post-COVID condition





ORIGINAL RESEARCH

published: 27 August 2024

doi: 10.3389/fimmu.2024.1431411

[image: image2]


Different polarization and functionality of CD4+ T helper subsets in people with post-COVID condition


Clara Sánchez-Menéndez 1,2,3, Olivia de la Calle-Jiménez 1,4,5, Elena Mateos 1,4, Lorena Vigón 6, Daniel Fuertes 7, María Aranzazu Murciano Antón 8,9, Esther San José 10, Valentín García-Gutiérrez 3, Miguel Cervero 11, Montserrat Torres 1,4 and Mayte Coiras 1,4*


1 Immunopathology and Viral Reservoir Unit, National Center of Microbiology, Instituto de Salud Carlos III, Madrid, Spain, 2 PhD Program in Biomedical Sciences and Public Health, Universidad Nacional de Educación a Distancia (UNED), Madrid, Spain, 3 Hematology and Hemotherapy Service, Instituto Ramón y Cajal de Investigación Sanitaria (IRYCIS), Hospital Universitario Ramón y Cajal, Madrid, Spain, 4 Biomedical Research Center Network in Infectious Diseases (CIBERINFEC), Instituto de Salud Carlos III, Madrid, Spain, 5 Internal Medicine Service, Hospital Universitario Clínico San Carlos, Madrid, Spain, 6 AIDS Immunopathology, National Center of Microbiology, Instituto de Salud Carlos III, Madrid, Spain, 7 School of Telecommunications Engineering, Universidad Politécnica de Madrid, Madrid, Spain, 8 Family Medicine, Centro de Salud Doctor Pedro Laín Entralgo, Alcorcón, Madrid, Spain, 9 International PhD School, Universidad Rey Juan Carlos, Alcorcón, Madrid, Spain, 10 Immunomodulation Unit, Department of Health Sciences, Faculty of Biomedical and Health Sciences, European University of Madrid, Madrid, Spain, 11 School of Medicine, Universidad Alfonso X El Sabio, Madrid, Spain




Edited by: 

Athanasia Mouzaki, University of Patras, Greece

Reviewed by: 

Ruth Lizzeth Madera Sandoval, Instituto de Diagnóstico y Referencia Epidemiológicos (InDRE), Mexico

Shetty Ravi Dyavar, Adicet Bio, Inc, United States

*Correspondence: 

Mayte Coiras
 mcoiras@isciii.es


Received: 11 May 2024

Accepted: 09 August 2024

Published: 27 August 2024

Citation:
Sánchez-Menéndez C, de la Calle-Jiménez O, Mateos E, Vigón L, Fuertes D, Murciano Antón MA, San José E, García-Gutiérrez V, Cervero M, Torres M and Coiras M (2024) Different polarization and functionality of CD4+ T helper subsets in people with post-COVID condition. Front. Immunol. 15:1431411. doi: 10.3389/fimmu.2024.1431411






Introduction

After mild COVID-19 that does not require hospitalization, some individuals develop persistent symptoms that may worsen over time, producing a multisystemic condition termed Post-COVID condition (PCC). Among other disorders, PCC is characterized by persistent changes in the immune system that may not be solved several months after COVID-19 diagnosis.





Methods

People with PCC were recruited to determine the distribution and functionality of CD4+ T helper (Th) subsets in comparison with individuals with mild, severe, and critical presentations of acute COVID-19 to evaluate their contribution as risk or protective factors for PCC.





Results

People with PCC showed low levels of Th1 cells, similar to individuals with severe and critical COVID-19, although these cells presented a higher capacity to express IFNγ in response to stimulation. Th2/Th1 correlation was negative in individuals with acute forms of COVID-19, but there was no significant Th2/Th1 correlation in people with PCC. Th2 cells from people with PCC presented high capacity to express IL-4 and IL-13, which are related to low ventilation and death associated with COVID-19. Levels of proinflammatory Th9 and Th17 subsets were significantly higher in people with PCC in comparison with acute COVID-19, being Th1/Th9 correlation negative in these individuals, which probably contributed to a more pro-inflammatory than antiviral scenario. Th17 cells from approximately 50% of individuals with PCC had no capacity to express IL-17A and IL-22, similar to individuals with critical COVID-19, which would prevent clearing extracellular pathogens. Th2/Th17 correlation was positive in people with PCC, which in the absence of negative Th1/Th2 correlation could also contribute to the proinflammatory state. Finally, Th22 cells from most individuals with PCC had no capacity to express IL-13 or IL-22, which could increase tendency to reinfections due to impaired epithelial regeneration.





Discussion

People with PCC showed skewed polarization of CD4+ Th subsets with altered functionality that was more similar to individuals with severe and critical presentations of acute COVID-19 than to people who fully recovered from mild disease. New strategies aimed at reprogramming the immune response and redirecting CD4+ Th cell polarization may be necessary to reduce the proinflammatory environment characteristic of PCC.
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Introduction

Infection by SARS-CoV-2 can lead to different presentations of Coronavirus disease 2019 (COVID-19), ranging from asymptomatic infections to critical forms that require hospitalization in the intensive care unit (ICU) (1). Advanced age and male gender are determining factors in the development of disease severity, as well as the existence of comorbidities such as diabetes mellitus, hypertension, obesity, and cancer (2, 3). Even though global vaccination against COVID-19 was rapidly implemented, this disease may still be severe or critical due to new emerging viral variants and waning vaccine protection, as well as in unvaccinated or immunocompromised people (4).

Symptoms related to COVID-19 normally disappear in the first 4 weeks after infection, although in some cases they may persist up to 12 weeks (5, 6). However, there is a meaningful percentage of the population that may develop long-term symptoms and complications related to the viral infection. This post-viral syndrome is referred to as Long COVID, Long-haul COVID, or Post COVID-19 condition (PCC). According to the World Health Organization (WHO), the clinical case definition of PCC is the persistence of COVID-19 symptoms for at least two months in individuals with a history of probable or confirmed SARS-CoV-2 infection, usually three months from the onset of COVID-19, and that cannot be explained by an alternative diagnosis (6). The incidence of PCC within the population has been roughly estimated as 10% after SARS-CoV-2 infection (7), not only in people who needed hospitalization during the acute infection but also in individuals who had mild forms of COVID-19 (8, 9). The most important risk factors identified in PCC are female gender, non-white ethnicity, socioeconomic deprivation, smoking history (former or current), obesity, pre-existing medical conditions, and being unvaccinated against COVID-19 before first SARS-CoV-2 infection (10, 11). However, some cases of PCC have also been described as a consequence of receiving vaccination against SARS-CoV-2 infection (12, 13). Interestingly, the fact that women appear to be more predisposed to develop PCC, opposite to the trend observed in acute COVID-19, seems to bear a resemblance to autoimmune-like processes (14). Therefore, several hypotheses are behind the emergence of PCC, including chronic inflammation induced by viral persistence, sustained immune deregulation, or hypersensitivity (15).

While conventional SARS-CoV-2 infection mainly results in respiratory disorders, such as cough, dyspnea, bronchial hyperreactivity, or pneumonia, PCC presents both multifactorial origins and symptomatology (5, 14, 16). Organ damage can be found in multiple systems, with emphasis on neurological symptoms such as memory loss, brain fog, migraine, or dysautonomia (16). Chronic fatigue and post-exertional malaise are also prevalent symptoms that can lead to lifelong impairment (4, 11). These symptoms are thought to be a consequence of the uncontrolled inflammatory response induced by SARS-CoV-2, which can sometimes persist to become chronic inflammation (17). This exacerbated inflammatory response is directly related to worse clinical outcomes during acute COVID-19. In these cases, the immune system is deregulated and an overproduction of proinflammatory cytokines occurs, known as the “cytokine storm”, leading to organ damage and death (18). In addition to this hyperinflammatory response, high levels of cytotoxic cells such as Natural Killer (NK) have been observed in critical patients, although these cells usually express exhaustion markers such as programmed cell death protein 1 (PD-1) on their surface (19), and exhibit low cytotoxic and cytokine production capabilities (20). Similarly, the levels of CD8+ T lymphocytes are maintained in critical patients but their cytotoxic activity is greatly reduced, resulting in a deficient virus clearance that may severely affect the outcome of the disease (20).

CD4+ lymphopenia often occurs during severe and critical COVID-19, likely due to the immune exhaustion and the high concentration of chemokines that inhibit hematopoietic progenitors such as IP-10 or MCP-1 (21). Moreover, a deficient antigen presentation for T cells contributes to the impaired and inefficient antiviral immune response during COVID-19 (22). Antigen presentation is essential for the development of the most appropriate type of immune response for each situation as it induces CD4+ T helper (Th) cell polarization in combination with other multiple factors like the cytokine microenvironment (23). CD4+ Th1 cells mainly mediate the elimination of intracellular pathogens such as viruses through the production of IFNγ and IL-2, while CD4+ Th2 cells primarily participate in extracellular pathogen clearance and immunoglobin class-switching through the production of multiple cytokines like IL-4, IL-5, IL-10, and IL-13 (23, 24). On the other hand, CD4+ Th9 cells are involved in hypersensitivity and allergic reactions, as well as helminth infections, mostly secreting IL-9 (25), while CD4+ Th17 cells are generally found in digestive and respiratory mucous membranes where they release cytokines such as IL-17A, IL-17F, IL-22, and IL-6 that help establish a pro-inflammatory microenvironment which deregulation has been linked to autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus, or asthma (26). Finally, CD4+ Th22 cells stimulate keratinocyte proliferation through the release of IL-13 and IL-22, and participate in endothelial repair but also in inflammatory skin conditions like psoriasis and Crohn´s disease (27). Therefore, imbalanced CD4+ Th polarization may be responsible for the development of different diseases as a consequence of the deregulated immune response. In fact, an imbalance in the ratio Th1/Th2 has been associated with a poor outcome of acute COVID-19 (28). As occurs in other viral diseases, a strong Th1 response is indicative of good disease progression, while a predominant Th2 response evolves to worse clinical outcomes (29, 30). However, while most of the immune parameters that are deregulated during acute COVID-19 become normal after the resolution of the infection, people with PCC show persistently exhausted T cells with reduced memory subsets and increased IFNγ production (7, 16).

The changes that are produced in the immune response during different presentations of COVID-19 have been widely studied (3, 19, 20, 29–31), as well as during PCC (11, 17, 32, 33). However, the cause for the impaired immune response induced by SARS-CoV-2 infection that persists in PCC has not been fully determined. Due to the central role of CD4+ Th cell polarization in the development of an adequate response against infectious agents, in this study we analyzed the levels and functionality of CD4+ Th cell populations in a cohort of people with PCC, in comparison with three cohorts of individuals with mild, severe, and critical presentations of acute COVID-19. The results could contribute to advance towards a better understanding of the mechanisms underlying PCC and the design of new effective therapeutic strategies.





Materials and methods




Study subjects

A total of 79 individuals with different clinical presentations of COVID-19 were recruited for this study in Madrid (Spain) between April 2020 and March 2021. Sixty participants were classified into three cohorts according to disease severity during COVID-19, following the guidelines of the World Health Organization (WHO) (1): Mild COVID-19 (n=20), SARS-CoV-2 infection without hypoxia or pneumonia symptoms in which no hospitalization was required for recovery and symptoms subside in 4-12 weeks; Severe COVID-19 (n=20), SARS-CoV-2 infection with pneumonia symptoms (cough, fever, dyspnea) and one of the following conditions: respiratory rate with more than 30 breaths per minute, severe respiratory distress, or oxygen saturation <90%, and they tend to require inpatient care; and Critical COVID-19 (n=20), SARS-CoV-2 infection that required admission to the ICU due to acute respiratory distress syndrome (ARDS), bilateral pneumonia, pulmonary infiltrates, oxygenation impairment, sepsis, septic shock, or acute thrombosis. A fourth cohort was formed by 19 participants diagnosed with PCC by their Primary Care physician. According to WHO, PCC is defined by the experience of a range of symptoms (i.e. fatigue, muscle or joint pain, breathlessness, impaired sleep, depression and anxiety, loss of smell and taste, headache, and “brain fog”, defined as difficulty in thinking or concentrating (34–36)) usually 3 months after the onset of COVID-19, that last for at least 2 months and cannot be explained by an alternative diagnosis (6). Sample size was calculated using the sample size calculator Granmo (37) based on a level of confidence of 95% (α=0.05) and power of the analysis of 100% (β=0.2).

Participants with mild COVID-19, as well as those with PCC, were recruited at the Primary Healthcare Center Doctor Pedro Laín Entralgo (Madrid, Spain) and through the Spanish Long COVID Patient´s Association (AMACOP) and Long COVID ACTS (Autonomous Communities Together Spain) Association. Participants with severe and critical COVID-19 were recruited at Hospital Universitario Ramón y Cajal (Madrid, Spain) during hospitalization. Inclusion criteria were being over 18 years old, having at least one positive RT-qPCR assay for SARS-CoV-2 in nasopharyngeal smear, and fulfilling WHO criteria to be included in one of the four cohorts.





Ethical statement

All individuals gave informed written consent to participate in the study before donating one blood sample. Protocols for this study (CEI PI 32_2020-v2; CEI PI 72_2022) were prepared in accordance with the Helsinki Declaration and previously reviewed and approved by the Ethics Committee of Instituto de Salud Carlos III (IRB IORG0006384) and the Commission of the Care Management of Primary Care of the Comunidad de Madrid (Spain). Current Spanish and European Data Protection Acts secured the confidentiality and anonymity of all participants.





Blood samples processing

Blood samples were collected in EDTA Vacutainer tubes (Becton Dickinson, Madrid, Spain). Peripheral blood mononuclear cells (PBMCs) and plasma were immediately isolated from whole blood by centrifugation in a Ficoll-Hypaque density gradient (Corning, NY, USA). PBMCs were cryopreserved and stored in liquid nitrogen until the moment of analysis.





Phenotyping of CD4+ Th cell populations

PBMCs were stained with conjugated antibodies CD3-PE (Immunostep, Salamanca, Spain) and CD8-APC-H7 (BD Biosciences, San Jose, CA). CD3+CD8- were assumed to be CD4+ T cells to include those cells with deregulated CD4 expression caused by SARS-CoV-2 infection (38). Cells were also stained with CXCR3-BV421, CCR4-PECy7, CCR6-BV650 and CCR10-BUV395 (BD Biosciences) to phenotypically characterize and quantify CD4+ Th cell subpopulations as follows: Th1 (CXCR3+CCR6-), Th2 (CCR4+CCR6-), Th17 (CCR4+CCR6+), Th9 (CCR6+CCR4-), and Th22 (CCR4+CCR6+CCR10+). Data acquisition was performed in LSRFortessa X-20 flow cytometer with FACS Diva Software (BD Biosciences) and data was analyzed with Flow-Jo_V10.8.1 (Treestar). The gating strategy for the phenotyping of CD4+ Th cell populations is shown in Supplementary Figure 1.





Cytokine expression by CD4+ Th cell populations

The capacity to express representative cytokines by each CD4+ Th cell subpopulation was measured by flow cytometry after stimulation with phorbol 12-myristate 13-acetate (PMA) (25ng/ml) and ionomycin (1.5µg/ml) for 4h at 37°C in the presence of brefeldin A (BD GolgiPlug, BD Biosciences) that blocks the anterograde exocytotic transport through the Golgi complex (39). After cell surface staining of each Th cell subset, cells were fixed and permeabilized with IntraPrep Permeabilization reagent (Immunostep) and intracellularly stained with the following antibodies: IFNγ-FITC (Beckman Coulter, Brea, CA), IL-4-APC, IL-9-PercP, IL-13-BV711, IL-17A-BV510, and IL-22-AF647 (BD Biosciences). Data acquisition was performed with LSRFortessa X-20 flow cytometer (BD Biosciences), and data was analyzed using FACS Diva Software (BD Biosciences) and Flow-Jo_V10.8.1 (Treestar). The gating strategy for the intracellular staining of cytokines expressed by each CD4+ Th cell subset is shown in Supplementary Figure 2.





Statistical analysis

Statistical analysis was performed with GraphPad Prism v10.2.1 (GraphPad Software Inc.) and STATA 14.2 software (StataCorp LLC, College Station, TX). Quantitative variables were described as the median and interquartile range (IQR) and qualitative variables as absolute or relative frequencies. Samples’ normal distribution was determined using Shapiro-Wilk test. Significance between data of different cohorts was determined with ordinary one-way Analysis of Variance (ANOVA) and Tukey post-test or with Kruskal-Wallis test and Dunn’s multiple comparisons test, depending on data normality. Qualitative data were compared by Fisher´s exact test or chi-square test, as appropriate. Simple and logistic regressions were applied to estimate the odds ratio (OR) and 95% confidence interval (CI) for associations between the levels of Th subsets and the expression of related cytokines with the development of critical, severe, or persistent forms of COVID-19 in comparison with participants with mild COVID-19. To analyze data correlation and compute the Pearson coefficient between all Th subsets per cohort, we employed a combination of Python libraries, including Scikit-Learn (40) and Pandas (41, 42) libraries. For the generation of regression plots, the Seaborn library (43) was used. P-values (p) < 0.05 were considered statistically significant in all comparisons.






Results




Clinical and sociodemographic characteristics of participants

For this study, 79 individuals who had SARS-CoV-2 infection confirmed by positive RT-qPCR in nasopharyngeal smear or positive serology for IgM were recruited and divided into different cohorts depending on the severity of the infection and according to WHO classification (1): Mild (n=20), Severe (n=20), and Critical (n=20) COVID-19, and PCC (n=19). Main demographic and clinical characteristics of these cohorts are summarized in Table 1 and detailed in Supplementary Table 1. Participants with Mild, Severe, and Critical COVID-19 were evenly divided into males (50%) and females (50%), while the PCC cohort was comprised mostly of females (95%), as female gender is one factor associated with higher risk of developing this syndrome (44). Median age at infection was 43 years old (interquartile range (IQR) 28-59) for the Mild group, 50 years old (IQR 44-55) for the Severe group, 53 years old (IQR 47-59) for the Critical group, and 42 years old (IQR 37-46) for the PCC cohort. None of the participants were vaccinated against COVID-19 before being infected with SARS-CoV-2, as vaccination began in Spain in December 2020 and there was no vaccine available for non-risk groups at the time of sample collection. Median length of hospital stay (LOS) for individuals with Severe and Critical COVID-19 was 7 (IQR 6-11) and 45 days (IQR 28-80), respectively, while participants from Mild and PCC cohorts were not hospitalized during acute COVID-19. Only participants from Critical cohort were admitted to the ICU for a median stay of 18 days (IQR 8-40).


Table 1 | Sociodemographic and clinical data of all participants in the study.



General symptoms of acute COVID-19 such as cough and expectoration, dyspnea, and fever were reported in all cohorts with varying degrees of frequency. Of them, dyspnea was reported during acute infection in 15%, 55%, and 70% of Mild, Severe, Critical participants, respectively, and in 53% of PCC participants as a persistent symptom. Fever was reported by participants from all groups, but no significant differences were observed between cohorts. Pneumonia was reported in 5%, 85%, 95%, and 32% of Mild, Severe, Critical, and PCC participants, respectively, during acute infection. Other symptoms more closely associated with PCC than with acute COVID-19 were also compiled: 89% and 95% of PCC participants reported persistent lethargy and asthenia, respectively, in comparison with 5%, 10%, and 30% of Mild, Severe and Critical participants who reported lethargy, and 60%, 15%, and 30%, respectively, who reported asthenia during the acute infection. Other symptoms such as persistent memory loss (84%), arrhythmia (63%), and palpitations (32%) were only reported in PCC cohort. Comorbidities such as diabetes, dyslipidemia, and arterial hypertension were observed in all groups, but there were no significant differences between cohorts.

Immunomodulators represented the most common treatment used during acute SARS-CoV-2 infection for Severe (75%) and Critical (80%) participants, while the most common treatment for PCC participants was antibiotics (63%). Oxygen therapy was required in individuals from Severe (25%), Critical (60%), and PCC (11%) cohorts (p<0.001) during acute infection, while invasive mechanical ventilation was only required in individuals with Critical COVID-19 admitted to the ICU (75%). 20% of participants from the Critical cohort were exitus due to complications related to acute COVID-19 (ID numbers 43, 45, 47, and 51).





Blood samples

Blood samples were collected at different time points depending on the cohort to evaluate the immune parameters during acute infection in participants with Severe and Critical COVID in comparison with participants with Mild COVID-19 who were already recovered, and participants diagnosed with PCC. Therefore, for participants with Severe and Critical COVID-19, blood samples were taken during the acute infection, when they were hospitalized and showed signs and symptoms characteristic of these conditions. Hence, the days from clinical onset to sample were 13 (IQR 9-17) and 25 days (IQR 12-35), respectively. Participants with Mild COVID-19 were recruited 85 days (IQR 80-95) after diagnosis of COVID-19, once there were completely recovered and showed no signs or symptoms of the disease. Therefore, they were controls for the return to normality of the immune response after acute infection, as it is expected that complete recovery occurs within 4-12 weeks after infection (16, 45–48). Due to individuals with Severe COVID-19 or underlying medical issues may retain some changes in the immune response beyond 6 months after infection (49), we recruited the participants with PCC 330 days (IQR 342-352) after COVID-19 diagnosis to avoid confusion with long-term sequelae of severe COVID-19 or Post-acute sequelae of COVID-19 (PASC) that may persist at least 6 months after the acute infection (50, 51) (Table 1). All PCC participants had mild COVID-19 presentation at the moment of diagnosis but since then they showed persistent signs and symptoms characteristic of PCC that did not substantially change over time.





Lower levels of CD4+ Th1 cells with higher capacity to express IFN γ in participants with PCC

Participants from Severe, Critical, and PCC cohorts showed lower levels of CD4+ Th1 cells than participants from Mild cohort (-1.3-fold, p=0.0067; -1.3-fold, p=0.0036; and -1.4-fold, p<0.0001, respectively) (Figure 1A). Participants from Critical cohort with exitus (ID numbers 43, 45, 47, and 51) showed Th1 levels below the average in their group (31.00 ± 8.20%).




Figure 1 | Levels of CD4+ Th1 cells and expression of IFNγ in individuals with acute COVID-19 and PCC. (A) Blood levels of CD4+ Th1 cells in individuals from each cohort of acute COVID-19 and PCC. (B) Intracellular expression of IFNγ in CD4+ Th1 cells upon stimulation in individuals from each cohort (left graph) and percentage of individuals whose CD4+ Th1 cells expressed (Response, open bar) or not (No response, light gray bar) IFNγ upon stimulation (right graph). Each dot in scatter plots corresponds to one sample and lines represent the mean ± standard error of the mean (SEM). Each symbol represents a different cohort: Mild COVID-19 (open circles), Severe COVID-19 (light gray circles), Critical COVID-19 (dark gray circles), and PCC (closed circles). Individuals from Critical cohort with exitus are identified with  † symbol and their ID number: 43, 45, 47, and 51. Ordinary one-way ANOVA and Tukey post-test were applied to calculate the statistical significance between cohorts in scatter plots. Fisher´s exact test was used to calculate significance between cohorts in horizontal bar graphs. Significant p-values below 0.05 are represented.



CD4+ Th1 cells from participants with PCC showed 1.9-fold (p=0.0486) higher capacity to express IFNγ in response to activating stimuli than participants from Critical cohort, while no significant differences were found between the other cohorts (Figure 1B, left graph). 26% of participants from Critical cohort and 5% of participants from Mild and Severe cohorts were not able to express IFNγ in Th1 cells, while Th1 cells from 100% of participants with PCC were able to express IFNγ (p=0.0463) (Figure 1B, right graph).

The calculation of Pearson’s correlation between the levels of CD4+ Th1 and the expression of IFNγ in these cells from participants of different cohorts showed that there was a significant positive correlation in individuals from Mild (r=0.4737; p=0.0405) and PCC (r=0.5421; p=0.0165) cohorts (Supplementary Figure 3). In participants from Critical cohort, there was a significant negative correlation between the levels of CD4+ Th1 and the intracellular expression of IFNγ (r=-0.5245; p=0.0211).





Lower levels of CD4+ Th2 cells with higher capacity to express IL-4 and IL-13 in participants with PCC

Participants from Mild, Severe, and Critical cohorts showed similar levels of CD4+ Th2 cells, while participants with PCC showed significantly lower levels of these cells than individuals from Severe and Critical cohorts (-1.4-fold, p=0.0288; and -1.4-fold, p=0.0236, respectively) (Figure 2A). Three participants from Critical cohort with exitus (IDs 43, 45, and 47) showed Th2 levels above the average in their group (38.30 ± 13.88%).




Figure 2 | Levels of CD4+ Th2 cells and expression of IL-4 and IL-13 in individuals with acute COVID-19 and PCC. (A) Blood levels of CD4+ Th2 cells in individuals from each cohort of acute COVID-19 and PCC. Intracellular expression of IL-4 (B) and IL-13 (C) in CD4+ Th2 cells upon stimulation in individuals from each cohort (left graphs) and percentage of individuals whose CD4+ Th2 cells expressed (Response, open bar) or not (No response, light gray bar) these cytokines upon stimulation (right graph). Each dot in scatter plots corresponds to one sample and lines represent the mean ± SEM. Each symbol represents a different cohort: Mild COVID-19 (open circles), Severe COVID-19 (light gray circles), Critical COVID-19 (dark gray circles), and PCC (closed circles). Individuals from Critical cohort with exitus are identified with  † symbol and their ID number: 43, 45, 47, and 51. Ordinary one-way ANOVA and Tukey post-test were applied to calculate the statistical significance between cohorts in scatter plots. Fisher´s exact test was used to calculate significance between cohorts in horizontal bar graphs. Significant p-values below 0.05 are represented.



The average expression of IL-4 and IL-13 in CD4+ Th2 cells after stimulation was higher in participants with PCC than in the other cohorts. The expression of IL-4 was 2.2- (p<0.0001), 1.7- (p=0.0017), and 1.6-fold (p=0.0040) higher in PCC participants in comparison with Mild, Severe, and Critical participants, respectively (Figure 2B, left graph), while the expression of IL-13 was 1.8- (p=0.0008), 2.0- (p=0.0002), and 1.8-fold (p=0.0011) higher in PCC participants (Figure 2C, left graph). CD4+ Th2 cells from all participants were able to express IL-4 in response to stimulation (Figure 2B, right graph), while only two individuals from the Severe and Critical cohorts were non-responders to express IL-13 (Figure 2C, right graph).

The calculation of Pearson’s correlation between the levels of CD4+ Th2 and the expression of IL-4 in these cells from the participants of the different cohorts showed that there was a significant, negative correlation in individuals with Mild (r=-0.4876; p=0.0401) and PCC (r=-0.5375; p=0.0261) (Supplementary Figure 4). There was no linear relationship between both variables in participants from Severe and Critical cohorts. We found no correlation between Th2 cells and the expression of IL-13 in none of the cohorts (Supplementary Figure 5).





Absence of correlation between CD4+ Th1 and Th2 cell levels in participants with PCC

The calculation of Pearson’s correlation between the levels of CD4+ Th1 and Th2 cells from participants of the different cohorts showed that there was a significant, negative correlation in individuals from Mild (r=-0.5972; p=0.0054), Severe (r=-0.6273; p=0.0031), and Critical cohorts (r=-0.5413; p=0.0203) (Figure 3), as expected (52). In participants with PCC, there was no linear association between the levels of CD4+ Th1 and Th2.




Figure 3 | Correlation between the levels of CD4+ Th1 and Th2 cells in individuals with acute COVID-19 and PCC. Pearson’s coefficient r and p-values between the percentage of expression of CD4+ Th1 and Th2 cells were calculated for each cohort. Each dot corresponds to one sample and lines represent the linear regression.







Higher levels of CD4+ Th17 cells with reduced capacity to express IL-17A and IL-22 in participants with PCC

Participants from Mild, Severe, and Critical cohorts showed similar levels of CD4+ Th17 cells, while participants with PCC showed higher levels than Mild cohort (1.6-fold, p=0.0492) (Figure 4A).




Figure 4 | Levels of CD4+ Th17 cells and expression of IL-17A and IL-22 in individuals with acute COVID-19 and PCC. (A) Blood levels of CD4+ Th17 cells in individuals from each cohort of acute COVID-19 and PCC. Intracellular expression of IL-17A (B) and IL-22 (C) in CD4+ Th17 cells upon stimulation in individuals from each cohort (left graphs) and percentage of individuals whose CD4+ Th17 cells expressed (Response, open bar) or not (No response, light gray bar) these cytokines upon stimulation (right graph). Each dot in scatter plots corresponds to one sample and lines represent the mean ± SEM. Each symbol represents a different cohort: Mild COVID-19 (open circles), Severe COVID-19 (light gray circles), Critical COVID-19 (dark gray circles), and PCC (closed circles). Individuals from Critical cohort with exitus are identified with  † symbol and their ID number: 43, 45, 47, and 51. Kruskal-Wallis test and Dunn’s multiple comparisons test were applied to calculate the statistical significance between cohorts in scatter plots. Fisher´s exact test was used to calculate significance between cohorts in horizontal bar graphs. Significant p-values below 0.05 are represented.



No significant changes were observed between cohorts in the average capacity to express IL-17A or IL-22 in CD4+ Th17 cells (Figures 4B, C, left graphs). However, 47% of participants with PCC and 41% of participants from the Critical cohort showed CD4+ Th17 cells without capacity to express IL-17A in response to stimulation, in comparison with 10% and 5% of participants from the Severe and Mild cohorts, respectively (Figure 4B, right graph). The comparison between groups achieved significance in the comparison between PCC and Severe cohorts (p=0.0138), PCC and Mild cohorts (p=0.0033), and Mild and Critical cohorts (p=0.0140).

Regarding the expression of IL-22, 58% of participants from PCC cohort and 56% of participants from Critical cohort showed CD4+ Th17 cells without capacity to express IL-22 in response to stimulation, versus 15% and 20% of participants from Severe and Mild cohorts, respectively (Figure 4B, right graph). The comparison between cohorts achieved significance between PCC and Severe cohorts (p=0.0079), PCC and Mild cohorts (p=0.0225), Severe and Critical cohorts (p=0.0156), and Mild and Critical cohorts (p=0.0424). Three participants from Critical cohort with exitus (IDs 43, 47, and 51) did not express IL-17A or IL-22 in CD4+ Th9 cells in response to stimulation, while participant 45 with exitus from Critical cohort showed the highest expression of both cytokines.





Higher levels of CD4+ Th9 cells with regular capacity to express IL-9 in participants with PCC

Participants from PCC cohort showed higher levels of CD4+ Th9 cells in comparison with participants from Mild, Severe, and Critical cohorts (2.7-, 2.4-, and 2.7-fold, respectively; p<0.0001) (Figure 5A). There were no significant changes in the average expression of IL-9 in CD4+ Th9 cells upon stimulation (Figure 5B, left graph), but 50% of participants from Critical cohort did not express IL-9 in response to stimuli and this difference was significant in the comparison with participants from PCC (p=0.0089), Severe (p=0.0448), and Mild (p=0.0086) cohorts (Figure 5B, right graph).




Figure 5 | Levels of CD4+ Th9 cells and expression of IL-9 in individuals with acute COVID-19 and PCC. (A) Blood levels of CD4+ Th9 cells in individuals from each cohort of acute COVID-19 and PCC. (B) Intracellular expression of IL-9 in CD4+ Th9 cells upon stimulation in individuals from each cohort (left graphs) and percentage of individuals whose CD4+ Th9 cells expressed (Response, open bar) or not (No response, light gray bar) these cytokines upon stimulation (right graph). Each dot in scatter plots corresponds to one sample and lines represent the mean ± SEM. Each symbol represents a different cohort: Mild COVID-19 (open circles), Severe COVID-19 (light gray circles), Critical COVID-19 (dark gray circles), and PCC (closed circles). Individuals from Critical cohort with exitus are identified with  † symbol and their ID number: 43, 45, 47, and 51. Ordinary one-way ANOVA and Tukey post-test were applied to calculate the statistical significance between cohorts in scatter plots. Fisher´s exact test was used to calculate significance between cohorts in horizontal bar graphs. Significant p-values below 0.05 are represented.







Reduced capacity to express IL-13 and IL-22 from CD4+ Th22 cells of PCC

No significant changes were observed in the levels of CD4+ Th22 cells between cohorts (Figure 6A). The average expression of IL-13 in CD4+ Th22 cells upon stimulation was 1.8- (p=0.0380), 2.1- (p=0.0172), and 4.3-fold (p<0.0001) lower in participants from Severe, Critical, and PCC cohorts, respectively, in comparison with Mild cohort (Figure 6B, left graph). 68% of participants from PCC cohort, 40% of participants from Critical cohort, and 23% of participants from Severe cohort did not express IL-13 in Th22 in response to stimulation. This difference was significant in the comparison between participants from PCC and Mild cohorts (p<0.0001), PCC and Severe cohorts (p=0.0290), and Mild and Critical cohorts (p=0.0198) (Figure 6B, right graph).




Figure 6 | Levels of CD4+ Th22 cells and expression of IL-13 and IL-22 in individuals with acute COVID-19 and PCC. (A) Blood levels of CD4+ Th22 cells in individuals from each cohort of acute COVID-19 and PCC. Intracellular expression of 13 (B) and IL-22 (C) in CD4+ Th22 cells upon stimulation in individuals from each cohort (left graphs) and percentage of individuals whose CD4+ Th22 cells expressed (Response, open bar) or not (No response, light gray bar) these cytokines upon stimulation (right graph). Each dot in scatter plots corresponds to one sample and lines represent the mean ± SEM. Each symbol represents a different cohort: Mild COVID-19 (open circles), Severe COVID-19 (light gray circles), Critical COVID-19 (dark gray circles), and PCC (closed circles). Individuals from Critical cohort with exitus are identified with  † symbol and their ID number: 43, 45, 47, and 51. Ordinary one-way ANOVA and Tukey post-test and Kruskal-Wallis test and Dunn’s multiple comparisons test were applied according to data normality to calculate the statistical significance between cohorts in scatter plots. Fisher´s exact test was used to calculate significance between cohorts in horizontal bar graphs. Significant p-values below 0.05 are represented.



The average expression of IL-22 in CD4+ Th22 cells upon stimulation was 1.6-fold (p=0.0250) lower in participants from PCC cohort than Mild cohort (Figure 6C, left graph). CD4+ Th22 cells from 68% of participants from PCC cohort, 58% of participants from Critical cohort, 59% from Severe cohort, and 18% from Mild cohorts did not express IL-13 in response to stimuli (Figure 6C, right graph). There was significance in the comparisons between Mild cohort and Severe (p=0.0324), Critical (p=0.0189), and PCC cohorts (p=0.0006).





Higher CD4+ Th cells polarization to proinflammatory responses in PCC cohort

The balance between the levels of all CD4+ Th cell populations was analyzed within each cohort by calculating the Pearson correlation coefficient r. There was a significant negative Th1/Th2 correlation in participants from Mild (r=-0.6000; p=0.0054) and Severe (r=-0.627; p=0.0030) cohorts (Supplementary Figure 6). Severe and PCC cohorts showed significant negative Th1/Th9 correlation (r=-0.4590; p=0.0420 and r=-0.7400; p=0.0002, respectively), while negative Th2/Th9 correlation was significant in Mild (r=-0.4200; p=0.0640) and Critical (r=-0.5000; p=0.0250) cohorts. Negative Th1/Th17 correlation was significant in Critical cohort (r=-0.4590; p=0.0420), while Th2/Th17 correlation was negative in Severe cohort (r=-0.5140; p=0.0200) and positive in PCC cohort (r=0.5600; p=0.0130). Finally, negative Th1/Th22 correlation was significant in Mild cohort (r=-0.4500; p=0.0460), while negative Th2/Th22 correlation was significant in Severe (r=-0.5000; p=0.0250) and Critical (r=-0.5230; p=0.0180) cohorts. Negative Th9/Th22 correlation was only significant in PCC cohort (r=-0.4600; p=0.0460).





Role of CD4+ Th subsets and expression of related cytokines in different presentations of COVID-19

The role of blood levels of CD4+ Th cell subsets and their capacity to express related cytokines in the development of PCC and severe and critical forms of COVID-19 was analyzed by simple linear regression analysis and subsequent binary logistic regression analyses (OR). Simple linear regression analyses showed that CD4+ Th1, Th2, Th9, and Th17 levels, as well as the expression levels of IL-4 from CD4+ Th2 cells and IL-13 from CD4+ Th2 and Th22 cells presented a trend towards an association with the development and/or persistence of PCC, in comparison with Mild cohort (Table 2A). These results were confirmed by binary logistic regression analysis, suggesting that the levels of Th1 (OR 0.7855; 95% CI 0.6762 to 0.9122; p=0.0020), Th2 (OR 0.9319; 95% CI 0.8691 to 0.9992; p=0.0480), Th9 (OR 1.2996; 95% CI 1.0914 to 1.5476; p=0.0030), and Th17 (OR 1.4487; 95% CI 1.0941 to 1.9183; p=0.0100), as well as the expression levels of IL-4 from CD4+ Th2 cells (OR 1.2992; 95% CI 1.0943 to 1.5423; p=0.0030) and IL-13 from CD4+ Th2 (OR 1.2119; 95% CI 1.0346 to 1.4195; p=0.0170) and Th22 cells (OR 0.8905; 95% CI 0.8250 to 0.9612; p=0.0030) were positively correlated with the occurrence of PCC.


Table 2 | Association between the levels of CD4+ Th cells and their capacity to express Th-related cytokines with the development of PCC (A), severe (B), or critical COVID-19 (C) was assessed in comparison with Mild COVID-19 using simple linear regression analysis and subsequent binary logistic regression analysis (OR).



Same analyses were performed with data from Severe and Critical cohorts in comparison with Mild cohort (Tables 2B, C). Simple linear regression analyses showed that Th1 levels, and the expression levels of IL-4 from CD4+ Th2 cells and IL-13 from CD4+ Th22 cells presented a trend towards an association with the development of severe and critical forms of acute COVID-19, in comparison with individuals who fully recovered from mild COVID-19. These results were confirmed by binary logistic regression analysis, suggesting that the levels of Th1 (OR 0.8690; 95% CI 0.7823 to 0.9652; p=0.0090), as well as the expression levels of IL-4 from CD4+ Th2 cells (OR 1.2099; 95% CI 1.0059 to 1.4554; p=0.0430) and IL-13 from CD4+ Th22 cells (OR 0.9389; 95% CI 0.8860 to 0.9950; p=0.0330) were positively correlated with the occurrence of severe COVID-19 (Table 2B). Similarly, the levels of Th1 (OR 0.8211; 95% CI 0.7184 to 0.9385; p=0.0040), as well as the expression levels of IL-4 from CD4+ Th2 cells (OR 1.2572; 95% CI 1.0341 to 1.5285; p=0.0220) and IL-13 from CD4+ Th22 cells (OR 0.9276; 95% CI 0.8674 to 0.9920; p=0.0280) were positively correlated with the occurrence of critical COVID-19 (Table 2C).






Discussion

PCC is a multisystemic condition characterized by the persistence of a wide variety of syndromes, often severe, that follow COVID-19, such as cardiovascular and hematologic alterations, type 2 diabetes, myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), and dysautonomia, especially postural orthostatic tachycardia syndrome (POTS) (11). The immune deregulation is also an important hallmark of COVID-19 that can be very varied including T-cell function impairment and exhaustion, low levels of effector cells, and reduced numbers of antigen presenting cells (32, 53, 54), but also increased levels of activated B cells, non-classical monocytes, cytotoxic cells, and pro-inflammatory cytokines (17, 32, 55). This exacerbated immune response may be responsible not only for general symptoms like fatigue, myalgia, arthralgia, and peripheral neuropathy, but also for hypersensitivity reactions like erythematous and urticarial rash, and pulmonary symptoms like cough, chest pain, pneumonia, post-COVID interstitial lung disease, and dyspnea (56). In our cohort, 53% of participants with PCC had persistent dyspnea one year after SARS-CoV-2 infection. This proportion was more similar to individuals with severe and critical presentations of acute COVID-19 than to people who had mild symptoms and completely recovered during the first 4 weeks post-infection, supporting the notion that long-term persistence of symptoms after acute infection may occur in some individuals. Although comorbidities such as diabetes, dyslipidemia, and arterial hypertension have been related to the development of more severe forms of acute COVID-19 (57), we found no significant differences related to these comorbidities in the tendency to develop PCC in our cohort. Therefore, other risk factors should be involved and some of them could be related to an impaired immune response.

CD4+ Th cell polarization has repeatedly demonstrated its importance during the development of viral diseases, serving as coordinator of either cellular or humoral immune responses (58–61). Each CD4+ Th cell subset induces the best immune response that should be developed to eliminate the pathogens. Accordingly, CD4+ Th1 cells are essential for an adequate antiviral response during SARS-CoV-2 acute infection (62–64), while COVID-19 severity has been associated with a predominant extracellular response mostly mediated by high levels of CD4+ Th2 cells (65) and cytokines such as IL-2 and IL-6 (66) that are initiators of the “cytokine storm” and create a pro-inflammatory environment with low efficacy for viral clearance (67). Within CD4+ T cell subtypes, individuals with critical COVID-19 also present high levels of CD4+ regulatory T cells (Tregs) that are implicated in the contraction of the inflammatory immune response developed during acute infection (20, 66). Tregs are also altered in people with PCC, pointing at the existence of an immune deregulation that cannot be controlled and might be involved in the post-acute persistence of symptoms (68, 69). Due to the central role of CD4+ T cells in the polarization of the immune response and the control of chronic viral infections (58), more analyses are needed to evaluate the importance of CD4+ Th cell subsets in the development of different forms of acute or persistent COVID-19.

In our study, participants who recovered from mild COVID-19 showed higher levels of Th1 cells than other groups. This is to be expected, as individuals who reported mild symptomatology during infection should be able to trigger a better antiviral response polarized towards Th1 cells than those who suffered worse clinical outcomes (70–72). Moreover, although infection has been already resolved in these participants, the presence of SARS-CoV-2 produces a profound deregulation of the immune system that may persist up to 8 months post-infection even in individuals with mild presentation of COVID-19 (20). Although some studies did not find differences in the percentage of Th1 cells according to COVID-19 severity (29, 66), in our cohort of people with PCC the levels of CD4+ Th1 cells were lower than in people who recovered from mild COVID-19 and more similar to those from people who presented severe and critical forms of acute COVID-19, in which Th1 subset is usually underrepresented (73, 74). The antiviral activity of Th1 cells, measured by the expression of IFNγ, did not show significant differences between groups with acute disease, but these cells showed the highest capacity to express IFNγ in response to stimulation in people with PCC, proving their functionality. This is in accordance with previous studies that correlate disease severity to immune exhaustion profiles in Th1 cells but not to the total number of cells within the subpopulation (75). Therefore, despite the low levels of Th1 cells in individuals with PCC, these cells showed high capacity to express IFNγ, likely contributing to a proinflammatory state.

The polarization of CD4+ Th0 cells to Th1 subset usually occurs in response to intracellular pathogens, thereby interfering with polarization to Th2 population that is more associated with a humoral extracellular response mediated by the stimulation of B cells (76). Consequently, there was a significant negative Th2/Th1 correlation in individuals with acute forms of COVID-19. However, likely due to levels of Th2 were lower in people with PCC in comparison with individuals with severe and critical forms of COVID-19, we found no significant Th2/Th1 correlation in this cohort. Nevertheless, Th2 cells from people with PCC presented the highest capacity to express IL-4 and IL-13 within our cohorts. The release of IL-4 and IL-13 from Th2 cells is considered an important factor for low ventilation and death associated with COVID-19 and these cytokines are targets for immunotherapy agents such as dupilumab (77). Moreover, IL-4 and IL-13 activate the same signal transduction pathways to induce the production of IgE by B cells, which would contribute to the proinflammatory environment (78, 79). Accordingly, although the levels of CD4+ Th1 cells appeared to be a protective factor against the development of both acute and persistent forms of COVID-19, the expression of anti-inflammatory cytokines such as IL-4 in Th2 cells was revealed as a risk factor associated to the development of severe and critical COVID-19. Moreover, IL-4 could be related to low levels of Th1 cells as it would polarize the immune response towards an extracellular immune response (80–82). Several reports describe controversial data about plasma levels of IL-4 and IL-13 in individuals with PCC (77, 83, 84), but this is the first report about the higher capacity of Th2 cells from people with PCC to express these anti-inflammatory cytokines.

The development of proinflammatory CD4+ Th9 and Th17 subsets has been described during hypersensitivity and inflammatory reactions (85–87). However, once the antigen that has triggered this polarization wanes, these cell populations return to normal levels (88). In PCC, the levels of Th9 and Th17 subsets were significantly higher in comparison with acute forms of COVID-19, in agreement with previous reports about the role of higher levels of Th9 and Th17 cells in the pathophysiology of PCC (89, 90). Moreover, Th1/Th9 correlation was negative in individuals with severe COVID-19 and PCC, pointing to the existence of a more proinflammatory than antiviral scenario. In addition, Th17 cells from more than 50% of individuals with PCC showed no capacity to express cytokines such as IL-17A and IL-22, similar to participants with critical COVID-19. Due to the production of IL-17A from Th17 cells is essential for clearing extracellular pathogens, the inappropriate functionality of this subset has been linked to development of acute respiratory distress syndrome (ARDS) during acute COVID-19 (91) and it may also be related to an impaired viral clearance during PCC. Th2/Th17 correlation was positive in people with PCC, which in the absence of a negative Th1/Th2 correlation could also contribute to the proinflammatory state. In fact, the levels of Th9 and Th17, as well as the expression of IL-4 and IL-13 from Th2 cells, which would counteract Th1 polarization, were appointed as risk factors in the development of PCC.

Finally, although there was no significant difference in the levels of CD4+ Th22 cell subset in people with PCC in comparison with participants with acute forms of COVID-19, the highest proportion of individuals in which Th22 cells showed no capacity to express IL-13 or IL-22 in response to stimuli were those in the PCC cohort. Th22 cell subset exhibits protective anti-inflammatory properties that can promote immunity against infection by HIV (92) and respiratory viruses such as influenza, respiratory syncytial virus (RSV), and SARS-CoV-2 (93, 94). The expression of IL-13 and IL-22 from Th22 subset appeared to be a protective factor in both acute and persistent COVID-19 (95). In fact, IL-13 may reduce the risk of SARS-CoV-2 infection in airway epithelium by decreasing the expression of its main receptor ACE-2 in ciliated cells and increasing the secretion of mucin and glycocalyx in the periciliary layer, which acts as a physical barrier against the virus attachment (65). The role of Th22 cells and IL-22 in the pathophysiology of PCC is not fully understood but IL-22-induced signaling pathway may switch from protective to pathogenic as COVID-19 progresses (95) due to although it acts on epithelial cells to promote tissue protection and regeneration, IL-22 may also elicit pro-inflammatory effects, contributing to disease pathology (96). The low capacity of Th22 cells from people with PCC to express IL-13 and IL-22 may increase tendency to reinfections, producing impaired epithelial regeneration that has been related to a higher susceptibility to develop PCC (97, 98). Significant correlations between Th22 cell subsets and other Th populations were very varied within our cohorts and although people who recovered from mild COVID-19 presented a significant negative Th1/Th22 correlation, people with severe and critical COVID-19 showed a significant negative Th2/Th22 correlation, while individuals with PCC showed a significant negative Th9/Th22 correlation.

One potential limitation of this study is that diagnostic tests were not performed at the moment of sampling to discard a possible asymptomatic infection with SARS-CoV-2.

In conclusion, people with PCC showed a skewed polarization of CD4+ Th subsets with altered functionality that was more similar to individuals with severe and critical presentations of acute COVID-19 than to people who fully recovered from mild disease. This profile presented lower polarization towards Th1-mediated antiviral immune response in the absence of significant Th2/Th1 negative correlation. In addition, higher levels of proinflammatory Th9 and Th17 cell subsets were observed in comparison with acute forms of COVID-19, with a reduced capacity to express anti-inflammatory cytokines related to endothelial regeneration such as IL-22. These results pointed to the possibility that individuals with PCC may present an impaired capacity to develop an adequate immune response against SARS-CoV-2 infection that may persist over time, causing a long-term pro-inflammatory environment.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by Ethics Committee of Instituto de Salud Carlos III (IRB IORG0006384). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

CS-M: Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. OC-J: Formal Analysis, Investigation, Methodology, Writing – original draft. EM: Formal Analysis, Investigation, Methodology, Writing – original draft. LV: Formal Analysis, Methodology, Writing – original draft. DF: Validation, Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft. MMA: Formal Analysis, Investigation, Methodology, Writing – original draft. ESJ: Data curation, Formal Analysis, Investigation, Writing – original draft, Writing – review & editing. VG-G: Formal Analysis, Methodology, Project administration, Resources, Writing – original draft, Writing – review & editing. MCe: Conceptualization, Data curation, Formal Analysis, Methodology, Validation, Writing – original draft, Writing – review & editing. MT: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. MCo: Resources, Supervision, Validation, Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by Strategic Action in Health of the Instituto de Salud Carlos III (ISCIII) (grant PI22CIII/00059); the Spanish Ministry of Science and Innovation (grant PID2022-141317OB-I00), funded by MICIU/AEI/10.13039/501100011033 and the European Regional Development Fund (ERDF), EU; and CIBERINFEC (Centro de Investigación Biomédica en Red Enfermedades Infecciosas), co-financed by ERDF “A way to make Europe”. The work of CS-M is financed by Programa Investigo, FIBio HRC-IRYCIS, co-financed by ERDF. The work of OC-J is supported by CIBERINFEC (CB21/13/00126). The work of MT is financed by CIBERINFEC (CB21/13/00015).




Acknowledgments

We greatly appreciate all the participants for their contribution to this study. We thank the healthcare personnel from Centro de Salud Doctor Pedro Laín Entralgo (Alcorcón, Spain) for their contribution to this study: Susana Domínguez Mateos, Sandra Pérez Santos, Esther Alonso Herrador, Marta Pinedo Hoyos, María Angélica Fajardo Alcántara, Ana Tejera Nevado, Lara Fernández Pedreira, Cristina Irala Pérez, Marina Roser Pérez, Pablo Hipólito Walker Fernández, Lucía González Sánchez, María Mercedes Gea Martínez, Laura Aguirre Martínez, Mercedes Montes García, Angela Pérez San Juan, Ángeles Escudero Tostón, and Miguel López Murciano.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1431411/full#supplementary-material




References

1.Clinical management of COVID-19: Living guideline, 18 August 2023 . Available online at: https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-clinical-2023.2 (Accessed May, 2024).

2. Takahashi, T, Ellingson, MK, Wong, P, Israelow, B, Lucas, C, Klein, J, et al. Sex differences in immune responses that underlie COVID-19 disease outcomes. Nature. (2020) 588:315–20. doi: 10.1038/s41586-020-2700-3

3. Williamson, EJ, Walker, AJ, Bhaskaran, K, Bacon, S, Bates, C, Morton, CE, et al. Factors associated with COVID-19-related death using OpenSAFELY. Nature. (2020) 584:430–6. doi: 10.1038/s41586-020-2521-4

4. Desai, AD, Lavelle, M, Boursiquot, BC, and Wan, EY. Long-term complications of COVID-19. Am J Physiol - Cell Physiol. (2022) 322:C1–11. doi: 10.1152/ajpcell.00375.2021

5. Hu, B, Guo, H, Zhou, P, and Shi, ZL. Characteristics of SARS-coV-2 and COVID-19. Nat Rev Microbiol. (2021) 19:141–54. doi: 10.1038/s41579-020-00459-7

6. Soriano, JB, Murthy, S, Marshall, JC, Relan, P, and Diaz, JV. A clinical case definition of post-COVID-19 condition by a Delphi consensus. Lancet Infect Dis. (2022) 22:e102–7. doi: 10.1016/S1473-3099(21)00703-9

7. Ballering, AV, van Zon, SKR, Olde Hartman, TC, and Rosmalen, JGM. Persistence of somatic symptoms after COVID-19 in the Netherlands: an observational cohort study. Lancet Lond Engl. (2022) 400:452–61. doi: 10.1016/S0140-6736(22)01214-4

8. Bull-Otterson, L. Post–COVID conditions among adult COVID-19 survivors aged 18–64 and ≥65 years — United states, march 2020–november 2021. MMWR Morb Mortal Wkly Rep. (2022) 71:713–7. https://www.cdc.gov/mmwr/volumes/71/wr/mm7121e1.htm.

9. Ceban, F, Ling, S, Lui, LMW, Lee, Y, Gill, H, Teopiz, KM, et al. Fatigue and cognitive impairment in Post-COVID-19 Syndrome: A systematic review and meta-analysis. Brain Behav Immun. (2022) 101:93–135. doi: 10.1016/j.bbi.2021.12.020

10. Tsampasian, V, Elghazaly, H, Chattopadhyay, R, Debski, M, Naing, TKP, Garg, P, et al. Risk factors associated with post–COVID-19 condition. JAMA Intern Med. (2023) 183:566–80. doi: 10.1001/jamainternmed.2023.0750

11. Davis, HE, McCorkell, L, Vogel, JM, and Topol, EJ. Long COVID: major findings, mechanisms and recommendations. Nat Rev Microbiol. (2023) 21:133–46. doi: 10.1038/s41579-022-00846-2

12. Al-Aly, Z, Bowe, B, and Xie, Y. Long COVID after breakthrough SARS-CoV-2 infection. Nat Med. (2022) 28:1461–7. doi: 10.1038/s41591-022-01840-0

13. Ayoubkhani, D, Bosworth, ML, King, S, Pouwels, KB, Glickman, M, Nafilyan, V, et al. Risk of long COVID in people infected with severe acute respiratory syndrome coronavirus 2 after 2 doses of a coronavirus disease 2019 vaccine: community-based, matched cohort study. Open Forum Infect Dis. (2022) 9:ofac464. doi: 10.1093/ofid/ofac464

14. Proal, AD, and VanElzakker, MB. Long COVID or post-acute sequelae of COVID-19 (PASC): an overview of biological factors that may contribute to persistent symptoms. Front Microbiol. (2021) 12:698169. doi: 10.3389/fmicb.2021.698169

15. Peluso, MJ, and Deeks, SG. Early clues regarding the pathogenesis of long-COVID. Trends Immunol. (2022) 43:268–70. doi: 10.1016/j.it.2022.02.008

16. Nalbandian, A, Sehgal, K, Gupta, A, Madhavan, MV, McGroder, C, Stevens, JS, et al. Post-acute COVID-19 syndrome. Nat Med. (2021) 27:601–15. doi: 10.1038/s41591-021-01283-z

17. Peluso, MJ, Lu, S, Tang, AF, Durstenfeld, MS, Ho, H, Goldberg, SA, et al. Markers of immune activation and inflammation in individuals with postacute sequelae of severe acute respiratory syndrome coronavirus 2 infection. J Infect Dis. (2021) 224:1839–48. doi: 10.1093/infdis/jiab490

18. Shimizu, M. Clinical features of cytokine storm syndrome. In:  RQ Cron, and EM Behrens, editors. Cytokine storm syndrome. Springer International Publishing, Cham (2019). p. 31–41. doi: 10.1007/978-3-030-22094-5_3

19. Li, M, Guo, W, Dong, Y, Wang, X, Dai, D, Liu, X, et al. Elevated exhaustion levels of NK and CD8+ T cells as indicators for progression and prognosis of COVID-19 disease. Front Immunol. (2020) 11:580237. doi: 10.3389/fimmu.2020.580237

20. Vigón, L, Fuertes, D, García-Pérez, J, Torres, M, Rodríguez-Mora, S, Mateos, E, et al. Impaired cytotoxic response in PBMCs from patients with COVID-19 admitted to the ICU: biomarkers to predict disease severity. Front Immunol. (2021) 12:665329. doi: 10.3389/fimmu.2021.665329

21. Law, HKW, Cheung, CY, Ng, HY, Sia, SF, Chan, YO, Luk, W, et al. Chemokine up-regulation in SARS-coronavirus–infected, monocyte-derived human dendritic cells. Blood. (2005) 106:2366–74. doi: 10.1182/blood-2004-10-4166

22. Jafarzadeh, A, Chauhan, P, Saha, B, Jafarzadeh, S, and Nemati, M. Contribution of monocytes and macrophages to the local tissue inflammation and cytokine storm in COVID-19 and potential therapeutic interventions. Life Sci. (2020) 257:118102. doi: 10.1016/j.lfs.2020.118102

23. Anaya, J-M, Shoenfeld, Y, Rojas-Villarraga, A, Levy, RA, and Cervera, R. Autoimmunity: From bench to bedside. School of Medicine and Health Sciences, El Rosario University. Bogota (Colombia): El Rosario University Press (2013).

24. Paul, WE, and Zhu, J. How are TH2-type immune responses initiated and amplified? Nat Rev Immunol. (2010) 10:225–35. doi: 10.1038/nri2735

25. Angkasekwinai, P. Th9 cells in allergic disease. Curr Allergy Asthma Rep. (2019) 19:29. doi: 10.1007/s11882-019-0860-8

26. Yasuda, K, Takeuchi, Y, and Hirota, K. The pathogenicity of Th17 cells in autoimmune diseases. Semin Immunopathol. (2019) 41:283–97. doi: 10.1007/s00281-019-00733-8

27. Mirshafiey, A, Simhag, A, El Rouby, NMM, and Azizi, G. -helper 22 cells as a new player in chronic inflammatory skin disorders. T Int J Dermatol. (2015) 54:880–8. doi: 10.1111/ijd.12883

28. Pavel, AB, Glickman, JW, Michels, JR, Kim-Schulze, S, Miller, RL, and Guttman-Yassky, E. Th2/th1 cytokine imbalance is associated with higher COVID-19 risk mortality. Front Genet. (2021) 12:706902. doi: 10.3389/fgene.2021.706902

29. Neidleman, J, Luo, X, Frouard, J, Xie, G, Gill, G, Stein, ES, et al. SARS-coV-2-specific T cells exhibit phenotypic features of helper function, lack of terminal differentiation, and high proliferation potential. Cell Rep Med. (2020) 1:100081. doi: 10.1016/j.xcrm.2020.100081

30. Roncati, L, Nasillo, V, Lusenti, B, and Riva, G. Signals of Th2 immune response from COVID-19 patients requiring intensive care. Ann Hematol. (2020) 99:1419–20. doi: 10.1007/s00277-020-04066-7

31. Vigón, L, García-Pérez, J, Rodríguez-Mora, S, Torres, M, Mateos, E, Castillo de la Osa, M, et al. Impaired antibody-dependent cellular cytotoxicity in a spanish cohort of patients with COVID-19 admitted to the ICU. Front Immunol. (2021) 12:742631. doi: 10.3389/fimmu.2021.742631

32. Klein, J, Wood, J, Jaycox, JR, Dhodapkar, RM, Lu, P, Gehlhausen, JR, et al. Distinguishing features of long COVID identified through immune profiling. Nature. (2023) 623:139–48. doi: 10.1038/s41586-023-06651-y

33. Mohandas, S, Jagannathan, P, Henrich, TJ, Sherif, ZA, Bime, C, Quinlan, E, et al. Immune mechanisms underlying COVID-19 pathology and post-acute sequelae of SARS-CoV-2 infection (PASC). eLife. (2023) 12:e86014. doi: 10.7554/eLife.86014

34. Natarajan, A, Shetty, A, Delanerolle, G, Zeng, Y, Zhang, Y, Raymont, V, et al. A systematic review and meta-analysis of long COVID symptoms. Syst Rev. (2023) 12:88. doi: 10.1186/s13643-023-02250-0

35. O’Mahoney, LL, Routen, A, Gillies, C, Ekezie, W, Welford, A, Zhang, A, et al. The prevalence and long-term health effects of Long Covid among hospitalised and non-hospitalised populations: a systematic review and meta-analysis. eClinicalMedicine. (2023) 55:101762. doi: 10.1016/j.eclinm.2022.101762

36. Pellegrino, R, Chiappini, E, Licari, A, Galli, L, and Marseglia, GL. Prevalence and clinical presentation of long COVID in children: a systematic review. Eur J Pediatr. (2022) 181:3995–4009. doi: 10.1007/s00431-022-04600-x

37. Marrugat, J, Vila, J, Pavesi, M, and Sanz, F. [Estimation of the sample size in clinical and epidemiological investigations]. Med Clin (Barc). (1998) 111:267–76.

38. Brunetti, NS, Davanzo, GG, de Moraes, D, Ferrari, AJ, Souza, GF, Muraro, SP, et al. SARS-CoV-2 uses CD4 to infect T helper lymphocytes. eLife. (2023) 12:e84790. doi: 10.7554/eLife.84790

39. Strous, GJ, van Kerkhof, P, van Meer, G, Rijnboutt, S, and Stoorvogel, W. Differential effects of brefeldin A on transport of secretory and lysosomal proteins. J Biol Chem. (1993) 268:2341–7. doi: 10.1016/S0021-9258(18)53781-9

40. Pedregosa, F, Varoquaux, G, Gramfort, A, Michel, V, Thirion, B, Grisel, O, et al. Scikit-learn: machine learning in python. J Mach Learn Res. (2011) 12:2825–30.

41. McKinney, W. (2010). Data structures for statistical computing in python, in: Proc 9th Python Sci Conf. (2010) pp. 56–61. doi: 10.25080/Majora-92bf1922-00a

42. The pandas development team. pandas-dev/pandas: Pandas (v2.2.2). Genève (Switzerland): Zenodo (2024). Available at: https://doi.org/10.5281/zenodo.10957263.

43. Waskom, ML. seaborn: statistical data visualization. J Open Source Software. (2021) 6:3021. doi: 10.21105/joss.03021

44. Bai, F, Tomasoni, D, Falcinella, C, Barbanotti, D, Castoldi, R, Mulè, G, et al. Female gender is associated with long COVID syndrome: a prospective cohort study. Clin Microbiol Infect. (2022) 28:611. doi: 10.1016/j.cmi.2021.11.002

45. Fernández-de-Las-Peñas, C, Palacios-Ceña, D, Gómez-Mayordomo, V, Cuadrado, ML, and Florencio, LL. Defining post-COVID symptoms (Post-acute COVID, long COVID, persistent post-COVID): an integrative classification. Int J Environ Res Public Health. (2021) 18:2621. doi: 10.3390/ijerph18052621

46. Whitaker, M, Elliott, J, Chadeau-Hyam, M, Riley, S, Darzi, A, Cooke, G, et al. Persistent COVID-19 symptoms in a community study of 606,434 people in England. Nat Commun. (2022) 13:1957. doi: 10.1038/s41467-022-29521-z

47. Alkodaymi, MS, Omrani, OA, Fawzy, NA, Shaar, BA, Almamlouk, R, Riaz, M, et al. Prevalence of post-acute COVID-19 syndrome symptoms at different follow-up periods: a systematic review and meta-analysis. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis. (2022) 28:657–66. doi: 10.1016/j.cmi.2022.01.014

48. Subramanian, A, Nirantharakumar, K, Hughes, S, Myles, P, Williams, T, Gokhale, KM, et al. Symptoms and risk factors for long COVID in non-hospitalized adults. Nat Med. (2022) 28:1706–14. doi: 10.1038/s41591-022-01909-w

49. Townsend, L, Dyer, AH, Naughton, A, Kiersey, R, Holden, D, Gardiner, M, et al. Longitudinal analysis of COVID-19 patients shows age-associated T cell changes independent of ongoing ill-health. Front Immunol. (2021) 12:676932. doi: 10.3389/fimmu.2021.676932

50. Wu, X, Liu, X, Zhou, Y, Yu, H, Li, R, Zhan, Q, et al. 3-month, 6-month, 9-month, and 12-month respiratory outcomes in patients following COVID-19-related hospitalisation: a prospective study. Lancet Respir Med. (2021) 9:747–54. doi: 10.1016/S2213-2600(21)00174-0

51. Parotto, M, Gyöngyösi, M, Howe, K, Myatra, SN, Ranzani, O, Shankar-Hari, M, et al. Post-acute sequelae of COVID-19: understanding and addressing the burden of multisystem manifestations. Lancet Respir Med. (2023) 11:739–54. doi: 10.1016/S2213-2600(23)00239-4

52. van Oosterhout, AJM, and Motta, AC. Th1/Th2 paradigm: not seeing the forest for the trees? Eur Respir J. (2005) 25:591–3. doi: 10.1183/09031936.05.00014105

53. Glynne, P, Tahmasebi, N, Gant, V, and Gupta, R. Long COVID following mild SARS-CoV-2 infection: characteristic T cell alterations and response to antihistamines. J Investig Med Off Publ Am Fed Clin Res. (2022) 70:61–7. doi: 10.1136/jim-2021-002051

54. Phetsouphanh, C, Darley, DR, Wilson, DB, Howe, A, Munier, CML, Patel, SK, et al. Immunological dysfunction persists for 8 months following initial mild-to-moderate SARS-CoV-2 infection. Nat Immunol. (2022) 23:210–6. doi: 10.1038/s41590-021-01113-x

55. Schultheiß, C, Willscher, E, Paschold, L, Gottschick, C, Klee, B, Henkes, SS, et al. The IL-1β, IL-6, and TNF cytokine triad is associated with post-acute sequelae of COVID-19. Cell Rep Med. (2021) 3(6):100663.

56. Bellanti, JA. The long COVID syndrome: A conundrum for the allergist/immunologist. Allergy Asthma Proc. (2022) 43:368–74. doi: 10.2500/aap.2022.43.220059

57. Russell, CD, Lone, NI, and Baillie, JK. Comorbidities, multimorbidity and COVID-19. Nat Med. (2023) 29:334–43. doi: 10.1038/s41591-022-02156-9

58. Kervevan, J, and Chakrabarti, LA. Role of CD4+ T cells in the control of viral infections: recent advances and open questions. Int J Mol Sci. (2021) 22:523. doi: 10.3390/ijms22020523

59. Swain, SL, McKinstry, KK, and Strutt, TM. Expanding roles for CD4+ T cells in immunity to viruses. Nat Rev Immunol. (2012) 12:136–48. doi: 10.1038/nri3152

60. Snell, LM, Osokine, I, Yamada, DH, la Fuente, JRD, Elsaesser, HJ, and Brooks, DG. Overcoming CD4 th1 cell fate restrictions to sustain antiviral CD8 T cells and control persistent virus infection. Cell Rep. (2016) 16:3286–96. doi: 10.1016/j.celrep.2016.08.065

61. Chase, AJ, Medina, FA, and Muñoz-Jordán, JL. Impairment of CD4+ T cell polarization by dengue virus-infected dendritic cells. J Infect Dis. (2011) 203:1763–74. doi: 10.1093/infdis/jir197

62. Peng, Y, Mentzer, AJ, Liu, G, Yao, X, Yin, Z, Dong, D, et al. Broad and strong memory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK convalescent individuals following COVID-19. Nat Immunol. (2020) 21:1336–45. doi: 10.1038/s41590-020-0782-6

63. Sekine, T, Perez-Potti, A, Rivera-Ballesteros, O, Strålin, K, Gorin, JB, Olsson, A, et al. Robust T cell immunity in convalescent individuals with asymptomatic or mild COVID-19. Cell. (2020) 183:158–68. doi: 10.1016/j.cell.2020.08.017

64. 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

65. Pathinayake, PS, Awatade, NT, and Wark, PAB. Type 2 immunity and its impact on COVID-19 infection in the airways. Viruses. (2023) 15:402. doi: 10.3390/v15020402

66. 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

67. Soy, M, Keser, G, and Atagündüz, P. Pathogenesis and treatment of cytokine storm in COVID-19. Turk J Biol Turk Biyol Derg. (2021) 45:372–89. doi: 10.3906/biy-2105-37

68. Haunhorst, S, Bloch, W, Javelle, F, Krüger, K, Baumgart, S, Drube, S, et al. A scoping review of regulatory T cell dynamics in convalescent COVID-19 patients – indications for their potential involvement in the development of Long COVID? Front Immunol. (2022) 13:1070994. doi: 10.3389/fimmu.2022.1070994

69. Dhawan, M, Rabaan, AA, Alwarthan, S, Alhajri, M, Halwani, MA, Alshengeti, A, et al. Regulatory T cells (Tregs) and COVID-19: unveiling the mechanisms, and therapeutic potentialities with a special focus on long COVID. Vaccines. (2023) 11:699. doi: 10.3390/vaccines11030699

70. 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) 181:1489–1501.e15. doi: 10.1016/j.cell.2020.05.015

71. Ni, L, Ye, F, Cheng, ML, Feng, Y, Deng, YQ, Zhao, H, et al. Detection of SARS-coV-2-specific humoral and cellular immunity in COVID-19 convalescent individuals. Immunity. (2020) 52:971–7. doi: 10.1016/j.immuni.2020.04.023

72. Weiskopf, D, Schmitz, KS, Raadsen, MP, Grifoni, A, Okba, NMA, Endeman, H, et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with acute respiratory distress syndrome. Sci Immunol. (2020) 5:eabd2071. doi: 10.1126/sciimmunol.abd2071

73. Gil-Etayo, FJ, Garcinuño, S, Utrero-Rico, A, Cabrera-Marante, O, Arroyo-Sanchez, D, Mancebo, E, et al. An early th1 response is a key factor for a favorable COVID-19 evolution. Biomedicines. (2022) 10:296. doi: 10.3390/biomedicines10020296

74. 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

75. De Biasi, S, Meschiari, M, Gibellini, L, Bellinazzi, C, Borella, R, Fidanza, L, et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients with COVID-19 pneumonia. Nat Commun. (2020) 11:3434. doi: 10.1038/s41467-020-17292-4

76. Magombedze, G, Reddy, PBJ, Eda, S, and Ganusov, VV. Cellular and population plasticity of helper CD4(+) T cell responses. Front Physiol. (2013) 4:206. doi: 10.3389/fphys.2013.00206

77. Donlan, AN, Sutherland, TE, Marie, C, Preissner, S, Bradley, BT, Carpenter, RM, et al. IL-13 is a driver of COVID-19 severity. JCI Insight. (2021) 6:e150107. doi: 10.1172/jci.insight.150107

78. Marone, G, Granata, F, Pucino, V, Pecoraro, A, Heffler, E, Loffredo, S, et al. The intriguing role of interleukin 13 in the pathophysiology of asthma. Front Pharmacol. (2019) 10:1387. doi: 10.3389/fphar.2019.01387

79. Rael, EL, and Lockey, RF. Interleukin-13 signaling and its role in asthma. World Allergy Organ J. (2011) 4:54–64. doi: 10.1097/WOX.0b013e31821188e0

80. Akdis, M, Aab, A, Altunbulakli, C, Azkur, K, Costa, RA, Crameri, R, et al. Interleukins (from IL-1 to IL-38), interferons, transforming growth factor β, and TNF-α: Receptors, functions, and roles in diseases. J Allergy Clin Immunol. (2016) 138:984–1010. doi: 10.1016/j.jaci.2016.06.033

81. Chung, KF. Targeting the interleukin pathway in the treatment of asthma. Lancet Lond Engl. (2015) 386:1086–96. doi: 10.1016/S0140-6736(15)00157-9

82. Lambrecht, BN, Hammad, H, and Fahy, JV. The cytokines of asthma. Immunity. (2019) 50:975–91. doi: 10.1016/j.immuni.2019.03.018

83. Espín, E, Yang, C, Shannon, CP, Assadian, S, He, D, and Tebbutt, SJ. Cellular and molecular biomarkers of long COVID: a scoping review. EBioMedicine. (2023) 91:104552. doi: 10.1016/j.ebiom.2023.104552

84. Williams, ES, Martins, TB, Shah, KS, Hill, HR, Coiras, M, Spivak, AM, et al. Cytokine deficiencies in patients with long-COVID. J Clin Cell Immunol. (2022) 13:672.

85. Übel, C, Graser, A, Koch, S, Rieker, RJ, Lehr, HA, Müller, M, et al. Role of Tyk-2 in Th9 and Th17 cells in allergic asthma. Sci Rep. (2014) 4:5865. doi: 10.1038/srep05865

86. Zambrano-Zaragoza, JF, Romo-Martínez, EJ, Durán-Avelar M de, J, García-Magallanes, N, and Vibanco-Pérez, N. Th17 cells in autoimmune and infectious diseases. Int J Inflamm. (2014) 2014:651503. doi: 10.1155/2014/651503

87. Soroosh, P, and Doherty, TA. Th9 and allergic disease. Immunology. (2009) 127:450–8. doi: 10.1111/j.1365-2567.2009.03114.x

88. Wacleche, VS, Landay, A, Routy, JP, and Ancuta, P. The th17 lineage: from barrier surfaces homeostasis to autoimmunity, cancer, and HIV-1 pathogenesis. Viruses. (2017) 9:303. doi: 10.3390/v9100303

89. Acosta-Ampudia, Y, Monsalve, DM, Rojas, M, Rodríguez, Y, Zapata, E, Ramírez-Santana, C, et al. Persistent autoimmune activation and proinflammatory state in post-coronavirus disease 2019 syndrome. J Infect Dis. (2022) 225:2155–62. doi: 10.1093/infdis/jiac017

90. Queiroz, MAF, das Neves, PFM, Lima, SS, da Lopes J, C, da Torres MK, S, Vallinoto, IMVC, et al. Cytokine profiles associated with acute COVID-19 and long COVID-19 syndrome. Front Cell Infect Microbiol. (2022) 12:922422. doi: 10.3389/fcimb.2022.922422

91. Orlov, M, Wander, PL, Morrell, ED, Mikacenic, C, and Wurfel, MM. A case for targeting th17 cells and IL-17A in SARS-coV-2 infections. J Immunol Baltim Md 1950. (2020) 205:892–8. doi: 10.4049/jimmunol.2000554

92. McKinnon, LR, and Kaul, R. Quality and quantity: mucosal CD4+ T cells and HIV susceptibility. Curr Opin HIV AIDS. (2012) 7:195–202. doi: 10.1097/COH.0b013e3283504941

93. Hoffmann, JP, Kolls, JK, and McCombs, JE. Regulation and function of ILC3s in pulmonary infections. Front Immunol. (2021) 12:672523. doi: 10.3389/fimmu.2021.672523

94. Zhang, K, Chen, L, Zhu, C, Zhang, M, and Liang, C. Current knowledge of th22 cell and IL-22 functions in infectious diseases. Pathogens. (2023) 12:176. doi: 10.3390/pathogens12020176

95. Albayrak, N, Orte Cano, C, Karimi, S, Dogahe, D, Van Praet, A, Godefroid, A, et al. Distinct expression patterns of interleukin-22 receptor 1 on blood hematopoietic cells in SARS-coV-2 infection. Front Immunol. (2022) 13:769839. doi: 10.3389/fimmu.2022.769839

96. Saxton, RA, Henneberg, LT, Calafiore, M, Su, L, Jude, KM, Hanash, AM, et al. The tissue protective functions of interleukin-22 can be decoupled from pro-inflammatory actions through structure-based design. Immunity. (2021) 54:660–72. doi: 10.1016/j.immuni.2021.03.008

97. Boufidou, F, Medić, S, Lampropoulou, V, Siafakas, N, Tsakris, A, and Anastassopoulou, C. SARS-coV-2 reinfections and long COVID in the post-omicron phase of the pandemic. Int J Mol Sci. (2023) 24:12962. doi: 10.3390/ijms241612962

98. Willyard, C. Are repeat COVID infections dangerous? What the science says. Nature. (2023) 616:650–2. doi: 10.1038/d41586-023-01371-9




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 © 2024 Sánchez-Menéndez, de la Calle-Jiménez, Mateos, Vigón, Fuertes, Murciano Antón, San José, García-Gutiérrez, Cervero, Torres and Coiras. 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.


OEBPS/Images/fimmu-15-1431411-g004.jpg
8
°
o
~
-
=
e
+
<
o
(6]
ES

5530
8%03

% IL17A in Th17 cells

% IL22 in Th17 cells

0.0492

[e]

MILD
n=20

o
)
o
°
] °
v 51t ge
°
43t @ ©®
o ©%¢0
o o0
O§O 98t ¢
SEVERE CRITICAL PCC
n=20 n=20 n=19

SEVERE CRITICAL
n=18 n=17

SEVERE CRITICAL

n=19 n=18

PCC
n=19

PCC
n=19

MILD

SEVERE

CRITICAL

PCC

MILD

SEVERE

CRITICAL

PCC

Capacity to express IL-17A in Th17 cells

= Response
= No response

0.0140
0.0033]

20 40 60 80 100
% Participants

Capacity to express IL-22 in Th17 cells

= Response
== No response

] 0.0156| 0.0225

20 40 60 80 100
% Participants

0.0138

0.0424

0.0079





OEBPS/Images/fimmu-15-1431411-g001.jpg
80 0.0036

?:|

% CD4+ Th1 cells
N k=Y
o o
3@
o dio
o
6 o

e

W
®
fi8e

Ay
-+ On!

g
oo|0 ©
oop o o

® @
° °

MILD SEVERE CRITICAL PCC

n=20 n=20 n=20 n=19
0.0486 Capacity to express IFNy in Th1 cells
80 = Response
o .o == No response
") o °
= 60
8 ° MILD
= 451 @ ®
c 40 5 000 e ° SEVERE
> % oS j'ﬁ'l
£ o8, ° oot CRITICAL
g2 éy@ o8s b 0.0463
°\ 7
- . pPcC :I
(@)
MILD SEVERE CRITICAL PCC Y 20 40 60 80 100

n=20 n=19 n=19 n=19 % Participants





OEBPS/Images/fimmu-15-1431411-g002.jpg
% CD4+ Th2 cells

% IL4 in Th2 cells

% IL13 in Th2 cells

80 0.0236
® |
o
o o0 Yyur ©
o o®® 8 § !
(e1e) o
wl B S umy 8
o S FY o=t
@
20 & o®® 0® o
o) ®

MILD SEVERE CRITICAL PCC
n=20 n=20 n=20 n=19

<0.0001
0.0017
Capacity to express IL-4 in Th2 cells

50 00840 = Response

® =3 No response
40

® MILD
30

oo SEVERE
- . oq0

(% ® St '} CRITICAL

10 % % 4.'%3: L -

MILD SEVERE CRITICAL PCC 0 20 40 60 80 100
n=20 n=19 n=19 n=19 % Participants
0.0008
0.0002 3 ”
Capacity to express IL-13 in Th2 cells
40 0.0011 1 Response
== No response
o 0
ol ° MILD
®
20 i v 451 SEVERE
o 008000 oveo eolee CRITICAL
0 B Gl g e
o0
&P B .::Erﬁ ® Pee
0

MILD SEVERE CRITICAL PCC 0 20 40 60 80 100
n=20 n=20 n=20 n=19 % Participants





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Different polarization and functionality of CD4+ T helper subsets in people with post-COVID condition

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study subjects

          



          		

            Ethical statement

          



          		

            Blood samples processing

          



          		

            Phenotyping of CD4+ Th cell populations

          



          		

            Cytokine expression by CD4+ Th cell populations

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Clinical and sociodemographic characteristics of participants

          



          		

            Blood samples

          



          		

            Lower levels of CD4+ Th1 cells with higher capacity to express IFN γ in participants with PCC

          



          		

            Lower levels of CD4+ Th2 cells with higher capacity to express IL-4 and IL-13 in participants with PCC

          



          		

            Absence of correlation between CD4+ Th1 and Th2 cell levels in participants with PCC

          



          		

            Higher levels of CD4+ Th17 cells with reduced capacity to express IL-17A and IL-22 in participants with PCC

          



          		

            Higher levels of CD4+ Th9 cells with regular capacity to express IL-9 in participants with PCC

          



          		

            Reduced capacity to express IL-13 and IL-22 from CD4+ Th22 cells of PCC

          



          		

            Higher CD4+ Th cells polarization to proinflammatory responses in PCC cohort

          



          		

            Role of CD4+ Th subsets and expression of related cytokines in different presentations of COVID-19

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1431411-g006.jpg
% CD4+ Th22 cells

% IL13 in Th22 cells

% IL22 in Th22 cells

15

=
o

()]

100

©
o

(=]
o

S
o

N
o

60

E
o

N
o

MILD
n=20

MILD
n=14

MILD
n=17

v 43t
e
e
° v47t
0% o
o)

SEVERE CRITICAL
n=20 n=20

SEVERE CRITICAL
n=13 n=10

SEVERE CRITICAL
n=17 n=19

PCC
n=19

PCC
n=19

PCC
n=19

MILD

SEVERE

CRITICAL

PCC

MILD

SEVERE

CRITICAL

PCC

Capacity to express IL-13 in Th22 cells

= Response
= No response

0.0198
<0.0001
0.0290

0 20 40 60 80 100
% Participants

Capacity to express IL-22 in Th22 cells

= Response
== No response

:I 0.0324
0.0189
0.0006
0 20 40 60 80 100

% Participants





OEBPS/Images/table2.jpg
A) PCC versus Mild COVID

Variable ggn;op(l; linear glsrlzréllogmtlc p-value

Thi -12.3822 -17.0287 to -7.358 <0.001 0.7855 0.6762 to 0.9122 0.002
IFNy in Thl 10.4020 -2.5682 to 23.3722 0.113 1.0277 0.9928 to 1.0638 0.120
Th2 70620 -13.6989 to -0.4250 0.038 09319 0.8691 to 0.9992 0.048
1L-4 in Th2 10.0011 5.1938 to 14.8083 <0.001 1.2992 1.0943 to 15423 0.003
IL-13 in Th2 7.3831 2.8381 to 11.9281 0.002 1.2119 1.0346 to 1.4195 0.017
Th9 18.1041 12.4896 to 23.7186 <0.001 1.2996 1.0914 to 1.5476 0.003
IL-9 in Th9 -2.1078 -6.1620 to 1.9463 0.299 0.9445 0.8493 to 1.0500 0.293
Th17 29177 1.0550 to 4.7805 0.003 1.4487 1.0941 to 1.9183 0.010
IL-17A in Th17 11871 -7.0271 to 9.4013 0771 ‘ 1.0086 09535 to 1.0669 0.763
1L-22 in Th17 29200 -7.8282 to 1.9882 0235 | 0.9459 0.8633 to 1.0365 0234
Th22 04148 -0.5045 to 1.3343 0366 1.2417 07832 to 1.9687 0357
IL-13 in Th22 -29.0250 -40.0969 to -17.9532 <0.001 ‘ 0.8905 0.8250 to 0.9612 0.003
IL-22 in Th22 -3.4579 -9.9714 to 3.0556 0.288 0.9609 0.8931 to 1.0339 0.287

B) Severe versus Mild COVID-19

Varanle B €S;inowple linear Birlary logistic
5% ClI 95% Cl

Th1 -8.7655 -14.1038 to -3.4271 0.002 0.8690 0.7823 to 0.9652 0.009
IFNyin Thl -3.2501 -13.3699 to 6.8697 0519 0.9858 0.9447 to 1.0286 0511
Th2 7.1100 -0.2656 to 14.4856 0.058 1.0570 0.9962 to 1.1216 0.067
IL-4 in Th2 26742 0.2117 to 5.1368 0.035 1.2099 1.0059 to 14554 0.043
IL-13 in Th2 07330 -3.2717 to 1.8057 0562 09518 0.8086 to 11204 0553
Th9 0.1820 -2.2258 to 2.5898 0.879 1.0136 08557 to 1.2006 0875
1L-9 in Th9 06194 -5.1565 to 3.9176 v 0784 ; 0.9867 0.8996 to 1.0822 0777
Th17 0.9255 -0.9442 to 2.7952 0.323 1.1209 0.8966 to 1.4013 0316
IL-17A in Th17 2.5648 -2.2426 to 7.3724 0.286 1.0576 0.9551 to 1.1711 0.281
IL-22 in Th17 15668 -3.4844 t0 6.6181 0533 ‘ 1.0284 09435 to 11210 0523
Th22 00315 -1.0137 to 1.0767 0952 1.0125 06858 to 14946 0950
IL-13 in Th22 167608 302453 to -3.2762 0.017 0.9389 0.8860 to 0.9950 0.033
1L-22 in Th22 -2.8870 -9.8550 to 4.0808 0405 0.9678 0.8957 to 1.0456 0407
Thi 92975 | -13.8376 to -4.7573 <0.001 0.8211 07184 to 0.9385 0.004
IFNyin Thl -4.5990 -15.8699 to 6.6718 » 0414 0.9838 09469 to 10223 0.406
Th2 7.3960 -0.2251 to 15.0171 0.057 1.0562 0.9963 to 1.1197 0.066
IL-4 in Th2 3.1827 0.7171 to 5.6482 0.013 1.2572 1.0341 to 1.5285 0.022
IL-13 in Th2 0.2080 -2.6935 to 3.1095 0.885 1.0107 0.8783 to 1.1630 0.882
Tho -0.3285 -3.1060 to 2.4490 0812 09817 0.8476 to 11371 0.806
IL-9 in Th9 -0.4383 -6.1921 to 5.3153 0.878 0.9941 0.9243 to 1.0691 0.874
Th17 24970 0.0734 to 5.0674 0.057 1.2023 09790 to 14764 0079
IL-17A in Th17 -2.0447 -7.5199 to 3.4305 0452 0.9652 08822 to 1.0561 0441
IL-22 in Th17 -1.6396 -7.5138 to 4.2345 0.575 0.9778 0.9060 to 1.0552 0.564
Th22 0.3060 -1.0153 to 1.6273 0.642 1.0788 0.7898 to 1.4737 0.633
IL-13 in Th22 200092 | -34.7782 to -5.2403 0.010 0.9276 0.8674 to 0.9920 0.028
IL-22 in Th22 -3.7089 -8.8679 to 1.4500 0.153 0.9331 0.8469 to 1.0281 0.162

CI, Confidence Interval; OR, Odds Ratio.
Significant p-values are indicated in bold letters.
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OEBPS/Images/table1.jpg
Acute infection p value

CO’\VAIIIIS—19 Severe Critical Mild Severe Critical
(e COVID-19 COVID- COVID-19 COVID-19 COVID-19
n=20 n=20 n=20 versus PCC  versus PCC  versus PCC

Age at infection, years;

modian (IGR) 43 (28-59) 50 (44-55) 53 (47-59) 42 (37-46) 06165 0.1662 0.0004

Gender male/female;

n %) 10/10 (50/50) 10/10 (50/50) 10/10 (50/50) 1/18 (5/95) 0.0033 0.0033 0.0033

Days from clinical

onset to sample, 85 (80-95) 13 (9-17) 25 (12-35) 330 (342-352) <0.0001 <0.0001 <0.0001

median (IQR)
Hospitalization due to COVID-19 ‘

LOS, days;

median (IQR) 0(0) 7 (6-11) 45 (28-80) 0(0) 1 <0.0001 <0.0001

ICU stay, days;

median (IQR) 0(0) 0(0) 18 (8-40) 0(0) 1 1 <0.0001

Symptoms during acute COVID-19 for mild, severe, and critical participants; persistent symptoms in participants with PCC ‘

z{‘;“fci‘o:‘:";'n o 16 9 (45) 13 (65) 14(75) 03203 0.1053 07311
Dyspnea: n (%) 3(15) 11 (55) 14 (70) 10 (53) 0.0187 1 03332
Fevers n (%) 12 (60) 16 (80) 15 (75) 12 (63) 1 0.3008 0.5006
Pneumonias n (%) | 1(5) 17 (85) 19 (95) 6(32) 0.0436 0.0011 <0.0001
Lethargy; n (%) 15 2(10) 6 (30) 17 (89) <0.0001 <0.0001 0.0002
Asthenia; n (%) 12 (60) 3(15) 6(30) 18 (95) 0.0197 <0.0001 <0.0001
Memory loss; n (%) 0 (0) 0(0) 0(0) 16 (84) <0.0001 <0.0001 <0.0001
Arrhythmia; n (%) 0 (0) 0(0) 0(0) 12 (63) <0.0001 <0.0001 <0.0001
Palpitations; n (%) | 0 (0) 0(0) 0(0) 6(32) 0.0202 0.0202 0.0202

Comorbidities

. (]?%i)“be'“ melttos | sy 3(15) 4(20) 165) 1 06050 03416
Dyslipidemia; n (%) | 3 (15) 5(25) 4(20) 4(21) 0.6948 1 1
Arterial 4(20) 6(30) 7(23) 2(11) 0.6614 02351 0.1274

hypertension; n (%)

Treatment during acute COVID-19 for mild, severe, and critical participants; current treatment in participants with PCC

Antibiotics 0 (0) 6(30) 14 (70) 12 (63) <0.0001 0.0562 0.7411
Anticoagulants 0(0) 6 (30) 6 (30) 6(32) 0.0083 1 1
Immunomodulators 1(5) 15 (75) 16 (80) 5(26) 0.0915 0.0038 0.0012
Antivirals 0(0) 1(5) 7 (35) 8 (42) 0.0012 0.0084 0.7475
Oxygen therapy 0 (0) 5(25) 12 (60) 1(11) 04872 0.1818 0.0004
Invasive

‘mechanical 0 (0) 0(0) 15 (75) 0(0) 1 1 <0.0001
ventilation

Exitus 0(0) 0(0) 4(20) 0(0) 1 1 0.1060

ICU, Intensive care unit; IQR, Interquartile range; LOS, Length of Hospital Stay; NSAIDs, Non-Steroidal Anti-Inflammatory Drugs; PCC, Post-COVID condition.
Significant p-values are indicated in bold letters.





