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Introduction

Post-acute sequelae of COVID-19 affects the quality of life of many COVID-19 survivors, yet the etiology of post-acute sequelae of COVID-19 remains unknown. We aimed to determine if persistent inflammation and ongoing T-cell activation during convalescence were a contributing factor to the pathogenesis of post-acute sequelae of COVID-19.





Methods

We evaluated 67 individuals diagnosed with COVID-19 by nasopharyngeal polymerase chain reaction for persistent symptoms during convalescence at separate time points occurring up to 180 days post-diagnosis. Fifty-two of these individuals were evaluated longitudinally. We obtained whole blood samples at each study visit, isolated peripheral blood mononuclear cells, and stained for multiple T cell activation markers for flow cytometry analysis. The activation states of participants’ CD4+ and CD8+ T-cells were next analyzed for each of the persistent symptoms.





Results

Overall, we found that participants with persistent symptoms had significantly higher levels of inflammation at multiple time points during convalescence when compared to those who fully recovered from COVID-19. Participants with persistent dyspnea, forgetfulness, confusion, and chest pain had significantly higher levels of proliferating effector T-cells (CD8+Ki67+), and those with chest pain, joint pain, difficulty concentrating, and forgetfulness had higher levels of regulatory T-cells (CD4+CD25+). Additionally, those with dyspnea had significantly higher levels of CD8+CD38+, CD8+ Granzyme B+, and CD8+IL10+ cells. A retrospective comparison of acute phase inflammatory markers in adults with and without post-acute sequelae of COVID-19 showed that CD8+Ki67+ cells were significantly higher at the time of acute illness (up to 14 days post-diagnosis) in those who developed persistent dyspnea.





Discussion

These findings suggest continued CD8+ T-cell activation following SARS-CoV-2 infection in adults experiencing post-acute sequelae of COVID-19 and that the increase in T regulatory cells for a subset of these patients represents the ongoing attempt by the host to reduce inflammation.
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1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has taken the lives of millions worldwide but could leave an even greater number of survivors with debilitating sequelae (1). Many COVID-19 survivors experience persistent symptoms for months after the virus is no longer detectable by nasopharyngeal polymerase chain reaction (PCR) (2–5). A variety of persistent symptoms and manifestations that are described by patients are classified as post-acute sequelae of COVID-19 (PASC) (4, 6–8). Precise definitions of PASC are lacking, and therefore studies evaluating this syndrome remain challenging (9, 10). Importantly, mild disease and asymptomatic cases may go on to develop persistent symptoms or PASC, including younger individuals (11, 12). Critical gaps in knowledge exist on the pathophysiology of PASC and longitudinal analysis of patients merits attention given the adverse social, economic and health impacts with decreased quality of life (13–16).

Understanding PASC is crucial to disease control and management. Post-viral syndromes have been well described in association with other viral illnesses, and persistent immune dysfunction may play a vital role in these conditions and in precipitating autoimmune disease (17–22). It is possible that tissue damage from SARS-CoV-2 and the immune response it elicits may lead to new disease or amplification of undiagnosed underlying medical conditions that contribute to the development of PASC. Elevated inflammatory markers including D-dimer, IL-6, IFN-β/PXT3/IFN-γ/IFN-lambda/IL-6 combination, CD56+ NK cells, granulocytes, neutrophils, CXCR3+ monocytes, and C-reactive protein (CRP) have been found in PASC patients during convalescence (23–27). Liao et al. found that elevated IL-6 levels were associated with persistent pulmonary lesions on CT scans (23). Additionally, Raman et al. found that elevated CRP correlated with extra-pulmonary MRI abnormalities in PASC patients 2-3 months after disease onset (28). Lower frequencies of the degranulation marker CD107a in CD8+T cells have been observed in PASC patients four months after initial infection (29), suggestive of cytotoxic T cell (CTL) death during degranulation. Persistent inflammation may cause significant pathophysiology and lingering symptoms and provided rationale for determining if patients with PASC had elevated cellular markers of inflammation in the weeks to months following initial infection. The objective of this study was to determine if persistent inflammation using a suite of T cell activation markers in peripheral blood are contributing factors involved in PASC.




2 Materials and methods



2.1 Participant enrollment

We aimed to evaluate ongoing T cell activation and persistent inflammation in COVID-19 survivors as contributing factors for PASC. We conducted a longitudinal observational cohort study with evaluations at 4 separate time points for biospecimen and clinical symptom data collection used in this analysis. This study is comprised of sixty-seven acute and convalescent adult participants diagnosed with COVID-19 that enrolled in the Northern Colorado SARS-CoV-2 Biorepository (NoCo-COBIO) that was established at Colorado State University (CSU) as part of a community-based collaboration with the University of Colorado Health (UCH) in Fort Collins, CO (30). Inclusion criteria for all participants included (1) a positive SARS-Co-V-2 polymerase chain reaction (PCR) test, (2) at least 18 years of age, and (3) not currently pregnant or incarcerated. The recruitment of participants took place through UCH Northern Colorado hospitals, including Poudre Valley Hospital (PVH) in Fort Collins, Medical Center of the Rockies (MCR) in Loveland, and Greeley Hospital in Greeley, using emails, recruitment flyers, and health department screening. Participants were either enrolled from the community or from the inpatient hospital setting (PVH, MCR or Greeley Hospitals). Participants consented to undergo at least 3 study clinic visits: at time of enrollment, approximately one month after enrollment, 4 months after enrollment, and 6 months after enrollment if a fourth visit was consented and completed. Written informed consent was obtained from all participants prior to enrollment. Complete account of recruitment, enrollment, and data acquisition with rationale has previously been described (30).

In total, 116 participants were enrolled in the biobank, however participants had to complete at least one convalescent visit after their acute illness to be eligible for data analysis for this manuscript to determine if lingering symptoms were present. Of the 116 participants, many did not follow up for a convalescent visit after the acute phase of illness, some participants died, and some participants had inadequate specimen quantity to perform Peripheral blood mononuclear cells (PBMC) analysis. Therefore, 67 participants were used for this data analysis. Participants were enrolled at different timepoints following a COVID-19 PCR positive test result. Some participants were enrolled during the acute phase of their disease (within 14 days of a positive PCR test) (N=24), and some were enrolled during convalescence (N=43).

These 67 participants’ SARS-CoV-2 PCR positive test dates ranged from March 17, 2020, through February 26, 2021. All included participants completed their study visits between July 8, 2020, and April 7, 2021. Fifty-two adults had two or more visits. At the time of enrollment, disease severity was determined for each participant based on the Yale Impact Score: mild (no oxygen required), moderate (1-5L of oxygen required), and severe (>5L of oxygen required).

This biorepository and written informed consent were approved by CSU’s Research Integrity and Compliance Review Board (IRB protocol ID 2105 and 20-10063H), and the UCH IRB (Colorado Multiple IRB 20–6043), and is registered at ClinicalTrials.gov (NCT04603677). This biorepository was in accordance with the 1964 Helsinki Declaration and its 2013 amendments.




2.2 Peripheral blood mononuclear cell isolation

Each study participant provided approximately 40mL of whole blood in five 8mL cell preparation tubes (CPTs). Peripheral blood mononuclear cells (PBMCs) were isolated using the methodology previously outlined (31). Briefly, CPT tubes were centrifuged at 1500g for 30 minutes with the brake off. The buffy coat was aspirated from each CPT, transferred to a 50mL conical tube, and washed twice with phosphate buffer saline (PBS). The pellet was resuspended in 5mL PBS, the cells were counted, and 1x10 (6) cells were added to a V-bottom 96-well plate in triplicate for flow cytometric staining.




2.3 Peripheral blood mononuclear cell staining, flow cytometry, and data extraction

Peripheral blood mononuclear cells were incubated with 100µL of 1x Brefeldin A solution (5 mg/ml) (Fischer Scientific, Pittsburg, PA) at 37°C with 5% CO2. After two hours, cells were washed with 150µL FACS buffer (PBS, 2% heat-inactivated fetal bovine serum, and 0·05 percent sodium azide) and Fc receptors were blocked using 1:200 dilution of human Fc block (BD Biosciences). Cells were incubated for 15 minutes at 4°C and further stained with 50µL of surface antibody cocktail and incubated for 30 minutes at 4°C in the dark. Following surface labeling, cells were washed and fixed for one hour at room temperature using 100µL 1x fix/perm staining buffer (eBiosciences). Cells were washed with 1x permeabilization buffer (eBiosciences) and incubated overnight at 4°C in the dark with an intracellular antibody cocktail. The following day, the cells were washed with 1x permeabilization buffer, resuspended in 200µL FACS buffer and acquired using a Cytek four-laser Aurora spectral flow cytometer. 50,000 events in the leukocyte gate were recorded.

Data analysis was performed using FlowJo (BD Biosciences) software version 10.8.1. Cells were gated on live lymphocytes, single cells, CD3+ cells, and either CD8+ or CD4+ cells. CD4+ cells were evaluated for CD25+, HLADR+, IFNγ+, IL-10+, and TNFα+. CD8+ cells were evaluated for CD38+, PD1+, Granzyme-B+, IFNγ+, TNFα+, IFNγ+TNFα+, IL-10+, and Ki67+. Data were extracted as the frequency of the parent population (FOP) or frequency of the total lymphocyte population (FOL) for each sample.




2.4 Enzyme-linked immunosorbent assay for anti-receptor binding domain IgG detection

Enzyme-linked immunosorbent assay (ELISA) was used to test antibody binding to SARS-CoV-2 receptor binding domain (RBD) (catalog numbers 40592-V08H, Sino Biological US Inc., Wayne, PA, USA) (31, 32). High-binding 96-half-well microplates (Corning Life Sciences, Tewksbury, MA, USA) were coated with 50ng RBD protein in PBS overnight at 4°C. The next day, plates were washed five times with PBS + 0.5% Tween 20 and treated with blocking buffer (PBS + 0.5% Tween 20 + 2% BSA + 2% normal goat serum [Jackson ImmunoResearch Inc., West Grove, PA, USA]) for two hours. Different dilutions of human plasma in blocking buffer were added and incubated for one hour. Plates were washed and incubated for one hour with HRP-conjugated anti-human IgG antibody (Jackson ImmunoResearch Inc.) (1:10,000 dilution). The process was stopped by adding 50µL of 1N sulfuric acid to 100L TMB substrate (Thermo Fisher Scientific, Rockford, IL, USA). BioTek Synergy 2 plate reader was used to measure OD at 450 nm (BioTek Instruments Inc., Winooski, VT, USA).




2.5 Post-acute sequelae of COVID-19 (PASC) symptom evaluation

At each convalescent visit, participants were evaluated for persistent symptoms by completing a questionnaire that screened for 70 different persistent symptoms, detailed in our prior report (30). We defined PASC herein as participants experiencing at least 1 major symptom (dyspnea, fatigue, confusion, difficulty concentrating, forgetfulness, joint pain or chest pain) or 3 minor symptoms (from symptom list reported on the questionnaire) that remain present 14 days after the diagnostic SARS-CoV-2 PCR positivity. The symptoms must be reported as new symptoms and not present prior to COVID-19.




2.6 Statistical analysis

Statistical analysis was completed for each of the inflammatory markers, comparing those with and without PASC broadly, and for those specifically with or without dyspnea, fatigue, confusion, difficulty concentrating, forgetfulness, joint pain, and chest pain. When we didn’t find statistical differences between those with and without PASC, we analyzed by individual symptom. PASC is not homogenous and various symptoms could represent distinct pathophysiology, and statistical comparisons of inflammatory markers by the presence of individual symptoms merits attention. We completed statistical analysis on the most common PASC symptoms in our cohort.

Each cellular marker or intracellular cytokine was measured as a percent of the parent cell population (CD8+ or CD4+), as well as the percent of total lymphocytes in the sample (n=67). The flow cytometric data were evaluated for the distributional assumption of normality, and due to highly left-skewed curves for percent change, non-parametric methods were used. The Wilcoxon Sign-Rank Test was applied to investigate differences between two groups involving PASC and PASC symptoms. A power calculation for estimating sample size needed to assess relationships between T cell activation markers and PASC was not completed for this longitudinal, observational cohort investigation. This study was not able to predict the number of individuals that would clinically present with PASC and was not powered accordingly. Data were reported as Median and Interquartile Range. P < 0.05 was applied for statistical significance without adjustment for multiple tests. Of the 67 participants in this study, 52 adults had more than two blood collections with flow cytometric analysis of PBMCs between 1-6 months after the PCR+ test for COVID-19. The individual components of PASC including cognitive disorders, fatigue, chest pain, joint pain, and difficulty breathing were examined using mixed model longitudinal data analyses with an auto regressive error structure. Statistical significance was calculated using ANOVA with Tukey HSD. A P value of <0.05 was considered significant. When comparing two groups, for example, when comparing inflammatory markers in patients with and without symptoms, the Wilcoxon signed-rank test was used. Data is reported in the results section as Median in parenthesis, along with P values. P < 0.05 was considered significant without adjustment for multiple tests.

A separate analysis was completed to compare the means of immune markers of patients in the acute phase of disease (day post PCR <14) between participants who were later determined to be with or without PASC, dyspnea, fatigue, confusion, difficulty concentrating, forgetfulness, joint pain and chest pain. Independent T-tests were used for this analysis. All analyses were performed with SAS 9.4 (Cary, NC) or stats package in R.





3 Results



3.1 Participant characteristics and demographic data

The 67 participants included in this analysis had a mean age of 51, and 42 (63%) were female (Table 1). The mean body mass index (BMI) was 29.75, categorized as overweight. Those who suffered from PASC had a significantly higher BMI than those without PASC, as discussed in more detail in Results 3.5. Those with severe and moderate COVID-19 were significantly more likely to develop PASC than those with mild disease (Table 1). Most participants (N=38, 57%) suffered from mild COVID-19, while 16 had moderate disease (24%), and 13 (19%) had severe disease. The most frequently reported PASC symptom was fatigue, followed by forgetfulness or absent-mindedness (Table 1).


Table 1 | Baseline Demographics.






3.2 T cells and T cell activation status according to post-acute sequelae of COVID-19 symptoms

To investigate the total number of T-cells and the suite of markers for T-cell activation status in participants with PASC, PBMCs were stained to evaluate for T cells and subpopulations, as well as intracellular cytokines including CD4+, CD4+CD25+, CD4+HLADR+, CD4+IFNγ+, CD4+IL10+, CD4+TNFα+, CD8+, CD8+CD38+, CD8+PD1+, CD8+GranzymeB+, CD8+IFNγ+, CD8+IL10+, CD8+Ki67+, CD8+TNFα+, and CD8+IFNγ+TNFα+ cells.

We did not detect statistically significant differences at all time points, nor did we observe a trend indicating a distinct change from the acute phase to the subacute phase in intracellular cytokine levels across cell surface markers in those with any PASC symptoms compared to those without PASC. PASC symptom type variation and definitions are evolving (8), and the sample size is a limitation for broad spectrum assessment of T cell responses associated with all types of PASC. There was also no association between clustered neurologic symptoms with T cells when compared to those without neurologic symptoms.

Given the wide range of symptoms reported in our cohort and that symptoms may differ in causative pathogenesis, we elected to next evaluate differences between inflammatory markers in those with and without individual symptoms. The CD4 and CD8 T cells were compared in participants with and without symptoms of fatigue, dyspnea, forgetfulness or absent-mindedness, confusion, difficulty concentrating, chest pain, and joint pain. Participants were included in the analysis twice when there were two longitudinal study visits greater than 30 days apart.

Participants who reported difficulty breathing had significantly higher levels of CD8+CD38+ cells than those who did not (25·9 vs. 17·4, p=0·05) (Supplementary Table 1). Additionally, Granzyme B+, IL10+, and Ki67+ cytotoxic T lymphocytes (CTLs) were also significantly higher in the group reporting persistent dyspnea (Figure 1). Proliferating T cells (CD8+Ki67+) cells were significantly higher in those reporting dyspnea, forgetfulness, confusion, and chest pain. The percentage of CD4+CD25+ cells was significantly higher in participants with persistent forgetfulness, chest pain, and joint pain (Supplementary Figure 1). There were significantly higher CD4+ T cells in participants that had difficulty concentrating, but no differences in CD4+IFNγ+, IL10+, TNFα+ or HLADR+ when evaluated in those with and without symptoms of PASC (Supplementary Figure 1).




Figure 1 | Differences in CD8 T cell markers and inflammatory cytokines in participants reporting symptoms of: (A) dyspnea (N=20) and without dyspnea (N=104), (B) fatigue (N=35) and without fatigue (N=89), (C) confusion (N=17) and without confusion (N=107), (D) difficulty concentrating (DC) (N=26) and without difficulty concentrating (N= 98), (E) forgetfulness or absent-mindedness (N=28) and without forgetfulness or absent-mindedness (N=96), (F) joint pain (N=23) and without joint pain (N=101), and (G) chest pain (N=8) and without chest pain (N=116). *p<0.05 DC=Difficulty concentrating.






3.3 Inflammatory markers as predictors of post-acute sequelae of COVID-19 in acutely infected individuals

Of the 67 participants included in this analysis, 24 were enrolled during the acute phase of their illness and continued in the study through the convalescent phase. Most of the participants (N=13, 54·2%) had severe COVID-19 based on the Yale scale for oxygen requirement. Of these 24 participants, 18 (75%) developed PASC and 6 (25%) did not. We evaluated differences in intracellular inflammatory markers and CD4 and CD8 surface markers in the acute phase of illness between cases that developed PASC versus cases that did not develop PASC. We found that CD8+Ki67+ cells were significantly higher at the time of acute illness in those who went on to develop persistent dyspnea than those who did not (2·84 ± 1·97 vs. 1·25 ± 0·73, p=0·02). CD4+CD25+ cells were significantly higher in the acute phase of COVID-19, as a percentage of total lymphocytes, in participants who later developed persistent forgetfulness when compared to those who did not (p<0·01). CD4+ cells were also significantly higher during the acute phase of illness in those who developed persistent difficulty concentrating (p=0·02).




3.4 Longitudinal evaluation of inflammatory markers and post-acute sequelae of COVID-19 symptoms

We next sought to evaluate inflammatory markers longitudinally in correlation with persistent symptoms. Participants were categorized into four time points according to the number of days since their positive SARS-CoV-2 PCR test (15-44, 45-89, 90-174, and 175+ days post- SARS-CoV-2 PCR+ test). We compared the CD8+ T cell pattern and activation status in participants who were positive or negative for individual PASC symptoms over time. Overall, there was no difference longitudinally in inflammation markers. However, several markers were different between groups at the 15–44-day time point at the 15-44 days post-PCR+, CD8+Ki67+ cells were significantly higher in participants with dyspnea (4·32 vs. 1·13, p=0·01), fatigue (3·56 vs. 1·09, p = 0·041), confusion (4·12 vs. 0·04, p=0·001), and forgetfulness (3·41 vs. 0·97, p=0·04) than in participants without these symptoms (Figure 2). Additionally, we observed significantly higher CD8+IL10+ cells in patients with dyspnea compared to patients without dyspnea at 15-44 days after PCR+ (1·19 vs. 0·98, p=0·02). IFNγ levels were significantly higher (p=0·05) in patients with any cognitive symptoms (confusion, difficulty concentrating, and forgetfulness) than those without any reported cognitive symptom 15-44 days after PCR+. There were no significant differences in CD4+ cell markers or intracellular cytokines longitudinally when examined with specific symptoms (Supplementary Figure 2).




Figure 2 | Differences in CD8 T cell markers and inflammatory cytokines in participants grouped according to days from SARS-CoV-2 PCR+ test. Reporting symptoms included dyspnea (15-44, N=3; 45-89, N=5; 96-174, N=5; 175+, N=1) and without dyspnea 15-44, N=11; 45-89, N=18; 96-174, N=24; 175 +, N=16); Fatigue (15-44, N=3; 45-89, N=6; 96-174, N=8; 175+, N=3) and without fatigue (15-44, N=10; 45-89, N=17; 96-174, N=21; 175+, N=14); Confusion (15-44, N=1; 45-89, N=7; 96-174, N=3; 175+, N=1) and without confusion (15-44, N=12; 45-89, N=16; 96-174, N=27; 175+, N=17); Difficulty concentrating (DC) (15-44, N=2; 45-89, N=7; 96-174, N=6; 175+, N=2) and without difficulty concentrating (15-44, N=11; 45-89, N=16; 96-174, N=24; 175+, N=16); and forgetfulness or absent-mindedness (15-44, N=3; 45-89, N=9; 96-174, N=9; 175+, N=2) and without forgetfulness or absent-mindedness (15-44, N=10; 45-89, N=14; 96-174, N=20; 175+, N=16). Statistical significance was calculated using ANOVA with Tukey HSD. P<0.05 was considered significant.



Although not examined statistically due to small sample sizes, we plotted the intracellular inflammatory markers across 4 time points for both groups to visualize possible trends in participants with PASC symptoms. We plotted the CD8+Ki67+, Granzyme-B, and IFNγ levels in each individual patient over time. CD8+Ki67+ cells were nearly stable in patients without symptoms but were significantly higher in patients with dyspnea, fatigue, confusion, difficulty concentrating, and forgetfulness 15-44 days post-PCR+, stabilized between 45 and 174 days, and then began to decline after 175 days (Figure 2). Interestingly, CD8+Granzyme-B+ cells increased longitudinally in patients with dyspnea and forgetfulness from 15 to 175 days post-PCR+ but did not change over time in patients without persistent symptoms. IFNγ had a distinct pattern compared to Ki67 and Granzyme-B: CD8+ IFNγ+ cells varied between 15- and 174-days post-PCR but thereafter began to decline in PASC+ patients.




3.5 Body mass index associated with post-acute sequelae of COVID-19 and inflammatory markers

Body mass index (BMI) at the time of enrollment was strongly associated with several symptoms of PASC in our cohort, including fatigue (BMI 34·6 vs 27·9, p<0·001), joint pain (34·8 vs 29·2, p=0·03), difficulty breathing (35·8 vs 28·6, p=0·001), forgetful or absent-mindedness (35·1 vs 28·1, p<0·01), confusion (36·8 vs 28·9, p<0·01), and difficulty concentrating (34·7 vs 28·7, p<0·01). A trend was observed between BMI and elevated T cell and inflammatory markers, including CD4+CD25+, CD8+IFNγ+, and CD8+Granzyme B+ cells, but was not statistically significant. Statistical significance was calculated using ANOVA with Tukey HSD.




3.6 Longitudinal analysis of anti-receptor binding domain IgG and post-acute sequelae of COVID-19

ELISA was performed for anti-receptor binding domain (RBD) IgG to evaluate correlation with common PASC symptoms (Figure 3). ELISAs were completed at each participant visit, and subsequently analyzed by days post positive SARS-CoV-2 PCR. At day 90-174 post PCR, anti-RBD IgG was significantly higher in participants who reported confusion (p<0·012) and dyspnea (p<0·001) than in those who did not report symptoms.




Figure 3 | Antibody responses in COVID-19 disease progression. IgG antibody reactivity to SARS-CoV-2 receptor-binding domain (RBD) in plasma samples. Plot representing area under the curve (AUC) was calculated using plasma dilutions 1/250, 1/1250, and 1/6250 of anti-RBD IgG. Reporting symptoms included: dyspnea (15-44, N=3; 45-89, N=5; 96-174, N=5; 175+, N=1) and without dyspnea (15-44, N=11; 45-89, N=18; 96-174, N=24; 175+, N=16); Fatigue (15-44, N=3; 45-89, N=6; 96-174, N=8; 175+, N=3) and without fatigue (15-44, N=10; 45-89, N=17; 96-174, N=21; 175+, N=14); Confusion (15-44, N=1; 45-89, N=7; 96-174, N=3; 175+, N=1) and without confusion (15-44, N=12; 45-89, N=16; 96-174, N=27; 175+, N=17); Difficulty concentrating (DC) (15-44, N=2; 45-89, N=7; 96-174, N=6; 175+, N=2) and without difficulty concentrating (15-44, N=11; 45-89, N=16; 96-174, N=24; 175+, N=16); and e) absent-mindedness (15-44, N=3; 45-89, N=9; 96-174, N=9; 175+, N=2) and without forgetfulness or absent-mindedness (15-44, N=10; 45-89, N=14; 96-174, N=20; 175+, N=16). Statistical significance was calculated using ANOVA with Tukey HSD at each time point. P<0.05 was considered significant. **p<0.01, ***p<0.001.






3.7 Viral titers

Of the 67 participants included in this study, 24 participants were enrolled during the acute phase of their illness. We obtained nasopharyngeal SARS-CoV-2 PCR data on all patients, and only 13 of the 24 had a high enough cycle threshold to proceed to viral culture by plaque assay. Due to this small number of individuals with viral titer data, there were no significant differences in viral titer levels in those with and without any individual symptom of PASC or inflammatory markers.





4 Discussion

Persistently elevated inflammatory T cell markers may contribute to the development and progression of multiple PASC symptoms (33, 34). The CD8+Ki67+ cells from a longitudinal observational cohort in the Northern Colorado COVID-19 Biorepository were increased for the following individual symptoms of dyspnea, forgetfulness, confusion, and chest pain. Interestingly, CD8+Ki67+ cells were higher during the acute phase of COVID-19 in those who went on to develop persistent dyspnea and could be used as a predictor of PASC. As a marker of cellular proliferation, an increase in Ki67+ CTLs indicates continued CD8+ T cell activation and response (35, 36). Other investigators have also demonstrated an association of increased cytotoxic memory T cells with PASC (37). Additionally, IL10+ CTLs were increased in those with symptoms of dyspnea, consistent with chronic infection as a down regulator of inflammation. Similarly, CD4+CD25+ cells represent an increase in T regulatory cells in those with long-term symptoms of forgetfulness, chest pain, and joint pain, and suggest an ongoing attempt to control host inflammation. CD4+CD25+ cells are also more elevated in the acute phase of COVID-19 in those who later develop persistent symptoms and could be used as a predictor of PASC. However, studies investigating additional characteristics of the CD4+CD25+ cells are essential to differentiate activated T cells from regulatory T cells.

We found that increases in intracellular cytokines were most striking in participants who complained of persistent dyspnea. Severe acute respiratory syndrome coronavirus 2 infects alveolar macrophages which in turn activate T cells in the alveolar space, which could in part explain why patients with dyspnea may have more inflammation than those without (38). Other studies have shown that activated SARS-CoV-2 specific CD8+ T cells are associated with decreased lung function (33). Together these findings strongly suggest that dyspnea is closely related to persistent inflammation.

Alternatively, persistent inflammation in patients with PASC could be due to continued or intermittent viral antigen exposure or be part of an autoimmune response. Patients with PASC have been found to have detectable SARS-CoV-2 antigen in plasma (39), which could lead to continued immune activation. Viruses such as chikungunya, Ebola virus (EBOV), Zika virus, measles virus, and others may persist in viral sanctuary sites such as the reproductive tract, CNS, and synovial tissue (40–44). Severe acute respiratory syndrome coronavirus 2 could remain in the host in a similar manner, causing intermittent viremia and persistent inflammation. An incomplete host immune response may lead to diminished viral clearance. We did not have many participants with low PCR cycle threshold values or culturable virus during convalescent follow up visits, however these samples were only obtained in the nasopharynx, and though virus may be rapidly cleared there, it does not preclude virus presence in alternative sites.

Decreased levels of nucleocapsid peptide-specific CD8+CD107a+ T cells are also associated with PASC (29), which could be suggestive of poor immune response and viral clearance. Alternatively, proliferating CTLs could be a part of an autoimmune process (45). An increase in autoimmune antibodies has been observed in those with PASC (46, 47). Though we were not able to obtain nasopharyngeal samples early enough in the disease process to detect culturable virus in most patients, others have found that high SARS-CoV-2 viral loads at the time of COVID-19 diagnosis are predictors of PASC (47), and persistent inflammation could also be associated with virus-induced immune dysregulation which takes many months to resolve. Our findings showing increased levels of Ki67 in CTLs as a predictor of PASC support this theory.

Interestingly, investigators have sought to determine if genetic loci are associated with elevations of T cell markers in patients with severe COVID-19 disease through single-cell RNA-sequencing and transcriptomics (48–50). These same methods could be applied to those with persistent inflammation in PASC to determine if similar genetic loci are present and could assist with predicting those who may go on to develop PASC.

The COVID-19 survivors reporting persistent symptoms following acute infection and determined to have PASC had increased CD4+ and CD8+ T cell activation for up to 180 days post SARS-CoV-2 infection. Participants with ongoing dyspnea had the most notable change in CD8+ T cell markers, further suggesting that symptoms of shortness of breath are most likely related to chronic inflammation. Additionally, we found that participants who developed PASC had higher levels of CD8+Ki67+ cells during acute illness, and this marker could be investigated as a predictor of PASC.

Chronic inflammation is a risk factor for other chronic conditions, such as cardiovascular, cerebrovascular, or autoimmune disease, which heightens the significance of follow up investigation with this cohort (51, 52). The data from this study support a growing body of evidence associating PASC with persistent inflammation and immune dysregulation as early predictors of disease and warrant attention towards appropriate therapeutics and interventions for the prevention and treatment of PASC.

Limitations of the study: The sample size was small for this immune profiling analysis, with only 67 participants included, and our study attrition involved 13 patients that did not follow up for subsequent visits after the first convalescent visit. Another limitation to consider was the variation in vaccination status through the study period. Some participants were vaccinated towards the end of our study (from December 30, 2020, to April 5, 2021), and inflammation associated with immune response to immunization could influence the interpretation of results. Notably, there were minimal differences in inflammatory markers between those with and without PASC, when all symptom types were combined, which prompted the further investigation of T cell responses by individual symptoms that are included in the broad definition of PASC. Post hoc analysis could be considered as a limitation to this study; however, corrections for multiple comparisons were part of the statistical analysis. This study has utility for statistical power calculations needed to assess T cell signatures in future human studies investigating inflammation following respiratory viral infections that are associated with PASC development.





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 studies involving humans were approved by CSU’s Research Integrity and Compliance Review Board (IRB protocol ID 2105 and 20-10063H), and the UCH IRB (Colorado Multiple IRB 20–6043). 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. Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

SML: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. TSD: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. KM: Formal Analysis, Validation, Writing – review & editing. BAB: Data curation, Investigation, Project administration, Writing – review & editing. TLW: Conceptualization, Data curation, Investigation, Writing – review & editing. KB: Data curation, Investigation, Writing – review & editing. SS: Data curation, Investigation, Writing – review & editing. BMS: Conceptualization, Formal Analysis, Writing – review & editing. JD: Conceptualization, Formal Analysis, Funding acquisition, Investigation, Project administration, Supervision, Writing – review & editing. MHT: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Supervision, Validation, Visualization, Writing – review & editing. EPR: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Project administration, Supervision, Validation, Visualization, Writing – review & editing. MT: Data curation, Project administration, Writing-review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Provided by ER in the CSU Department of Environmental and Radiological Health Sciences in collaboration with JD and the Medical Center of the Rockies Trauma Research Department. Additional support was granted from the Poudre Valley Health Foundation for the clinical recruitment in the local hospitals.





Conflict of interest

BS is employed by Arcturus Therapeutics which is developing a COVID-19 vaccine.

The remaining 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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1303971/full#supplementary-material

Supplementary Table 1 | Immune markers with significant differences in participants with and without PASC symptoms. FOP, frequency of the parent population; FOL, frequency of the total lymphocyte population (FOL).

Supplementary Figure 1 | Differences in CD4 T cell markers and inflammatory cytokines in participants reporting the following symptoms: (A) dyspnea (N=20) and without dyspnea (N=104), (B) fatigue (N=35) and without fatigue (N=89), (C) confusion (N=17) and without confusion (N=107), (D) difficulty concentrating (DC) (N=26) and without difficulty concentrating (N= 98), (E) forgetfulness or absent-mindedness (N=28) and without forgetfulness or absent-mindedness (N=96).

Supplementary Figure 2 | Differences in CD4 T cell markers and inflammatory cytokines in participants grouped based on days from SARS-CoV-2 PCR+ test: (A) dyspnea (N=20) and without dyspnea (N=104), (B) fatigue (N=35) and without fatigue (N=89), (C) confusion (N=17) and without confusion (N=107), (D) difficulty concentrating (DC) (N=26) and without difficulty concentrating (N= 98), (E) forgetfulness or absent-mindedness (N=28) and without forgetfulness or absent-mindedness (N=96). Statistical significance was calculated using ANOVA with Tukey HSD. P<0.05 was considered significant.




References

1. COVID-19 Map. Johns Hopkins Coronavirus Resource Center . Available at: https://coronavirus.jhu.edu/map.html (Accessed August 8, 2023).

2. Tejerina, F, Catalan, P, Rodriguez-Grande, C, Adan, J, Rodriguez-Gonzalez, C, Muñoz, P, et al. Post-COVID-19 syndrome. SARS-CoV-2 RNA detection in plasma, stool, and urine in patients with persistent symptoms after COVID-19. BMC Infect Dis (2022) 22:211. doi: 10.1186/s12879-022-07153-4

3. Carfì, A, Bernabei, R, Landi, F, and Gemelli Against COVID-19 Post-Acute Care Study Group. Persistent symptoms in patients after acute COVID-19. JAMA (2020) 324(6):603–5. doi: 10.1001/jama.2020.12603

4. 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

5. Davis, HE, Assaf, GS, McCorkell, L, Wei, H, Low, RJ, Re’em, Y, et al. Characterizing long COVID in an international cohort: 7 months of symptoms and their impact. EClinicalMedicine (2021) 38:101019. doi: 10.1016/j.eclinm.2021.101019

6. Wang, L, Foer, D, MacPhaul, E, Lo, YC, Bates, DW, and Zhou, L. PASCLex: A comprehensive post-acute sequelae of COVID-19 (PASC) symptom lexicon derived from electronic health record clinical notes. J BioMed Inform (2022) 125:103951. doi: 10.1016/j.jbi.2021.103951

7. Al-Aly, Z, Xie, Y, and Bowe, B. High-dimensional characterization of post-acute sequelae of COVID-19. Nature (2021) 594(7862):259–64. doi: 10.1038/s41586-021-03553-9

8. Thaweethai, T, Jolley, SE, Karlson, EW, Levitan, EB, Levy, B, McComsey, GA, et al. Development of a definition of postacute sequelae of SARS-coV-2 infection. JAMA (2023) 329(22):1934–46. doi: 10.1001/jama.2023.8823

9. Seeßle, J, Waterboer, T, Hippchen, T, Simon, J, Kirchner, M, Lim, A, et al. Persistent symptoms in adult patients 1 year after coronavirus disease 2019 (COVID-19): A prospective cohort study. Clin Infect Dis Off Publ Infect Dis Soc Am (2022) 74(7):1191–8. doi: 10.1093/cid/ciab611

10. Chippa, V, Aleem, A, and Anjum, F. Post-Acute Coronavirus (COVID-19) Syndrome, in: StatPearls (2023). StatPearls Publishing. Available at: http://www.ncbi.nlm.nih.gov/books/NBK570608/ (Accessed August 8, 2023).

11. Graham, EL, Clark, JR, Orban, ZS, Lim, PH, Szymanski, AL, Taylor, C, et al. Persistent neurologic symptoms and cognitive dysfunction in non-hospitalized Covid-19 “long haulers”. Ann Clin Transl Neurol (2021) 8(5):1073–85. doi: 10.1002/acn3.51350

12. Blomberg, B, Mohn, KGI, Brokstad, KA, Zhou, F, Linchausen, DW, Hansen, B-A, et al. Long COVID in a prospective cohort of home-isolated patients. Nat Med (2021) 27(9):1607–13. doi: 10.1038/s41591-021-01433-3

13. Tak, CR. The health impact of long COVID: a cross-sectional examination of health-related quality of life, disability, and health status among individuals with self-reported post-acute sequelae of SARS CoV-2 infection at various points of recovery. J Patient-Rep Outcomes (2023) 7(1):31. doi: 10.1186/s41687-023-00572-0

14. Shah, R, Ali, FM, Nixon, SJ, Ingram, JR, Salek, SM, and Finlay, AY. Measuring the impact of COVID-19 on the quality of life of the survivors, partners and family members: a cross-sectional international online survey. BMJ Open (2021) 11(5):e047680. doi: 10.1136/bmjopen-2020-047680

15. Malesevic, S, Sievi, NA, Baumgartner, P, Roser, K, Sommer, G, Schmidt, D, et al. Impaired health-related quality of life in long-COVID syndrome after mild to moderate COVID-19. Sci Rep (2023) 13(1):7717. doi: 10.1038/s41598-023-34678-8

16. O’ Mahony, L, Buwalda, T, Blair, M, Forde, B, Lunjani, N, Ambikan, A, et al. Impact of Long COVID on health and quality of life. HRB Open Res (2022) 5:31. doi: 10.12688/hrbopenres.13516.1

17. Smatti, MK, Cyprian, FS, Nasrallah, GK, Al Thani, AA, Almishal, RO, and Yassine, HM. Viruses and autoimmunity: A review on the potential interaction and molecular mechanisms. Viruses (2019) 11(8):762. doi: 10.3390/v11080762

18. Guan, Y, Jakimovski, D, Ramanathan, M, Weinstock-Guttman, B, and Zivadinov, R. The role of Epstein-Barr virus in multiple sclerosis: from molecular pathophysiology to in vivo imaging. Neural Regener Res (2019) 14(3):373–86. doi: 10.4103/1673-5374.245462

19. Thammasri, K, Rauhamäki, S, Wang, L, Filippou, A, Kivovich, V, Marjomäki, V, et al. Human parvovirus B19 induced apoptotic bodies contain altered self-antigens that are phagocytosed by antigen presenting cells. PloS One (2013) 8(6):e67179. doi: 10.1371/journal.pone.0067179

20. Pawlotsky, JM, Roudot-Thoraval, F, Simmonds, P, Mellor, J, Ben Yahia, MB, André, C, et al. Extrahepatic immunologic manifestations in chronic hepatitis C and hepatitis C virus serotypes. Ann Intern Med (1995) 122(3):169–73. doi: 10.7326/0003-4819-122-3-199502010-00002

21. LaVergne, SM, Sakabe, S, Kanneh, L, Momoh, M, Al-Hassan, F, Yilah, M, et al. Ebola-specific CD8+ and CD4+ T-cell responses in Sierra Leonean ebola virus survivors with or without post-ebola sequelae. J Infect Dis (2020) 222(9):1488–97. doi: 10.1093/infdis/jiaa268

22. Triantafyllopoulou, A, and Moutsopoulos, H. Persistent viral infection in primary Sjogren’s syndrome: review and perspectives. Clin Rev Allergy Immunol (2007) 32(3):210–4. doi: 10.1007/s12016-007-8004-7

23. Liao, B, Liu, Z, Tang, L, Li, L, Gan, Q, Shi, H, et al. Longitudinal clinical and radiographic evaluation reveals interleukin-6 as an indicator of persistent pulmonary injury in COVID-19. Int J Med Sci (2021) 18(1):29–41. doi: 10.7150/ijms.49728

24. Thompson, RC, Simons, NW, Wilkins, L, Cheng, E, Del Valle, DM, Hoffman, GE, et al. Molecular states during acute COVID-19 reveal distinct etiologies of long-term sequelae. Nat Med (2023) 29(1):236–46. doi: 10.1038/s41591-022-02107-4

25. Mandal, S, Barnett, J, Brill, SE, Brown, JS, Denneny, EK, Hare, SS, et al. “Long-COVID”: a cross-sectional study of persisting symptoms, biomarker and imaging abnormalities following hospitalisation for COVID-19. Thorax (2021) 76(4):396–8. doi: 10.1136/thoraxjnl-2020-215818

26. 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(2):210–6. doi: 10.1038/s41590-021-01113-x

27. Ryan, FJ, Hope, CM, Masavuli, MG, Lynn, MA, Mekonnen, ZA, Yeow, AEL, et al. Long-term perturbation of the peripheral immune system months after SARS-CoV-2 infection. BMC Med (2022) 20(1):26. doi: 10.1186/s12916-021-02228-6

28. Raman, B, Cassar, MP, Tunnicliffe, EM, Filippini, N, Griffanti, L, Alfaro-Almagro, F, et al. Medium-term effects of SARS-CoV-2 infection on multiple vital organs, exercise capacity, cognition, quality of life and mental health, post-hospital discharge. EClinicalMedicine (2021) 31:100683. doi: 10.1016/j.eclinm.2020.100683

29. Peluso, MJ, Deitchman, AN, Torres, L, Iyer, NS, Munter, SE, Nixon, CC, et al. Long-term SARS-CoV-2-specific immune and inflammatory responses in individuals recovering from COVID-19 with and without post-acute symptoms. Cell Rep (2021) 36(6):109518. doi: 10.1016/j.celrep.2021.109518

30. LaVergne, SM, Stromberg, S, Baxter, BA, Webb, TL, Dutt, TS, Berry, K, et al. A longitudinal SARS-CoV-2 biorepository for COVID-19 survivors with and without post-acute sequelae. BMC Infect Dis (2021) 21(1):677. doi: 10.1186/s12879-021-06359-2

31. Dutt, TS, LaVergne, SM, Webb, TL, Baxter, BA, Stromberg, S, McFann, K, et al. Comprehensive immune profiling reveals CD56+ Monocytes and CD31+ Endothelial cells are increased in severe COVID-19 disease. J Immunol Baltim Md 1950 (2022) 208(3):685–96. doi: 10.4049/jimmunol.2100830

32. Yonemura, S, Hartson, L, Dutt, TS, Henao-Tamayo, M, Goodrich, R, and Marschner, S. Preservation of neutralizing antibody function in COVID-19 convalescent plasma treated using a riboflavin and ultraviolet light-based pathogen reduction technology. Vox Sang (2021) 116(10):1076–83. doi: 10.1111/vox.13108

33. Littlefield, KM, Watson, RO, Schneider, JM, Neff, CP, Yamada, E, Zhang, M, et al. SARS-CoV-2-specific T cells associate with inflammation and reduced lung function in pulmonary post-acute sequalae of SARS-CoV-2. PloS Pathog (2022) 18(5):e1010359. doi: 10.1371/journal.ppat.1010359

34. Newell, KL, and Waickman, AT. Inflammation, immunity, and antigen persistence in post-acute sequelae of SARS-CoV-2 infection. Curr Opin Immunol (2022) 77:102228. doi: 10.1016/j.coi.2022.102228

35. Menon, SS, Guruvayoorappan, C, Sakthivel, KM, and Rasmi, RR. Ki-67 protein as a tumour proliferation marker. Clin Chim Acta (2019) 491:39–45. doi: 10.1016/j.cca.2019.01.011

36. Yang, C, Su, H, Liao, X, Han, C, Yu, T, Zhu, G, et al. Marker of proliferation Ki-67 expression is associated with transforming growth factor beta 1 and can predict the prognosis of patients with hepatic B virus-related hepatocellular carcinoma. Cancer Manag Res (2018) 10:679–96. doi: 10.2147/CMAR.S162595

37. Galán, M, Vigón, L, Fuertes, D, Murciano-Antón, MA, Casado-Fernández, G, Domínguez-Mateos, S, et al. Persistent overactive cytotoxic immune response in a spanish cohort of individuals with long-COVID: identification of diagnostic biomarkers. Front Immunol (2022) 13:848886. doi: 10.3389/fimmu.2022.848886

38. Grant, RA, Morales-Nebreda, L, Markov, NS, Swaminathan, S, Querrey, M, Guzman, ER, et al. Circuits between infected macrophages and T cells in SARS-CoV-2 pneumonia. Nature (2021) 590(7847):635–41. doi: 10.1038/s41586-020-03148-w

39. Swank, Z, Senussi, Y, Manickas-Hill, Z, Yu, XG, Li, JZ, Alter, G, et al. Persistent circulating severe acute respiratory syndrome coronavirus 2 spike is associated with post-acute coronavirus disease 2019 sequelae. Clin Infect Dis Off Publ Infect Dis Soc Am (2023) 76(3):e487–90. doi: 10.1093/cid/ciac722

40. Diallo, B, Sissoko, D, Loman, NJ, Bah, HA, Bah, H, Worrell, MC, et al. Resurgence of ebola virus disease in Guinea linked to a survivor with virus persistence in seminal fluid for more than 500 days. Clin Infect Dis Off Publ Infect Dis Soc Am (2016) 63(10):1353–6. doi: 10.1093/cid/ciw601

41. Jacobs, M, Rodger, A, Bell, DJ, Bhagani, S, Cropley, I, Filipe, A, et al. Late Ebola virus relapse causing meningoencephalitis: a case report. Lancet (2016) 388(10043):498–503. doi: 10.1016/S0140-6736(16)30386-5

42. Turmel, JM, Abgueguen, P, Hubert, B, Vandamme, YM, Maquart, M, Guillou-Guillemette, HL, et al. Late sexual transmission of Zika virus related to persistence in the semen. Lancet (2016) 387(10037):2501. doi: 10.1016/S0140-6736(16)30775-9

43. Gasque, P, Bandjee, MCJ, Reyes, MM, and Viasus, D. Chikungunya pathogenesis: from the clinics to the bench. J Infect Dis (2016) 214(suppl 5):S446–8. doi: 10.1093/infdis/jiw362

44. Sidhu, MS, Crowley, J, Lowenthal, A, Karcher, D, Menonna, J, Cook, S, et al. Defective measles virus in human subacute sclerosing panencephalitis brain. Virology (1994) 202(2):631–41. doi: 10.1006/viro.1994.1384

45. Deng, Q, Luo, Y, Chang, C, Wu, H, Ding, Y, and Xiao, R. The emerging epigenetic role of CD8+T cells in autoimmune diseases: A systematic review. Front Immunol (2019) 10:856. doi: 10.3389/fimmu.2019.00856

46. Lingel, H, Meltendorf, S, Billing, U, Thurm, C, Vogel, K, Majer, C, et al. Unique autoantibody prevalence in long-term recovered SARS-CoV-2-infected individuals. J Autoimmun (2021) 122:102682. doi: 10.1016/j.jaut.2021.102682

47. Su, Y, Yuan, D, Chen, DG, Ng, RH, Wang, K, Choi, J, et al. Multiple early factors anticipate post-acute COVID-19 sequelae. Cell (2022) 185(5):881–895.e20. doi: 10.1016/j.cell.2022.01.014

48. Dai, Y, Wang, J, Jeong, HH, Chen, W, Jia, P, and Zhao, Z. Association of CXCR6 with COVID-19 severity: delineating the host genetic factors in transcriptomic regulation. Hum Genet (2021) 140(9):1313–28. doi: 10.1007/s00439-021-02305-z

49. Ma, Y, Zhou, Y, Jiang, D, Dai, W, Li, J, Deng, C, et al. Integration of human organoids single-cell transcriptomic profiles and human genetics repurposes critical cell type-specific drug targets for severe COVID-19. Cell Prolif (2023):e13558. doi: 10.1111/cpr.13558

50. Ma, Y, Qiu, F, Deng, C, Li, J, Huang, Y, Wu, Z, et al. Integrating single-cell sequencing data with GWAS summary statistics reveals CD16+monocytes and memory CD8+T cells involved in severe COVID-19. Genome Med (2022) 14(1):16. doi: 10.1186/s13073-022-01021-1

51. Henein, MY, Vancheri, S, Longo, G, and Vancheri, F. The role of inflammation in cardiovascular disease. Int J Mol Sci (2022) 23(21):12906. doi: 10.3390/ijms232112906

52. Sorriento, D, and Iaccarino, G. Inflammation and cardiovascular diseases: the most recent findings. Int J Mol Sci (2019) 20(16):3879. doi: 10.3390/ijms20163879




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 LaVergne, Dutt, McFann, Baxter, Webb, Berry, Tipton, Stromberg, Sullivan, Dunn, Henao-Tamayo and Ryan. 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.2023.1303971_cover.jpg
& frontiers | Frontiers in Immunology

Persistent CD8" T cell proliferation and
activation in COVID-19 adult survivors with
post-acute sequelae: a longitudinal,
observational cohort study of persistent
symptoms and T cell markers





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Persistent CD8+ T cell proliferation and activation in COVID-19 adult survivors with post-acute sequelae: a longitudinal, observational cohort study of persistent symptoms and T cell markers

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Participant enrollment

          



          		

            2.2 Peripheral blood mononuclear cell isolation

          



          		

            2.3 Peripheral blood mononuclear cell staining, flow cytometry, and data extraction

          



          		

            2.4 Enzyme-linked immunosorbent assay for anti-receptor binding domain IgG detection

          



          		

            2.5 Post-acute sequelae of COVID-19 (PASC) symptom evaluation

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Participant characteristics and demographic data

          



          		

            3.2 T cells and T cell activation status according to post-acute sequelae of COVID-19 symptoms

          



          		

            3.3 Inflammatory markers as predictors of post-acute sequelae of COVID-19 in acutely infected individuals

          



          		

            3.4 Longitudinal evaluation of inflammatory markers and post-acute sequelae of COVID-19 symptoms

          



          		

            3.5 Body mass index associated with post-acute sequelae of COVID-19 and inflammatory markers

          



          		

            3.6 Longitudinal analysis of anti-receptor binding domain IgG and post-acute sequelae of COVID-19

          



          		

            3.7 Viral titers

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1303971-g002.jpg
é cD8 Granzyme-B IFNg IL-10 Ki67 TNFa CcD38 dyspnea
S0l 17 | B il . B
£30 875 =30 4
£ 5 .
5 20{[ [| 7 50 20 .
> @
210 ;ét( 225 10 Eé é’#’ é
] k] T
g L —J* ol L JoiltlE ——r
i D \J X ol B x > ol x
- »f’vy &’%@":\ N K ‘,‘:‘@ Ol > gf’% oP\« Q& é”'@@"(\“ &
8 cDb8 Granzyme-B IFNg cD38 fatigue
5‘ o g o = . no fatigue
%_30 ‘,;o’ 757 307 &5 fatigue
: n .
E) 250 201 bd
250 350 1’ :
o g [ .
> 4 - L]
10 g2 10 %
g w
g ; | 0L, 0= ¥ —
[ ;;s}/@ & @ ;O:@QQ,\«‘* & FEE u"iw& &
confusion
o cD38
£ . £o8 & Granzyme 8 .IFNg 2 no confusion
g ] 30 . £ confusion
£ 30/ g 75 H
£ * > 20 E
gzo.%L :ﬂ : g = i Plo ot F
2 g251l 10 r
il LY g )
g7 | |+ .
s | 0 . 0 | ol -
o b o S L SR b S o x b P y
T “&1%‘0 & & R & u“%%s\« 8 & gf’%@“ &P u“%q«\« & & h‘}g@(\ & ,31') i & & 5
2 cbs Granzyme-B | IFNg [ IL-10 Ki67 TNFa cp38 bc
- & . . g g . % no DC
g 875 301 —— . 6 i 0.4 * be
.5_30 E | 97 o s 40
£ 5 | 201 I . 03 . .o
:>,20* 750 20 ‘ . 61 . - 4 H b .-, .
<] S N . ' «* |20
> 325 | 107 3+ 2
g10 g [ . é $ Lafotr, L, i
g L Cotl T Joll Lol a 0”“5?"*“0,. LT foolem = R ST 0
. 3 . : o > o
& FFEEE FELE FPIE FESE FESE FELE FEEE
H cDg Granzyme-B IFNg IL-10 Ki67 TNFa cD38 forgetfulness
s & O 1127+ . | O = 2 o forgetfulness
o 4 * | forgetfulness
%30 . 275_: l 301 o 6 1044
E S 20 .
> 2 1
220 350 | 6
s 3 |
210 §2% r <3
3 [y
[ S S 0
£ 5

Days since PCR+

» IL-10 Ki67 TNFa CD38 Joint_pain
ﬁ ¢ . ) . N . no Joint pain
E 6 0.4 € Joint pain
S o 5 = 3 |40
H . e = $r
k] o 0.2 . [
o (AP Bl
o im ol LP =l i éé $
¢ e oR 3 [ TTT 1T o |2t CH] o | TTES
[ \qb? h& &8 \”u? ﬁ@%a'& & » ;4@ ev«“ & \hy’ ;x& S &
) o
@ CcD8 Granzyme-B IFNg IL-10 Ki67 TNFa cD38 Chest_pain
2 . . 127 . . . " no Chest pain
3 & Chest pain
2 75 - . 6
an- | 91 ]
s 04[] 201, 4
5 201 L - 61 . $
2 ﬂ a8 B ‘ B 7 :
H 10 ‘ o 0 3= : 2 L‘
210+ L 4 iR
g W$ T 0 | 0 E T al| ol &D e 0
w
> x > > ¥ ) u x =) u x o) >
S A SO R S IC R yaf" &





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1303971-g003.jpg
20000+

anti-RBD IgG (AUC)

20000+

anti-RBD IgG (AUC)

15000+

10000+

Kk Kk

£3 Dyspnea, N=14

15000+

10000+

50001

| 1 No dyspnea, N=69

anti-RBD IgG (AUC)

20000+

15000+

10000+

50001

20000+

anti-RBD IgG (AUC)

15000+

10000+

»} 39 (\b- '\6;(

e S

Days since PCR+

No fatigue, N=62 . %k £ No confusion, N=72
£3 Fatigue, N=20 20000+ £3 Confusion, N=12

o |
S 15000
<
o
D 100007
3 i F
m | Bl
: =
£ 5000
€ |
[5>]
ol 1
%) D x
'\"»P‘ &’R’ QQ::\ Ny

C1 No forgetfulness, N=60
£3 Forgetfulness, N=23





OEBPS/Images/table1.jpg
Characteristics No PASC

N=34

Age, mean (SD), y 51 +17-5

Sex, no. (%)

Female 44 (66) 23 (70) 21 (62) 0214
Male 22(33) 10 (30) 13 (38) 0.263
BMI, mean (SD) 2975+ 78 33.13 27.19 0.032

Ethnicity, no. (%)
Non-Hispanic/Latinx 56 (84) 27 (81.81) 29 (85) 048
Hispanic/Latinx 11 (16.41) 6 (18.18) 5(15)

Disease Severity*, no. (%)

Mild 38 (57) 9(27) 29 (85) 0.04
Moderate 16 (24) 13 (39) 309 0.003
Severe 13 (19) 11 (33) 2(6) 0.038

Co-existing conditions, no. (%)

COPD 2(3) 1(3) 1(3) 0851
DM 10 (15) 7(21) 309 0051
HIN 16 (24) . 9(27) 7 (21) 0724
CAD 3(4) 13) 2(6) 0628
Asthma 10 (15) 6 (18) 4(12) 0.064
Vaccinated, no. (%) 20 (30) 5(15) 15 (44) 0829

“Note: Disease severity was determined by oxygen use in accordance with the Yale Impact Score: mild (no oxygen required), moderate (1-5 L oxygen use), severe (>5 L oxygen use). Pre-existing
conditions were collected from electronic hospital records and self-reported at clinic visits: COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; HTN, hypertension, and CAD,
coronary artery disease. Values are presented as mean + standard deviation or frequency (percent). BMI, Body Mass Index; PASC, post-acute sequelae of COVID-19.





OEBPS/Images/fimmu-14-1303971-g001.jpg
TNFa+

IL10+ Ki67+

IFNg+

Granzyme B+

CD8+

6

3 8

2

seaphooudwil +8ad Jo %

e < 9~

seyhooudwiA +800 40 %

-

5

sa3ho0

e @

°

udwA1+800 40 %

sophooudwil +8a0 Jo %

{

00

8 8 8 R

sayhooydwA +8a2 0 %

sahooydwiA jo %

TNFa+

Ki67+

IFNg+ IL10+

Granzyme B+

CD8+

+

3

£
r T T
@ = ~ >
3 3 3
sapkooydwk +8a0 4o %

+

i

5.

x ﬁ

$1192 4809 40 % 2 e e NN

5.

2 & °

1192 4802 40 %

1

IFNg+

Granzyme B+

100
8
6
4
2

CD8+

sayhooydwiA jo %

O

I e - °

& 2 = 2 o
g€ 8 8’ ¢
sayhooudwk +800 40 %

g
sophooydwA +800 Jo %

safooydwA +8a2 Jo %

8 8 8 R °

sayhooudwik o %

TNFa+

IL10+ Ki67+

IFNg+

Granzyme B+

CD8+

15

b
g 2
e i
g &
9
a8
$ 8 & & °
1199 +800 4O % &
°
£
COH:
e B
=0
HTHs 23
JEE— 1182 480D 40 %
g€ 8 8 8 R °
1192480040 %
_H_H )18 _
s
. 8
HIH 2 8 I
S S
g 8 & =& o
$ 8 R = § 8 R =
sayfooydwhijo ¥ saykooudwio %
w

= S

1122 4809 0 %

© = o~

s1192 839 J0 %

2 &

1122 4802 J0 %

0.0

o

[

no DC

nc

no DC

DC

no DC

TNFa+

Ki67+

IL10+

TNFa+

Ki67+

IL10+

IFNg+

Granzyme B+

CD8+

100

192 4802 40 %

S1192 4800 40 %

8 R’ =

safooudwi o %

IFNg+ IL10+ Ki67+ TNFa+

Granzyme B+

CD8+

[0}

—
g @ & @
$1199 +800 40 %
$ 8 ’8 ® °
1192 4800 40 %

< ~ e
s s =
81192 +80 40 %

$1192 +800 0 %

8 8 3 R °

s1199 4802 40 %

sayhooydwi jo %





