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An accurate depiction of the convalescent COVID-19 immunome will help delineate the immunological milieu crucial for disease resolution and protection. Using mass cytometry, we characterized the immune architecture in patients recovering from mild COVID-19. We identified a virus-specific immune rheostat composed of an effector T (Teff) cell recall response that is balanced by the enrichment of a highly specialized regulatory T (Treg) cell subset. Both components were reactive against a peptide pool covering the receptor binding domain (RBD) of the SARS-CoV-2 spike glycoprotein. We also observed expansion of IFNγ+ memory CD4+ T cells and virus-specific follicular helper T (TFH) cells. Overall, these findings pinpoint critical immune effector and regulatory mechanisms essential for a potent, yet harmless resolution of COVID-19 infection.
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Introduction

The global coronavirus disease 2019 (COVID-19) pandemic, caused by the newly emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1), has led to enormous loss of life as well as critical social and economic disruption (2). SARS-CoV-2 infection can lead to diverse clinical fates ranging from severe respiratory failure and shock, leading to death (3–5), to an asymptomatic or mild disease course (6–8). Multiple distinct mechanisms are responsible for the clinical heterogeneity and complex immunopathogenesis of COVID-19 (9). Previous studies have revealed immune signatures of adverse clinical outcomes that are critical for the identification of prognostic factors (9–13) and tractable therapeutic targets (12–14). However, it is crucially important that we identify the mechanisms that promote an effective, yet harmless resolution of infection and confirm the presence of protective immunity against SARS-CoV-2 in those who have recovered from mild COVID-19.

A productive SARS-CoV-2 infection must commence with viral entry into the host cells through the binding of its spike glycoprotein receptor-binding domain (RBD) to the human angiotensin-converting enzyme 2 (hACE-2) receptor (15). Immunologically, the SARS-CoV-2 pseudo-virus neutralization titers that indicate protection match the spike and RBD IgG titers post-COVID-19 infection (16). This protective response is consistent with an observed skewing of the spike-specific CD4+ T cells towards a circulating T follicular helper (TFH) profile, which is crucial for antibody production (17), in convalescent COVID-19 individuals (18). Unsurprisingly, the spike glycoprotein has been a key target in SARS-CoV-2 vaccine development (19). Its pathologic importance has been further consolidated with the successes of the Pfizer-BioNTech (20) and Moderna (21) COVID-19 mRNA vaccines that encode the full spike glycoprotein sequence. Both vaccines have completed Phase III clinical trials and are approved by the US Food and Drug Administration for emergent use. Hence, understanding the immunological memory response to SARS-CoV-2, in particular spike RBD, will be useful for prognostication and vaccine development.

In this study, we aimed to gain a comprehensive understanding of the convalescent COVID-19 immune architecture. For this purpose, we analyzed the COVID-19 immune response in peripheral blood mononuclear cells (PBMCs) using an adaptation of a standardized mass cytometry protocol based on the Extended Polydimensional Immunome Characterization (EPIC) platform (Supplemental Tables 1, 2) (22). We characterized the immunological profiles of 19 convalescent COVID-19 patients whose infections were confirmed by nasal swab SARS-CoV-2 polymerase chain reaction (PCR) (Supplemental Table 3). This cohort was specifically selected for their mild disease course that is likely to be underpinned by an effective immunoregulatory mechanism, an assertion supported by a report of reduced SARS-CoV-2 reactive regulatory T (Treg) cell in hospitalized compared with non-hospitalized COVID-19 patients using single-cell transcriptomic analysis (11). Notably, we discovered a robust effector T (Teff) cell recall response accompanied by a highly specialized Treg cell subset. Both of these T cell subsets were reactive to a peptide pool covering the RBD of the SARS-CoV-2 spike glycoprotein. This combination of antigenic specificity and dichotomic function implies the existence of an immunological rheostat that provides immunocompetence and prevents excessive inflammatory damage in patients with a benign clinical course.



Materials and Methods


Participants and Study Approval

Peripheral blood samples were obtained from COVID-19 patients (n = 19) in the convalescent phase. Written informed consent was obtained from COVID-19 patients who provided clinical data and biological samples (the ‘PROTECT’ study). The study protocol was approved by the ethics committee of the National Healthcare Group (Ref: 2012/00917). Samples from pediatric and adult healthy donors (HD) were collected before September 2019, prior to the COVID-19 pandemic. HD samples were acquired from KK Women’s and Children’s Hospital with ethical approval from the SingHealth Centralized Institutional Review Board and after informed consent was obtained (Ref: 2019/2194 and 2019/2239).



Cell Isolation

Blood samples were collected in ethylenediaminetetraacetic acid tubes, from which PBMCs were isolated by density centrifugation using Ficoll-Paque PLUS (GE Healthcare, UK) and subsequently cryopreserved in fetal calf serum (FCS, Gibco, USA) with 10% (v/v) dimethyl sulfoxide (DMSO, Sigma–Aldrich, UK).



Mass Cytometry

Cryopreserved PBMCs were thawed in Roswell Park Memorial Institute 1640 (RPMI) medium supplemented with 10% (v/v) human serum (Corning, USA) and 1× (v/v) penicillin-streptomycin-glutamine (Gibco, USA). Cells were then resuspended in the same medium and rested for 30 min at 37°C. Subsequently, the cells were harvested and divided into 4 experimental conditions (1): non-stimulation (2), stimulation with phorbol 12-myristate 13 acetate (PMA) and ionomycin (3), stimulation with the SARS-CoV-2 peptide pool and (4) stimulation with the peptide solvent control (Supplemental Table 4). PMA and ionomycin (both from Sigma-Aldrich, UK) stimulation was done for 5 h. Brefeldin A and monensin (eBioscience) were added to all groups, except the peptide pool stimulation group, during the last 3 h of the incubation for blockade of protein transport.

The cells in all groups, except the PMA/ionomycin stimulation group, were processed using the standardized EPIC staining protocol as described previously (22). In brief, PBMCs were washed once with cell staining buffer (CSB) (phosphate buffered saline [PBS] with 4% FCS, 2 mM EDTA, 0.05% sodium azide) and centrifuged at 524 ×g for 6 min at 4°C. The supernatant was decanted and the cells were stained with cisplatin viability stain (PBS with 10 μM cisplatin) (DVS Sciences, USA) for 5 min on ice. PBMCs were then washed and stained with a quadruplet barcode system comprising of CD45 antibodies conjugated with Y-89, Cd-106, Cd-113, or Sn-115 (23) (Supplemental Table 1). PBMCs subjected to peptide and solvent control stimulation were also stained with 40 μl phycoerythrin (PE)-conjugated anti-human TCR α/β (BD Pharmingen, USA), and 5 μl fluorescein isothiocyanate (FITC)-conjugated anti-human TCR γ/δ (Invitrogen, USA) with the barcodes in a 100 μl volume. PBMCs in the unstimulated group were also stained with biotinylated SARS-CoV-2 spike protein RBD, His-tagged (Catalog #: SPD-C52H3, Acro Biosystems, DE, USA) at 4 μg/ml (Supplemental Table 2). After incubation on ice for 20 min, PBMCs were washed three times before they were combined and pelleted in preparation for surface staining with the antibody panels (Panel A or B; Supplemental Tables 1, 2). PBMCs were first stained with lanthanide-conjugated surface marker antibodies on ice for 25 min in a final reaction volume of 150 μl. After washing twice (initially with CSB and then with 1× PBS), PBMCs were fixed and permeabilized in 1 mL of fixation/permeabilization buffer (eBioscience, USA) for 45 min on ice. PBMCs were then washed twice with permeabilization wash buffer (eBioscience, USA) and centrifuged at 840 ×g for 6 min. After decanting the supernatant, PBMCs were stained with lanthanide-conjugated intracellular marker antibodies on ice for 45 min in a final reaction volume of 150 μl. PBMCs were subsequently washed once with permeabilization wash buffer and resuspended in 1× PBS with 1.6% paraformaldehyde (PFA) for 2 days at 4°C prior to data acquisition.

To facilitate future comparative analyses, the staining protocol for PMA/ionomycin stimulation was modified to include an initial 4% paraformaldehyde (PFA) fixation that parallels the viral inactivation step applied to acute SARS-CoV-2 biological samples from patients. The modified protocol first required cisplatin viability staining of PBMCs, followed by pre-staining with lanthanide-conjugated antibodies for selected markers (CD19, CD56, CD8, CD127, CCR7, CXCR3, CD161, CD31; Supplemental Table 1) and anti-human TCR γ/δ (Invitrogen, USA) for 15 min, room temperature (RT). After two washes with 1× PBS, PBMCs were fixed in 4% PFA (30 min, RT) and resuspended in CSB before reversion to the standardized EPIC staining protocol with omission of the antibodies used in pre-staining step.

On the day of data acquisition, the cells were pelleted and stained with 500 μL DNA intercalator (DVS Sciences, USA) diluted in 1.6% PFA/1× PBS for 20 min, RT. The cells were then washed once with CSB and once with UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen, USA). The pelleted cells were resuspended to a density of 106/mL in UltraPure DNase/RNase-Free Distilled Water with 10% (v/v) EQTM Four Element Calibration Beads (Fluidigm, USA) in accordance to the manufacturer’s instructions. Data acquisition was then performed using a Helios mass cytometer (Fluidigm, USA).



Processing of Data Output from Helios Mass Cytometer

The Helios-generated output files were normalized using EQTM Four Element Calibration Beads (24). The live single cell events singlets were gated via 2 steps: first by identifying singlets via a bivariate plot of DNA intercalator versus event length, and next by detecting singlets that are negative for cisplatin as previously described (23). De-barcoding was carried out using a bivariate gating strategy in FlowJo (Version 10.7.1, Becton, Dickinson & Company, USA) and exported for unsupervised analysis.



Peptide Design

SARS-CoV-2 epitopes were predicted using the protein sequence derived from the reference SARS-CoV-2 isolate, Wuhan-Hu-1 (NCBI: YP_009724390.1) and tools available on the Immune Epitope Database and Analysis Resource (IEDB) as previously described (25). A pool of seven peptides covering the RBD of the SARS-CoV-2 spike glycoprotein were synthesized to identify T cell subsets critical to protective immunity (Supplemental Table 4) (GenScript, USA). These putative T cell epitopes were previously predicted to be immunodominant (25).



Unsupervised Analysis


Batch Normalization

To mitigate the effect of batch variations between mass cytometry runs, we applied batch-wise scaling as a pre-processing step before clustering as described previously (22). Batch-wise scaling involves standard scaling grouped by batches instead of applying to all data. This process achieves centering to zero and unit scaling for the whole dataset as well as for all batch subsets.



Clustering

To identify cell populations in an unsupervised manner, flow or mass cytometry analysis using self-organizing maps (FlowSOM) clustering (26) was applied after random down-sampling to 10,000 cell events per subject. FlowSOM is based on self-organizing maps and can be used to process very large datasets. This approach outperforms other methods in terms of speed and accuracy (27). All clustering and dimensionality reduction operations were preceded by hyperbolic arcsine transformation with a scale factor of 5 (asinh5). Batch-wise standard scaling was applied after asinh5 to assign equal weights to all features and reduce technical variation. Protein expression patterns of clusters were examined using dendrogram heat maps constructed using the ‘heatmaply’ R package.



Dimensionality Reduction

Non-linear dimensionality reduction was performed using t-Distributed Stochastic Neighbor Embedding (tSNE) (28) to visualize multi-dimensional expression landscapes in two dimensions (2D). ‘Relatedness’ among different clusters was visualised after embedding FlowSOM clustering information onto the 2D tSNE plots.




SARS-CoV-2 Enzyme-Linked Immunosorbent Assay (ELISA)

SARS-CoV-2 spike protein S1 RBD-specific IgG was quantified using a commercial ELISA kit (Catalog #: MBS398005, MyBioSource Inc., USA) according to the manufacturer’s instructions.



Statistical Analysis

Verification of FlowSOM clustering frequency (expressed as a percentage of CD45+ PBMCs) was performed with bivariate supervised gating in FlowJo (Version 10.7.1, BD, USA). Cell subset frequencies were plotted as the median with interquartile ranges or mean ± standard deviation. Statistical analysis was performed with Mann–Whitney U-tests with no assumption of the underlying data distribution using Prism (Version 7.0e, GraphPad Inc., USA).




Results


Restoration of the Convalescent COVID-19 Immunome Toward a Healthy Immunological State

We compared the circulatory immune profiles of 19 convalescent COVID-19 patients (4 asymptomatic and 15 with mild disease, median age of 10 with an interquartile range (IQR) of 7 to 15 years, age range of 3 to 36 years and 9 male and 10 female) to healthy donors (HD) of comparable ages (Supplemental Table 3). In addition, the main clinical manifestations amongst the symptomatic cases were fever (n = 10), cough/sore throat/rhinorrhea (n = 8), gastrointestinal symptoms (n = 2) and loss of smell/taste (n = 2). All cases were mild and did not require any specific COVID-19 treatment, supplemental oxygen therapy or ventilatory support during their disease course. The biological samples from the HD were collected before September 2019, prior to the COVID-19 pandemic. The convalescent COVID-19 immunome was visualized on a t-SNE (28) plot embedded with cell cluster information identified by FlowSOM (26) clustering (Figure 1). This enabled a holistic depiction of the immunome and outlined the “relatedness” of distinct cell clusters in a two-dimensional space.




Figure 1 | Residual post-COVID-19 immune signatures during the convalescent phase. (A) Density plots after t-SNE dimensionality reduction demonstrate a similarity between the convalescent and healthy immunomes. Each density plot is derived from the random sampling of 50,000 single events from the concatenated mass cytometry data from 9 HD and 19 COVID-19 subjects for their respective plot. The red outlines demarcate statistically different cell clusters between COVID-19 patients and HD. (B) Total CD3+CD4+T cells (merged FlowSOM CD3+CD4+ clusters), CXCR3+CD11b+CD14+ monocytes, CD3-CD56+ NK cells (merged FlowSOM CD3-CD56+ clusters) and Lin-CD11c-HLA-DR+CD303+CD304+ pDC showing statistically significant differences between COVID-19 and HD. Significantly different cell clusters are coloured blue (enriched in HD) or red (enriched in COVID-19 patients). Scatter plot of 280,000 single cell events with 10,000 per subject (n = 19, COVID-19 and n = 9, HD). (C) Comparison of FlowSOM-derived cell frequencies of CD3+CD4+ T cells, CXCR3+CD11b+CD14+ monocytes, CD3-CD56+ NK cells and pDC between HD and COVID-19 convalescent patients. The FlowSOM-derived cell frequencies strongly correlated with the bivariate gated cell frequencies (Supplemental Figure 3), indicating the reliability of the FlowSOM-derived cluster frequencies for statistical inferences. (D) t-SNE plots with embedded marker expression included 280,000 single cell events with 10,000 per subject (n = 19, COVID-19 and n = 9, HD). Median and interquartile range (IQR) are shown. Mann–Whitney U (two-tailed) test, p < 0.05: statistically significant. Unstimulated PBMCs were stained with COVID-19 panel (B) (Supplemental Table 2).



First, we explored the convalescent COVID-19 immunome without stimulation. As shown in Figure 1A, we detected a near-complete restoration of a healthy immunological state, despite several residual changes from the recent infective insult (Figure 1B). When compared to unexposed HD, we did not observe any statistically significant differences in the basal populations of unstimulated naïve (CD45RA+CD62L+), effector (CD45RA+CD62L-), central memory (TCM; CD45RA-CD62L+) and effector memory (TEM; CD45RA-CD62L-) subsets of the CD3+CD4+ and CD3+CD8+ T cells in the COVID-19 patients (Supplemental Figure 1). There were no differences between HD and COVID-19 patients in the frequencies of CD19+ B cells and their subsets (naïve, transitional, memory, plasmablasts and plasma cells; Supplemental Figure 2). However, we noted a concomitant enrichment of CD3+CD4+ T cells (p = 0.0421, two-tailed Mann–Whitney U-test) and CXCR3+CD11b+CD14+ monocytes (p = 0.0433, two-tailed Mann–Whitney U-test), accompanied by a reduction in natural killer (NK) cells (p = 0.0086, two-tailed Mann–Whitney U-test), and Lin-CD11c-HLA-DR+CD303+CD304+ plasmacytoid dendritic cells (pDCs; p = 0.0022, two-tailed Mann–Whitney U-test) in the COVID-19 patients (Figures 1B–D). These findings were verified with supervised bivariate gating (Supplemental Figure 3).



Enrichment of IFNγ- and TNFα-Secreting CD4+ TEM During COVID-19 Convalescence

Given the absence of significant compositional changes in the baseline naïve, effector, TCM and TEM subsets of CD3+CD4+ and CD3+CD8+ T cells, we then investigated the extent of functional differentiation within the convalescent COVID-19 immunome by stimulating the samples with PMA and ionomycin (Figure 2).




Figure 2 | Immunological changes in the memory compartment (CD45RO+CD45RA-) of the CD3+CD4+ cell subsets bear mechanistically important functional markers during the convalescent phase. (A) Density plots after t-SNE dimensional reduction show a convalescent immunome with visible differences when compared to the healthy immunome. Each density plot is derived from random sampling of 50,000 single events from concatenated mass cytometry data from 9 HD and 1019 COVID-19 subjects for their respective plot. (B) Persistent perturbations predominantly involve the CD45RO+CD45RA-CD3+CD4+ (outside yellow demarcated area) T cell subset. Clusters showing statistically significant differences are coloured blue (enriched in HD) or red (enriched in disease). These regions are overlaid onto the density plots in (A). Scatter plot of 280,000 single cell events with 10,000 per subject (n = 19, COVID-19 and n = 9, HD). (C) t-SNE with embedded marker expression. (D) Scaled median (arcsine transformed) marker expression profiles (heat maps) of significant FlowSOM clusters and their frequencies depicted as a percentage of CD45+ PBMC (n = 19, COVID-19 and n = 9, HD). Median and IQR are shown. Mann–Whitney U (two-tailed) test, p < 0.05 for these seven clusters. Stimulated PBMCs (with PMA and ionomycin) were stained with COVID-19 panel (A) (Supplemental Table 1).



In convalescent COVID-19 patients, we found significant enrichment in the CD45RA- (memory) compartment of the CD4+ T cells with stimulation (Figures 2A, B). Specifically, we observed an increase in CD4+ TEM cells expressing IFNγ and/or TNFα (CD3+CD4+CD45RA-CD45RO+CCR7-; p < 0.05, two-tailed Mann–Whitney U-test), and CD4+ TCM cells co-expressing CD152 (also known as cytotoxic T lymphocyte-associated antigen 4, CTLA-4) and ICOS (inducible T cell co-stimulator) (CD3+CD4+CD45RA-CD45RO+CCR7+; p < 0.05, two-tailed Mann–Whitney U-test) (Figures 2B–D). These changes were verified by bivariate gating (Supplemental Figures 4 and 5). It is noteworthy that these CD4+ TEM cells also expressed CD127, which is the alpha chain of the IL-7 receptor and is known to be involved in memory CD4+ T cell survival and proliferation (29, 30) (Figure 2D and Supplemental Figure 4C). We also observed reductions in two NK cell subsets (as a percentage of CD45+ PBMCs): CD3-CD56dimCD28hiIFNγ- (p = 0.0061, two-tailed Mann–Whitney U-test) and CD3-CD56bright (p = 0.0491, two-tailed Mann–Whitney U-test) (Supplemental Figure 6), which might account for the earlier observation that total NK cells were depleted in the convalescent COVID-19 immunome.



SARS-CoV-2 Specific Immune Rheostat

We then stimulated the samples with a pool of seven peptides covering the RBD of the SARS-CoV-2 spike glycoprotein to identify T cell subsets critical to protective immunity (Supplemental Table 4). These putative T cell epitopes were previously predicted to be immunodominant (25). We focused on the SARS-CoV-2 spike glycoprotein RBD since its interaction with the hACE-2 receptor is necessary for viral entry into susceptible cells (15). Furthermore, current evidence supports the immunogenicity of this protein as well as the ability of spike-containing candidate vaccines to elicit a robust CD4+ T cell response similar to that induced in response to the natural infection (31).

As shown in Figures 3 and 4, we detected a memory recall response to the peptide pool in the TFH, Treg and Teff cell subsets in COVID-19 convalescent patients. The CD4+ T cell response is specific, which involves several cell clusters embedded within a stimulated immunological profile that is broadly similar to its control (Figures 3A–C). Unsupervised FlowSOM analysis verified by manual bivariate gating revealed enrichment of memory TFH cells (CD4+ CD25+/- FoxP3- CD45RO+CD45RA-CXCR5+TIGIT+; p < 0.05, two-tailed Mann–Whitney U-test) (Figures 3C–E). Correspondingly, anti-SARS-CoV-2 spike glycoprotein RBD IgG were detected in these COVID-19 convalescent patients (Figure 3F).




Figure 3 | TIGIT+ T-follicular helper cells specific for the RBD region of the SARS-CoV-2 spike glycoprotein are present in COVID-19 convalescent patients. PBMCs from convalescent patients (n = 14) were stimulated for 72 h with/without a peptide pool covering the RBD of the SARS-CoV-2 spike glycoprotein and interrogated with COVID panel (A). (A) FlowSOM cluster frequencies of CD3+CD14-CD19-CD4+CD8- T cells were dimensionally reduced with t-SNE. (B) Gated frequencies of CD3+CD4+, CD3+CD4+CD25-/+FoxP3-(Teff)CD45RA-CD45RO+ or CD3+CD4+CD25+FoxP3+(Treg)CD45RA-CD45RO+ as percentages of CD3+ or CD4+ parent lineages. (C) Relative percentages of FlowSOM clusters (k = 60) of CD4+ T cells, with significant clusters reflected. Data represent the mean ± SD; Mann–Whitney U (two-tailed) test, *p < 0.05, **p < 0.01. (D) tSNE maps reflecting density, location and marker expression of cluster 56 (red circles). (E) Frequencies of CD4+CD25+/-FoxP3-(Teff) CD45RO+CD45RA-CXCR5+ or CD4+CD25+/-FoxP3-(Teff)CD45RO+CD45RA-CXCR5+TIGIT+ as a percentage of CD4+ T cells. Data represent the mean ± SD, Mann–Whitney U (two-tailed) test, *p < 0.05, ****p < 0.0001. (F) Anti-RBD IgG OD (optical density) readings of convalescent patient plasma (n = 19) and HD (n = 9). Data represent the mean ± SD, Mann–Whitney U (two-tailed) test, *p < 0.05, ****p < 0.0001. NonStim, peptide solvent control; Peptide Stim, stimulation with peptide pool; ns, statistically not significant.



As shown in Figure 4, we also observed an antigen-specific Th1 response generated by distinct Treg and Teff cell subsets in the convalescent COVID-19 patient samples. There was robust enrichment of a Tbet+CXCR3+ Treg subset (CD3+CD19-CD14-CD4+CD25+FoxP3+Tbet+CXCR3+; p < 0.001, two-tailed Mann–Whitney U-test) following peptide stimulation (Figure 4A and Supplemental Figure 7). This Treg subset displayed a memory phenotype (CD45RO+; p < 0.0001, two-tailed Mann–Whitney U-test) and exhibited a functionally suppressive phenotype (CD152+; p < 0.0001, two-tailed Mann–Whitney U-test) that have been shown to maintain suppression in a pro-inflammatory Th1 environment (32) (TIGIT+; p < 0.0001, two-tailed Mann–Whitney U-test) (Figure 4A). We observed a parallel increase in the proportion of Tbet+CXCR3+CD4+ (CD3+CD19-CD14-CD4+CD25+/-FoxP3-CD45RO+CD69+GB-Tbet+CXCR3+) and CD8+ (CD3+CD19-CD14-CD4-CD8+CD45RO+GB-Tbet+CXCR3+) Teff cell subsets (p < 0.001; Figure 4B, and p < 0.0001; Figure 4C respectively, two-tailed Mann–Whitney U-test). No correlations were found between the anti-SARS-CoV-2 spike glycoprotein RBD IgG level with the memory TFH cells (CD4+ CD25+/- FoxP3- CD45RO+CD45RA-CXCR5+TIGIT+), the Tbet+CXCR3+ Treg subset (CD3+CD19-CD14-CD4+CD25+FoxP3+Tbet+CXCR3+), as well as the Tbet+CXCR3+CD4+ (CD3+CD19-CD14-CD4+CD25+/-FoxP3-CD45RO+CD69+GB-Tbet+CXCR3+) and CD8+ (CD3+CD19-CD14-CD4-CD8+CD45RO+GB-Tbet+CXCR3+) Teff cell subsets (Supplemental Figure 8).




Figure 4 | Parallel antigen-specific Th1 responses generated by regulatory and effector subsets. PBMCs from convalescent patients (n = 14) were stimulated for 72 h with/without a peptide pool covering the RBD of the SARS-CoV-2 spike glycoprotein and interrogated with COVID panel A. (A) Frequencies of CD3+CD4+CD25+FoxP3+(Treg)CXCR3+Tbet+, CD3+CD4+CD25+FoxP3+(Treg)CXCR3+CD45RO+, CD3+CD4+CD25+FoxP3+(Treg)CXCR3+CD152+ or CD3+CD4+CD25+FoxP3+(Treg)CXCR3+TIGIT+ as a percentage of CD4+ T cells. (B) Frequencies of CD3+CD4+CD25+/-FoxP3-(Teff)CD45RO+CD45RA-GB-CD69+ or CD3+CD4+CD25+/-FoxP3- (Teff)CD45RO+CD45RA-GB-CD69+Tbet+CXCR3+. (C) CD8+CD45RO+CD45RA-GB-CD69+ or CD8+CD45RO+CD45RA-GB-CD69+Tbet+CXCR3+, as a percentage of CD4+ or CD8+ parent T cell lineages. Data represent the mean ± SD, Mann–Whitney U (two-tailed) test, *p < 0.05, ***p < 0.001, ****p < 0.0001. NonStim, peptide solvent control; Peptide Stim, stimulation with peptide pool.






Discussion

In this study, we demonstrated that existence of strong memory recall responses consisting of cell types with identical antigen specificity and dichotomic functional roles in convalescent COVID-19 patients. These findings strongly suggest the existence of a competent immune response against COVID-19 that is tightly controlled by regulatory mechanisms. These data provide compelling evidence of fine modulation of the intensity of virus-specific immune responses that facilitate viral clearance without triggering excessive inflammation. Thus, this mechanism represents an antigen-specific immune rheostat that is central to disease resolution.

While there have been other reports of the immunological profiles of convalescent COVID-19 patients (14, 30, 31, 33–35), our study builds upon this fundamental information to provide several new insights. First, our findings indicate the existence of an immune rheostat orchestrated by a Tbet+CXCR3+ Treg subset (CD3+CD19-CD14-CD4+CD25+FoxP3+Tbet+CXCR3+) that is known to be functionally stable in a pro-inflammatory environment containing high levels of IFNγ (36), it can be speculated that enrichment of such a subset will balance the actions of its corresponding Tbet+CXCR3+ CD4+ and CD8+ Teff subsets shown in this study. This mechanism underlies the regulation of the initial antigenic-specific immune response against COVID-19 and highlights a protective immunotype (composite of immune cell changes) consisting of hyperactive CD4+ and CD8+ T cells, reduced circulating TFH, and a robust plasmablast response that is positively correlated with disease severity while another immunotype consisting of minimal T and B cell activation (14). Notably, the association of this immunotype with milder disease suggests the need for a controlled and regulated response for infection clearance and disease resolution. This study builds on current knowledge regarding SARS-CoV-2-specific T cell responses, of which the importance of the Teff and Treg compartments tends to be illustrated in isolation than concomitantly assessed (18, 30, 31, 35, 37, 38). Nevertheless, they are largely consistent with our hypothesis of a functional Teff-Treg immune rheostat in mild COVID-19 and recovery, especially when patients with severe COVID-19 had a more robust SARS-CoV-2-specific Teff response and diminished Treg numbers compared to those with mild disease (11, 39). Further studies are warranted to determine how dysfunction in this viral-specific Tbet+CXCR3+ Treg cell subset can lead to an adverse clinical fate. Additionally, antigen-specific Treg cells can attenuate antiviral immunity in other respiratory infections, such as observed in a murine influenza infection model (40) and dampen the immune response to vaccination (41). As such, the influence of Treg cell subsets should be evaluated in ongoing SARS-CoV-2 vaccine trials.

Second, we identified shared expression of CXCR3 in multiple cell subsets that were enriched during COVID-19 convalescence. This observation indicates that these populations are recruited to the target microenvironment. Previous studies have indicated that CXCR3+ monocytes and antigen-specific memory T cell subsets function collectively to promote successful disease resolution (42). Evidence of the role of CXCR3+ TFH cells emerged in a prior COVID-19 study in which a positive correlation was identified between the presence of CXCR3+ circulating TFH1 cells (defined as CD4+CD45RA-CXCR5+CXCR3+CCR6-) and the circulating titre of SARS-CoV-2-specific antibodies (IgG specific for viral nucleocapsid and spike proteins; n = 13 adults) (34). In other respiratory viral diseases such as influenza, CXCR3+ TFH cells were shown to correlate positively with the development of protective antibody responses (43). However, in our study, we found no correlation between the memory TFH (CD4+CD45RO+CXCR5+TIGIT+), CD4+ Treg Tbet+CXCR3+, CD4+ Teff memory CD69+GB-Tbet+CXCR3+ and CD8+ Teff memory CD69+GB-Tbet+CXCR3+ with the anti-RBD IgG antibody level. This discordance may be attributed to distinct immune response kinetics in the context of a mild COVID-19 infection. The anti-RBD IgG titre enumerates residual antibodies to the original infection. Conversely, these circulating Teff cell subsets that are reactive to peptide stimulation are enriched as a consequence of a rapid recall response at least in-vitro (72 hours). This recall response may be representative of the differential resolution of Teff subsets after the original infection. Such incongruity between antibody titre and Teff subsets has also been noted in other SARS-CoV-2 and influenza vaccination studies, which thereby substantiate our observations (44, 45).

Third, we found a significant increase in TIGIT-expressing CXCR5+ memory CD4+ T cells following stimulation with SARS-CoV-2 virus-specific peptides. TIGIT+ TFH cells are known to secrete IL-4 and IL-21. These cytokines have been shown to promote B cell activation and differentiation into plasmablasts and stimulate IgG production in vitro (46). Blockade of TIGIT in a B cell-TIGIT+ cTFH co-culture resulted in reduced IL-21 production and plasmablast differentiation (46), indicating that TIGIT expression promotes TFH function. Further characterization of these TIGIT+ memory TFH cells can further delineate their role in the humoral immunity against SARS-CoV-2. TIGIT has also been identified as a marker of Treg cells that specifically control Th1 responses and its signalling aids in restoring Th1 Treg suppressor function (32). Thus, further investigation of the role of TIGIT+ Treg cell subsets in COVID-19 is also warranted.

Fourth, we demonstrated the enrichment of CD4+ TEM cells expressing IFNγ and/or TNFα in the absence of changes in the basal populations of unstimulated naïve, effector, TCM and TEM subsets of the CD4+ T cells. This complements the known anti-viral properties of IFNγ (47) and the enrichment of these IFNγ-secreting CD4+ TEM cells during COVID-19 convalescence strongly suggests their role in mediating effective and long-lasting viral clearance. Notably, depletion of IFNγ secreting CD4+ T cells has been reported in hospitalized COVID-19 patients (48, 49) with a trend towards a greater reduction in severe disease (49).

Fifth, there was no statistical difference in the total CD11b+CD14+ monocytes between convalescent COVID-19 and HD (Supplemental Figure 1A), but a specific CXCR3+ CD11b+CD14+ monocyte subset was significantly increased during disease convalescence (Figures 1A–C). This is similar to a previously described CXCR3+CD14+ monocyte subset that trended higher in mild COVID-19 patients relative to both healthy controls and severe COVID-19 subjects (50). This subset was part of an appropriate inflammatory CD14+ monocytic response in mild disease, while a dysfunctional CD14+ myeloid compartment characterized by low HLA-DR expression was observed in severe COVID-19. As the known CXCR3 ligands, CXCL9, CXCL10, and CXCL11, are predominantly induced by IFNγ (51), the presence of this CXCR3-expressing CD11b+CD14+ monocyte subset may be mechanistically related to the synchronous increase in the IFNγ-producing CD4+ T cell subset in our convalescent COVID-19 cohort (Figure 2D). For the contracted pDC population observed in our study, it likely represents the residual sequelae of SARS-CoV-2 infection where the pDC population is known to be decreased during the acute infection (52).

Finally, it is already known that NK cells are depleted during acute COVID-19 (53, 54), and that different NK immunotypes are related to COVID-19 severity (54). The reduction in the total CD3-CD56+, CD56dimCD28+IFNγ- and CD56bright NK cell subsets in our study likely represent the residual effects of acute SARS-CoV-2 infection (Figure 1 and Supplemental Figure 6D). It is noteworthy that despite the mild disease in our cohort, the immunological sequelae can still be detectable 1 to 2 months after the acute SARS-CoV-2 infection.

In this study, we have identified a functionally relevant mechanism of immune regulation that may form the foundation of an effective, yet harmless resolution of SARS-CoV-2 infection. Our findings emphasize the potential translational value of dissecting the convalescent COVID-19 immunome. A comprehensive understanding of this mechanism could be useful for predicting clinical outcomes in COVID-19 patients and to inform correlates of cellular immunity for vaccine development.
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