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Severe COVID-19 patients show various immunological abnormalities including T-cell reduction and cytokine release syndrome, which can be fatal and is a major concern of the pandemic. However, it is poorly understood how T-cell dysregulation can contribute to the pathogenesis of severe COVID-19. Here we show single cell-level mechanisms for T-cell dysregulation in severe COVID-19, demonstrating new pathogenetic mechanisms of T-cell activation and differentiation underlying severe COVID-19. By in silico sorting CD4+ T-cells from a single cell RNA-seq dataset, we found that CD4+ T-cells were highly activated and showed unique differentiation pathways in the lung of severe COVID-19 patients. Notably, those T-cells in severe COVID-19 patients highly expressed immunoregulatory receptors and CD25, whilst repressing the expression of FOXP3. Furthermore, we show that CD25+ hyperactivated T-cells differentiate into multiple helper T-cell lineages, showing multifaceted effector T-cells with Th1 and Th2 characteristics. Lastly, we show that CD25-expressing hyperactivated T-cells produce the protease Furin, which facilitates the viral entry of SARS-CoV-2. Collectively, CD4+ T-cells from severe COVID-19 patients are hyperactivated and FOXP3-mediated negative feedback mechanisms are impaired in the lung, which may promote immunopathology. Therefore, our study proposes a new model of T-cell hyperactivation and paralysis that drives immunopathology in severe COVID-19.
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Highlights

By analyzing single cell transcriptomes, we demonstrate that CD4+ T-cells in severe COVID-19 have an impaired FOXP3-mediated negative feedback, generating CD25+ hyperactivated T-cells, which show multifaceted effector T-cell differentiation and uniquely produce the protease Furin.



Introduction

Negative regulatory mechanisms of T-cell activation control inflammation in cancer, autoimmunity, and infections thus preventing excessive and prolonged inflammation which can induce tissue destruction, or immunopathology. Immune checkpoints such as CTLA-4 and PD-1 are well known examples of T-cell intrinsic regulators. Upon recognizing antigens, T-cells are activated and start to express PD-1 and CTLA-4, which in turn suppresses the two major signaling pathways for T-cells: T-cell receptor (TCR) signaling and CD28 co-stimulation (1). In addition, the transcription factor Foxp3 can be induced in activated T-cells, especially in humans, and plays a key role as an inducible negative regulator during inflammation (2).

COVID-19 is caused by the coronavirus SARS-CoV-2, which is closely related to the severe acute respiratory syndrome coronavirus (SARS-CoV). The major symptoms such as cough and diarrhea in mild to moderate patients can be understood through the type of tissues that can be infected by SARS-CoV-2. SARS-CoV-2 binds to angiotensin-converting enzyme 2 (ACE2) on the surface of human cells through its spike (S) protein. Viral entry is enhanced by the type II transmembrane serine protease TMPRSS2, which cleaves a part of S protein and thereby exposes the fusion domain of the S-protein (3, 4). SARS-CoV-2 establishes infections through epithelial cells in the upper and lower airways, which express ACE2 and TMPRSS2 (5). In addition, the pro-protein convertase Furin activates the S-protein of SARS and SARS-CoV-2 (6, 7). Intriguingly, T-cell specific deletion of Furin results in the impairment of effector T-cells and regulatory T-cells (Tregs) and leads to the development of age-related autoimmunity, which is accompanied by increased serum IFN-γ, IL-4, IL-6, IL-13, and IgE (8). In addition, Furin is preferentially expressed by Th1 cells and is critical for their IFN-γ production (9). As evidenced in a parasite infection model, Furin-deficient CD4+ T cells are skewed towards a Th2 phenotype (10).

It is poorly understood how SARS-CoV-2 induces severe infection in a minority of patients, who develop respiratory distress and multiorgan failure. These severe patients show elevated serum cytokines, respiratory failure, hemophagocytosis, elevated ferritin, D-dimer, and soluble CD25 (IL-2R α chain, sCD25), which are characteristic features of secondary hemophagocytic lymphohistiocytosis (sHLH)-like conditions or cytokine release syndrome (CRS). In fact, severe COVID-19 patients have elevated levels of prototypic CRS cytokines from innate immune cells including IL-6, TNF-α, and IL-10 (11, 12). Recently McGonagle et al. proposed that activated macrophages drive immune reactions that induce diffuse pulmonary intravascular coagulopathy, or immunothrombosis, in severe COVID-19 patients (13). While this may explain the unique pulmonary pathology of severe COVID-19 patients, the underlying molecular mechanisms are poorly understood.

Importantly, CRS in severe COVID-19 patients may be more systemic and involve a wide range of T-cells. Firstly, circulating T-cells are severely reduced in severe SARS-CoV-2 infections for unknown reasons (12, 14). Intriguingly, severe COVID-19 patients show elevated serum IL-2 and soluble CD25 (IL-2 receptor α chain) (11, 12). Since IL-2 is a potent growth factor for CD25-expressing activated T-cells (15), the elevation of both IL-2 and CD25 indicates that a positive feedback loop for T-cell activation is established and overrunning in severe patients. These collectively highlight the roles of T-cells in the pathogenesis of severe SARS-CoV-2 infection, although the pathogenetic mechanisms are largely unknown.

In this study, we analyzed the transcriptomes of CD4+ T-cells from a single cell RNA-seq dataset from a recent study (16) and thereby investigated the gene regulation dynamics during SARS-CoV-2 infection. We show that SARS-CoV-2 induces multiple activation and differentiation processes in CD4+ T-cells in a unique manner. We identify defects in Foxp3-mediated negative regulation, which accelerates T-cell activation and death. In addition, by analyzing multiple transcriptome datasets, we propose the possibility that those abnormally activated T-cells enhance viral entry through the production of Furin in severe COVID-19 patients.



Materials and Methods


Datasets

The single-cell-RNA-seq data from COVID-19 patients and healthy individuals was obtained from GSE145926 (16). The microarray data of murine T-cell subpopulation were from the Immunological Genome Project [GSE15907(17)]. The RNA-seq data in GSE73213 (18) was used for time course analysis of naïve and memory CD4+ T-cells.



In Silico Sorting of CD4 T-Cells

We used h5 files of the scRNA-seq dataset [GSE145926(16)] which were aligned to the human genome (GRCh38) using Cell Ranger, by importing them into the CRAN package Seurat 3.0 (19).

Single cells with high mitochondrial gene expression (higher than 5%) were excluded from further analyses. In silico sorting of CD4+ T-cells was performed by identifying them as the single cells CD4 and CD3E, while excluding cells positive for the lineage markers ITGAX, ITGAM, PAX5 and CD19, because no other methods, including the Bioconductor package singleR, reliably identified CD4+ Tcells. The TCR-seq data of GSE145926 (16) was used to validate the in silico sorting and also for analyzing gene expression in expanded clones. Expanded TCR clones in Figure 2G are defined as T-cells that have more than one single cell with the same TCR clonotype in the TCR-seq data. Note that the scRNA-seq data and the TCR-seq data are integrated and comparable. Macrophages were similarly identified by the ITGAM expression and lack of PAX5, CD19 and CD3E expressions.



Dimensional Reduction and Differential Gene Expression

PCA was applied on the scaled data followed by a K-nearest neighbor clustering in the PCA space. UMAP was performed on clustered data using the first PCA axes. Differentially expressed genes were identified by adjusted p-values < 0.05 using the function FindMarkers of Seurat. Th1, Th2, and IL-10 signature were defined as the sum of the normalized gene expression of IFNG, TBX21, IL21A (Th1); GATA3, IL4, IL6 (Th2); and RORC, IL17A, IL17F (Th17), respectively.



Pathway Analysis

The enrichment of biological pathways in the gene lists was tested by the Bioconductor package clusterProfiler, (20) using the Reactome database through the Bioconductor package ReactomePA, and pathways with false discovery rate < 0.01 and q-value < 0.1 were considered significant.



Pseudotime Analysis

Trajectories were identified using the Bioconductor package slingshot, assuming that the cluster that shows the highest expression of IL7R and CCR7 is the origin. The CRAN package ggplot2 was used to apply a generalized additive model of the CRAN package gam to each gene expression data. Genes that were differentially expressed across pseudotime were obtained by applying the generalized additive model to the dataset using gam, performing ANOVA for nonparametric effects and thereby testing if each gene expression is significantly changed across each pseudotime (p-value < 0.05).



Other Statistical Analysis

The enrichment of cytokine-expressing single cell T-cells was tested using a chi-square test. The time course data of FURIN expression was analyzed by one-way ANOVA with Tukey’s honest significant difference test.




Results


CD4+ T-Cells From Severe COVID-19 Patients Highly Express a Unique Set of Activation-Induced Genes

We recently showed that, using scRNA-seq analysis, melanoma-infiltrating T-cells are activated in situ and differentiate into either FOXP3high activated Tregs or PD-1high T follicular helper (Tfh)-like effector T-cells (21). We hypothesized that those mechanisms for T-cell activation and differentiation in inflammatory sites are altered in COVID-19 patients. To address this issue, we analyzed the scRNA-seq data from bronchoalveolar lavage (BAL) fluids of moderate and severe COVID-19 patients (16).

Firstly, we performed in silico sorting of CD4+ T-cells and analyzed their transcriptomes (Figure 1A). We applied a dimensional reduction to the CD4+ T-cell data using Uniform Manifold Approximation and Projection (UMAP) and Principal Component Analysis (Supplementary Figure 1A). As expected, most T-cells were from either moderate or severe COVID-19 patients. Notably, clusters 1, 2, 3, 5, 6, and 7 did not contain any cells from healthy controls (HC) (Figures 1B, C), indicating that these cells uniquely differentiated during the infection, regardless of whether it was moderate or severe disease.




Figure 1 | Single cell transcriptomes of CD4+ T-cells from COVID-19 patients. (A) UMAP analysis of in silico sorted CD4+ T-cells from COVID-19 patients. The colour code indicates the groups of patients: healthy control (HC), moderate and severe COVID-19 patients. (B) Clustering of single cells in the UMAP space, showing 9 Clusters (Clusters 0–8). (C) The proportion of single cells from each group in each cluster. (D) Dot plots showing the expression of selected differentially expressed genes between severe and moderate patients. (E) Pathway analysis of the differentially expressed genes.



Differential gene expression analysis showed that in comparison to moderate patients, CD4+ T-cells from severe COVID-19 patients expressed higher levels of the AP-1 genes FOS, FOSB, and JUN, the activation marker MKI67 (Ki67), Th2-related genes IL4R and MAF, and chemokines including CCL2, CCL3, CCL4, CCL7, CCL8, and CXCL8 (Figure 1D, Supplementary Figure 1B). These suggest that CD4+ T-cells in severe COVID-19 patients are highly activated in the lung, recruiting macrophages, T-cells, and other immune cells. Notably, CD4+ T-cells in severe patients expressed higher levels of immunoregulatory genes including immune checkpoints (CTLA4, HAVCR2 [TIM-3], and LGALS3 [Galectin-3]) as well as the Tregs and T-cell activation marker IL2RA (CD25) (Figure 1D, Supplementary Figure 1B). These were further confirmed by pathway analysis, which identified interleukin, JAK-STAT, and MAPK signaling pathways as significantly enriched pathways (Figure 1E).

On the other hand, CD4+ T-cells from severe patients showed decreased expression of interferon-induced genes including IFIT1, IFIT2, IFIT3, and IFITM1 (Figure 1D). Pathway analysis also showed that CD4+ T-cells from severe patients expressed lower levels of the genes related to interferon downstream pathways (Figure 1E), suggesting that type-I interferons are suppressed in severe patients. Notably, CD4+ T-cells in severe patients showed lower expression of the TNF superfamily ligands TNFSF10 (TRAIL) and TNFSF14 (LIGHT) and the surface protein SLAMF1 and KLRB1, all of which have roles in viral infections (22–25).



Gene Regulation Dynamics for T-Cell Hyperactivation in Severe COVID-19 Patients

Next, we performed a pseudotime analysis in the UMAP space, identifying two major trajectories of T-cells, originating in Cluster 0 (Figures 1B, 2A). Pseudotime 1 (t1) involved Clusters 0, 2, 1, 7, 5, 6, and 3, showing a longer trajectory, while pseudotime 2 (t2) involved Clusters 0, 8, and 4. Interestingly, the cells in the origin showed high expression of IL-7 receptor (IL7R), which is a marker of naïve-like T-cells in tissues (21). The expression of IL7R was gradually downregulated across the two pseudotime trajectories (t1 and t2, Figure 2B). Intriguingly, T-cells at the ends of both trajectories included MKI67 (Ki-67)+ T-cells and some cells were NR4A1+ or NR4A3+ (Figure 2C, Supplementary Figure S1C), which indicated activation and cognate antigen signalling (26). These analyses support that the trajectories successfully captured two major pathways for T-cells to be activated during the infection.




Figure 2 | Pseudotime analysis of CD4+ T-cells from Covid-19 patients for Treg-associated genes. (A) Two pseudotime trajectories were identified in the UMAP space. (B, C) The expression of (B) IL7R and (C) MKI67 in the pseudotime trajectories. (D) Gene expression dynamics of Treg-associated genes in the pseudotime trajectories. Genes with significant changes across pseudotime are highlighted by bold text. (E, F) The expression of IL2RA in (E) CD4+ T-cells and (F) IL2RA+CD4+ T-cells from the three groups. (G) IL2RA expression in CD4+T-cells with expanded TCR clones (n ≥ 2) in severe patients (magenta, solid line) and moderate patients (grey, broken line). Numbers indicate the percentage of IL2RA+ cells in each group. (H) The expression of IL2 in CD4+ T-cells from the three groups. (I) The expression of TGFB1 and IL6 in macrophages from the three groups. (J) The expression of the Th17 genes including RORC, IL17A, and CCR6 in CD4+ T-cells from the three groups. *** means p < .001.



Interestingly, well-known immunoregulatory genes including IL2RA, CTLA4, TNFRSF4 (OX-40) and TNFRSF18 (GITR) were more expressed in T-cells across pseudotime 1 than pseudotime 2 (Figure 2D, Supplementary Figure 1B). Although these genes are often associated with Tregs, FOXP3 was not induced in both of these trajectories, and thus most of the T-cells did not become Tregs. T-cells in pseudotime 2 showed modest increase of CTLA4 and TNFRSF18 only towards the end of the trajectory (Figure 2D).

Furthermore, IL2RA was significantly upregulated in CD4+ T-cells from severe COVID-19 patients compared to moderately affected patients (Figure 2E). Since CD25 (IL2RA) is a key marker for Tregs and activated T-cells (27), we asked if CD25-expressing T-cells in COVID-19 patients were Tregs. Intriguingly, the percentage of FOXP3+ cells in IL2RA+ CD4+ T-cells was significantly reduced in severe patients compared to moderate patients (15.3 vs 48.6%, Figure 2F). This indicates that FOXP3 transcription is repressed in CD25+ T-cells further suggesting that IL2RA+ T-cells are activated T-cells or “ex-Tregs” (i.e. effector T-cells that were used to express FOXP3 but more recently downregulated FOXP3 expression (28, 29), rather than functional Tregs.

Since T-cells in the late phase of pseudotime 1 upregulated IL2RA and MKI67, we asked if expanded TCR clones expressed more IL2RA specifically in severe patients. Expanded TCR clones in severe patients had more IL2RA+ T-cells than those in moderate patients (14% and 28% cells in moderate and severe patients expressed IL2RA, respectively; p < 0.001, Figure 2G), confirming that IL2RA+ T-cells are associated with the severe phenotype. However, no significant difference was observed between expanded and non-expanded TCR clones in severe patients. Notably, IL2 transcription was not induced in CD4+ T-cells in severe patients (Figure 2H), suggesting that CD25+ activated T-cells in severe patients die, at least partly, by cytokine deprivation.

Given that T-cells from severe patients dominated in the last part of pseudotime 1 (i.e. Clusters 3 and 6), these findings indicate that T-cells become more activated and vigorously proliferate in severe COVID-19 patients than moderate patients. These CD25+ activated T-cells are likely to be short-lived and do not initiate FOXP3 transcription in severe COVID-19 patients, while they can differentiate into Tregs in moderate infections.



The Differentiation of Th17 Is Suppressed in Severe COVID-19 Patients Despite IL-6 Availability

Firstly, we hypothesized that FOXP3 transcription was actively repressed by cytokines in the microenvironments in severe COVID-19 patients. FOXP3 transcription is activated by IL-2 and TGF-β signaling and is repressed by IL-6 and IL-12 signaling (30). In fact, some macrophages from severe COVID-19 patients expressed TGFB1 and IL6 (Figure 2I), as shown by Liao et al. (16) However, CD4+ T-cells did not increase Th17-associated genes including RORC, IL17A, and IL17F, and the expression of CCR6, a marker for Th17 cells, was significantly reduced in severe COVID-19 patients (Figure 2J and Supplementary Figure 1D). This suggests that the differentiation of both Tregs and Th17 is inhibited.

Th17 differentiating T-cells express both Foxp3 and RORγ-t before they mature (31). In addition, FOXP3intermediate CD45RA - T-cells express RORγ-t and Th17 cytokines (32). Together with the scRNA-seq analysis results above, these support the model that activated T-cells show differentiation arrest or preferentially die before becoming Tregs or Th17 cells in severe COVID-19 patients. Alternatively, given that IL-6 and TGF-β seem to be available in severe COVID-19 patients, the differentiation of the common precursor T-cells to Tregs and Th17 cells may be blocked by unidentified factors. Importantly, IL2RA expression was significantly increased in severe COVID-19 patients in comparison to moderate patients, whilst very few T-cells expressed IL2 (Figure 2H).



Lack of Tfh Differentiation and Evidence of PD-1-Mediated Immunoregulation

PD-1 is another key immunoregulatory molecule for suppressing immune responses during viral infection (33). However, PD-1 may play multiple roles in CD4+ T-cells, as PD-1 is a marker for Tfh. In fact, PD-1high BCL6high Tfh-like T-cells are a major effector population in melanoma tissues (21). Thus we asked if PD-1-expressing T-cells show Tfh differentiation and/or if PD-1-expressing T-cells can succumb to PD-1 ligand-mediated inhibition in COVID-19 patients. However, in SARS-CoV-2 infection, BCL6 was not induced in the major activation and differentiation pathway, pseudotime 1, indicating that those activated T-cells did not differentiate into Tfh. Comparatively, T-cells in pseudotime 2 showed some upregulation, although this was statistically not significant (Figure 3A). This suggests that Tfh differentiation was suppressed in COVID-19 patients. PDCD1 was highly upregulated in both pseudotime 1 and 2, suggesting that these cells are vulnerable to PD-1 ligand-mediated suppression. Interestingly, macrophages from severe COVID-19 patients expressed higher levels of CD274 (PD-L1) yet the expression of PDCD1LG2 (PD-L2) was not significantly different between moderate and severe patients (Figure 3B). These results indicate that PD-1-mediated T-cell regulation was at least partially operating in severe COVID-19 patients. Meanwhile, TBX21 and GATA3 expression is induced in T-cells across pseudotime 1, suggesting that these T-cells may differentiate into Th1 and Th2 cells (Figure 3C).




Figure 3 | Analysis of the expression dynamics of effector T-cell genes in CD4+ T-cells from COVID-19 patients. (A) The expression of BCL6 and PDCD1 in the pseudotime trajectories. (B) The expression of PD1 ligand genes, PD-L1 (CD274) and PD-L2 (PDCDLG2), in macrophages from the three groups. (C) The expression of Th1 transcription factor, TBX21, and Th2 transcription factor, GATA3, in the pseudotime trajectories. (D) Gene expression dynamics of IFNG, IL10, IL21 and IL32 in the pseudotime trajectories. (E) Heatmap analysis of selected genes in pseudotime 1 (t1). Here the rows are key genes that are differentially expressed across pseudotime 1, and the columns are single cells in the order of pseudotime 1. Th1, Th2, and Treg-associated genes are highlighted by cyan, green, and red. In addition, genes with significant changes across pseudotime are highlighted by bold text. (F, G) The expression of signature genes in (F) CD4+ T-cells and (G) IL2RA+CD4+ T-cells. (H) (upper panel) The expression of IL10 and IL10RA in CD4+ T-cells from COVID-19 patients. IL10+IL10RA+ double positive cells are highlighted by purple, while IL10+ single positive cells are shown by blue. (lower panel) Density plots of IL10RA expression in IL10+CD4+ T-cells and IL10-CD4+ T-cells.





Dissecting Activation and Differentiation Processes in CD4+ T-Cells From COVID-19 Patients by Analyzing Gene Expression Dynamics in the Pseudotime Trajectory

T-cells in the late phase of pseudotime 1 upregulated the expression of cytokines including IFNG and IL10, which are Th1 and Th2 cytokines, respectively (Figure 3D). In addition, IL21 (a Th2 and Th17 cytokine) was upregulated in some cells in pseudotime 1 whereas IL-32 was highly sustained in both of the pseudotime trajectories. These indicate that differentiation processes for T-cell lineages are simultaneously induced in activated T-cells from the lung of COVID-19 patients.

Accordingly, we hypothesized that CD25-expressing activated T-cells preferentially differentiate into effector T-cells in severe COVID-19 patients, instead of their most frequent fate as Tregs in a normal setting (27). In order to test this hypothesis and reveal dynamics of each T-cell differentiation pathway, we analyzed co-regulated genes across pseudotime 1, obtaining 4 gene modules by a hierarchical clustering (Figure 3E).

Heatmap analysis of pseudotime 1 successfully captured the pseudo-temporal order of gene expression: genes in modules II and IL7R are firstly activated, followed by genes in module IV (apart from IL7R), subsequently by genes in module I, and lastly genes in module III alongside module II genes again (Figure 3E). Reasonably, module II contained the AP-1 transcription factors FOS and JUN, suggesting that T-cells that highly express these genes have been recently activated. In pseudotime 1, these FOS+JUN+ T-cells were followed by T-cells with high expression of genes in module IV, which contained CD40LG and FASLG (Figure 3E). These CD40LG+FASLG+ T-cells are considered to activate CD40-expressing macrophages and dendritic cells as well as inducing apoptosis of FAS-expressing cells by providing CD40 signaling and Fas signaling upon contact.

CD40LG+FASLG+ T-cells are followed by T-cells that highly expressed genes in module I, which include the Th1 transcription factor TBX21, the Th2 transcription factor GATA3, and FOXP3. In addition, these T-cells upregulated the immediate early genes EGR1 and NFATC2 and the activation markers CD38 and PDCD1 (Figure 3E). These collectively suggest that those CD38+ PDCD1+ T-cells received sustained TCR signals and became activated, expressing TBX21, GATA3, and FOXP3 as TCR signal downstream genes.

Lastly, T-cells in the final part of pseudotime 1 upregulated the expression of genes in modules II and III. Module III contained the cytokines IL10 and IL21, immune checkpoints TNFRSF4 and HAVCR2 (TIM-3), Tregs and activation marker IL2RA and TNFRSF18, all of which were found to be upregulated (Figure 3E). On the other hand, FOXP3, TBX21 and GATA3 were largely repressed in the T-cells. Intriguingly, those T-cells highly expressed the transcription factors for the differentiation of effector Tregs (i.e. activated Tregs with enhanced immunoregulatory activities) including IRF4, MYB, and BATF. Therefore, those activated T-cells partially show an effector Treg phenotype but lack their cardinal immunoregulatory features because FOXP3 expression is repressed and the effector cytokines are transcribed. Notably, those activated T-cells also upregulated AP-1 (FOS/JUN) and other genes in module II, suggesting that these CD25+ activated T-cells had received TCR and/or costimulatory signals such as TNFRSF signals. Given that this last phase of pseudotime 1 (i.e. UMAP clusters 3 and 6) is dominated by CD4+ T-cells from severe patients, these results collectively support that FOXP3-mediated negative feedback on T-cell activation is defective in COVID-19 patients.



Evidence of the Differentiation of CD25-Expressing Activated T-Cells Into Multifaceted Effector T-Cells

In order to further understand why CD25-expressing T-cells failed to differentiate into effector Tregs, we hypothesized that CD25-expressing activated T-cells are more likely to differentiate into multiple effector T-cell subsets in severe COVID-19 patients than moderately affected individuals. In fact, IL2RA+CD4+ T-cells from severe COVID-19 patients expressed Th1, Th2, and IL-10 signature genes more frequently (Figure 3F) whereas Th17 differentiation was suppressed in IL2RA+ T-cells from both groups.

Although IL-10 has been classically regarded as a Th2 cytokine, Th1 cells can produce IL-10 (34). In fact, IL4, IL5, IL12A, and IL13, were not detected in any T-cells analyzed in the dataset (data not shown). Thus, we asked if Th2 differentiation was diverted into IL-10 producing immunoregulatory T-cells (Tr1), which differentiate by IL-10 signaling and produce IL-10 and thereby suppress immune responses particularly in mucosal tissues (35). Surprisingly, however, higher frequencies of IL2RA+ T-cells expressed Th1 and Th2 signature genes, concomitantly expressing IL10 signature genes (Figure 3G). This strongly supports that IL-10 producing T-cells are not immunoregulatory but Th1-Th2 multifaceted effector T-cells.

IL10RA and IL10RB were expressed in activated T-cells in both of the trajectories (Supplementary Figure 1C), and the frequency of IL10RA+ cells was significantly higher in IL10+ cells than IL10- cells (67 vs 49%, p = 0.003, Figure 3H). This suggests that a positive feedback loop for IL-10 expression promoted the differentiation of the multifaceted effector T-cells in an autocrine manner (36, 37).



FURIN Is Induced in Activated CD4+ T-Cells Upon TCR Signals and During COVID-19 Infection

Intriguingly, FURIN expression was increased in CD4+ T-cells from severe COVID-19 patients (Figure 1D). Furin was previously associated with Treg functions in a knockout study (8), although the underlying mechanisms were not clear. In addition, it was not known if Furin was specifically expressed in Tregs amongst CD4+ T-cells. Recently we showed that the majority of Treg-type genes are in fact regulated by TCR signaling (21, 38), since Tregs receive infrequent-yet-regular TCR signals in vivo (26). We hypothesise that T-cells produce Furin upon activation, which can enhance the viral entry of SARS-CoV-2 into lung epithelial cells during inflammation.

Firstly, we analyzed the microarray data of various CD4+ T-cell populations from mice (17). In line with our previous observations (21), all the antigen-experienced and activated T-cell populations including Tregs, memory-phenotype T-cells, and tissue-infiltrating effector T-cells showed higher expression of FURIN than naïve T-cell populations (Figure 4A).




Figure 4 | FURIN expression in activated CD4+ T-cells in normal conditions and COVID-19 infection. (A) FURIN expression in CD4+ T-cell subpopulations from normal mice: naïve T-cells (naïve), Tregs, memory-phenotype T-cells (memory) from WT mice; non-draining lymph nodes (non-dLN, naïve), draining lymph nodes (dLN) of the pancreas, and pancreas-infiltrating effector T-cells (tissue-infiltrating Teff) of diabetes-prone BDC transgenic (Tg) mice. (B) Time course analysis of FURIN expression in human memory T-cells and naïve T-cells. (C) The expression of FURIN in CD4+ T-cells (upper) and IL2RA+CD4+ T-cells (lower) from the groups of patients and HC. (D) Gene expression dynamics of FURIN in the pseudotime trajectories 1 and 2.



Next, we asked if human naïve and memory CD4+ T cells can express FURIN upon receiving TCR signals. We addressed this question using the time course RNA-seq analysis of CD45RA+CD45RO−CD4+ naïve T-cells and CD45RA−CD45RO+ CD4+ memory T-cells which were obtained from 4 individuals and activated by anti-CD3 and anti-CD28 antibodies (18). FURIN expression was markedly induced within 24 h after stimulation and was sustained over 2 weeks in the culture (Figure 4B). Memory T-cells also showed higher expression of FURIN over the time course (p = 0.059), with a significant difference at its peak (24 h, p = 0.004). Thus, FURIN expression is induced by TCR signals in human and mouse T-cells.

In SARS-CoV-2 infection, 36% of CD4+ T-cells and 56% of IL2RA+CD4+ T-cells from severe patients expressed FURIN, while in moderate patients only 11% and 30% of those cells, respectively, expressed FURIN (Figure 4C). Importantly, FURIN was significantly induced in CD4+ T-cells in pseudotime 1, particularly when T-cells upregulated CD25, CTLA-4, and TNFRSF molecules, but not in pseudotime 2 (Figure 4D). These collectively support that FURIN expression is induced in highly activated non-regulatory CD25+CD4+ T-cells in severe COVID-19 patients.




Discussion

Our study has shown that CD4+ T-cells in severe COVID-19 patients have dysregulated activation and differentiation mechanisms. The most remarkable defect was the decoupling of Treg-type activation and FOXP3 expression, which normally occurs simultaneously to sustain the effector Treg population while inflammation is resolved (38).

FOXP3 is induced in activated T-cells by TCR signals and its transcription is further enhanced by IL-2 and TGF-β signaling. Once expressed in T-cells, FOXP3 proteins bind to pre-existing transcription factors, particularly RUNX1 and ETS1, and thereby convert RUNX1-ETS1-containing transcriptional machineries for T-cell activation and effector function into immunoregulatory ones (38, 39). The Treg-type transcriptional regulation is characterized by the activation of immunoregulatory proteins, including many of the surface immune checkpoints such as CTLA-4, GITR, and OX-40, while cytokine genes are generally repressed. This Treg-type setting is further enhanced upon activation, when Tregs begin to show the effector Treg phenotype, further upregulating the expression of the immune checkpoint molecules. Importantly, Tregs need to sustain FOXP3 transcription in a persistent manner across time, (40) otherwise they can downregulate FOXP3 expression and become effector T-cells (28, 29).

Since IL-2 signaling enhances FOXP3 transcription, CD25+ T-cells are likely to differentiate into FOXP3+ Tregs in normal situations (27). However, in severe COVID-19 patients, those CD25+ T-cells are considered to be vigorously proliferating, whilst becoming multifaceted effector T-cells or dying, instead of maturing into FOXP3+ Tregs. Accordingly, we propose to define the unique activation status of CD25+FOXP3- T-cells as hyperactivated T-cells (Figure 5). CD25 expression occurs mostly in CD4+ T-cells, and therefore, these CD25+ hyperactivated T-cells are likely to be the source of the elevated serum soluble CD25 in severe COVID-19 patients. These hyperactivated CD25+ T-cells produce Furin, which can further enhance SARS-CoV-2 viral entry into pulmonary epithelial cells. Since hyperactivated CD25+ T-cells constitute a rare population, the role of their Furin production, if any, is likely to be limited to their microenvironments. Still, it is possible that, when hyperactivated CD25+ T-cells closely interact with antigen-presenting cells that present viral antigens, their Furin expression may make both antigen presenting cells and themselves more susceptible to the viral infection, which can further dysregulate the T-cell system.




Figure 5 | Roles of T-cell hyperactivation in the lung of severe COVID-19 patients. (A) Peripheral Treg differentiation in normal conditions. Antigen-presenting cells (APC) present antigens as peptide-MHC complex (pMHC) to CD4+ T-cells, which triggers TCR signaling and subsequent activation and differentiation processes. Initially, early activated T-cells start to produce CD25 and IL-2, establishing a positive feedback loop for T-cell activation and proliferation. Some T-cells can differentiate into effector T-cells such as Th1 and Th2. Since IL-2 signaling enhances FOXP3 transcription, prolonged activation results in the expression of immune checkpoints such as CTLA-4 and FOXP3, which represses the transcription of effector cytokine genes. CD25+CTLA-4+FOXP3+ T-cells can consume and occupy immunological resources including IL-2 and CD28 signaling, and thereby mediate a negative feedback loop on the initial T-cell activation (27). This leads to the suppression of T-cell responses and the resolution of inflammation. (B) In severe COVID-19 patients, hyperactivated macrophages (13) may present antigens to CD4+ T-cells, which are activated and differentiate into CD25+ IL10R+ early activated T-cells which produce IL-10 rather than IL-2. FOXP3 transcription remains to be suppressed due to this and other unidentified mechanisms such as metabolism, while cytokines such as IL-10 further enhance the activation of CD25+ T-cells, resulting in the generation of CD25+ hyperactivated T-cells that express immune checkpoints, multiple effector T-cell cytokines, and Furin. The multifaceted Th differentiation may lead to unfocused T-cell responses and thereby paralyze the T-cell system. In addition, Furin can activate the S-protein of SARS-CoV-2 and thereby enhance viral entry into lung epithelial cells.



The risk factors for the development of severe COVID-19 include age, obesity, cardiovascular diseases, diabetes, and the use of corticosteroids (41, 42). These diseases are associated with dysregulated hormonal and metabolic environments that can dysregulate the homeostasis of CD25+ T-cells and FOXP3-expressing Tregs. Thus, it is imperative to investigate if genes and metabolites associated with the disease conditions have any roles in promoting the differentiation of hyperactivated T-cells. Previous reports showed that Tregs accumulated in atherosclerotic lesions, (43) and FOXP3 expression was reduced in CD25+CD4+ T-cells from patients with prior myocardial infarctions (44). In addition, T-cells in patients with obesity may show different responses to T-cell activation. Intriguingly, leptin a key hormone produced by adipose tissue, is thought to prevent CD25+CD4+ T-cell proliferation but is relatively deficient in obese patients (45, 46). Furthermore, the function of Tregs is impaired in type-1 diabetes patients (47). In addition, FOXP3 transcription is transiently activated in T-cells of severe COVID-19 patients but may be repressed due to their unique metabolic states. T-cell activation is dependent on glycolysis, which converts glucose to pyruvate, and the tricarboxylic acid (TCA) cycle, which activates oxidative phosphorylation (OXPHOS) and generates ATP in mitochondria (48). Treg differentiation is more dependent on OXPHOS and can be inhibited by glycolysis (49). Importantly, our pathway analysis suggested that these metabolic pathways were altered in severe COVID-19 patients, although further studies on metabolism are required. Furthermore, the hypoxic environment in the lung of severe COVID-19 patients may activate HIF-1α, which mediates aerobic glycolysis, and thereby promotes the degradation of FOXP3 proteins (50). The reduction of FOXP3 proteins may result in the abrogation of the FOXP3 autoregulatory transcriptional loop thus blocking Treg differentiation (40).

Notably, all the moderate patients in fact developed bilateral pneumonia, whereas five out of six severe patients were in critical condition and received invasive mechanical ventilation. Although the sample number is small, this suggests that the deterioration of the respiratory function, not pneumonia itself, is associated with the T-cell hyperactivation. Alternatively and not exclusively, it is noted that there were significant differences in the age of the moderate vs severe groups: all the three moderate patients were in the 30’s (precisely, 35, 36, and 37 years old), while four out of six critical patients were in the 60’s and the other two were 46 and 57 (16). Thus, it is yet to be determined if hyperactivated T-cells are associated with ageing and if they are differentiated in young severe patients as well.

CD25+ hyperactivated T-cells also expressed PD-1, and PD-L1 expression in macrophages was increased in severe COVID-19 patients. This clearly shows that the PD-1 system is not able to control hyperactivated T-cells. This may be due to the status of macrophages and other antigen-presenting cells because CD80 on these cells disrupts the PD-1 - PD-L1 interaction and thereby abrogates PD-1-mediated suppression (51). In addition, PD-L1 expression on lung epithelial cells may play a role in regulating PD-1-expressing T-cells, as shown in other viruses including Influenza Virus and Respiratory Syncytial Virus (52, 53).

Hyperactivated T-cells differentiated into multifaceted Th1-Th2 cells with IL-10 expression. While IL-10 may serve as a growth factor for these cells through their IL-10 receptors, other cytokines in the microenvironment may drive the expression of both Th1 and Th2 transcription factors. Prototypic cytokines for Th1 and Th2 were not differentially expressed in all single cells between moderate and severe patients in the current dataset. Importantly, although T-bet and Gata3 are usually considered as Th1 and Th2 transcription factors, respectively, the expression of both T-bet and Gata3 is induced in CD4+ T-cells by TCR signals at the early stage of T-cell activation (54, 55). This suggests that the multifaceted Th1-Th2 T-cells are in fact still at the early stage of differentiation. Importantly, Foxp3-deficient T-cells show a similar phenotype with multifaceted Th1-Th2 differentiation. Using bacterial artificial chromosome (BAC) Foxp3-GFP reporter and Foxp3-deficient Scurfy mice, Kuczma et al. showed that Foxp3-transcribing T-cells without functional Foxp3 proteins produced both IFN-γ and IL-4 (56). Although the biological significance of the multifaceted Th differentiation in severe SARS-CoV-2 infection is not yet clear, we suggest that such unfocused T-cell responses will lead to the activation of broad-range of immune cells in an unorganized manner contributing to the hyperactivation as well as paralysis of the immune system in severe COVID-19 patients (Figure 5).

Intriguingly, severe COVID-19 patients show elevated levels of serum cytokines such as IL-6, TNF-α, and IL-10, and also increased sCD25 in the serum (11, 12). Given that CD25 expression is predominantly found in T-cells, particularly in activated T-cells and Tregs, (38) it is likely that significant proportions of T-cells are activated in severe COVID-19 patients and contribute to their ‘cytokine storm’ or CRS. Firstly, since cell surface CD25 can be shed from CD25+CD4+ T-cells, (57) CD25+ hyperactivated T-cells may be a significant source of sCD25 in COVID-19 CRS. Secondly, CD25+ hyperactivated T-cells may contribute to the elevation of some of the serum cytokines such as IL-10 in severe COVID-19 patients (11, 12). Notably, CD25+ hyperactivated T-cells are activated and proliferative, they do not increase in number and also fail to differentiate into Treg as their FOXP3 expression is repressed. These indicate the unique dynamics of activated T-cells in severe COVID-19: a significant proportion of T-cells become activated, proliferate and rapidly die before differentiating into Treg. Such high turn-over of CD25+ hyperactivated T-cells may contribute to immunothrombosis, which is immune-mediated acceleration of thrombosis and is another feature of severe COVID-19 (13). Intriguingly, the cancer immunotherapy chimeric antigen receptor T-cell (CAR-T) therapy uses gene-modified activated T-cells as effectors and can induce disseminated intravascular coagulation and immunothrombosis (58).

In conclusion, our study demonstrates that SARS-CoV-2 drives hyperactivation of CD4+ T-cells and immune paralysis to promote the pathogenesis of disease and thus life-threatening symptoms in severely affected individuals. Therefore, therapeutic approaches to inhibit T-cell hyperactivation and paralysis may need to be developed for severe COVID-19 patients.
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