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Foxp3 is regarded as the major transcription factor for T regulatory (Treg) cells and expression of Foxp3 is used to identify and quantitate Treg cells in mouse models. However, several studies have demonstrated that human CD4+ T conventional (Tconv) cells activated in vitro by T cell receptor (TCR) stimulation can express Foxp3. This observation has raised doubt as to the suitability of Foxp3 as a Treg marker in man. Helios, a member of the Ikaros gene family, has been shown to be expressed by 80-90% of human Foxp3+ Treg cells and can potentially serve as a marker of human Treg. Here, we confirm that Foxp3 expression is readily upregulated by Tconv upon TCR stimulation in vitro, while Helios expression is not altered. More importantly, we show that Foxp3 expression is not elevated by stimulation of hTconv in a humanized mouse model of graft versus host disease (GVHD) and in patients with a wide variety of acute and chronic inflammatory diseases including sickle cell disease, acute and chronic GVHD, systemic lupus erythematosus, as well as critical COVID-19. In all patients studied, an excellent correlation was observed between the percentage of CD4+ T cells expressing Foxp3 and the percentage expressing Helios. Taken together, these studies demonstrate that Foxp3 is not induced upon Tconv cell activation in vivo and that Foxp3 expression alone can be used to quantitate Treg cells in humans. Nevertheless, the combined use of Foxp3 and Helios expression provides a more reliable approach for the characterization of Treg in humans.
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Introduction

T regulatory cells (Treg) maintain immune system homeostasis by suppressing the activation and proliferation of conventional T cells (Tconv). Foxp3 is a member of the forkhead or winged helix family of transcription factors. A mutation in this gene in humans causes the severe autoimmune condition known as immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX). Studies have shown that mutations in the Foxp3 gene are linked to lack of suppressive function of CD4+CD25+ Treg. Thus, expression of Foxp3 is required for the development and function of Treg (1, 2). Helios, a member of the Ikaros gene transcription factor family, also plays a major role in the function of Treg (3–5). Thornton et al. (3) demonstrated that ~70-75% of murine Foxp3+ T cells co-expressed Helios and that Helios was co-expressed by an even higher percentage (~85-90%) of human Foxp3+ T cells. Expression of Helios appears to correlate with the thymic origin of Treg as Treg generated in peripheral sites (pTreg) are Helios-. However, this conclusion remains controversial.

As Foxp3 may be regarded as a Treg lineage specific transcription factor, expression of Foxp3 should be the ideal marker to identify and quantify Treg. Indeed, mice that express fluorescent probes or human cell surface antigens under the control of the Foxp3 promoter have proven to be invaluable tools to isolate Treg for numerous studies. Although some studies suggest that Foxp3 may be transiently expressed by activated murine Tconv cells (6), it has been difficult to directly demonstrate this transient expression. Human Foxp3+ Treg can be isolated from healthy donors using a combination of cell surface antigen markers (CD25hiCD127lo) (7, 8). Multiple studies have shown that in vitro stimulation of human Tconv cells via the T cell receptor (TCR) results in significant (~30%) induction of Foxp3 expression after 3 days of culture. These studies have led to the hypothesis that Foxp3 expression is a general marker of T cell activation during acute or chronic inflammatory responses and not specific to Treg implying that it cannot be used as a definitive marker of Treg in vivo (9–12).

The goals of this study are two-fold. First, we wish to determine whether the induction of Foxp3 expression in human Tconv cells during autoimmune and inflammatory disease can be documented in vivo. Secondly, we will address whether the combined expression of Foxp3 and Helios can be used to more accurately identify human Treg. We first demonstrate that Foxp3, but not Helios, expression is significantly upregulated during the activation of human Tconv in vitro. We then examine the expression of Foxp3 and Helios in vivo using the xenogeneic-GVHD (xeno-GVHD) model in which engrafted hPBMCs are activated in NOD-scid IL2Rγnull (NSG) mice (13). T cells from patients with 4 distinct inflammatory responses in vivo including Sickle Cell Disease (SCD) (14), GVHD, Systemic Lupus Erythematosus (SLE) and critical COVID-19 were then studied to examine Foxp3 and Helios expression to resolve whether these inflammatory environments facilitate the expression of Foxp3 in Tconv cells.

The results of our studies indicate a high correlation between Foxp3 and Helios expression in Treg. Foxp3+Helios+ cells uniformly fail to produce IL-2, a major property of Treg, while activated CD25+Foxp3-Helios- cells robustly produce IL-2. Foxp3 expression is not upregulated during either acute or chronic inflammatory responses in humans. This conclusion is based on the observation that when the percentage of Foxp3+ cells is increased in disease, the increase is paralleled by a similar increase in Helios+ T cells. Collectively, these findings demonstrate that the combined use of both Foxp3 and Helios expression should be used to identify and quantitate Treg in humans and to validate Treg purity in populations used for adoptive Treg immunotherapy.





Methods




Mice

NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ (NSG) mice (005557 Jackson Laboratories) were used. All mice were 6–17 weeks old. Animal protocols used in this study were approved by the NIAID Animal Care and Use committee.





Human peripheral blood mononuclear cells

Healthy human donor buffy coats were obtained from the NIH Clinical Center Blood Bank. PBMCs were obtained from patients treated on Institutional Review Board approved clinical trials with SCD (ClinicalTrials.gov NCT03077542), Allogeneic hematopoietic cell transplant (ClinicalTrials.gov NCT03983850, NCT04959175), and SLE (NIAMS Clinical Protocol 94-AR-0066). All SLE patients fulfilled the revised SLE criteria for the disease. Lupus activity was recorded using the Systemic Lupus Erythematosus Disease Activity 2000 Index (SLEDAI-2K) score. Patients provided written consent to collaborators prior to sample collection. Buffy coats were diluted in PBS and gradually pipetted over Lymphoprep (Stemcell Technologies) and separated via density gradient centrifugation.





Flow cytometry

Cells (2-3 x 106) were stained. Human BD Fc block (564220) was used to block Fc receptors. A master-mix with surface staining antibodies as well as a live-dead dye was prepared in PBS (Invitrogen Live/Dead Fixable Near-IR Dead Cell Stain Kit). Surface staining master-mix (50 μL) was added to each sample, and they were incubated at room temperature in the dark for 30 mins. Cells were then washed twice with 3% FBS in PBS. Intracellular staining was done overnight at 4°C. Invitrogen™ eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, cat 50-112-8857) was used to fix and permeabilize the cells. Prior to acquiring samples, a single stain control was made for each antibody in the flow cytometry panel by incubating 1 drop of UltraComp eBeads (Invitrogen, Cat# 50-112-9040) in 300 μL of PBS and 0.3 μL of each antibody. A Live/Dead staining control was prepared using the ArC™ Amine Reactive Compensation Bead Kit (Invitrogen, Cat# A10346). The compensation matrix was calculated using FACS Diva (Figure S1). Cells were acquired using BD Symphony or BD Fortessa. Around 1 million events were acquired per sample. When a new experiment was being conducted, isotype controls and Fluorescence-Minus-One (FMO) controls of cells were prepared to assist with gating. Once acquired samples were analyzed on FlowJo, distribution of events was compared to those of isotype and FMO controls to confirm proper compensation and gating. For some experiments, the compensation matrix was adjusted according to the control samples on FlowJo. All experiments were gated on lymphocytes, single cells, live cells, and CD3+ cells to obtain CD4 and CD8 T cell populations.





Antibodies used for flow cytometry

Anti-human CD45 (HI30), anti-mouse/human Helios (22F6) were obtained from BioLegend. Anti-Human CD127 (HIL-7R-M21), anti-Human CD3 (UCHT1), anti-Human CD4 (SK3), anti-Human TNFα (Mab11), anti-Human CD25 (M-A251), anti-Human IFN-γ (B27), anti-Human Granzyme B (GB11), anti-Human IL-2 (MQ1-17H12), anti-Human CD25 (2A3) anti-Human Foxp3 (236A/E7) were obtained from BD Horizon. Fluorophores used are indicated in figures.





T cell activation in vitro

PBMCs (2 x106) were plated in 2 mL complete RPMI (RPMI 1640 media with phenol red, 2 mM L-glutamine, 1X Penicillin-Streptomycin, 10% Fetal Bovine Serum, 1 mM HEPES in 0.85% NaCl, 1 mM Sodium pyruvate, 1X non-essential amino acids, 1000X 2-mercaptoethanol in a 12-well plate or 24-well plate. Either aCD3/aCD28 coated beads (Dynabeads™ Human T-Activator CD3/CD28, gibco, Ref: 11132D) at 25 μL/1x106 cells with 30 U of recombinant human IL-2 (TECIN, Hoffman-La Roche Inc.) or soluble anti-CD3 (OKT3, Functional Grade, eBioscience, Cat: 16-0037-81) at 1 μg/mL were added for 3 days. In some experiments, 3 day stimulated cells were restimulated with stimulation cocktail with protein transport inhibitor (PMA + Ionomycin + Golgi Stop; eBioscience Cell Stimulation Cocktail (plus protein transport inhibitors) (500X, Cat: 00-4975-93) for 2 hours to allow for detection of cytokine production.

Xeno-mixed leukocyte reaction (MLR) studies were performed by culturing hPBMCs (0.5x106) with spleen cells (0.5x106) from NSG mice. On day 3, 5, and 7, the cells were stained and analyzed via flow cytometry.





In vivo activation of hPBMC in NSG mice

hPBMCs (30x106/mouse) from 3 donors were injected retro-orbitally into NSG mice that had previously been irradiated (150 rad). On day 5, 11, 14, 19, and 27, the spleens were harvested and processed to obtain a single cell suspension. Cell surface and intracellular staining was performed as described above. FACS plots are gated on live, singlet, lymphocytes that are human CD45+CD3+CD4+ T cells. Some mice received intraperitoneal injections of rhIL-2 on 3 consecutive days starting on day 15. On day 18, spleens were harvested from all mice and processed to obtain a single cell suspension. Cells were stimulated for 2 hours with stimulation cocktail, stained, and analyzed via flow cytometry.





Analysis of CITE-seq data set

Single-cell RNA seq data of PBMCs generated from patients infected with COVID-19 and age and sex matched healthy controls was analyzed to observe whether cells expressing the genes FOXP3, IKZF2 (encoding Helios), and IL2RA display a Treg or T effector cell signature. In the original study by Liu et al. (15), CITE-seq was used to profile the PBMCs to measure the expression of 188 surface markers, the B and T cell receptor sequences of the V(D)J region, and the mRNA transcriptome. The cells with the Treg and T effector signatures to be analyzed were isolated using clustering, manual annotation, and the gating strategy described in Liu et al. (15). Differential expression analysis across the four cell-type patient group subpopulations was performed as well. Visualization of the single cell RNA-Seq data and clustering was performed using the Seurat v4.1.0 package (16) in R with the functions including FindClusters, DimPlot, DotPlot, FeaturePlot, and RunUMAP that utilizes the non-linear dimensionality reduction algorithm called uniform Manifold Approximation and Projection (UMAP) (17) whereas differential expression analysis was performed with MAST (18), or “Model-based Analysis of Single-cell Transcriptomics”. A Treg signature gene set with 62 genes (19) was extracted as the top ranked predictor genes of the Treg state.





Statistical analysis

Flow cytometry analysis was performed using FlowJo 10.8.1 software and analyzed for statistical significance with PRISM 9 (GraphPad software). An unpaired Student’s t test was used for single comparisons, while a two-way ANOVA with Tukey’s multiple comparison test was used for multiple comparisons. Differences with p < 0.05 were considered statistically significant. All statistics show mean with standard deviation.






Results




Helios as a marker for human Foxp3+ Treg cells

Our previous studies demonstrated that Helios was expressed by 80-90% of Foxp3+ human T cells, and very few CD4+Foxp3- T cells (3). As Foxp3 expression has been shown to be upregulated by activation of CD4+Foxp3- T cells in vitro, we compared the expression of Helios and Foxp3 following in vitro activation of human PBMC with anti-CD3/CD28 coated beads and IL-2 (Figures 1A, B). In contrast to the marked upregulation of Foxp3 expression, Helios expression was not upregulated by activated CD4+Foxp3- T cells. One other property of Treg is their inability to produce effector cytokines. Significant production of IL-2 by Foxp3-Helios-, but not Foxp3+Helios+ T cells was observed following in vitro stimulation. Activated Foxp3+Helios+ Treg also failed to produce significant amounts of IFNγ, TNFα, or Granzyme B (Figure S2).




Figure 1 | Activation of human PBMC in vitro results in upregulation of Foxp3, but not Helios expression. (A) PBMCs from healthy donors were left unstimulated or cultured for 72h with anti-CD3/anti-CD28 coated beads and IL-2. All samples were then stained for CD25, Foxp3, Helios or assayed with PMA/ionomycin for 2 hours and stained for IL-2. One representative sample of 3 is shown. Gated on live, CD3+, CD4+ lymphocytes. (B) Cells from stimulated cultures were gated on either Foxp3+Helios+ or Foxp3+Helios- CD4+ cells to determine percentages. Results are from three independent experiments. **p<0.005, two-way ANOVA with Tukey’s multiple comparison test.



It remained possible that the increased percentage of Foxp3+ T cells observed after in vitro stimulation represented a population of selectively expanded Treg present in the PBMCs that had lost Helios expression. To rule out this possibility, we sorted CD4+CD25-CD127hi cells, the majority of which are Foxp3-, co-cultured them with PBMCs after incubating them in cell trace violet (CTV) and stimulated them with anti-CD3 (Figure S3). Following 3 days of stimulation in vitro, the majority of the sorted CD4+ T cells expressed Foxp3, did not express Helios, and a high percentage produced IL-2 indicating that the Foxp3+ T cells generated in culture originated from Foxp3- T cells. These results strongly suggest that co-expression of Foxp3 and Helios may be used to identify human Treg even after in vitro stimulation.

It should be noted that 10-40% of CD8+ T cells express Helios in freshly isolated healthy donor samples and the percentage of CD8+Helios+ T cells is highly variable between donors (Figure S4).





Combined use of Foxp3 and Helios to characterize Treg in humanized mice

While Foxp3 expression can be readily upregulated following polyclonal activation of CD4+Foxp3- T cells in vitro, the upregulation of Foxp3 expression following activation of CD4+Foxp3- T cells in vivo is unclear. To address this issue, we transferred human PBMCs to NSG mice to induce xeno-GVHD. In parallel, we activated PBMCs from the same donor with NSG splenocytes in vitro to mimic the in vivo situation (13). As observed, following MLR stimulation in vitro, activation by mouse splenocytes induced CD25+Foxp3+ T cells, the majority of which were Helios- (Figure S5).

Following transfer of human PBMCs to NSG mice, we observed a time-dependent induction of CD4+CD25+ T cells (Figures 2A, B). The CD4+CD25+ population could easily be divided into Foxp3- and Foxp3+ populations. Maximal expansion of both populations was seen on day 14 after transfer followed by a decline. The CD4+CD25+Foxp3- cells were Helios- and produced IL-2, while the CD4+CD25+Foxp3+ T cells were Helios+ and failed to produce IL-2. Similar results were observed when we transferred sorted CD4+CD25-CD127hi cells to the NSG mice (Figure 2C). Four weeks after transfer, none of the transferred cells expressed Foxp3, approximately 35% expressed CD25, 40% expressed IL-2, and a very low percentage expressed Helios.




Figure 2 | Expression of Foxp3 and Helios in CD4+ T cells activated in vivo during xeno-GVHD. (A) NSG mice received hPBMCs (30 x106) retro-orbitally on day 0 and were analyzed at 4 additional time points. A representative experiment of 3 is shown (n=19). Donor cells were stained for CD25, Foxp3, and Helios expression as well as IL-2 production. (B) Helios expression was measured in both Foxp3- (blue) and Foxp3+ (red) CD4+ T cells of a representative mouse shown on day 14 of T cell activation (C) NSG mice received CD4+CD25-CD127hi T cells (3 x 106) retro-orbitally on day 0. On days 21, 28, and 35, spleens were harvested and expression of CD25, Helios, and Foxp3 as well as IL-2 production was analyzed as in Figure 1. Data from one representative mouse on day 28 is shown relative to PBMCs from the donor on day 0.







In vivo administration of IL-2 does not induce Foxp3 expression by human Tconv

A potential difference between the results obtained in vitro and those obtained in vivo is that the environment for the in vitro studies might be regarded as artificial as many of the experiments are performed using polyclonal activation with anti-CD3 coupled to solid surfaces. To test this hypothesis, we enhanced the in vivo activation conditions by administering recombinant hIL-2 to NSG mice 11-15 days after PBMC engraftment, a timepoint of peak activation. Following 2 and 3 injections of IL-2, enhancement of CD25 expression was observed compared to PBS injected mice (Figures 3A; S6). Enhanced CD25 expression was also observed on CD4+Foxp3+Helios+ cells. Nevertheless, most of the cells with enhanced CD25+ expression remained Foxp3- and Helios-. No enhancement of cytokine production in Foxp3+ cells was observed (Figure 3B). We also transferred purified CD4+CD25-CD127hi T cells to NSG mice and at the peak of their activation in vivo administered a single dose of anti-CD3 and analyzed the mouse splenocytes 12h later (Figure S7). The activated Tconv cells remained Foxp3- and Helios-.




Figure 3 | Administration of hIL-2 does not induce Foxp3 expression in Tconv during xeno-GVHD. (A) NSG mice engrafted with hPBMCs (10 x106) were injected with either hIL-2 (1 x 105 IU, n=5) or PBS (n=6) on day 11, 12, and 13. CD4+ T cells from a representative mouse spleen on day 14 and summary data on CD25, Foxp3 and Helios expression from all recipients are shown. (B) IL-2, IFNγ, and granzyme B production by cells in panel A were determined by flow cytometry and summary IL-2 data from all recipients is shown. Plots are representative of one of two independent experiments.***p<0.0005, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test.







Expression of Foxp3 and Helios during inflammatory and autoimmune disease

While the activation of human T cells in the xeno-GVHD model is a useful model, it does not address potential cellular interactions between the activated T cells and other cell populations that are absent or present at very low frequencies (B cells, dendritic cells, Natural Killer cells, and myeloid cells) in PBMC reconstituted NSG mice and which may play a role in the upregulation of Foxp3 expression by Tconv cells. We therefore examined the relationship between Foxp3 and Helios expression in a heterogeneous group of patients with inflammatory and autoimmune diseases.

We initially examined a cohort of patients with SCD who have been shown to have elevated levels of T helper cells secreting high levels of IFNγ as well as other inflammatory mediators (14). We obtained PBMCs from patients with severe SCD collected prior to haploidentical hematopoietic cell transplantation (HCT) as well as PBMCs from the healthy donors. Although there was great variability between patients and donors, SCD patients manifested greater activation of CD4+ T cells than healthy donors based on high levels of IFNγ production as well as a trend toward higher expression of CD25 (Figures 4A–D). However, almost all Foxp3+ T cells in the patients expressed Helios and very few of the CD4+CD25+Foxp3- T cells expressed Helios. Thus, it is unlikely that any of the Foxp3+ T cells represent activated effector cells that have upregulated Foxp3. It should also be noted that CD8+ T cells in this cohort of patients were also activated and expressed high level of IFNγ and granzyme B compared to healthy controls; none of the activated CD8+ T cells expressed Foxp3 (Figures S8A, B).




Figure 4 | Activated cytokine producing cells in patients with SCD do not express Foxp3. (A) PBMCs from patients with SCD and healthy donors were analyzed by flow cytometry. The CD4+ population of cells from one representative donor of 4 is shown. (B) Summary data on Foxp3 and Helios expression in patients compared with healthy donors (all comparisons are ns). (C) PBMCs from one representative patient were analyzed for Foxp3 expression in cytokine producing cells. (D) IL-2 and IFNγ production were measured in CD4+Foxp3- and CD4+Foxp3+ groups. **p<0.005, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparison test.



We extended these studies on the potential induction of Foxp3 expression in CD4+ non-Treg by examining a cohort of patients who were developing acute GVHD or who manifested signs of chronic GVHD following HCT for malignancies (Tables 1A–C). We observed a trend in increased percentage of CD25+Foxp3+ Treg in GVHD patients as compared to healthy donors. In both patient groups, almost all Foxp3+ T cells were Helios+, while very few Foxp3- T cells expressed Helios (Figures 5A, B). In GVHD, CD4+Foxp3- T cells demonstrated a trend for enhanced production of IL-2 (Figure 5C). No effector cytokine production was observed by Foxp3+Helios+ T cells suggesting that Treg non-responsiveness was not destabilized under conditions of severe inflammation (Figure 5D).




Figure 5 | Activated CD4+ T cells in patients with GVHD do not express Foxp3. (A-D) PBMCs from one representative patient with acute and one representative patient with chronic GVHD obtained at diagnosis as well as one healthy control were analyzed by flow cytometry for expression of CD25, Foxp3, Helios, IL-2, and IFNγ. Summary of data from 5 patients with both acute and chronic GVHD gated on live, CD3+, CD4+ lymphocytes. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test. ns, not significant.



Diminished production of IL-2 by CD4+ T cells in patients with SLE has been proposed (20, 21) as a cause for diminished numbers and function of Treg. In addition, CD4+ T helper activity is reported to be abnormal and overactive in many patients with SLE. To determine whether the increased CD4+ T cell activation in SLE would result in upregulation of Foxp3 in non-Treg cells, we isolated PBMCs from whole blood samples obtained from eight patients being treated for SLE. The disease severity, measured using the SLEDAI-2K, had a wide range with scores from 0-10 (Table 1). We found that CD4+ T cells from most of the patients in our cohort had a higher percentage of CD25+Foxp3- T cells than healthy controls and had an upward trend of CD25+Foxp3+ T cells in comparison to controls (Figures 6A, B). Importantly, the percentage of CD25+Foxp3+ T cells was closely correlated with the percentage of Helios+Foxp3+ T cells in every patient strongly suggesting that the elevation in the percentages of Foxp3+ T cells in the patients was due to expansion of Treg and not to upregulation of Foxp3 expression by non-Treg (Figure 6C). We also observed that CD4+Foxp3- but not CD4+Foxp3+ T cells from the patients were responsible for the enhanced production of IL-2 and IFNγ.


Table 1A | Clinical characteristics of SCD patients.




Table 1B | Clinical characteristics of GVHD patients.




Table 1C | Clinical characteristics of SLE patients.






Figure 6 | Activated CD4+ T cells in patients with SLE do not express Foxp3. (A) CD4+ T cells from one representative patient with SLE of 8 and one heathy control were analyzed by flow cytometry for expression of CD25, Foxp3, Helios, IL-2, and IFNγ. (B) Comparison of CD25 expression, IL-2, and IFNγ production by CD4+Foxp3+ and CD4+Foxp3- T cells from SLE patients and healthy controls. (C) Correlation between Foxp3 expression and Helios expression in CD4+CD25+ T cells from SLE patients. **p<0.005, ***p<0.0005, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test (B), Student’s t-test, ns, not significant (C).



An overactive inflammatory response, which causes the release of large amounts of pro-inflammatory cytokines, known as a “cytokine storm,” has been described in patients with moderate to critical conditions of COVID-19 (22). As the inflammatory state in patients with severe COVID-19 likely differs from that seen in the more chronic disease models we have studied, we performed a new analysis on publicly available scRNA-seq data (15). PBMCs from patients with moderate, severe, and critical COVID-19 and age and sex matched healthy controls were profiled in the original study. Our analysis examined whether the expression of FOXP3 was associated with the case control status in the non-Treg subpopulation in any cluster characterized by a high FOXP3 and IKZF2 expression. We re-clustered the CD4+ T cells of both patients and healthy controls (cluster 6 in Figure 7A) to identify the Foxp3+ cell population for follow-up analysis. The remaining clusters were composed of CD4+ T cell subtypes including Tregs, naïve CD4+ T cells and effector memory cells with no clear separation between them with respect to the cluster identities on the UMAP space. The populations outside cluster 6 were already characterized broadly in Liu et al. and our analysis only focused on this FOXP3+IKZF2+ cluster. While the expression of these two genes and IL2RA were mainly confined to cluster 6, Figure 7B shows that IL2 expression was only detected at a negligible level by the high throughput 10X Genomics single cell assay in any of the clusters. The detection rates (percent of cells expressing a gene) of FOXP3, IKZF2 and IL2RA in clusters other than the Treg cluster (cluster 6) were around 0% and none of these genes were differentially expressed between the two patient groups in Tconv (Data not shown). Furthermore, using linear regression, we modeled the FOXP3 expression in cluster 6 as a function of the expression levels of the Treg signature genes from the literature (19), age, gender, batch, and the cell population identity defined by the combined patient status (HC/COVID) and cell type (Treg/non-Treg). FOXP3 expression was not associated with the non-Treg-COVID state (p-value>0.65) indicating that FOXP3 was not abnormally overexpressed in the non-Treg cell population under the conditions of robust inflammation in patients severely ill with COVID-19 (Table S1). This observation strongly indicates that Foxp3 was not abnormally upregulated by non-Treg under the conditions of robust inflammation in patients severely ill with COVID-19.




Figure 7 | Correlation between Foxp3 and Helios in CD4+ T cells by gene expression clustering in patients with moderate to critical COVID-19. (A) UMAP visualization of total CD4+ T cells and Treg clustering based on protein expression profile labels. (B) Detection rates of the genes of interest expressed by cells in either patients with COVID-19 or healthy controls (HC) within each cluster shown in (7A).








Discussion

The discovery of Tregs, a unique, suppressive population characterized by expression of CD25 and Foxp3 with similar phenotype and function in both mouse and humans, generated considerable interest in defining defects in either the number or function of these cells in human autoimmune diseases. The major question that arose at the time was how to best characterize and isolate this unique population. The availability of monoclonal antibodies to Foxp3 that could be used for intracellular staining appeared to provide a major tool for Treg characterization. However, it was rapidly demonstrated that stimulation of human Tconv cells in cell culture via TCR signaling induced the expression of Foxp3, although such cells lacked suppressor function (9–12). The in vitro findings with human Tconv cells raised concerns about the use of Foxp3 as a Treg marker in humans particularly in patients with inflammatory conditions. Several studies (7, 8) demonstrated that the combined use of CD25hi and CD127lo as surrogate markers could facilitate the isolation of highly enriched populations of Foxp3+ T cells from normal donors. However, the application of this protocol to define Treg under inflammatory conditions is limited as expression of CD25 is upregulated on all CD4 T cells with TCR activation while expression of CD127 is downregulated. Thus, our ability to accurately define human Treg remains challenging. Other approaches to identify Treg using a combination of cell surface markers (ex: CD4+CD25+CD226-) have only been partially successful (23).

We have made use of expression of the transcription factor Helios together with Foxp3 as an alternative method that accurately identifies most human Treg. Helios was originally characterized in the mouse where 70-75% of Foxp3+ T cells are also Helios+. We originally suggested that thymic Treg (tTreg) were Helios+ while Treg generated in the periphery (pTreg) from Tconv cells were Helios- (3). The function of Helios in mouse Treg remains controversial as some studies suggest it is required for survival during the maturation of naïve Treg to effector Treg (4), while other studies suggest it may be involved in responsiveness to IL-2 (24). In human peripheral blood, 85-90% of Foxp3+ T cells co-expressed Helios using an anti-mouse Helios monoclonal antibody that cross-reacted with human Helios. Further characterization of human Treg demonstrated that the Foxp3+Helios+ population had a completely demethylated Treg-specific demethylated region (TSDR), while the TSDR of the Foxp3+Helios- cells was only 50% demethylated consistent with a pTreg origin (25). Studies of human Treg by Lam et al. (26) following prolonged (>13 days) cell culture in vitro under inflammatory conditions have demonstrated that Helios expression is not required for Treg stability, but it remains unclear if these results apply in vivo. Nevertheless, Lam et al. (26) agree with the data presented here that measurement of Helios expression in conjunction with Foxp3 is a valuable addition to the characterization of human Treg. In addition, the majority of the Treg capable of producing low levels of effector cytokines were found in the Foxp3+Helios- population which is also consistent with a less stable Treg phenotype and pTreg origin. We have limited our studies in this report to an analysis of the Foxp3+Helios+ CD4+ T cells.

One critical issue was whether Helios expression could be upregulated in activated human Tconv cells similarly to Foxp3. In contrast to mouse Tconv cells where significant expression of Helios can be induced by TCR activation of Tconv cells in vivo, we did not observe Helios expression in human Tconv cells after TCR activation following polyclonal activation with anti-CD3 and anti-CD28 or stimulation in a xeno-MLR in vitro. A variable percentage of both human and mouse CD8+ T cells can express Helios and further studies are needed to determine the significance of Helios expression in CD8+ T cells.

One question that remains to be addressed is why human Tconv cells upregulate Foxp3 upon activation in vitro, while mouse activated Tconv cells remain Foxp3-. The major factor responsible for induction of Foxp3 expression in vitro is TGFβ. We have previously shown that the addition of anti-TGFβ during activation of human Tconv cells in vitro reduces the upregulation of Foxp3 expression by 90% (11). Thus, it appears that human Tconv cells have a greater sensitivity to exogenous TGFβ present in the fetal calf serum used to supplement the culture media. The other difference in the response of human and mouse Tconv to TGFβ is that mouse Tconv cells induced to expressed Foxp3 in the presence of TGFβ (iTreg) have many of the functional properties of tTregs and exhibit suppressor function in vivo and in vitro, although they do exhibit decreased stability of Foxp3 expression. In contrast, human Tconv cells induced to express Foxp3 in the presence of TGFβ, produce IL-2 and lack suppressive function in vitro. Further studies are needed to resolve these fundamental differences.

We first validated that the combined use of Foxp3 and Helios expression facilitated the identification of human Treg. Polyclonal activation of human Tconv resulted in upregulation of Foxp3 expression to levels similar to those detected on unstimulated Foxp3+ Treg. In contrast, no upregulation of Helios was observed in cultures of purified Tconv or unstimulated human PBMCs. Similar results were observed in xeno-MLR cultures. To test whether activation of human Tconv resulted in upregulation of Foxp3 expression in vivo, we first utilized the xeno-GVHD model. hPBMCs transferred to immunocompromised, NSG mice engraft, but over a period of several weeks recognize mouse-specific antigens, become activated and ultimately induce the death of the recipients secondary to systemic xeno-GVHD. Expansion and activation of Tconv as assayed by induction of CD25 expression was routinely observed two weeks after transfer, but no induction of Foxp3 expression was observed even in activated T cells with the highest levels of CD25 expression. Foxp3+ Treg also transiently expanded in this model and remained almost 100% Helios+.

While the studies in the humanized mice demonstrate a failure of Tconv to upregulate Foxp3, this model does not completely mimic activation of human T cells in vivo as the only human cells in the NSG mice are the T cells that successfully engraft. Other human cell types or products may be needed to upregulate Foxp3 expression in human Tconv. We therefore examined Treg in the peripheral blood of patients with manifestations of systemic inflammation including SCD (14), acute and chronic GVHD, and SLE. We observed an elevation in the percentage of Treg in the peripheral blood and an enhanced percentage of CD4+Foxp3-CD25+ T cells. We also examined a single cell RNA-seq analysis of a cohort of patients with acute inflammation secondary to severe or critical COVID-19 (15). Flow cytometry was not performed in this study, but examination of Foxp3 and Helios expression at the molecular levels demonstrated a complete correlation between cells expressing Foxp3 and Helios and other Treg signature genes. Foxp3 and Helios were not expressed in any of the subsets of cytokine producing activated T cells. We recognize that only a small group of patients with each disease were studied and our analysis was limited to PBMCs. It remains possible that patients with a different clinical course or with other diseases may exhibit upregulation of Helios in the absence of Foxp3 expression. Conversely, as a small percentage (10-15%) of Foxp3+Helios- T cells can be found in normal PBMC, it remains possible that under certain inflammatory conditions in vivo, one might observe an expansion of this population. This population must be distinguished from effector T cells by their failure to produce IL-2.

In summary, our in vivo studies both in humanized mice and in patients demonstrate that Foxp3 expression is not upregulated in human Tconv when activated under a variety of inflammatory conditions. Thus, Foxp3 expression alone can be used as a marker for bona fide Treg in vivo. However, as we did not perform an exhaustive study of a wide spectrum of autoimmune and inflammatory diseases, we would suggest that staining for Helios be used in conjunction with Foxp3 staining to confirm that the Foxp3+ T cells are true Treg. In addition, the combination of Foxp3 and Helios should be mandatory for quantification of Treg that have been expanded in vitro for use in cellular biotherapy or for production of CAR-Treg (27).
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