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Staphylococcus aureus poses an enormous burden of morbidity and mortality worldwide. Making an efficacious vaccine has however proven extremely challenging. Due to colonizing interactions, pre-existing S. aureus-specific CD4+ T cells are often found in the human population and yet a detailed characterization of their phenotypes and how they might in turn impact vaccine efficacy are thus far unknown. Using an activation induced marker assay to sort for S. aureus-specific CD4+ T cells in an effector function-independent manner, single cell transcriptomic analysis was conducted. Remarkably, S. aureus-specific CD4+ T cells consisted not only of a broader spectrum of conventional T cells (Tcon) than previously described but also of regulatory T cells (Treg). As compared to polyclonally-activated CD4+ T cells, S. aureus-specific Tcon were enriched for the expression of the Th17-type cytokine genes IL17A, IL22 and IL26, while higher percentages of S. aureus-specific Treg expressed the T Cell Immunoreceptor with Ig and ITIM domains (TIGIT), a pleiotropic immune checkpoint. Notably, the antagonistic anti-TIGIT mAb Tiragolumab increased IL-1β production in response to S. aureus in vitro. Therefore, these results uncover the presence of S. aureus-specific TIGIT+ Treg in the blood of healthy subjects that could blunt responses to vaccination and indicate TIGIT as a potential targetable biomarker to overcome pre-exposure-induced immunosuppression.
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Introduction

Staphylococcus aureus is a gram-positive bacterium capable of asymptomatic colonization as well as causing a spectrum of diseases in the human population, therefore meeting the definition for classification as a pathobiont. In 2019 S. aureus was the only bacterium responsible for more than one million deaths globally (1). Compounding this issue, S. aureus displays an alarming propensity to develop resistance against antimicrobial drugs with methicillin-resistant S. aureus identified as the single deadliest antimicrobial-resistant drug-pathogen combination (2). As a result, the development of novel therapeutic strategies such as a vaccine is considered an urgent and unmet public need. There have been multiple attempts in designing a vaccine against S. aureus, all of which have thus far ended in failure when trialed in a clinical setting (3). Numerous factors have been suggested to explain such failures including a need for better models of infection and a lack of defined correlates of protection, and yet although known as a human commensal, the relevance of colonization-induced pre-existing immune responses to S. aureus has been consistently overlooked in vaccine development and clinical study design.

S. aureus is part of the normal human microbiome, capable of colonizing all body surfaces such as the nasal cavity, skin, lungs and intestine (4–8). Strikingly, within the first 8 weeks of life 40% of newborns were found to be colonized with S. aureus (9). The intricacy of this human-S. aureus relationship was recently exemplified by the finding that S. aureus undergoes on-person evolution during long-term colonization in atopic dermatitis (10). As a result of such an early and frequent interaction, the vast majority of individuals have detectable pre-existing humoral and cellular immune responses to S. aureus (11–14), that do not prevent from the onset of infection. In addition, previous S. aureus infection often does not protect from re-infection, as exemplified by the high incidence of recurrencies in skin and soft tissue infection caused by S. aureus, showing that natural immunity is only partially efficacious (15). Pre-existing immune responses are known to significantly affect vaccine responses in humans, a phenomenon called antigenic sin or immunological imprinting, as seen during influenza and SARS-CoV-2 vaccination (16–18). In fact, research conducted in mouse models has showcased the negative implications that pre-exposure-induced immune responses may have on S. aureus vaccine efficacy (19–21). Whether and how pre-existing immunity to S. aureus hinders vaccine efficacy in humans is however as of yet, unknown.

Studies in mice have highlighted protective roles played by antibodies in various S. aureus infection models (21–23). However, the fact that all previous failed vaccines were designed to generate antibody-mediated-S. aureus immune responses and that individuals with primary or secondary B cell immunodeficiencies have no increased risk of S. aureus infection has emphasized the importance of anti-S. aureus cell mediated immune responses (24–26). Multiple murine studies have linked CD4+ T cells, and in particular Th17 and/or Th1 cells and their signature cytokines, IL-17 and IFN-γ, to protective immunity during S. aureus infections and vaccination (27–29). In humans both genetic and clinical evidence has suggested that CD4+ T cells and specifically Th17 are linked to protection from S. aureus infections at barrier sites such as the skin and lungs (30, 31). Specifically, inborn errors of immunity have shown the pivotal role of the IL-17 axis in mucocutaneous immunity to S. aureus in humans (32). As a result, CD4+ T cells have been deemed a crucial target for future S. aureus vaccines. Previous studies investigating pre-existing CD4+ T cell responses specific to S. aureus in healthy subjects have evidenced a Th17 and/or Th1 response based on proliferation and/or cytokines production (11, 13, 33).

Since memory CD4+ T cells form a continuum, shaped by the microbes and the tissue microenvironment, rather than defined Th subtypes and can adapt their functions in response to changing circumstances, a feature called plasticity (34), we aimed to capture the complexity of the human pre-existing CD4+ T cell response to S. aureus. To achieve this goal, S. aureus-specific CD4+ T cells were identified in the blood of healthy subjects using a sensitive, HLA-agnostic and effector function-independent activation induced marker (AIM) assay, and the transcriptome of single AIM+ cells was analyzed by Sorting and Robot-assisted Transcriptome Sequencing (SORT-seq). This method captured not only the complexity of cytokines produced by S. aureus-specific CD4+ T cells in different states, likely reflecting the continuum of Th17-type memory cells present in humans (35), but also identified S. aureus-specific Treg, which have been previously largely overlooked. Remarkably, the vast majority of S. aureus-specific Treg expressed TIGIT, a pleiotropic immune checkpoint. Indeed, blocking TIGIT with Tiragolumab, an antagonistic anti-TIGIT mAb, increased IL-1β production in response to S. aureus in vitro stimulation.

Overall, these findings provide a high-resolution characterization of S. aureus pre-existing CD4+ T cell response with implications for future vaccine and therapeutic design.





Materials and methods




Peripheral blood mononuclear cells

PBMCs isolated from buffy coats from healthy donors by density gradient centrifugation, frozen in fetal bovine serum (FBS) supplemented with 10% DMSO and kept frozen at -150°C until use, were obtained from Tivoli Hospital (Brussels, Belgium).





Preparation of heat-killed bacteria

S. aureus USA300, LAC strain, and Klebsiella pneumoniae, 9163 O2a strain, were grown in tryptic soy broth to exponential phase reaching an optical density (OD)600 of 0.6 and 1 respectively. Secreted bacterial proteins were removed by washing in sterile PBS, then bacteria were heat-inactivated for 45 min at 90°C. Next, bacterial particles were washed 3 times in PBS and protein concentration was determined by using the Pierce BCA protein assay (Thermo Fisher Scientific) according to manufacturer’s instructions. CFU counts were then estimated using the previously reported formula: 25 µg bacteria ≈ 1 x 108 CFU (28). Heat-inactivation was confirmed by spreading bacterial suspension on Tryptic Soy Agar plates and incubation at 37°C overnight. No bacterial growth was detected.





AIM assay

Frozen PBMCs were thawed in prewarmed Ca2+- and Mg2+-free PBS (Gibco) containing 2.5 mM EDTA (Sigma) and 20 μg/ml Dnase I (Sigma), washed and counted using the Vi-CELL XR cell counter (Beckman Coulter). PBMCs were then resuspended in separation buffer (PBS with 2 mM EDTA, 0.5% BSA from Sigma), and CD4+ T cells were negatively selected using the MACS CD4+ negative isolation kit (Miltenyi Biotec) following manufacturer’s instructions. The CD4- fraction was recovered and irradiated with 30 Gy. CD4+ and CD4- fractions were washed and resuspended at a concentration of 1 x 106 cells/ml in c-RPMI (RPMI-1640 supplemented with 1% minimum essential medium non-essential amino acids, 1% penicillin-streptomycin-glutamine, 1% sodium pyruvate (all from Gibco), and 5% FBS (Hyclone). Both fractions were recombined at a ratio of 1:1 and 2 x 105 total cells were plated in a 96-well round bottom plate (Corning) and stimulated with HK S. aureus, HK K. pneumoniae or HK C. albicans (ATCC10231, Invitrogen) at a multiplicity of infection of roughly 3:1 or recombinant SARS-CoV-2 spike protein and the chemically-inactivated tetravalent influenza vaccine Influvac S tetra (Abbott) at a final concentration of 2 µg/ml. For comparison, cells were stimulated polyclonally using plate-bound anti-CD3 antibody (clone OKT3, BD Bioscience, cat # 566685, 1 µg/ml) and soluble anti-CD28 antibody (clone CD28.2, BD Bioscience, cat # 555725, 2 µg/ml). As a negative control, cells were left unstimulated with c-RPMI (Medium). Cells were incubated for 24 h at 37°C, 5% CO2.





SORT-Seq of AIM+ CD4+ T cells

Cells were washed twice and multiple wells from the same culture condition were pooled into polypropylene FACS tubes (Corning) for single cell sorting using BD FACS-Aria Fusion. CD3+CD4+CD8- live cells were single-cell sorted based on the co-expression of CD137 and OX40 (AIM+ cells) into precast 384-well plates (Single Cell Discoveries, Utrecht, The Netherlands). Index sorting for CLA was applied to correlate the expression of this surface marker to the transcriptional profile at the single cell level. After sorting, plates were immediately spun and placed on dry ice, stored at -80°C and then shipped on dry ice to Single Cell Discoveries. For each of the 6 healthy subjects analyzed, two plates for each stimulation condition (HK S. aureus or α-CD3/CD28) were analyzed by scRNA-seq according to an adapted version of the SORT-seq protocol (36).





Surface staining for flow cytometry and index-cell sorting

Cells were washed twice with PBS and stained with a viability dye (see Supplementary Table S1) for 20 min at RT. Samples were washed, blocked either with 2% rabbit serum in PBS or Fc Block on ice for 20 min. Surface staining for various surface expressed markers was carried out for 20 min on ice. For non-sorting related experiments cells were read using a BD FACSymphony A3.





Analysis of SORT-seq data

SORT-seq data were analyzed using the scanpy package on Python. For Quality Control (QC), first doublets were removed using the scanpy implementation of Scrublet (37) and a threshold of 0.25. Then, cells that had fewer than 1,000 genes being expressed, and genes that appear in fewer than 4 cells were removed. Also, cells with more than 6,000 total counts were considered outliers after manual inspection and discarded. Finally, cells with a percentage of mitochondrial genes above 25% were discarded to avoid introducing bias. After QC, we retrieved 1,791 cells from the HK S. aureus stimulation and 3,032 cells from the α-CD3/CD28 stimulation for a total of 4,823 cells. Highly-variable genes were identified using the raw counts without normalization using the scanpy ‘highly_variable_genes’ script with the ‘seurat_v3’ flavor to account for the different datasets. To compare different cells, the counts were normalized to 10K, and then a logarithm transformation was applied to compute the PCA, the neighbors with 6 principal components, and the UMAP. To correct for different batches, we applied the bbknn implementation of the batch balanced neighbors algorithm (38). The scanpy implementation of the Leiden algorithm (39) was used to identify 4 clusters with a resolution of 0.2 after visual inspection. A small cluster of 105 cells was removed at this stage as it was not expressing genes related to a CD4+ T cell population, reducing the number of clusters to 3 as reported in the main text. GSEA analysis was conducted with the Python package ‘gseapy’ as described in (40). Trajectory analysis followed closely the protocol explained in the tutorial of the Python package scFates (41). Briefly, we identified a spanning tree of 200 nodes using the Python package ‘palantir’ to estimate the neighboring graph, and then labelled the node closest to center of the UMAP as the root. We used the scfates functions ‘test_association’ and ‘fit’ to compute the genes associated with the trajectories and their pseudotime, as reported in Figure 2C.





Sorting and intracellular cytokine staining of S. aureus-specific and polyclonally-activated CD4+ T cells

HK S. aureus stimulated cells AIM+ and AIM- (OX40- CD137-) and α-CD3/CD28 stimulated AIM+ cells were sorted into 5 ml FACS-tubes containing c-RPMI. Cells were then re-suspended in 200 µl, plated in a 96-well round bottom plate, rested for 14 h when cells were treated with PMA (50 ng/ml) and Ionomycin (1 µM). After 1 h, Brefeldin A was added and cells were incubated for an additional 3 h. After stimulation cells were washed twice with PBS, stained with Live/Dead UV440 (ThermoFisher Scientific), washed with PBS and blocked using FcBlock (BD). Then, cells were surface stained for CD4 and CLA for 20 min on ice. After washing twice in PBS, cells were fixed and permeabilized using Cytofix/Cytoperm (BD) for 20 min on ice. Cells were then washed twice with Perm/wash buffer (BD) and stained intracellularly for IFN-γ and IL-17A for 15 min at RT. Cells were washed twice and then read on a BD FACSymphony A5.





Anti-TIGIT treatment

Isolated CD4+ T cells were recombined with CD4- at a ratio of 1:1 and 2 x 105 total cells were plated in a 96-well round bottom plate (Corning). The antagonistic anti-TIGIT antibody Tiragolumab or an isotype-matched control (both from MedChemExpress), each at a final concentration of 20 µg/ml, or just medium were added to the cultures 15 min before stimulation with HK S. aureus (MOI 3) or no stimulation. After 3 d, concentrations of secreted cytokines in the culture supernatants were measured by V-PLEX Human Cytokine 36-Plex Kit (Meso Scale Discovery, as previously described (42).





Statistics

Comparisons between different cell populations at the transcriptional level were tested using the paired t-test as the hypothesis of a normal distribution could not be discarded according to the Shapiro-wilk test (Figures 2E, 3B, F, 4A). Gene signatures were derived using the scanpy function ‘rank_genes_groups’ with a Wilcoxon rank-sum method as suggested in (43) (Figures 2B, 5A). GraphPad Prism 8.0.1 was used to perform other statistical analyses specified in figure legends.






Results




AIM assay identified CD4+ T cells specific for S. aureus that are enriched for the skin-homing marker cutaneous lymphocyte-associated antigen in the blood of healthy subjects

AIM assays can track T cell responses specific for complex stimuli, like whole microbes or lysates. In addition, AIM assays can identify and phenotype a wider breadth of antigen‐specific T‐cell responses than proliferation or cytokine‐based assays. Numerous cell surface receptors have been authenticated as being able to identify human antigen–specific CD4+ and CD8+ T cells (44). Among them, to identify pre-existing S. aureus specific CD4+ T cells in the blood of healthy individuals, an AIM assay based on the co-expression of OX40 (CD134) and CD137 (4-1BB) was used (45). Importantly, co-expression of these markers is dependent on T cell-receptor contact with the cognate antigen expressed on antigen presenting cells (APCs) and independent of bystander activation [data not shown (46)]. This AIM assay was performed to screen 16 healthy subjects for the presence of S. aureus-specific CD4+ T cells in the blood. To do so, CD4+ T cells were negatively enriched from PBMCs and mixed 1:1 with the irradiated positively selected non-CD4+ T (CD4-) cells. To identify S. aureus-specific CD4+ T cells, cultures were stimulated with heat-killed (HK) S. aureus, which contains denatured proteins present in live bacteria but not secreted proteins including toxins, for 24 h. As a positive control, cultures were stimulated polyclonally with a combination of anti-CD3 and anti-CD28 antibodies (α-CD3/CD28). As shown in Figures 1A, B, a sizable portion of CD4+ T cells co-expressed OX40 and CD137 (AIM+ cells) in response to S. aureus (0.529 ± 0.470, mean ± SD) in the vast majority of the subjects analyzed (75%: 12 responders out of 16 donors tested, Figures 1A, B). These cells are referred to as S. aureus-specific CD4+ T cells. The observed variability in frequencies of S. aureus-specific CD4+ T cells among donors likely reflects the individual history of interactions with S. aureus.

Our previous work has shown that S. aureus-specific CD4+ tissue-resident memory T cells (Trm), which express the skin-homing marker CLA, are abundant in the skin of healthy subjects (11), suggesting that the skin is a primary site of encounter with S. aureus. Elegant studies have shown that human Trm can leave the skin (ex-Trm) and re-enter the circulation (47–49), keeping the expression of CLA, which confers them skin-tropism. Therefore, circulating S. aureus-specific AIM+ cells were analyzed for the expression of CLA. As shown in Figures 1C, D, much higher percentages of S. aureus-specific CD4+ T cells expressed CLA as compared to cells polyclonally-activated with α-CD3/CD28 (69.6 ± 19.9 vs. 38.1 ± 9.2, mean ± SD). This finding reinforces the notion that the pre-existing memory CD4+ T cell response to S. aureus is biased towards a skin-homing phenotype.





Single-cell transcriptomic analysis revealed 3 distinct populations of pre-existing CD4+ T cells specific for S. aureus in the blood of healthy subjects: Activated T cells, Trm-like cells and Treg

To gain a high-resolution and effector function-independent understanding of the pre-existing CD4+ T cell response to S. aureus in the blood of healthy subjects we performed single-cell RNA sequencing (scRNA-seq) via SORT-seq on AIM+ cells specific for S. aureus from 6 pre-selected donors (shown in color in Figure 1B). To establish the signature of S. aureus-specific CD4+ T cells, SORT-seq was also performed on AIM+ cells from the same donors activated polyclonally by α-CD3/CD28 antibodies. Since CLA derives from glycosylation of P-selectin glycoprotein ligand-1 (PSGL-1), to track skin-tropic AIM+ cells index sorting for CLA+ was performed. Through Uniform Manifold Approximation and Projection (UMAP) analysis and Leiden clustering, sequenced cells that passed QC filtering (4,690 cells in total) were projected in two dimensions and designated into 3 clusters based on the individual transcriptome of each cell (Figure 2A). Remarkably, the clusters were contiguous reflecting the fact that the functional states of CD4+ T cells is a continuum rather than defined Th subtypes. The top 20 genes more differentially expressed in each cluster are shown (Figure 2B). Despite the high similarity in gene expression between the three clusters, trajectory analysis revealed a gradient of gene activation (Figure 2C). Gene set enrichment analysis (GSEA) was then performed using gene sets from previously published work in which human CD4+ T cells from various tissues and in various activation states were transcriptionally defined (50, 51). Significantly positive net enrichment scores (NES) were obtained for activated T cells for cluster 1 that was therefore annotated as Tact, while cluster 2 showed significant matches for subsets of Trm. Given that the analyzed cells were derived from peripheral blood, cluster 2 was annotated as Trm-like. Finally, significantly positive NES values were obtained between cluster 3 and Treg populations, which was annotated as Treg (Figure 2D). Of note, although the proportions of S. aureus-specific and polyclonally-activated CD4+ T cells in the 3 clusters identified were comparable with minor variability among donors (Tact: 46.9% ± 4.5 vs. 44.8% ± 3.4; Trm-like: 24.3% ± 5.3 vs. 28.0% ± 1.5; Treg: 28.0% ± 7.2 vs. 27.1% ± 3.1, mean ± SD for S. aureus-specific vs. polyclonally-activated CD4+ T cells, Figure 2E), S. aureus-specific and polyclonally-activated CD4+ T cells occupied different areas of the UMAP (Figure 3A, shown in red and blue, respectively).




Figure 1 | AIM assay identified CD4+ T cells specific for S. aureus that are enriched for the skin-homing marker CLA in the blood of healthy subjects. PBMCs from healthy donors were enriched via negative selection into CD4+ T cells (CD4+) and CD4+ T cell-depleted (CD4-) fractions. CD4- fraction was irradiated and mixed at a 1:1 ratio with the CD4+ fraction. Cells were then stimulated for 24 h with HK S. aureus, or α-CD3/CD28 as positive control, or left untreated (Medium) as negative control. (A) Flow-cytometric plots showing co-expression of OX40 and CD137 (AIM+) on CD4+ T cells from one representative donor after stimulation with HK S. aureus (S. aureus-specific) or α-CD3/CD28 antibodies (polyclonally-activated). See Supplementary Figure 1 for gating strategy. (B) Percentages of AIM+ CD4+ T cells for 16 healthy donors analyzed. Each circle represents a donor, colored circles represent the 6 donors that were further analyzed for CLA expression in D and by SORT-seq. Mean values ± 95% CI for each culture condition are also shown. Dotted line represents the arbitrary cut-off (0.16% AIM+ CD4+ T cells, set doubling the highest percentage of AIM+ CD4+ T cells observed without stimulation) used to identify responders to S. aureus (12 donors out of 16). (C) Flow-cytometric plots showing CLA expression on S. aureus-specific and polyclonally-activated CD4+ T cells from one representative donor. (D) Donor-matched percentages of S. aureus-specific or polyclonally-activated CLA+CD4+ T cells from 6 donors (indicated by colored circles in B). Statistical analysis was performed using a paired t-test. P ≤ **0.01.






Figure 2 | SORT-Seq analysis of S. aureus-specific and polyclonally-activated CD4+ T cells revealed 3 cell clusters: Activated T cells (Tact), Trm-like cells and Treg. PBMCs isolated from 6 healthy donors (coloured circles in Figures 1B, D) were separated via negative selection into CD4+ and CD4- fractions. After irradiation of CD4- cells, both fractions were re-mixed at a 1:1 ratio and stimulated with HK S. aureus or polyclonally with α-CD3/CD28. CD4+ T cells co-expressing OX40 and CD137 (AIM+) after 24 h stimulation were sorted via flow-cytometry and analyzed by SORT-seq. (A) UMAP representation of scRNA-seq merged data of S. aureus-specific and polyclonally-activated CD4+ T cells from 6 donors (4,690 cells in total). Merged datasets were divided into 3 clusters via Leiden clustering and annotated using different colors. (B) Heatmap of unsupervised clustering analysis showing the fold upregulation of the top 20 genes used to differentiate each of the 3 clusters shown in (A, C) Trajectory analysis starting from CCR7-expressing CD4+ T cells (black dot in the center of the UMAP). Heatmap showing that cells along the trajectory displayed signature differences increasingly associated with different cell function of Tact, Trm-like and Treg cells. (D) Gene set enrichment analysis (GSEA) reporting the Normalized Enrichment Score (NES) for each of the 3 clusters using the top 50 cluster-defining genes compared against gene lists obtained from published literature. Circle size indicates proportion of genes present in a specific gene set whereas the color scale refers to P value. (E) Proportional representations in each of the 3 clusters for each of the 6 donors analyzed per stimulation condition. No significative difference by two-tailed t-test among S. aureus-specific and polyclonally-activated CD4+ T cells.






Figure 3 | The cytokine signature of S. aureus-specific CD4+ T cells from healthy donors consists of IL17A, IL22, and IL26. (A-C) PBMCs isolated from 6 healthy donors were sorted via negative selection into CD4+ and CD4- fractions. CD4- cells were irradiated and both fractions were re-mixed at a ratio of 1:1 and stimulated for 24 h with HK S. aureus or α-CD3/CD28. AIM+ CD4+ T cells were then FACS-sorted and scRNA-seq analysis performed. (A) UMAPs showing the distinct cell localizations for each stimulation condition: S. aureus-specific and polyclonally-activated CD4+ T cells in red and blue, respectively. The distribution and co-localization of cytokine transcription was assessed by mapping areas of expression (represented by colored contours) for the reported cytokine-encoding genes. (B) Heatmap representing the percentages of S. aureus-specific and polyclonally-activated CD4+ T cells transcribing a panel of 14 cytokines calculated for each donor. Cytokines were listed from the one expressed by the highest to the one expressed by the lowest percentage of S. aureus-specific CD4+ T cells. Cytokine genes expressed by statistically higher percentages of S. aureus-specific vs. polyclonally-activated CD4+ T cells are indicated by red asterisks while those expressed by higher percentages of polyclonally-activated cells are indicated by blue asterisks. (C) Each symbol represents the percentage of S. aureus-specific or polyclonally-activated CD4+ T cells transcribing CCR6 or CXCR3 from 1 out of 6 donors analyzed. Mean values ± SEM are also shown. (D-F) Three distinct cell populations were FACS-sorted from 4 donors: after HK-S. aureus stimulation OX40-CD137- (AIM-) and AIM+ CD4+ T cells, and after α-CD3/CD28 stimulation AIM+ CD4+ T cells. Cells were rested overnight, stimulated with PMA/Ionomycin for 4 h and stained intracellularly for IL-17A and IFN-γ. (D) Dot plots from a representative donor gating on live, CD4+ T cells. (E) Percentages and (F) Boolean gates of IFN-γ- and/or IL-17A-producing CD4+ T cells from 4 donors. Statistical analysis was performed using paired students t-tests (B, C) or a one-way ANOVA with Dunnett’s test for multiple comparisons (E). *P ≤ 0.05, **P ≤ 0.01, P ≤ ***0.001.







S. aureus-specific CD4+ T cells are enriched for cells that express the Th17-type cytokines encoding genes IL-17A, IL-22 and IL-26 as compared to polyclonally-activated CD4+ T cells

To better capture differences in the phenotypes of S. aureus-specific or polyclonally-activated CD4+ T cells, the transcriptional expression of 14 cytokines was analyzed. When spatially embedded onto UMAP projections, patterns of co-localization between certain cytokines, indicating cytokine co-expression by either the same cells or cells with a similar phenotype, were observed (Figure 3A). This was the case for IL17A and IL17F, which showed co-localization in two regions of the UMAP, located mainly in the Tact cluster, in areas where S. aureus-specific (in red) were more abundant than polyclonally-activated (in blue) CD4+ T cells. IFNG, IL22 and IL26 co-localized in the Tact cluster, in a region enriched for S. aureus-specific cells where IL17A and IL17F co-localized, too. On the other hand, cells expressing the Th2-type cytokine-encoding genes IL4, IL13 and IL5 co-localized mainly in a different region of the Tact cluster, enriched for polyclonally-activated cells, where cells expressing CSF2 (encoding GM-CSF) were also concentrated. To quantify differences in the expression of these 14 cytokine-encoding genes between S. aureus-specific and polyclonally-activated CD4+ T cells, a heatmap showing the percentage of cells expressing each cytokine in response to each stimulus was generated across each donor (Figure 3B). Although donor-to-donor differences were observed, overall, the expression of genes encoding IL-22, IL-26 and IL-17A, all cytokines indicative of a Th17 phenotype (38, 39), was found in significantly higher percentages of CD4+ T cells specific for S. aureus as compared to polyclonally-activated cells. The same was true for the gene encoding CCR6, a chemokine receptor preferentially expressed by human Th17-type cells (52) (Figure 3C). Though expressed by even higher percentages of S. aureus-specific CD4+ T cells, genes encoding TNF, Granzyme B and IFN-g showed no enrichment when compared to polyclonally-activated CD4+ T cells. In contrast, percentages of cells expressing genes encoding the Th2-type cytokines IL-13, IL-5 and IL-4 as well as GM-CSF (encoded by CSF2) and IL-9, were significantly higher in polyclonally-activated as compared to S. aureus-specific CD4+ T cells, which expressed these genes at very low levels.

To validate these results at the protein level, S. aureus-specific and polyclonally-activated CD4+ T cells were FACS-sorted and analyzed by intracellular cytokine staining for IFN-γ and IL-17A after stimulation with PMA and Ionomycin. Consistent with results obtained at the transcriptional level, the percentages of AIM+ cells producing IL-17A were significantly higher in response to HK S. aureus than to polyclonal stimulation (32.2 ± 12.7 vs. 7.4 ± 7.2, mean ± SD) while the opposite trend was observed for IFN-γ (19.5 ± 8.6 vs. 34.1 ± 15.3) (Figures 3D–F). Interestingly, a considerable percentage of S. aureus-specific CD4+ T cells co-produced IL-17A and IFN-γ (Figures 3D, E).

Taken together these results demonstrated that a sizable portion of CD4+ T cells present in the blood of healthy subjects is poised to secrete IL-17A and/or IFN-g upon S. aureus encounter.





Skin-tropic S. aureus-specific CD4+ T cells are enriched for the production of Th17-type cytokines

Having observed an enrichment for a skin-tropic phenotype (CLA expression, Figure 1D), the transcriptional profile of S. aureus-specific CD4+ T cells was analyzed based on surface CLA expression, as assessed by index sorting. Remarkably, the percentages of S. aureus-specific cells expressing the IL17A (2.3 fold increase, P = 0.031) and IL26 (1.8 fold increase, P = 0.027), but not the IFNG (0.7 fold increase, P = 0.245), genes were significantly higher in CLA+ as compared to CLA- cells (Figure 4A). These findings were validated performing intracellular staining for IL-17A and IFN-γ on FACS-sorted S. aureus-specific CD4+ T cells either CLA+ or CLA-. As shown in Figures 4B, C, a significant increase in the percentages of IL-17A-producing CD4+ T cells was observed in CLA+ vs. CLA- cells (2.0 mean fold increase, P = 0.02). No such increase was found for IFN-γ, which showed a trend towards decreased production in skin-homing cells (0.7 mean fold increase, P = 0.14). Together these results demonstrate that skin-tropic S. aureus-specific CD4+ T cells present in the blood of healthy subjects display elevated production of Th17-type cytokines in line with the reported phenotype of S. aureus-specific Trm present in the skin of healthy subjects (11).




Figure 4 | Skin-tropic S. aureus-specific CD4+ T cells are further enriched for IL17A and IL26 gene expression. PBMCs isolated from 6 healthy donors were sorted via negative selection into CD4+ and CD4- fractions. CD4- cells were irradiated and both fractions were re-mixed at a ratio of 1:1. Cells were then stimulated for 24 h with HK S. aureus or α-CD3/CD28 or left untreated. CD4+ T cells expressing the activation markers OX40 and CD137 (AIM+ CD4+ T cells) were index-sorted based on CLA expression via flow-cytometry and scRNA-Seq analysis was performed. (A) The transcription of the 14 cytokine-encoding genes analyzed in Figure 3B was quantified in S. aureus-specific CD4+ T cells separated based on CLA expression. Only IL17A and IL26 were transcribed at statistically significantly higher levels in CLA+ as compared to CLA- cells, as assessed by paired Student’s t-test. *P ≤ 0.05. To confirm transcriptional results at the protein level, AIM+ CD4+ T cells after stimulation with HK S. aureus were FACS-sorted, rested overnight and then re-stimulated with PMA and Ionomycin for 3 h and stained on surface for CLA and intracellularly for IL-17A and IFN-γ. (B) Dot plots from a representative donor are shown. (C) Percentages of IL-17A+ or IFN-g+ cells in CLA+ and CLA- cells of 4 donors are shown. Statistical analysis was performed using paired Student’s t-test. *P ≤ 0.05.







Treg specific for S. aureus express the immunomodulatory protein TIGIT

To investigate the phenotype of S. aureus-specific Treg, differential gene expression analysis was performed on sequenced AIM+CD4+ T cells from Treg cluster S. aureus-specific or polyclonally-activated. TIGIT, which encodes for the negative immune checkpoint TIGIT, was among the most upregulated genes within S. aureus-specific Treg, 65% of which were actively transcribing TIGIT versus 37% of those polyclonally-activated (Figure 5B). This difference was confirmed by FACS analysis of TIGIT expression on S. aureus-specific or polyclonally-activated Treg, identified as CD127(IL-7R)lowCD40L- cells (Figures 5C, D) or as FoxP3+ cells (Supplementary Figure 2) (53).




Figure 5 | S. aureus-specific Treg present in the blood of healthy subjects express the co-inhibitory receptor TIGIT. (A) Selecting cells from the Treg cluster (in orange in the UMAP), the differentially expressed genes between S. aureus-specific (in red) and polyclonally-activated (in blue) Treg are reported. (B) Violin plot showing on a cell per cell basis the expression of TIGIT in S. aureus-specific and polyclonally-activated Treg. Percentages of cells expressing TIGIT in each group are reported. (C, D) Surface expression of TIGIT on S. aureus-specific and polyclonally-activated Treg identified as CD40L-CD127low CD4+ T cells. (C) Representative dot plots gating on AIM+ cells after S. aureus or α-CD3/CD28 stimulation. (D) Percentages of AIM+ Treg expressing TIGIT in response to each stimulus for 6 donors. (E, F) Percentages of AIM+TIGIT+ Treg after stimulation with (E) HK microorganisms: S. aureus (n = 6 donors), Candida albicans (C. albicans, n = 6 donors), Klebsiella pneumoniae (K. pneumoniae, n = 4 donors), or (F) SARS-Cov2 Spike Protein, Influvac Tetra vaccine (n = 5 donors/stimulus). Polyclonal stimulation with α-CD3/CD28 was done for comparison (n = 6 donors). (G) CD4+ fraction mixed with irradiated CD4- fraction from PBMCs of healthy subjects were stimulated with HK S. aureus as described for AIM assay for 3 d in presence of the antagonist anti-TIGIT mAb Tiragolumab, isotype control mAb or medium alone. Concentrations of cytokines present in cultures supernatants collected at day 3 were measured and expressed as fold induction versus concentrations found in cultures where no antibodies were added (medium, dotted line, n = 4-5 donors, 3 independent experiments). Statistical analysis was performed using a paired t-test (D), or a mixed-effects analysis followed by Dunnet’s multiple comparison test (E, F) or a 2-way ANOVA followed by Sidak’s test for multiple comparisons (G). *P ≤ 0.05, P ≤ **0.01.



To establish if TIGIT expression is a hallmark of S. aureus-specific Treg, TIGIT expression in circulating Treg specific for Candida albicans, Klebsiella pneumoniae, SARS-CoV-2 spike protein, or the seasonal influenza vaccine was assessed by gating on AIM+ Treg (CD4+CD127lowCD40L-OX40+CD137+) after in vitro stimulation. While percentages of TIGIT+ Treg specific for C. albicans and K. pneumoniae were comparable to those specific for S. aureus (Figure 5E), those specific for SARS-CoV-2 spike protein or for an inactivated tetravalent influenza vaccine were significantly lower (Figure 5F). Taken together these findings suggest that TIGIT+ Treg may be particularly associated with memory CD4+ T cell responses to pathobionts.

In Treg, TIGIT induces the suppressive mediator fibrinogen-like protein 2 (Fgl2), which not only confers TIGIT+ Treg cells with superior suppressive function but also enables selectivity toward suppressing Th1 and Th17 (54). This allows TIGIT to shift the cytokine balance away from a proinflammatory Th1- and Th17-dominated response to restore homeostasis. Of note, S. aureus-specific, but not polyclonally-activated, Treg expressed FGL2 encoding Fgl-2 (data not shown). In addition, TIGIT can deliver an inhibitory signal into the APCs that express CD155 (Poliovirus receptor, PVR), driving them to a more tolerogenic phenotype (55). Expression of TIGIT by the majority of S. aureus-specific Treg suggested that TIGIT could play a key role in the suppression exerted by these cells. To test this hypothesis, TIGIT function was blocked in vitro using Tiragolumab, an antagonistic anti-TIGIT monoclonal antibody currently under evaluation in a large number of clinical trials in cancer patients in combination with the anti-PD-L1 mAb Atezolizumab (55). Purified CD4+ T cells were cultured with irradiated CD4-depleted PBMCs and stimulated with HK S. aureus in the presence or absence of Tiragolumab or isotype-matched control antibody for 3 days. Culture supernatants were then harvested and analyzed for the production of a panel of cytokines. Addition of Tiragolumab induced a statistically significant increase in IL-1β production as compared to isotype control (1.34 ± 0.25 vs. 0.97 ± 0.07, mean fold induction vs. medium ± SD). Moreover, Tiragolumab treatment resulted in a non-significant increase in the production of TNF and IL-6 but had no effect on other cytokines such as IL-10, IL-2 and IL-12 (Figure 5G). These results suggest that pre-existing S. aureus-specific Treg may function through the expression of TIGIT to inhibit a pro-inflammatory response.






Discussion

The successful translation of S. aureus vaccine efficacy from preclinical mouse models into human subjects has proved incredibly challenging. One major difference between mice and humans is that because of colonization interactions, humans commonly bear pre-existing immune memory for S. aureus, as a consequence of this organism propensity to asymptomatically colonize healthy humans, which does not occur in laboratory mice. The presence of memory CD4+ T cells that recognize S. aureus has been reported in the blood, skin and lungs of healthy subjects and classified as Th17 and/or Th1. It is likely that this pre-existing immunity or immune imprinting influences the outcome of the CD4+ T cell response induced by S. aureus vaccination and infection. Consequently, this study aimed to characterize the pre-existing S. aureus-specific CD4+ T cells present in the blood of healthy adults in a deep and unbiased way to capture the complexity of the memory CD4+ T cell responses occurring in humans (11, 13, 33). To achieve this goal, S. aureus-specific CD4+ T cells were single cell-sorted using an AIM assay based on co-expression of OX40 and CD137 induced by HK S. aureus stimulation and their transcriptome was analyzed by SORT-seq. Most importantly, this approach allowed to identify not only Tcon but also Treg. Therefore, this approach could be applied to other microbes and will be particularly useful to unveil the immune imprinting to other pathobionts, as shown here for C. albicans and K. pneumoniae. A detailed transcriptional analysis of cytokine production revealed further that the S. aureus-specific Tcon were enriched for a Th17-type response. Furthermore, for the first time, transcription of IL-26 and Granzyme B encoding genes was reported in S. aureus-specific CD4+ T cells adding greater resolution to the observed Th17-type phenotype. IL-17A and to a lesser degree, IL-22 have been linked to protection in mouse models of skin infection (27, 56) yet IL-26 remains quite understudied, likely due to its absence in the mouse genome and to the difficulty to reveal it by intracellular cytokine staining (49). Nonetheless, IL-26 is produced by human Th17 cells acting on epithelial cells and other immune cells to trigger inflammation (57–59) and even has direct antimicrobial activity against S. aureus (60). Indeed, the antimicrobial activity of IL-26 against S. aureus plays an important role in wound infections (60), while production of Granzyme B by Th17 cells specific for Cutibacterium acnes has been reported to be a means by which healthy skin commensals promote Th17-mediated host defense (61).

In studying S. aureus-specific CD4+ T cells, a large proportion of CLA+ cells that were further enriched for Th17-type cytokine production was observed. This finding is consistent with previous studies showing that S. aureus-specific CLA+CD4+ Trm cells are abundant in the skin of healthy subjects and are poised to produce IL-17A and IL-22 in response to S. aureus (11). Remarkably, in the current study S. aureus-specific CLA+ cells were selectively enriched in Treg (data not shown) suggesting that commensal interactions occurring at the skin induce a balanced Th17-type/Treg response sufficient to keep a low and superficial S. aureus load at bay under homeostatic conditions.

Notably, these findings suggest the ability to sample tissue-related T cell responses in blood of subjects and/or patients rather than in the tissue itself, in line with the capability of human skin-resident Trm cells to recirculate between skin and blood (49).

Given that S. aureus is capable of infecting multiple different bodily sites, and that in mice, diverse immune responses mediate protection towards S. aureus bacteremia, skin infection and pneumoniae, further understanding of tissue-specific immune signatures will be important for future vaccine development targeting different diseases (21, 62, 63).

To the best of our knowledge, this study characterizes Treg specific for S. aureus in human healthy subjects for the first time. Evidence for the presence of circulating S. aureus-specific Treg detected via an AIM assay based on CD137 expression on Treg has been reported, which we confirm, however no phenotypical analysis was performed previously (64). Treg are essential to establish and maintain immune homeostasis in peripheral tissues. Treg are primed by microbiota in neonates to promote tolerance towards them later in life. The induction of Treg by neonatal encounter with S. aureus has been hypothesized based on the fact that infants who harbored S. aureus in the gut during the first weeks of life had a decreased risk of developing food allergy as compared to children devoid of this bacterium (65). In addition, in vitro stimulation of neonatal CD4+ Tcon with S. aureus resulted in de novo generation of FoxP3+CD25+CD127low cells (66). Elegant mouse studies have shown that the host is capable of differentiating between antigens expressed by S. epidermidis versus S. aureus during early-life skin colonization and mounts a preferentially tolerogenic response to the former. Hla toxin-mediated activation of IL-1R signaling upon S. aureus encounter was shown to be key in limiting enrichment of S. aureus-specific Treg (67). However, while Hla expression was presumably sustained in mice neonatally colonized using repeated topical associations with high bacterial loads (108-109 CFUs), since Hla is a toxin regulated by quorum sensing mechanisms, at low bacterial densities, as likely found during human neonatal colonization, Hla expression would be minimal or absent favoring Treg development.

Through comparative phenotypical analysis with polyclonally-activated Treg, TIGIT emerged as an overly expressed immunosuppressive marker on S. aureus-specific Treg. TIGIT has multiple immunoregulatory functions: i) ligation of CD155 (PVR) expressed on APCs is known to suppress proinflammatory cytokine secretion while inducing an immunoregulatory dendritic cell phenotype (68), ii) out competing the costimulatory molecule CD226 expressed on T cells thereby preventing T cell activation (69), iii) directly inhibiting intrinsic T cell activation (70). Indeed, immune regulation through TIGIT+ Treg plays a central role in anti-tumor immunity as loss of TIGIT on Treg, but not on other T cells, restores Tcon functions and slows tumor growth in preclinical cancer models (55).

In response to HK S. aureus stimulation, blocking TIGIT with the antagonist monoclonal antibody Tiragolumab, an increase in IL-1β secretion and a trend toward an increase in IL-6 and TNF secretion was observed. Notably, no such effect was present under polyclonal stimulation affirming that such suppression was S. aureus-specific (data not shown). As such, it is posited that S. aureus-specific Treg function via TIGIT to bind CD155 expressed on APCs thereby suppressing proinflammatory cytokine secretion. Further elucidation of TIGIT mechanism of action will be the object of future studies. Perhaps surprisingly, no changes were observed in the production of IL-10, IL-2 and IL-12 upon TIGIT blockade. While previous reports have shown that TIGIT can drive reduced IL-12 secretion with a concomitant increase in IL-10, this was shown to be stimulus dependent (68). Another reason behind the lack of effect of TIGIT treatment on the mentioned cytokines could be the selection of a non-optimal timepoint (72 hours) at which cytokines were analyzed.

Increasing IL-1β production towards S. aureus antigens could have important implications for vaccine development and S. aureus infection management. Firstly, IL-1β is an essential cytokine for the induction of de novo Th17 responses that, as previously described, are protective to S. aureus mucocutaneous infections in both mice and humans (71, 72). Secondly, IL-1β has been shown to inhibit IL-10 production by memory Th17 cells (73). Therefore, IL-1β may act not only at priming in lymphoid organs but also at the effector phase in target tissues. In addition, TIGIT+ Treg have been shown to selectively suppress the induction of Th17 and Th1 responses (54). It can therefore be hypothesized that S. aureus-specific Treg-mediated suppression during S. aureus vaccination will and has already hindered vaccine efficacy during clinical trials. Combining immune checkpoint inhibition (ICI) therapy with vaccination is currently the subject of intense and exciting research, particularly in the field of cancer vaccination (74). Indeed, cancer vaccine efficacy can be boosted using anti-PD-1 therapy in mice (75). Furthermore, subjects undergoing PD-1 therapy were found to have higher levels of seroconversion during influenza vaccination than those receiving vaccination alone (76). In this context anti-TIGIT therapy may function as a type of adjuvant acting to boost S. aureus-induced vaccine responses. Secondly, the cytokine IL-1β has been evidenced as essential for protection against S. aureus infections in multiple mouse models (77–80). Furthermore, in a clinical setting, lower serum levels of IL-1β were shown to be detrimental in the course of S. aureus bacteremia (81). As such, Treg may dampen effector immune responses in patients with S. aureus infection that could be ameliorated through the blocking of TIGIT. Notably, a recent study demonstrated that prevalence of TIGIT+ Treg in patients with COVID-19 correlated with negative clinical outcomes and with the development of bacteremia (82). Any future research investigating the applications of boosting IL-1β through anti-TIGIT therapy must however first understand any associated risks from overactive immune-responses as treatment with ICI can be accompanied by immune-related adverse events, mostly affecting sites colonized by the microbiota such as the skin and gastrointestinal tract. Recently, it has been shown in a mouse model that ICI treatment can unleash aberrant commensal-specific T cell responses leading to local inflammation and pathology (83).

It should be noted that some differences in observed cell phenotype between S. aureus and polyclonally activation may relate to different cell types being activated in each condition. Specifically, CD4+ T cells recognizing microbes such as S. aureus will primarily be of a memory phenotype whereas CD3/CD28 stimulation will act upon both naïve and memory T cell subsets.

To the best of our knowledge this study presents the first characterization of both conventional and regulatory CD4+ T cells specific for S. aureus in the blood of healthy subjects. A bias towards Th17-type and skin-tropic cells was shown and further, a population of Treg expressing the immunoregulatory receptor TIGIT was characterized. Lastly, this study identifies TIGIT as a biomarker that could be targeted to relieve the immunosuppressive response during vaccination proving beneficial for next-generation vaccines against S. aureus that aim to generate protective CD4+ T cell responses.
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