

[image: Ibrutinib enhances the bias of T cell responses towards staphylococcal superantigens sustaining inflammation in chronic lymphocytic leukaemia]
Ibrutinib enhances the bias of T cell responses towards staphylococcal superantigens sustaining inflammation in chronic lymphocytic leukaemia





ORIGINAL RESEARCH

published: 26 March 2025

doi: 10.3389/fimmu.2025.1531059

[image: image2]


Ibrutinib enhances the bias of T cell responses towards staphylococcal superantigens sustaining inflammation in chronic lymphocytic leukaemia


Fisal Tantoush 1†, David Allsup 1,2, Leigh Naylor-Adamson 1, Frank Voncken 1 and Stefano Caserta 1*


1 Biomedical Institute for Multimorbidity, Centre for Biomedicine, Hull York Medical School, Faculty of Health Sciences, University of Hull, Hull, United Kingdom, 2 Department of Haematology, Castle Hill Hospital, Hull University Teaching Hospital NHS Trust, Hull, United Kingdom




Edited by: 

Mark Daniels, University of Missouri, United States

Reviewed by: 

Karthik Chandiran, Indian Institute of Science Education and Research, India

Jyh Liang Hor, National Institute of Allergy and Infectious Diseases (NIH), United States

*Correspondence: 

Stefano Caserta
 Stefano.Caserta@hyms.ac.uk

†Present address: 

Fisal Tantoush, Brighton and Sussex Medical School, The University of Sussex, Falmer, United Kingdom


Received: 19 November 2024

Accepted: 25 February 2025

Published: 26 March 2025

Citation:
Tantoush F, Allsup D, Naylor-Adamson L, Voncken F and Caserta S (2025) Ibrutinib enhances the bias of T cell responses towards staphylococcal superantigens sustaining inflammation in chronic lymphocytic leukaemia. Front. Immunol. 16:1531059. doi: 10.3389/fimmu.2025.1531059



Chronic lymphocytic leukaemia (CLL) is an uncurable haematological malignancy and is associated with significant infection morbidity. Bruton’s tyrosine-kinase inhibitors (e.g., ibrutinib) have improved disease outcomes, but severe infections and poor immunization responses afflict patients. Recently, carriage of the endemic Staphylococcus aureus (SA) was associated with lymphocytosis and decreased survival in CLL patients. We then hypothesized that exposure to staphylococcal superantigens (SAgs), known to promote hyper-inflammatory responses, impairs immunity and increases severe infection risk in CLL patients. Herein, we evaluate the reactivity of T cells and CLL cells to SA SAgs, in cultures derived from ibrutinib-treated and untreated CLL patients. We found that ibrutinib-treated patients had less naive CD8+ T cells (p=0.0348), more checkpoint receptor (TIM-3) expression in memory T cells (p<0.0001), and lower IFNγ/cytokine responses in patient T cells (p≤0.0298). Exposure to SA SAg further increased the accumulation of memory T cells with an exhaustion-phenotype, preferentially in cultures derived from ibrutinib-treated patients (p≤0.0350). Nevertheless, staphylococcal SAgs could not induce regulatory T cells from CLL patients inasmuch as healthy donors (p≤0.0461) and this was associated with accumulation of inflammatory T cells. Significantly, SAg-exposure enhanced inflammatory activation of CLL tumour cells, which acquired CD38, CD40, CD86, while downregulating CD27 (p≤0.005), even in cultures from ibrutinib-treated CLL patients. Thus, we suggest that environmental SAg-exposure promotes the accumulation of pseudo-exhausted T cells, which induce/sustain tumour cell activation, not counteracted by ibrutinib. Our study critically helps understand the chronic inflammatory milieu in CLL patients, with implications for infection morbidity, disease aetiology and future interventions.




Keywords: chronic lymphocytic leukaemia, superantigens, Staphylococcus aureus, pseudo-exhaustion, chronic inflammation, ibrutinib, TSST-1, SEB




1 Introduction

Chronic lymphocytic leukaemia (CLL) is the most frequent blood cancer (1–3) characterised by B-cell malignant transformation and expansion, with heterogenous mutational profiles (e.g., mutated vs unmutated Ighv and mutations of Tp53, Atm, Sf3b1, Notch1, Birc3, etc.) reported in patients (4–9). CLL aetiology still remains unknown, with exposure to autoantigens (4) as well as environmental pathogens (most frequently of viral origin) implicated as a possible cause (10, 11).

CLL patients suffer from recurrent infections, often caused by endemic bacteria which account for up to 50% of CLL deaths (12). Sepsis is the commonest cause of mortality in CLL, killing ~20% of patients and accounting for 13% of CLL-related hospital admissions (13).

CLL patients with infectious co-morbidities are at a significantly higher risk of death, pointing at immune failure (14). Relevantly, chronic infections often promote T cell exhaustion characterised by upregulation of checkpoint receptor inhibitory pathways (15, 16) that curtail long-term protection against cancer and pathogens. In CLL, CD8+ T cells acquire an exhaustion-phenotype with high expression of checkpoint receptors PD-1, CD160, and CD244. However, these do not fully exhaust cytokine responses, hence it was previously suggested that CLL may be characterised by a pseudo-exhaustion state, independent of infection with the endemic virus, cytomegalovirus (17) [CMV; a known promoter of T cell inflationary cytokine responses (18)]. However, the drivers or causes behind the pseudo-exhaustion of T cells observed in CLL patients remain unknown.

Up to 40% of untreated CLL patients can carry Staphylococcus aureus (SA) in the upper respiratory tract, three-fold higher than that found in healthy subjects and associated with increased lymphocytosis, PD-1 expression and reduced survival (19, 20). Thus, while cancer primary immunosuppressive mechanisms may trigger exhaustion in CLL patients, we hypothesised that exposure to endemic pathogens may escalate this further.

Bruton’s tyrosine-kinase inhibitors (BTKi), including ibrutinib and second generation BTKis (e.g., acalabrutinib, zanubrutinib) have significantly enhanced CLL patient survival (21–25). However, ibrutinib-treated CLL patients suffer from recurrent/severe infections (including sepsis), especially in relapse (26) and fail to (or minimally) respond to prophylactic vaccinations (27–31). Whilst ibrutinib can exert a toxic effect against CLL-cells, this drug can impact and skew T cell differentiation via off-target inhibition of Itk (32), a Tec kinase involved in T-cell-receptor (TCR)-signalling (33). In their seminal work, Dubovsky et al. (32) elegantly showed that ibrutinib covalently binds to Tec/Itk, specifically in T cells (including those from CLL patients). The authors showed that ibrutinib inhibits responses to the archetypal TCR stimulants (anti-CD3 and anti-CD28 crosslinking stimulatory antibodies, αCD3/28) in T cell cultures derived from healthy donors (32). Within 8 days of a first de novo administration, ibrutinib was found to hamper responses in T cells from CLL patients, curtailing T cell function and differentiation (32). Despite the inhibitory role of ibrutinib on early TCR-signals, recent studies support that ibrutinib long-term treatment restores T cell numbers, subset distribution and function in vivo (34–37), especially compared to immunosuppressive chemotherapy (38). Ibrutinib may even rescue T cells from exhaustion (34, 35, 37, 39–41) and/or senescence (36), emerging as a potential synergistic treatment to boost T cells in novel CLL-targeted immunotherapy (39, 42–44). Moreover, ibrutinib decreases the frequency of suppressive, regulatory T cells (Tregs) in CLL patients (35, 45), which should facilitate effector/conventional T cells fight cancer and infections (46). However, such improvement of T cell function/numbers contrasts with the increased vulnerability to infection seen in CLL patients, especially those treated with ibrutinib (47–51) [and, to a lower extent, novel BTKis (23, 52–55)].

Given the recent evidence that SA carriage is high in CLL patients (19) and that staphylococcal superantigen (SAg) toxins (56) hijack T cell activation and drive pro-inflammatory cytokine release, critical for severe infection/sepsis (57–60), we postulated that environmental SAg-exposure compromises immunity in CLL. Consistent with this, we show that T cells from CLL patients (including, ibrutinib-treated) preferentially develop exhaustion-like, central-memory phenotype, whilst preserving inflammatory cytokine secretion, under the strain of chronic SAg-exposure, in vitro. We provide definitive evidence that T cells from CLL patients mount defective Treg responses to staphylococcal SAgs, and this associates with higher inflammatory responses including the activation of tumour cells. Together, our results point at exposure to endemic SA as a likely driver of chronic T/CLL-cell-driven inflammation, potentially promoting cancer progression and heightening infection risk in CLL patients. Our results have then implications for future interventions leading to new diagnostic/prognostic applications and guidance to help manage infections in CLL patients and reduce sepsis occurrence, while bringing innovative understanding of CLL development.




2 Materials and methods



2.1 Ethical approvals, patients and healthy donors

Blood from CLL patients was taken under Local Research Ethics Committee approval (08/H1304/35), and used under the University of Hull (UoH) ethical reference, FHS184. We recruited CLL patients (n=23, Table 1) either untreated (n=13) or treated with ibrutinib [n=10; daily dose: 420 mg, except two patients receiving 140 mg (61)]. Blood collection from healthy donors (HDs, n=8) was approved by the UoH Faculty of Health Science Research Ethics Committee (FHS70).


Table 1 | CLL patient characteristics.






2.2 Isolation of peripheral blood mononuclear cells

Peripheral blood was collected into sterile Sodium-Heparin Vacutainers (BD Biosciences), diluted (1:1) with sterile Dulbecco′s Phosphate Buffered Saline (DPBS), and layered on top of Ficoll-Paque PLUS (GE Healthcare Life Sciences). After spinning (1000g; 30 minutes; at room temperature, RT; no acceleration/deceleration), peripheral blood mononuclear cells (PBMCs) were collected and washed in DPBS (300 g; 10 minutes, RT), twice. Cells were resuspended in RPMI 1640 media supplemented with 10% heat-deactivated foetal bovine serum (FBS), 1% penicillin/streptomycin and L-glutamine (Gibco), hereafter referred to as complete media. Viable cells were counted using 0.1% Trypan Blue exclusion assays.




2.3 Primary cultures

Functional grade, purified mouse anti-human CD3 (0.125 µg/ml; Clone OKT3, eBioscience) and CD28 (2 µg/ml; Clone CD28.6, eBioscience) monoclonal antibodies (mAbs) were coated on wells in DPBS (1 hour; 37°C), before washing excess mAb twice and seeding cells. Staphylococcal SAgs, SEB (Sigma) and TSST-1 (2.5 µg/ml, Toxin Technology) were added to cultures as indicated. Typically, 2x106 freshly isolated PBMCs/condition were seeded in complete media, in 24-well plates, and incubated in a humidified incubator at 37°C, 5% CO2, for 5 days.




2.4 Immunophenotyping of T and B cells

Freshly isolated PBMCs (2x106) (ex-vivo) or cultured cells were washed (377 g; 5 minutes; 4°C) and incubated with anti-FcR blocking mAb (0.5 µg/sample; BioLegend) for 15 minutes at 4°C. Thereafter, cells were surface-stained (20 minutes, 4°C), with the following fluorescently-labelled mAbs (from BioLegend, unless stated otherwise; clones indicated in brackets). For T cells: BV510-labeled anti-CD3 (UCHT1); PerCP-labelled anti-CD4 (OKT4); APC-H7-labeled anti-CD8 (SK1; BD); AF700-labeled anti-CD45RA (HI100); FITC-labeled anti-CCR7 (G043H7); PB-labelled anti-CD127 (A019D5); PE-labelled anti-KLRG1 (2F1/KLRG1); APC-labelled anti-CTLA-4 (BNI3); PE/Dazzle 594-labeled anti-LAG3 (11C3C65); BV605-labeled anti-TIM-3 (F38-2E2); and PE/Cy7-labeled anti-PD-1 (J43; eBioscience). For B cells: BV510-labeled anti-CD3; PB-labelled anti-CD127; APC-H7-labeled anti-CD19 (HIB19; BD); AF700-labeled anti-CD40 (5C3); FITC-labeled anti-HLA-DR (Tü39); PE-labelled anti-CD20 (2H7); PerCP-Cy5-5-labeled anti-CD24 (ML5); APC-labelled anti-CD38 (HIT2); BV605-labeled anti-CD27 (O323) and PE/Cy7-labled anti-CD86 (BU63). Excess mAb was washed by centrifugation after adding cold PBS, 2% FBS, 0.2% NaN3 (FACS buffer, 377 g, 5 minutes, 4°C). After decanting supernatants, cells were fixed with 1% BD Fix/Lyse buffer (10 minutes, BD). Fixed cells were washed twice (FACS buffer, 500 g, 6 minutes, 4°C) before acquisition.




2.5 Intracellular cytokine staining

As established before (18), PBMCs (ex-vivo) or cultured cells (1-2x106) were incubated with phorbol 12-myristate 13-acetate (PMA, 20 ng/ml; Sigma-Aldrich) and ionomycin (1 µg/ml; Sigma-Aldrich), or complete media (unrestimulated controls), in the presence of Brefeldin A (5 µg/ml; Sigma-Aldrich) at 37°C, 5% CO2, for 4-5 hours. Thereafter, cells were incubated with anti-FcR mAb (15 minutes; RT), and surface-stained (20 minutes; 4°C) with fluorescently-labelled mAbs (from BioLegend, unless stated otherwise): anti-CD3 and anti-CD8 (same as above); PB-labelled anti-CD4; and FITC-labeled anti-CD19. Samples were washed, fixed (as above) and permeabilised with 1X BD PermB2 buffer (10 minutes, RT, BD), as by manufacturer instructions. After another wash, samples were intracellularly stained with PE-Cy7-labeled anti-IFN-γ (B27), AF700-labeled anti-IL-2 (MQ1-17H12) and BV605-labeled anti-TNF-α (MAb11) (30 minutes; RT; in the dark). Intracellular cytokine staining (ICS) samples were finally washed prior to acquisition.




2.6 Transcription factors staining of stimulated T cells in HDs and CLL patients

Cultured cells were harvested and washed with FACS buffer (as above) before surface-staining (20 minutes; 4°C) with the following mAbs (from BioLegend, unless stated otherwise): PB-labelled anti-CD4; PE/Cy7-labeled anti-CD8 (HIT8a; BD); APC-H7-labeled anti-CD25 (M-A251; BD); Qdot-605-labeled anti-CD3 (SK7; Invitrogen); and Live/Dead™ Fixable Aqua fluorescent stain (Invitrogen). After a wash with FACS buffer, cell pellets were fixed by resuspension in 1x Foxp3 buffer A (BioLegend) for 10 minutes at RT, in the dark. Fixed samples were washed (FACS buffer; 500 g; 10 minutes, 4°C), supernatants decanted and cells permeabilised in Foxp3 Buffer C (1:50 dilution of Foxp3 Buffer B into 1x Foxp3 Buffer A) (30 minutes; RT; in the dark). After another wash, pellets were resuspended and stained intracellularly with AF647-labeled anti-Foxp3 (150D) (30 minutes; RT; in the dark). Unbound excess mAb was washed before acquisition.




2.7 Flow cytometry data acquisition and statistical analysis

Samples were acquired on an LSR-II Fortessa (BD Biosciences) using Diva Software (Version 8), standardised using CS&T beads and rainbow profile SPHERO™ Calibration Particles to reproduce optimal PMTs voltages for each panel. Compensated data was exported for analysis in FlowJO™ (BD) and gated as shown (Supplementary Figures 1-4). Statistical analyses with GraphPad Prism (Version 9) included Shapiro-Wilk tests to test data normality, prior to unpaired T (parametric data) or Mann-Whitney U tests (non-parametric data), used to test significance between 2 groups. When >2 groups were compared ANOVA or Kruskal-Wallis tests (with Dunnett or Dunn’s post hoc tests) were used to determine statistical significance, respectively for parametric or non-parametric data. Levels of statistical significance are: *p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.0005.





3 Results



3.1 Reduced naïve CD8 T cell frequency and increased exhaustion phenotype of T cells in ibrutinib-treated CLL patients

Whilst ibrutinib directly reduces CLL cells due to cytotoxicity, it inhibits T cell activation (32, 33), thereby affecting adaptive responses. Hence, we asked whether CLL patients (n=23) showed different distribution of activated T cells, ex vivo, dependent on ibrutinib treatment. Based upon whether patients had received ibrutinib (n=10) or were untreated (n=13), we generated two CLL patient sub-cohorts with similar distributions of age, disease stage, and gender (Table 1).

Based on previous classification of T cells using surface markers, CD45RA and CCR7 (62), we analysed the phenotype of T naïve-like (Tn: CD45RA+CCR7+) and memory T cells, including the least differentiated, central memory (Cm: CD45RA-CCR7+) and the more differentiated effector/effector memory (Eff/Em: CD45RA-CCR7-) and effector memory reacquiring the expression of CD45RA (TEMRA: CD45RA+CCR7-); refer to Supplementary Figure 1 for gating strategy. CD4+ T cell subsets were distributed similarly in the two CLL sub-cohorts with no significant changes detected, while trends appeared to point to a non-significant reduction of Tn and a mild accumulation of Cm in ibrutinib-treated CLL patients (Figure 1A). In contrast, ibrutinib-treated individuals showed significantly lower frequency of CD8+ Tn cells (p=0.0348, Figure 1A).




Figure 1 | Ibrutinib-treated CLL patients significantly decrease naïve CD8+ T cells and show exhaustion-phenotype effector CD8+ T cells. Fresh PBMCs were immunophenotyped ex vivo, comparing ibrutinib-treated (n=8; light grey) and untreated (n=10; dark grey) CLL patients. Data normality was assessed with the Shapiro-Wilk test before evaluating significance with unpaired T or the Mann-Whitney U tests, respectively for parametric or non-parametric data. (A) Scatter plots with bars show percentages of naïve (Tn: CCR7+CD45RA+) and memory subsets identified by using CCR7 and CD45RA (Cm; CCR7+CD45RA-, Eff; CCR7-CD45RA-, and Temra; CCR7-CD45RA+), after gating on viable CD3+ CD4+ (left) and CD3+ CD8+ (right) T cells. (B) Expression of the exhaustion markers/checkpoint receptors (PD-1 and TIM-3) was investigated in each of the above subsets. Scatter plots with bars show the percentages of PD-1+ (top row) and TIM-3+ (bottom row) within Naïve, Cm, Eff and Temra CD8+ T cells. (C) PMBCs were stimulated with PMA/Ionomycin in the presence of Brefeldin A (4h) and surface-stained, fixed and permeabilized, before intracellular cytokine staining with IFNγ and TNFα. Scatter plots with bars show the percentages of IFNγ+ and TNFα+ in CD3+ CD4+ (left) and CD3+ CD8+ (right) T cells. *p ≤ 0.05 and ****p ≤ 0.00005.



Given the previous reports of pseudo-exhaustion in CLL (17, 34, 35, 37, 39–41), we analysed expression of checkpoint receptors, TIM-3 and PD-1 (using gates set and validated as by Supplementary Figures 1 and 2) and functional cytokine responses in T cell subsets (as gated by Supplementary Figure 3). Ibrutinib-treated patients had significantly higher proportions of exhaustion-phenotype TIM-3+, but not PD-1+ Eff/Em CD8+ T cells (p<0.0001, Figure 1B). For CD4+ T cells, no differences in the expression of TIM-3 and PD-1 were detected, ex vivo (Supplementary Figures 5A, B). Interestingly, we noted relatively high expression of PD-1 in CD8+ (Figure 1B) and CD4+ (Supplementary Figure 5A) T cells with a naïve-like phenotype, consistent with previous reports in CLL patients (63). Relative to HD controls, especially untreated CLL patients showed significantly higher proportions of PD1+ CD4+ (p=0.0009) and CD8+ (p=0.0004) Tn cells (Supplementary Figures 6A, B). Despite a reduction in ibrutinib-treated patients, these were not significantly lowered in comparison to untreated CLL patients (Supplementary Figures 6A, B).

We wondered whether the significant change in expression of checkpoint receptor, TIM-3 would associate with decreased IFNγ and TNFα secretion in ICS experiments, after a short re-stimulation with PMA/Ionomycin ex vivo (refer to Materials and Methods). In contrast to the above reports, ibrutinib-treated patients showed significantly lower IFNγ+ CD4+ and IFNγ+ CD8+ T cell responses than untreated CLL patients (p=0.0298 and 0.013, Figure 1C). A similar, non-significant decrease of TNFα was apparent (Figure 1C).

Thus, ibrutinib treatment is associated with lower frequency of CD8+ Tn cells, reduced effector cytokine responses and higher expression of exhaustion-associated, TIM-3 in Eff/Em CD8+ T cells.




3.2 Preferential exhaustion-phenotype, Cm responses in cultures derived from ibrutinib-treated CLL patients, after exposure to staphylococcal SAgs

Impairment of T cell responses upon ibrutinib treatment may explain the higher risk of severe infection in CLL patients. We then investigated whether T cells from CLL patients mount effective responses after chronic stimulation with TCR stimulants and antigens (Ags) derived from endemic SA (64), commonly detected in CLL patients (19). CLL-patient-derived PBMCs were re-stimulated in vitro for 5 days with the polyclonal-activators anti-CD3 and anti-CD28 crosslinking mAbs (αCD3/28), in parallel to staphylococcal SAgs, SEB and TSST-1.

In terms of CD45RA and CCR7 expression, we detected heterogenous responses in cultures derived from CLL patients (Figure 2). For example, predominant survival/expansion of Cm CD4+ T cells (Figure 2A) was notable in cultures derived from the ibrutinib-treated patient P-454C more than in those from the untreated P-641 patient. However, generally, cultures derived from both CLL patient groups showed lower proportions of Cm CD4+ T cells relative to those from HDs, most significantly after αCD3/28 stimulation (p<0.0001 and p=0.0018, respectively for untreated and ibrutinib-treated CLL, Figure 2B). This unveiled suboptimal trends towards accumulation of Cm after αCD3/28 stimulation in CLL- (p=0.3255), but not HD- (p=0.0002) derived cultures (compare Supplementary Figures 7A and 7B, respectively). Yet, proportions of Tn cells decreased in αCD3/28 compared to Nil cultures for both HD (p=0.0002) and CLL (p=0.0084) groups (Supplementary Figure 7). Similar results were obtained for Cm CD8+ T cells that accumulated in HD- more than CLL patient-derived cultures with αCD3/28 (Supplementary Figure 8A). Notably, the underrepresented Eff/Em and TEMRA CD4+ and CD8+ T cell subsets were either marginally or not enriched in the same cultures, including in the case of HDs (Supplementary Figures 9A, B, 8B, C).




Figure 2 | Significant increase of central memory (Cm) CD4+ T cells in cultures derived from ibrutinib-treated CLL patients. Fresh PBMCs from ibrutinib-treated and untreated CLL patients were stimulated in vitro for 5 days with stimulatory mAbs or bacterial superantigens, SEB and TSST-1 (refer to Materials and Methods for details) compared to unstimulated control cultures (Nil). Control cultures with the same conditions were established in parallel from HDs. Thereafter, cells were harvested, and surface stained, with anti-CD3, anti-CD4, anti-CD45RA, and anti-CCR7 mAbs. (A) Flow cytometric contour plots of example gating of untreated (P641, top) and ibrutinib-treated (P454C, bottom) CLL patients show expression of CD45RA (x axis) and CCR7 (y axis) in gated viable CD4+ T cells to identify subsets as in Figure 1. (B) Scatter plots with bars show the percentages of Cm+ (CCR7+CD45RA-) CD4+ T cells in ibrutinib-treated (n=9, light grey) and untreated (n=10, dark grey) CLL groups, compared to HDs (n=8, white). Statistical significance was determined after evaluating the data normality with Shapiro-Wilk test using the unpaired T test or the Mann-Whitney U test for parametric or non-parametric data, respectively. *p≤0.05; **p≤0.005; ***p≤0.0005.



It is worth noting that TCR stimulations (including αCD3/28 and SA SAgs, SEB and TSST-1) significantly associated with enlarged proportions of Cm CD4+ T cells in HD-, but not CLL-derived cultures (Supplementary Figure 10). The latter showed a trend towards predominant Cm phenotypes under any of the tested culture conditions (including the unstimulated Nil), with some non-significant trends apparent when cultures were established from ibrutinib-treated CLL patients (Supplementary Figure 10, bottom panels). When directly compared to untreated CLL counterparts, ibrutinib-treated patients showed a moderate increase in Cm CD4+ T cell proportions, statistically significant after αCD3/28 stimulation (p=0.0035, ANOVA, Figure 2B). Except for this, overall conventional markers that distinguish naïve-like from activated T cells (CD45RA and CCR7) did not yield to significant detection of responses in CLL patient-derived cultures after exposure to TCR stimulants, most relevantly to SA SAgs.

We reckoned that SA SAgs may instead promote the accumulation of responses with an exhaustion phenotype, which would be more easily detectable by combining PD-1/TIM-3 with the above markers. In cultures derived from ibrutinib-treated rather than untreated patients, the expression of the exhaustion marker PD-1 significantly increased in memory (CD45RA-, i.e. Cm + Eff/Em) CD4+ T cells after αCD3/28 stimulation (p=0.0008, Supplementary Figure 11). Higher proportions of Cm and Eff/Em CD4+ T cells upregulated PD-1 in αCD3/28 cultures from ibrutinib-treated patients compared to untreated counterparts (~60% of Cm cells, p=0.0028 and ~80% of Eff/Em cells, p=0.0007, Supplementary Figure 11C). Independently of ibrutinib treatment, exposure to SEB and TSST-1 increased the proportions of PD-1+ CD45RA- T cells by ~4-fold, within the total CD4 T cells and memory cell populations, relative to Nil (no SAg) control cultures (Supplementary Figure 11). Statistically pooled and concatenated data analyses revealed that CD4+ T cells from CLL patient-derived cultures upregulated levels of PD-1 (as mean fluorescence intensity, MFI) much more after exposure to SA SAgs than αCD3/28 mAbs or in the Nil control cultures (Supplementary Figures 12A, C), not dependent on ibrutinib treatment (Supplementary Figure 13A).

Moreover, TIM-3+ CD45RA- CD4+ T cells significantly increased in cultures from ibrutinib-treated more than untreated patients, upon exposure to SEB (p=0.0082) and TSST-1 (p=0.035), but not αCD3/28 (Figures 3A, B). Cm CD4+ T cells expressing TIM-3 rose significantly in SEB (p=0.0179, Figure 3C) and non-significantly in TSST-1 cultures derived from ibrutinib-treated over the untreated patients (Figure 3C). Significantly higher proportions of TIM-3+ Eff/Em CD4+ T cells were detected after exposure to SEB (p=0.0205) and TSST-1 (p=0.0097) (Figure 3C) in cultures from ibrutinib-treated patients. Similarly, these patients showed significantly higher TIM-3+ TEMRA CD4+ T cell responses, after TSST-1 stimulation (p=0.006, Figure 3C), with trends noted even after SEB stimulation (p=0.0989), when compared to the untreated CLL group. MFI analysis of TIM-3 expression, either in statistical pools (Supplementary Figure 12B) or concatenated data (Supplementary Figure 12D) did not yield as many statistically significant differences as detected in percentage subset analyses (Figure 3). However, the concatenated data analysis confirmed the trends of more prominent TIM-3 expression in ibrutinib-treated rather than untreated CLL patient-derived cultures, particularly after SA SAg exposure (Supplementary Figure 13B).




Figure 3 | Staphylococcal SAgs drive upregulation of the TIM-3 exhaustion marker in memory CD4+ T cells, preferentially in cultures derived from ibrutinib-treated CLL patients. PBMCs of ibrutinib-treated and untreated CLL patients were stimulated in vitro, as described in Figure 2. At day 5 of culture, cells were harvested and surface stained as indicated in the Materials and Methods section. (A) Flow cytometric contour plots of example patient P590 (ibrutinib-treated CLL) show surface expression of CD45RA (x-axis) and TIM-3 (y-axis) within viable CD4+ T cells after 5d-stimulation with superantigens, SEB, and TSST-1 (left) compared to control conditions (right panels): αCD3/28 and unstimulated (Nil) cultures. (B) Scatter plots with bars show the percentage of TIM-3+ cells within total memory CD45RA- CD4+ T cells detected in the above cultures derived from either ibrutinib-treated (n=9) or untreated (n=10) CLL patients. (C) Scatter plots with bars demonstrate the percentage of TIM-3+ cells within Cm (top row), Eff (middle row) and Temra (bottom row) CD4+ T cell subsets in the same cultures comparing ibrutinib-treated (n=9) and untreated (n=10) CLL patients. Statistical significance was determined after evaluating the data normality with Shapiro-Wilk test using the unpaired T test or the Mann-Whitney test for parametric or non-parametric data respectively. *p ≤ 0.05 and **p ≤ 0.005.



Opposite to the case of CD4+ T cells, combining PD-1 (Supplementary Figure 14) and TIM-3 (Supplementary Figure 15) with CD45RA and CCR7 still did not help achieve significant responses of CD8+ T cells to SA SAgs, in cultures derived from the same CLL patients.

Thus, in chronic Ag-stimulation settings, T cells from CLL patients poorly respond to TCR stimulants in terms of CD45RA/CCR7 subset distribution. While ibrutinib treatment associates with moderate yet significant accumulation of Cm T cells, these and other memory (Eff/Em and TEMRA) T cells readily upregulate checkpoint receptors (TIM-3 and PD-1) after SA SAg-exposure. Hence, pseudo-exhaustion markers most significantly help in the identification of responses to TCR stimulants, in the context of CLL, at least in vitro.




3.3 Suboptimal Treg expansion upon SAg-exposure in CLL patients

As bacterial SAgs can induce the generation of Tregs (65, 66), which express high levels of the above checkpoint receptors (67), we wondered if levels of Foxp3 (i.e., the Treg-signature transcription factor) would rise in T cells from SAg-stimulated cultures. Compatible with previous evidence (65, 66), cultures from HDs (HDY-45F-009 shown as an example in Figure 4A) markedly accumulated CD25+ Foxp3+ CD4+ T cells upon SAg-exposure (Figures 4A, B). Surprisingly, unlike HDY-45F-009, untreated (P-639) and ibrutinib-treated (P-215) CLL patients failed to mount similarly large Treg responses (Figure 4A). Percentages of CD25+ Foxp3+ CD4+ T cells remained much higher in the HD group relative to ibrutinib-treated and untreated CLL sub-cohorts, significantly after TSST-1 exposure (p=0.0461, ibrutinib-treated CLL) (Figure 4B). Similarly, CD25+ Foxp3+ CD8+ T cells expanded in SAg-cultures derived from HDs, but not in those derived from untreated CLL patients after TSST-1 (p=0.0227) and SEB exposure (p=0.0141) (Figure 4C). The ibrutinib-treated and untreated CLL sub-cohorts did not differ for the percentages of CD25+ Foxp3+ CD4+ (Figure 4B) and CD8+ (Figure 4C) T cells.




Figure 4 | Suboptimal CD4+ (and CD8+) Treg expansion upon SAg/TSST-1-exposure in CLL patients. PBMCs of HDs and ibrutinib-treated or untreated CLL patients were stimulated with SEB and TSST-1 compared to unstimulated controls (Nil) for five days. Cells were then harvested, surface-stained with anti-CD3, anti-CD4, and anti-CD8 mAbs and Aqua/Live stain, then fixed, permeabilised and intracellularly stained with Foxp3 mAb (as described in the Materials and Methods), prior to flow cytometry acquisition. (A) Contour plots show expression of the Treg-signature transcription factor, Foxp3 (y-axis) against CD25+ (x-axis) in viable CD3+ CD4+ T cells from example HD (HDY-45F-009; top row), untreated (P639; middle row) and ibrutinib-treated (P215; bottom row) CLL patients after stimulation with SEB (middle column) and TSST-1 (right column), compared to Nil controls (left column). (B, C) Scatter plots with bars show the percentages of CD25+ Foxp3+ CD4+ (B) and CD8+ (C) Tregs between ibrutinib-treated (n=9; light grey), untreated (n=10; dark grey) CLL patients and HDs (n=8; white) detected in the above cultures. Statistical significance was determined after assessing the data normality with Shapiro-Wilk test using the one-way ANOVA test or the Kruskal-Wallis test with Dunnett or Dunn’s multiple comparison correction tests for parametric and nonparametric data respectively. *p ≤ 0.05.



Hence, in CLL, exposure to SA SAgs fails to induce Treg responses as large as those observed in HDs. In this respect, ibrutinib treatment does not fully recover the ability of T cells from CLL patients to mount SAg-driven immunoregulatory responses.




3.4 Enhanced polyclonal inflammatory cytokine responses in T cells from CLL patients upon exposure to SAg

We next investigated whether defective Treg responses to SAgs concur with heightened inflammation in CLL. Thus, we measured secretion of IFNγ and TNFα from T cells in the above cultures, by ICS. Data from an example HD showed that, while unstimulated ICS controls typically yielded little cytokine secretion, more CD4+ T cells secreted IFNγ and TNFα in TSST-1 than Nil (no SAg) control cultures (Figure 5A). CD4+ and CD8+ T cells produced more IFNγ and TNFα in cultures derived from CLL patients rather than HDs, independent of ibrutinib-treatment (Figures 5B, C). Though some significant trends appeared in Nil cultures, both TNFα (p=0.0025 and 0.0649) and IFNγ (p=0.0046 and 0.0096) increased significantly after TSST-1 exposure in CLL patient-derived cultures compared to HD-derived counterparts (Figure 5B). Weaker, but yet similar trends were detected in SEB cultures, particularly significant for IFNγ+ CD4+ T cells (p=0.0183 and 0.0085) (Figure 5B). Notably, SEB/TSST-1 promoted higher IFNγ release than the levels detected with pan-T-cell, αCD3/28 stimulation in both CLL sub-cohorts (contrary to HDs), indicating a potential bias towards responding to SA SAgs, in CLL patients (Figure 5B).




Figure 5 | Staphylococcal superantigen (SAg) toxins, SEB and particularly TSST-1 enhance inflammatory TNFα and IFNγ responses in T cells from CLL patients. PBMCs derived from CLL patients and HDs were stimulated in vitro, with αCD3 and αCD28 mAbs or bacterial superantigens, SEB and TSST-1 (refer to Materials and Methods for details), compared to control media cultures (Nil). After 5 days, cultured cells were briefly re-stimulated with PMA/Ionomycin (PMA/Iono) in the presence of Brefeldin A (4 hrs), surface stained with fluorescently-labelled anti-CD3, anti-CD4 and anti-CD8 mAbs; fixed; permeabilised; and intracellularly stained with IFNγ and TNFα mAbs in ICS. (A) Flow cytometry plots show the percentage of IFNγ+/TNFα+ CD4+ T cells after exposure to TSST-1 (right panels) compared to no-SAg control cultures (Nil, left panels), after re-stimulation with PMA/Iono or in unstimulated ICS controls (an example of gating in ibrutinib-treated patient, P251 is provided). (B, C) Scatter plots with bars show the statistical analysis of percentages of total TNFα+ (top rows) and IFNγ+ (bottom rows) in CD4+ (B) and CD8+ (C) T cells as determined by ICS, comparing cultures derived from ibrutinib-treated (n=9; light grey bars) and untreated (n=10; dark grey bars) CLL patients, relative to HDs (n=8; white bars). After assessing data normality with Shapiro-Wilk tests, statistical significance was determined by using the one-way ANOVA or the Kruskal-Wallis tests, respectively with Dunnett or Dunn’s multiple comparison correction tests for parametric and nonparametric data. *p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.0005.



Altogether these data suggest that T cells from CLL patients readily respond to SA SAgs, heightening inflammatory responses in CLL.




3.5 Staphylococcal SAgs increase activation and inflammatory potential of CLL tumour cells

We next sought to investigate whether CLL tumour cells have ability to participate in inflammation driven by SAgs, and if ibrutinib could prevent this.

Frequency of CLL cells was ~5-fold lower in the ibrutinib-treated sub-cohort compared to the untreated counterpart (p=0.0422, Figure 6A), reaching levels of B cells found in HDs (12.4%, 95.5%, and 10%, respectively, as shown in Supplementary Figure 16). Yet, while ibrutinib-treated individuals showed significant lower tumour burden, as expected (47, 48, 51, 68), residual activated CLL cells persisted. Previously described as proliferative (69), CD86+ CLL cells significantly declined in frequency, in ibrutinib-treated compared to untreated CLL patients (p=0.0081; e.g., 30.6% and 58%, respectively; Figure 6B), still lower than in HDs (p=0.0024, Supplementary Figure 16). Equally, memory-like (70) CD27+ CLL cells showed a significant moderate decrease in ibrutinib-treated compared to untreated CLL patients (p=0.0283; e.g., 41.3% and 99.5%, respectively in Figure 6C), higher than in HDs (p=0.0002, Supplementary Figure 16, bottom panels). When measuring inflammatory cytokine secretion, generally low IFNγ responses appeared in B/CLL cells. However, after cytokine-background subtraction, up to 50% and ~14% of CLL cells from untreated and ibrutinib-treated patients produced TNFα, much higher than levels measured in HD B cells (<5%), particularly significant for untreated CLL patients (p=0.0186, Figure 6D). Thus, ibrutinib-treated patients preserved an albeit reduced, yet sizeable fraction of CLL cells producing TNFα, with levels intermediate between those of HDs and untreated CLL patients.




Figure 6 | Decreased pro-inflammatory phenotype of CLL tumour cells derived from ibrutinib-treated patients. Fresh PBMCs were immunophenotyped ex vivo after surface staining with anti-CD20, anti-HLA-DR (not shown), anti-CD86 and anti-CD27 mAbs (as described in the Materials and Methods) to compare ibrutinib-treated (n=4; light grey) to untreated (n=8; dark grey) CLL patients. Data normality was assessed with the Shapiro-Wilk test before evaluating significance with unpaired t- or the Mann-Whitney U tests, respectively for parametric or non-parametric data. (A) Viable CD20+ CLL cells (i.e. tumour cells) were identified by using side-scatter (SSC) against CD20 expression. Scatter plots with bars show the median ± IQR frequency of CD20+ CLL cells in the above patient groups using example patients, P588 and P525 (respectively untreated and ibrutinib-treated CLL). (B, C) Contour plots with relative bar graphs show expression of surface markers: CD86 (B) and CD27 (C) (median ± IQR) in gated CD20+ CLL cells respectively from the same example patients shown in A and the pooled patient groups. (D) PMBCs were stimulated with PMA/Ionomycin (P/I), relative to unstimulated media controls (M) in the presence of Brefeldin A (4 hrs). Thereafter, cells were surface stained with anti-CD19 and anti-CD3 mAbs, fixed and permeabilized, before ICS with anti-IFNγ and anti-TNFα mAbs. Contour plots show gating examples of HDs (HDY-33F-015) and CLL patients: P635 and P450B (respectively untreated and ibrutinib-treated CLL), reporting the percentage expression of TNFα (y-axis) and IFNγ (x-axis). the bar graph shows the percentage of net TNFα+/IFNγ+ in CD19+ (CD3-) CLL cells detected in HDs (n=8) compared to untreated (n=6) and ibrutinib-treated (n=3) CLL patients, ex-vivo. For each individual, net cytokine responses were the subtraction of background cytokine levels in M controls (top) from percentage cytokine+ cells of the P/I stimulated samples (bottom), within a given gate. The right bar graph shows the relative statistical analysis (ANOVA). *p ≤ 0.05 and **p ≤ 0.005.



We wondered if such CLL cell activation would escalate upon SA SAg-exposure. To investigate this, we examined CLL PBMC cultures containing autologous responder T cells. We compared the response of SA SAgs to polyclonal αCD3/28 stimulation, which served as a benchmark for T cell help. The expression of HLA-DR, CD86 and CD40 (percentages and MFI) by CLL cells rose significantly in SEB, TSST-1 and αCD3/28 cultures alike, relative to the Nil (no SAg) controls (e.g.; patient P638 in Figure 7A). Still, MFI analyses indicated more significantly pronounced activation from SAgs, especially TSST-1, surpassing that of αCD3/28. Further, the CLL activation marker, CD38 significantly increased in CLL cells cultured with TSST-1/SEB, but not αCD3/28, compared to Nil cultures. SAgs significantly reduced CD27+ CLL cells, not mirrored by T cell help provided in αCD3/28 cultures, which remained comparable to Nil controls (Figure 7A). The statistical analyses of percentages and MFIs (Figure 7A) were further corroborated by concatenated data analyses of CLL cells in the same cultures (Supplementary Figure 17). From these, it appeared that HLA-DR, CD86, CD38 and CD40 were powerfully upregulated on CLL cells, especially in SA SAg cultures. Concatenated analysis of CD27 showed downregulation in CLL cells (1508 down to 556) when comparing Nil to αCD3/28 cultures (hence pointing at a potential role of T cell help), further reduced (to 271) in TSST-1 cultures (Supplementary Figure 17). Additionally, CLL cells tended to secrete more TNFα in cultures with SAgs and αCD3/28 (~2-fold higher), compared to Nil controls (Figure 7B). Significantly different from CLL cells, HD-derived B cells did not activate/survive in staphylococcal SAg cultures (Figure 7C, Supplementary Figure 18). In this respect, CLL cells from untreated patients were more reliant upon SAg/TSST-1 to survive/activate in culture than their counterparts derived from ibrutinib-treated patients (70% vs 33%, p≤ 0.005) (Figure 7C). However, in 3 out of 9 ibrutinib-treated CLL patients, we observed that leukemic cells could still activate and proliferate in cultures with SA SAgs (e.g., the ibrutinib-treated patient P638 in Figure 7A) similarly to counterparts derived from untreated CLL patients (Supplementary Figure 18).




Figure 7 | Staphylococcal SAg/TSST-1 significantly promotes the pro-inflammatory phenotype of CLL tumour cells, allowing them to survive/grow in vitro. PBMCs freshly derived from ibrutinib-treated and untreated CLL patients were stimulated with αCD3 + αCD28 mAbs or SEB and TSST-1, in comparison to control media unstimulated cultures (Nil). After 5 days, cultured cells were surface-stained as described in the Materials and Methods and viable CD20+ CLL cells were then identified as in Figure 6. (A) Left contour plots show the expression of activating surface markers, namely in ibrutinib-treated CLL patient P638, as an example: HLA-DR (top row), CD86 (second row), CD40 (third row), CD38 (fourth row) and CD27 (bottom row) in gated CD20+ CLL cells, in cultures exposed to the TSST-1 SAg (second column), compared to control media cultures (Nil, first column). Right scatter plots with bars show statistical analyses of percentages (third column) and mean florescence intensities (MFIs; fourth column) for each of the markers shown, in cultures derived from multiple CLL patients (pooled statistical analyses). (B) TSST-1 and control media cultures were re-stimulated with PMA/Ionomycin (P/I), relative to unstimulated media controls (M), and processed in ICS as described in Figure 6. Contour plots from the untreated CLL patient (P418) show the percentage of total TNFα+/IFNγ+ in CD19+ (CD3-) CLL cells detected in the above conditions, as a gating example. Right scatter plots with bars show statistical analyses of percentages (top right graph) and MFI (bottom right graph) of TNFα content in cultures derived from different patients. (C) The graph shows the numbers of successful (black bars) and unsuccessful (light grey bars) outcomes of SAg/TSST-1-driven cultures (expressed as a binary YES/NO variable; y-axis), dependent on whether these were derived from ibrutinib-treated or untreated CLL patients and HDs (x-axis). X2 test shows that TSST-1-driven cultures derived from CLL patients had significantly more successful rates (7/10 and 3/9, respectively for untreated and ibrutinib-treated patients) than those derived from HDs (0/8; i.e. no culture from HDs expanded B cells upon TSST-1 exposure). Unless stated otherwise, statistical significance was assessed after analysing data normality (Shapiro-Wilk test) by using one-way ANOVA or the Kruskal-Wallis tests with Dunnett or Dunn’s multiple comparison correction tests, respectively for parametric or non-parametric data. *p ≤ 0.05; **p ≤ 0.005; and ***p ≤ 0.0005. ns, non-significant.



Thus, CLL cells can activate and promote inflammation, enhanced by staphylococcal SAg with such changes not being fully abolished in ibrutinib-treated patients. This indicates that environmental SAg-exposure may perpetuate chronic inflammation in CLL patients, by activating both T and tumour cells. In the context of SA SAg exposure, HD-derived B cells would not benefit from T cell help as much as CLL cells can do.





4 Discussion

Over the past decade, many studies reported the morbidity of infections in CLL, including during treatment with ibrutinib (26, 47–51) and other BTKis (23, 52–55). Mounting evidence suggests that ibrutinib restores T cell function (34–37, 39–41), but the conundrum is why this does not translate in better protection from infections. Our study unveils that, while ibrutinib treatment promotes long-term memory responses, these may easily veer towards T cell exhaustion under the strain of repeat SA SAg-exposure (Figure 8). However, in association with defective Treg induction, these preserve cytokine production, contributing to the inflammatory activation of CLL cells (Figure 8).




Figure 8 | Proposed model for the contribution of environmental staphylococcal SAg to the CLL tumour progression. CLL is a relatively rare condition that arises in aged individuals characterized by the expansion of tumour-transformed B cells (violet cells) and impacting on the T cell repertoire and function (blue cells). CLL patients poorly respond to prophylactic immunisations against pathogens and more frequently experience infections, with sepsis (a critical condition associated with severe inflammatory responses after infection) being the commonest cause of death. Recently, carriage of Staphylococcus aureus (yellow cells) has been reported to occur more frequently in CLL patients than healthy subjects. This pathogen can express a variety of toxins, including superantigens (SAg; yellow stars), such as TSST-1 and SEB. After exposure to SAg, we found preferential expansion of central memory T cells which acquire checkpoint receptor/exhaustion marker (TIM-3 and PD-1) expression, associated with high levels of cytokine secretion (TNFα and IFNγ) – known as pseudo-exhausted T cells – in CLL patient-derived cell cultures (bottom left part of the diagram). This bias is particularly significant in patients that receive ibrutinib treatment (although not exclusive to them) and is paralleled by a reduced expansion of regulatory T cells, after SAg exposure. Under these conditions, we found that SAgs powerfully enhance a T cell helper activity in cultures characterized by further tumour cell activation/progression, with the acquisition of markers associated with more aggressive tumour cell behaviour: high expression of MHC-II, CD86, CD40, CD38 and TNFα (bottom right part of the diagram). Hence, exposure to SAg toxins derived from endemic pathogens may significantly impact tumour cell survival and the CLL microenvironment, by promoting a shift in the pro-inflammatory milieu which can contribute to tumour progression, while increasing the risk of severe infection, including sepsis. Based on our results/model, we propose that controlling staphylococcal infection occurrence/carriage may critically help improve untreated and treated CLL patient management and outcomes.



Chronic inflammation (71), heightened by exposure to endemic pathogens especially under the ibrutinib regimen may explain risk of severe infection outcomes, including sepsis, in CLL patients. SA infections occur in nearly half of CLL patients, more than in the general population (19). Frequently, SA triggers sepsis (13, 72, 73) characterised by pro-inflammatory dysfunction, organ damage and high mortality (74).

Ibrutinib-induced immunosuppression may arise via the inhibition of Btk in other hematopoietic cells (34, 75, 76) beyond B cells (68) and via off-target effects on Itk (32) required for TCR-signalling (32, 33, 77). Upon covalently binding to Tec/Itk, de novo treatment with ibrutinib diminished the ability of T cells to respond to TCR stimuli. While we also confirmed off-target Tec/Itk inhibiton in a previous unrelated study (61), other off-targets effects of ibrutinib in T cells cannot be excluded and remain to be investigated in future studies. In contrast to the well-established inhibitory role of ibrutinib in short-term de novo administration settings, improvement of T cell responses and even reversal of exhaustion have been associated with ibrutinib long-term treatment, in vivo (17, 35–37, 39–41, 78, 79). Further in CLL, ibrutinib may favour Th-1 (32) or Th-17 (35) polarisation over Th-2 responses, helping anti-cancer immunity. However, other conflicting studies reported decreased T cell function under ibrutinib regimen (34, 80). Foremost, we found that long-term ibrutinib-treated patients showed reduced CD8+ Tn cells and higher expression of the exhaustion marker, TIM-3 concurrent with diminished effector cytokine (IFNγ) responses. This supports that “pseudo-exhaustion” (17) [or reversal of exhaustion (38, 40)] may not ensue in ibrutinib-treated patients, universally. Further, how ibrutinib affects the thymic development of CD8+ Tn cells (which critically help fight infections and cancer) is unclear and future research is needed in this respect. Furthermore, we found a significantly increased frequency of PD-1+ CD4+ and CD8+ Tn cells in ex vivo analyses of CLL patients, consistent with previous reports (63). The expression of checkpoint receptors on naïve-like T cells might appear somewhat counterintuitive, yet other studies have reported high PD-1 expression in naïve-phenotype (CCR7+ CD45RA+) cells in chronic cancer and infectious conditions. For instance, high PD-1+ naïve-like cells were described in chronically infected HIV (81) and TB (82) patients, while ~5% of naïve-like CCR7+ CD45RA+ T cells were found within PD-1+ T cells in lung cancer patients (83). Previously “naïve-like” Ag-experienced cells were identified within the CCR7+ CD45RA+ gate (84). Hence, based on patient history of exposure to Ag-(including cancer-Ag), CCR7+ CD45RA+ cells may contain cells with higher expression of exhaustion markers, including PD-1, possibly because of exposure to chronic cancer/infection. In these respects, future studies focused on naïve-like T cells of CLL patients would be needed to clarify how these acquire the expression of exhaustion markers during CLL.

While previous CLL studies characterised T cell responses after short polyclonal re-stimulation ex vivo (17, 35), we robustly assessed the ability of patient-derived T and CLL cells to respond to chronic Ag signals in cultures that mimic repeat SAg-exposure. Cells derived from CLL patients (but not HDs) reacted to staphylococcal SAgs often to the same extent or more than observed with the pan-T-cell activation elicited with αCD3/28 antibodies. In fact, by using CD45RA and CCR7, we detected relatively weak and heterogenous responses to αCD3/28 TCR-stimulation in CLL patients, compared to HDs (Figure 2, Supplementary Figures 7-9). This is compatible with previous pioneering studies suggesting that, in CLL, T cells suffer from impaired TCR responsiveness and/or biased functionality, potentially because of cancer immunosuppression [Reviewed in (85)]. For instance, CD4 and CD8 T cells of CLL patients are defective in expression of genes involved in TCR signalling in the JNK–p38 MAPK and PI3K pathways, cytoskeleton remodelling and the immune synapse formation (86), associated with defective activation of LAT (87), and decreased proliferation to αCD3/28 (17). Significantly, when exhaustion markers, TIM-3 (Figure 3) and to a lower extent PD-1 (Supplementary Figures 11-13) were combined with CD45RA and CCR7, we detected responses to staphylococcal SAgs in CLL patients, often more sustained than those mounted upon αCD3/28 exposure (Figure 3, Supplementary Figures 12, 13). Additionally, this may provide a possible explanation for the TIM-3 upregulation detected ex vivo in the ibrutinib-treated sub-cohort. In fact, these may reflect ongoing in vivo responses to endemic antigens/stimulants, being more sustained in ibrutinib-treated (read further below for more insights around this) rather than untreated CLL patients. This evidences that CLL patients may contain a higher fraction of (previously activated) SAg-specific cells within the T cell repertoire. These results would suggest that CLL patients experience more repeat infections with SA.

Staphylococcal SAgs trigger oligoclonal T cell expansions by directly binding to specific TCR-Vβ chains and CD28 on T cells and MHC-II and CD80/CD86 on APCs, leading to cytokine storm and sepsis (64). Significantly we found that, upon SAg-exposure T cells from ibrutinib-treated patients further expanded Cm cells, known to generate long-term responses (88), but these and other memory (i.e., Eff/Em and TEMRA) T cells equally acquired an exhaustion-phenotype (TIM-3+/PD-1+). Notably, there was no need to re-introduce ibrutinib [an irreversible inhibitor (32)] in the cultures, as the drug administration in vivo produced significant long-lasting impacts on T cells.

Given that ibrutinib inhibits Itk/TCR-signalling (32, 33), the preferential accrual of Cm cells agrees with previous evidence that lowering functional avidity in T cells enhances long-term memory formation (89–91). The trend to accumulate Cm was apparent also without stimulation, in ibrutinib-treated patient-derived cultures (Nil conditions of Figure 2B). This could point at a potential stronger survival of T cells under Itk inhibition, preferentially impacting Cm-phenotype cells, which may consequently accumulate more than other subsets in cultures. This is in keeping with our previous published work showing that inhibition of TCR signals prolongs survival of Cm T cells in the face of chronic cancer Ags (88, 89). Alternatively (or additionally), cancer-Ags stimulation may continue in bulk PBMC cultures from CLL patients (comprising tumour cells) and/or T cells that were Ag-primed in vivo continue to expand in vitro with a Cm phenotype, a trend more apparent in cultures from ibrutinib-treated patients, especially when TCR stimulants (such as αCD3/28) are re-introduced. This would agree with our previous research showing that T cells sensitized to cancer-Ags in vivo proliferate in vitro maintaining a Cm-phenotype (92). At a first glance, this Cm accumulation may seem beneficial for CLL patient immunity, as Cm are more durable than Eff/Em T cells (46), in the face of chronic/repeat infections. Such resilience may ephemerally exhaust under the strain of repeat SAg encounters, more quickly in ibrutinib-treated patients.

Contrasting studies reported that ibrutinib treatment did not alter frequency of Tregs in CLL (35), or may even reduce Tregs (38), especially in the initial phases of a de novo administration (45) [compatible with early TCR signal inhibition (32)], while Itk ablation associates with stronger Treg responses, at least in mice (93). Given that we did not detect significant differences in Treg induction upon SAg exposure, whether cultures were derived from ibrutinib-treated or untreated CLL patients (Figure 4), our data suggest that ibrutinib may not help restore Treg responses of CLL patients to the levels of HDs. While future studies are needed in this respect, we propose that defective Treg responses to SAgs would facilitate unregulated hyperinflammatory responses (94), which cannot be resolved with ibrutinib treatment, supported by our ICS data, increasing risk of severe infection/sepsis in CLL (13). Perhaps, the proportions of cytokine positive cells detected in ICS could simply mirror levels of T cell activation. However, Cm T cell accumulation was highest in HD counterparts (≥60-80%, Figure 2B) and this associated with the lowest TNFα/IFNγ responses and the strongest Treg induction, significantly upon TSST-1 exposure (Figures 5B and 4B, respectively). Instead, T cells in cultures from CLL patients did not generate Tregs after SAg-exposure inasmuch as HDs (65, 66) and, irrespectively of ibrutinib treatment, maintained high TNFα/IFNγ cytokine levels. While future studies would be needed to sort specific pseudo-exhausted T cells and perform detailed analyses of cytokine secretion versus transcription factor expression, we propose a possible model behind the development of pseudo-exhaustion in CLL (Figure 8). Following (or concomitant) with ibrutinib treatment, exposure to environmental SAgs favours the selective expansion of exhaustion-phenotype memory T cells (Figure 3). These cells would then maintain cytokine expression (Figure 5) correlating with simultaneous defects in Treg induction (Figure 4) after SAg-exposure. Previous studies suggested that pseudo-exhaustion (and even reversal of exhaustion) happens over a relatively long course of ibrutinib treatment (37, 40), which would be compatible with repeat exposure to environmental cues. Interestingly, despite significant superior target selectivity of acalabrutinib compared to ibrutinib (95), pseudo-exhausted T cells were reported to diminish from 34.7% to just 28.1% over 6-month therapy with acalabrutinib (96). Thus, future studies are needed to clarify whether SAg T cell responses (and the consequent bystander activation of CLL cells), persist even under acalabrutinib (or other novel BTKi) regimens.

Previously, SEA, SEB, SEC1, SED, and SEE from SA were shown to induce activation and proliferation of CLL cells, dependent on irradiated allogeneic T cell helper cells from HDs (97). Instead, for the first time, we provide evidence that SA SAgs powerfully activate CLL tumour cells via the activation of pseudo-exhausted, autologous T (helper) cells, and potentially even directly, contributing to an hyperinflammatory tumour microenvironment. Despite a significant decline of CLL cells, even ibrutinib-treated patients preserved a fraction of tumour cells producing TNFα, lower than that of untreated CLL patients, but higher than HDs. TNFα secretion in CLL cells was previously associated with worse disease stage (98) and adverse prognosis (99). Additionally, we showed that HLA-DR, CD86 and CD40 substantially increased in CLL cells, upon SAg-exposure, well beyond αCD3/28 T-cell-help controls. High CD86 expression was associated with activation of tumour cells (69), ibrutinib resistance (100) and worse prognosis (101). Consistently, we found another CLL activation marker also associated with negative prognosis (102), CD38 significantly increased after SAg-exposure, promoting CLL cell activation. Intriguingly, SAg (but not αCD3/28) drove downregulation of CD27 expression in CLL cells, suggesting that the CD27 pathway may be directly targeted by SAgs in tumour cells. Moreover, we showed that SAgs upregulated CD40 on CLL cells, while recently CD40 was suggested as a possible receptor of TSST-1, at least on keratinocytes (103). Ibrutinib-treatment effectively reduced the CLL tumour burden and this was associated with lower chances of in vitro inflammatory activation of CLL cells in response to SAgs, but we still observed substantial CLL activation in 33% of treated CLL cases. In this context, we did not detect significant differences between activation marker expression of activated CLL cells, whether these were derived from untreated or ibrutinib-treated patients. In comparison, HD-derived B cells remained unaffected by SAgs, suggesting that healthy B cells do not benefit from SAg-driven autologous T cell help as much as CLL cells do. While ibrutinib-treatment would not fully oust the ability of CLL cells to gain from SAg-exposure, future studies are warranted to establish SA SAg-direct effects on CLL cells and whether these help prognosis/diagnoses.

We mostly obtained mutational profile data for the ibrutinib-treated CLL patients, that showed considerable heterogeneity in respect to 13q14 and/or 11q23 deletions and/or Tp53 mutations, and other variants of unknown significance (such as mutations in Sf3b1 and Notch1). Despite the small cohort size and the limited availability of data about Ighv mutational profiles (which can be of prognostic value), our results support the scope for future larger studies aimed at untangling how the heterogeneity of CLL mutations impacts on the responsiveness to staphylococcal SAgs. This may help uncover potential immunoediting dynamics driven by the exposure to environmental cues derived from endemic bacteria.

CLL aetiology remains uncertain. About 30% of CLL patients have stereotyped, quasi-identical BCRs, suggesting the existence of common antigenic factors, including autoantigen or microbial Ags behind the disease (104–106). Infection with viruses [CMV (107, 108) and Epstein-Barr virus (109)] and bacteria [especially infecting the respiratory tract (110–112)], have been proposed as possible causes. While the severity of infection correlates with CLL stage, we provide evidence that staphylococcal SAgs boost the tumour proinflammatory milieu. This highlights the importance of microbial factors in CLL cancer-cell survival and tumour progression. Ultimately, understanding the interplay between infection and CLL progression is crucial for developing more effective targeted therapies. Finally, our study has relevant implications for management of untreated CLL patients given that infection constitutes a relatively major cause of death in this group (after malignancy) (113). These individuals live with CLL for 15-25 years (113–115), during which period they may experience repeat encounters with the endemic SA and its SAgs, that we show have potential to modulate the CLL cells/microenvironment. Considering the abundancy of cancer cells in CLL patients, chronic activation of these cells could heighten the potential for systemic inflammation, thereby exacerbating the risk of severe infections and sepsis, in addition to fostering cancer progression. Thus, our study provides critical evidence for the scope of future larger studies of infection responses in CLL patients.
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