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1. Abstract 1"

Aims: Inflammation has important roles in atherosclerosis. CD4+CD28null (CD28null) T cells 2"

are a specialised T lymphocyte subset that produce inflammatory cytokines and cytotoxic 3"

molecules. CD28null T cells expand preferentially in patients with acute coronary syndrome 4"

(ACS) rather than stable angina and are barely detectable in healthy subjects. Importantly, 5"

ACS patients with CD28null T cell expansion have increased risk for recurrent acute coronary 6"

events and poor prognosis, compared to ACS patients in whom this cell subset does not 7"

expand. The mechanisms regulating CD28null T cell expansion in ACS remain elusive. We 8"

therefore investigated the role of cytokines in CD28null T cell expansion in ACS. 9"

Methods and Results: High-purity sorted CD4+ T cells from ACS patients were treated with 10"

a panel of cytokines (TNF-α, IL-1β, IL-6, IL-7, IL-15), and effects on the number, phenotype 11"

and function of CD28null T cells were analysed and compared to the control counterpart 12"

CD28+ T cell subset. IL-7 and IL-15 induced expansion of CD28null T cells from ACS 13"

patients, while inflammatory cytokines TNF-α, IL-1β and IL-6 did not. The mechanisms 14"

underlying CD28null T cell expansion by IL-7/IL-15 were preferential activation and 15"

proliferation of CD28null T cells compared to control CD28+ T cells. Additionally, IL-7/IL-15 16"

markedly augmented CD28null T cell cytotoxic function and interferon-γ production. Further 17"

mechanistic analyses revealed differences in baseline expression of component chains of IL-18"

7/IL-15 receptors (CD127 and CD122) and increased baseline STAT5 phosphorylation in 19"

CD28null T cells from ACS patients compared to the control CD28+ T cell subset. Notably, 20"

we demonstrate that CD28null T cell expansion was significantly inhibited by Tofacitinib, a 21"

selective JAK1/JAK3 inhibitor that blocks IL-7/IL-15 signalling. 22"

Conclusions: Our novel data show that IL-7 and IL-15 drive the expansion and function of 23"

CD28null T cells from ACS patients suggesting that IL-7/IL-15 blockade may prevent 24"

expansion of these cells and improve patient outcomes. 25"
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Translational perspective 1"

CD28null T cells expansion in ACS patients is an independent predictor of future acute 2"

coronary events and poor prognosis. The precise mechanisms underlying CD28null T cell 3"

expansion in ACS remain elusive. We show that IL-7 and IL-15 cytokines cause expansion of 4"

CD28null T cells from ACS patients by triggering activation and proliferation, and augment 5"

the cytotoxic function of these cells and production of inflammatory cytokines. We 6"

demonstrate that CD28null T cell expansion is inhibited by Tofacitinib that specifically blocks 7"

IL-7/IL-15 signalling. Further dissection of the roles of IL-7/IL-15 may lead to more 8"

effective and specific anti-inflammatory therapies in ACS. 9"

  10"
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2. Introduction 1"

Coronary artery disease (CAD) and acute coronary syndrome (ACS) remain a major cause of 2"

death and morbidity worldwide despite considerable advances in diagnosis, prevention and 3"

treatment.1 T lymphocytes have pivotal roles in atherosclerosis and pathogenesis of CAD.2, 3 4"

CD4+CD28null (CD28null) T cells are an inflammatory subset of T lymphocytes defined by the 5"

lack of the co-stimulatory receptor CD28.  CD28null T cells are unique as they are not present 6"

in mice but have been identified exclusively in humans with chronic inflammatory diseases.4, 7"
5 These cells preferentially expand in the circulation and atherosclerotic plaques of patients 8"

with ACS rather than stable angina6, 7, and are nearly undetectable in healthy individuals.4, 8 9"

Importantly, ACS patients with expansion of CD28null T cells have increased risk for 10"

recurrent acute coronary events and poor prognosis compared to ACS patients in whom this 11"

subset does not expand.9 Moreover, increased CD28null T cells are an independent predictor 12"

of future acute coronary events in ACS patients.9 We have previously demonstrated that in 13"

contrast to the conventional control CD4+CD28+ (CD28+) T cell subset, CD28null T cells from 14"

ACS patients produce high levels of inflammatory cytokines tumour necrosis factor-α (TNF-15"

α) and interferon-γ (IFN-γ) and release cytotoxic molecules (perforin and granzyme B) that 16"

could harm the vascular wall by promoting inflammation and plaque rupture.10 We showed 17"

that co-stimulatory receptors OX40 and 4-1BB modulate CD28null T cell function and that co-18"

stimulation blockade reduced the inflammatory and cytotoxic actions of these cells.10 We 19"

have identified that CD28null T cells from ACS patients have defects in proteasomal 20"

degradation of pro-apoptotic molecules.5, 11, 12 However, the precise mechanisms that regulate 21"

CD28null T cell expansion in ACS patients are yet to be deciphered. 22"

Inflammatory cytokines such as TNF-α, interleukin-1β (IL-1β) and IL-6 have important roles 23"

in driving inflammation in CAD patients.3, 13-15 Recently, the CANTOS trial showed that 24"

targeted cytokine inhibition (IL-1β inhibition with Canakinumab) in CAD patients with a 25"
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prior myocardial infarction and residual inflammatory risk reduced further cardiovascular 1"

events.16 Other cytokines that are deregulated in chronic inflammatory diseases (e.g. 2"

rheumatoid arthritis, RA) and are currently targeted in patients are IL-7 and IL-15 that belong 3"

to the common gamma chain cytokine family.17-19 Whether these cytokines are involved in 4"

the expansion and function of CD28null T cells in ACS patients is unknown. 5"

Here we provide novel evidence that the cytokines IL-7 and IL-15 trigger CD28null T cell 6"

expansion in ACS patients, while inflammatory cytokines (TNF-α, IL-1β, IL-6) do not. IL-7 7"

and IL-15 induced preferential activation and proliferation of CD28null T cells and promoted 8"

their cytotoxic and inflammatory function. We dissect the mechanistic basis of IL-7 and IL-9"

15 effects on CD28null T cells from ACS patients and demonstrate that Tofacitinib, a selective 10"

JAK1/JAK3 inhibitor that blocks IL-7/IL-15 signalling, significantly inhibits CD28null T cell 11"

expansion. These new data suggest that targeting IL-7 and IL-15 could potentially provide a 12"

therapeutic strategy to prevent expansion of CD28null T cells in ACS patients. 13"

  14"
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3. Methods 1"

3.1. Study Population 2"

Peripheral blood was collected from patients with ACS (Supplemental Table 1 and 3"

Supplemental Table 2; samples collected <12 hours from chest pain) admitted at the 4"

coronary care unit, St. George’s Hospital NHS Trust, London. Patients with malignancies, 5"

infectious diseases, autoimmune disorders, on treatment with anti-inflammatory drugs except 6"

aspirin or over 80 years old were excluded from the study as previously described.10, 11 The 7"

study conformed to the Declaration of Helsinki principles (study approved by the London & 8"

Chelsea Research Ethics Committee, REC 09/H0801/27), and written informed consent was 9"

obtained from all study participants prior to inclusion in the study. 10"

3.2. Flow Cytometry 11"

The frequency of CD28null T cells in fresh peripheral blood samples (circulating CD28null T 12"

cells) was determined by staining 100 µl blood with CD4-FITC and CD28-APC (BD 13"

Biosciences), followed by red blood cells lysis with Lyse/Fix buffer (BD Biosciences), as 14"

previously described.10 The percentage of circulating CD28null T cells was calculated as the 15"

percentage of CD4+ T cells as previously described.10 The gating strategy for quantification 16"

of CD28null T cells in fresh peripheral blood samples and cultured peripheral blood 17"

mononuclear cells (PBMCs) or CD4+ T cells is depicted in Supplemental Figure 1. Where 18"

indicated, CD127-PE (Invitrogen), CD122-PE, CD132-PE, CD215-PE (all BioLegend) were 19"

added to fresh peripheral blood samples stained with CD4-FITC and CD28-APC. The 20"

following monoclonal antibodies were used to identify CD28null T cells in cultured samples 21"

and analyse the expression of functional markers on CD28null and CD28+ T cells: CD4-FITC, 22"

CD28-APC, CD28-PE, HLA-DR-APC, CXCR3-PE, CCR7-PE, CD45RO-FITC, TNF-α-PE-23"

Cy7 (all BD Biosciences/BD Pharmingen); CD14-PE (Miltenyi Biotec); CD69-APC, CD215-24"

PE, CD45RA-PE-Cy7 (all Biolegend); CD62L-APC, Granzyme B-PE, IFN-γ-APC (all 25"
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eBioscience); CCR5-PE, CD127-PE (all Invitrogen). Intracellular levels of IFN-γ and TNF-α 1"

were quantified in sorted CD4+ T cells cultured alone or with IL-7 or IL-15 for 3 days 2"

following 4 hour stimulation of with phorbol myristate acetate, ionomycin and brefeldin, as 3"

previously described.6, 7, 10 Dead cells were excluded from the analysis by staining with 7-4"

aminoactinomycin D (7-AAD, BD Biosciences) or, for intracellular staining (i.e. granzyme-5"

B, IFN-γ and TNF-α), by labelling with ZombieYellow (Biolegend) or Fixable viability stain 6"

575V (BD Biosciences) prior to fixation and permeabilisation using Cytofix/Cytoperm (BD 7"

Biosciences). Phosphorylated STAT5 was assessed via the BD Phosflow method using CD4-8"

H7, CD28-APC, Alexa Fluor 488 anti-STAT5, Alexa Fluor 488 mouse IgG1 κ isotype 9"

control, BD Cytofix buffer and BD Perm Buffer III (all BD Biosciences) as per the 10"

manufacturer’s instructions. Samples were acquired on a FACSCalibur (BD Biosciences) or 11"

Navios (Beckman Coulter) flow cytometer and data was analysed using FlowJo software v7.6 12"

(FlowJo, LLC). Mean fluorescence intensity (MFI) was calculated by subtracting the MFI of 13"

samples stained with isotype control antibodies from the MFI of samples stained with 14"

antibodies against specific markers. The percentage increase in CD28null T cells following 15"

cytokine treatment was calculated as: 100x(%CD28null in treated samples - %CD28null in 16"

untreated samples)/%CD28null in untreated samples. 17"

3.3. Cell Isolation and culture 18"

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood samples by 19"

density gradient centrifugation as described previously.11 CD4+ T cells were purified by 20"

magnetic separation using negative selection kits from Miltenyi Biotec and Invitrogen 21"

(MagniSort) as per the manufacturers’ instructions. CD4+ T cells were cultured at 2x105 cells 22"

per well in U-bottom 96-well plates in RPMI1640 (Life Technologies) containing 100 U/ml 23"

penicillin, 100 µg/ml streptomycin and 15 mM L-glutamine (Sigma-Aldrich), supplemented 24"

with 5% pooled human AB serum (Corning). Cells were stimulated with the indicated 25"
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concentrations of recombinant human cytokines (IL-1β, IL-6, IL-7, IL-15, TNF-α; R&D 1"

Systems) and cultured for up to 11 days. Where indicated cells were stimulated with IL-2"

17/IL-15 in the presence or absence of 100 nM Tofacitinib (CP 690550 citrate, Tocris 3"

Bioscience). Where indicated culture supernatant from CD4+ T cells stimulated with IL-7, 4"

IL-15 and un-stimulated cells were collected and kept frozen until quantification of TNF-α 5"

and IFN-γ by DuoSet ELISA (R&D Systems), as per the manufacturer’s instructions. 6"

3.4. Proliferation Assay 7"

Sorted CD4+ T cells were labelled with 1 µM carboxyfluorescein succinimidyl ester (CFSE, 8"

Invitrogen) and cultured in the presence of IL-7 or IL-15 as indicated. Proliferation (assessed 9"

as CFSE dilution) was quantified by flow cytometry following staining with antibodies 10"

(CD4-APC-H7, CD28-APC) and dead cell exclusion with 7-AAD (all BD Biosciences). 11"

3.5. Degranulation Assay 12"

2x105 cells CD4+ T cells were cultured alone or stimulated with 50 ng/ml IL-7 or IL-15 for 4 13"

days. Four hours before analysis, CD107a-PE (BD Biosciences) was added to the culture and 14"

cells were either left unstimulated or stimulated with 2 µg/ml functional grade anti-human 15"

CD3 monoclonal antibody (Invitrogen); BD GolgiStop (BD Biosciences) was added for the 16"

last three hours of culture. Cells were then stained with CD4-FITC, CD28-APC and 7-AAD 17"

(BD Biosciences) and CD107a expression was quantified by flow cytometry. 18"

3.6. Quantification of plasma cytokine levels 19"

Plasma was separated from fresh EDTA-treated blood samples from ACS patients and stored 20"

frozen until quantification of IL-7, IL-15, TNF-α, IL-1β and IL-6 by DuoSet ELISA (R&D 21"

Systems) and by IL-7 and IL-15 Quantikine high sensitivity ELISA (R&D Systems). 22"

 23"

 24"
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3.7. Statistics 1"

Statistical analysis was performed using GraphPad Prism v7.02. Cytokine-treated and 2"

untreated samples were compared using paired two-tailed Student’s t test or two-tailed 3"

Wilcoxon matched-pairs signed rank test as indicated. For comparison of more than two 4"

groups, statistical significance was determined using one-way or two-way analysis of 5"

variance (ANOVA) and Bonferroni post-test for multiple comparisons. Plasma cytokine 6"

levels in the two study groups were compared using two-tailed Mann-Whitney test. 7"

Categorical data were analysed with the χ2 test. Probability (p) values of <0.05 were 8"

considered statistically significant. 9"

3.8. Study approval 10"

The study conformed to the Declaration of Helsinki principles (study approved by the 11"

London & Chelsea Research Ethics Committee, REC 09/H0801/27), and written informed 12"

consent was obtained from all study participants prior to inclusion in the study.  13"
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4. Results 1"

4.1. Inflammatory cytokines TNF-α, IL-1β  and IL-6 do not induce expansion of 2"

CD28null T cells from ACS patients 3"

To investigate the role of inflammatory cytokines (TNF-α, IL-1β, IL-6) in CD28null T 4"

lymphocyte expansion in ACS we analysed cells from patients without expansion of the 5"

CD28null T cell subset defined as less than 2% circulating CD28null T cells out of all CD4+ T 6"

cells in peripheral blood (quantified as detailed in Methods and Supplemental Figure 1A).6, 7"
7, 10 Peripheral blood mononuclear cells (PBMCs) from ACS patients were cultured alone or 8"

in the presence of cytokines for up to 7 days. The percentage of CD28null T cells remained 9"

unchanged following TNF-α, IL-1β or IL-6 treatment at all concentrations and time points 10"

tested (Supplemental Figure 2). Similar results were observed with high-purity sorted CD4+ 11"

T cells treated with TNF-α, IL-1β or IL-6, which did not affect CD28null T cell percentage 12"

(Supplemental Figure 3). Combinations of inflammatory cytokines (i.e. TNF-α+IL-1β, 13"

TNF-α+IL-6, IL-1β+IL-6 and TNF-α+IL-1β+IL-6) had no effect on CD28null T cells 14"

(Supplemental Figure 4). To further investigate whether inflammatory cytokines have any 15"

effect on CD28null T cells, we tested these cytokines on PBMCs (Supplemental Figure 5A-16"

C) or high-purity sorted CD4+ T cells (Supplemental Figure 5D-F) from ACS patients with 17"

pre-existing CD28null T cell expansion in peripheral blood, i.e. more than 3% circulating 18"

CD28null T cells (detailed in Methods and Supplemental Figure 1A).6, 7, 10 In all samples 19"

tested TNF-α, IL-1β or IL-6 did not affect CD28null T cell percentage, indicating that these 20"

inflammatory cytokines are unlikely to contribute to CD28null T cell expansion in ACS 21"

patients. 22"

4.2. IL-7 and IL-15 trigger expansion of CD28null T cells from ACS patients 23"

As inflammatory cytokines did not affect the number of CD28null T cells, we sought whether 24"

other cytokines drive expansion of this subset. We focused on IL-7 and IL-15, which belong 25"
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to the common gamma chain cytokine family as they are involved in the pathogenesis of 1"

chronic inflammatory disorders and are targeted in patients with autoimmune disorders.17 2"

PBMCs or high-purity sorted CD4+ T cells from ACS patients with more than 3% circulating 3"

CD28null T cells were treated with IL-7 and IL-15. CD28null T cell percentage increased 4"

significantly on day 4 and 7 of culture (PBMC: Figure 1A-C, Supplemental Figure 6A-D; 5"

CD4+ T cells: Figure 1D-F, Supplemental Figure 6E-F). Combinations of IL-7 and IL-15 6"

did not have synergistic effects on CD28null T cell expansion (not shown).  7"

We also examined whether IL-7 and IL-15 expand CD28null T cells from ACS patients with 8"

<2% CD28null T cells in peripheral blood. In PBMCs, IL-15 significantly increased CD28null 9"

T cell percentage at day 4 and 7 of culture (Supplemental Figure 7), while in sorted CD4+ T 10"

cells both IL-7 and IL-15 increased CD28null T cell percentage at day 7 and 11 11"

(Supplemental Figure 8). 12"

4.3. IL-7 and IL-15 activate CD28null T cells from ACS patients 13"

Next we sought the underlying mechanisms through which IL-7 and IL-15 induced CD28null 14"

T cell expansion. T cell activation is a pre-requisite for lymphocyte expansion and therefore 15"

we quantified the activation markers CD69 and HLA-DR following cytokine treatment. In 16"

both PBMCs (Figure 2A-D) and sorted CD4+ T cells (Figure 2E-H) IL-7 and IL-15 17"

significantly increased the percentage of CD69-expressing and HLA-DR-expressing CD28null 18"

T cells. In contrast, less marked changes were observed in the control CD28+ T cell subset 19"

following IL-7 or IL-15 treatment (Figure 2). Inflammatory cytokines TNF-α, IL-1β and 20"

IL-6 had no effect on CD69 or HLA-DR (Supplemental Figure 9), in line with the failure of 21"

these cytokines to induce CD28null T cell expansion. 22"

We also investigated the effects of IL-7 and IL-15 on chemokine receptors (CCR5, CXCR3) 23"

and memory markers (CD62L, CCR7, CD45RA, CD45RO). IL-7 and IL-15 significantly up-24"

regulated CCR5 expression on CD28null but not CD28+ T cells (Supplemental Figure 25"
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10A,B), whilst CXCR3 (Supplemental Figure 10C-D) and memory markers (Supplemental 1"

Figure 11) were unchanged. 2"

4.4. IL-7 and IL-15 induce proliferation of CD28null T cells from ACS patients 3"

As IL-7 and IL-15 preferentially activate CD28null T cells (Figure 2), we investigated 4"

whether this resulted in proliferation of this cell subset, which may explain CD28null T cell 5"

expansion in ACS. For this purpose, sorted CD4+ T cells were labelled with CFSE and 6"

cultured with IL-7 or IL-15; proliferation, assessed as CFSE-dilution, was quantified 7"

(detailed in Methods). There was little basal proliferation of CD28null and control CD28+ T 8"

cells in the absence of IL-7 and IL-15 on day 5 and 7 of culture (Figure 3, Supplemental 9"

Figure 12). IL-7 and IL-15 induced significant proliferation of CD28null T cells, whilst less 10"

proliferation was noted in CD28+ T cells (Figure 3, Supplemental Figure 12). 11"

4.5. IL-7 and IL-15 increase granzyme B production and degranulation of CD28null T 12"

cells from ACS patients  13"

Next we tested whether IL-7 and IL-15 affect CD28null T cell function. These cells 14"

characteristically produce the cytotoxic molecule GzB, which endows them with cell lytic 15"

function, in stark contrast to conventional CD28+ T cells that do not express this molecule.10 16"

PBMCs (Figure 4A-B) or sorted CD4+ T cells (Figure 4C-D) from ACS patients were 17"

treated with IL-7 or IL-15 for 4 days. In line with previous studies,10 most CD28null T cells 18"

(79% for PBMCs Figure 4A; 83% for CD4+ T cells Figure 4C) expressed GzB at baseline. 19"

Both IL-7 and IL-15 significantly increased the percentage of CD28null T cells expressing 20"

GzB (Figure 4A,C). Moreover, IL-7 and IL-15 also increased the expression levels (mean 21"

fluorescence intensity, MFI) of GzB in CD28null T cells (Figure 4B,D). Next, we investigated 22"

whether IL-7 and IL-15 affect the cytotoxic function of CD28null T cells using a degranulation 23"

assay based on CD107a expression as previously described10. Degranulation is triggered by T 24"

cell receptor (TCR) stimulation either by antigen recognition or, in in vitro assays by anti-25"
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CD3 antibodies, and degranulating cells are identified by the expression of CD107a 1"

(lysosomal associated membrane protein-1) on the cell surface.20 Both IL-7 and IL-15 2"

significantly up-regulated the anti-CD3-induced degranulation of CD28null T cells (Figure 3"

4E). Notably, IL-15 but not IL-7 induced CD28null T cell degranulation even in the absence 4"

of anti-CD3 stimulation (Figure 4E). 5"

4.6. IL-7 and IL-15 augment TNF-α  and IFN-γ  production by CD28null T cells from 6"

ACS patients  7"

CD28null T cells from ACS patients produce high levels of TNF-α and IFN-γ.10 As described 8"

previously 10, the percentage of TNF-α (Figure 5A) and IFN-γ (Figure 6A) producing cells 9"

was higher in resting CD28null (TNF-α 94.3%; IFN-γ 83.8%) than in the control CD28+ T cell 10"

subset (TNF-α 83%; IFN-γ 12.8%). IL-7 or IL-15 did not change the percentage of TNF-α-11"

producing CD28null T cells (Figure 5A), however, TNF-α expression levels (MFI) 12"

significantly increased in both CD28null and CD28+ T cells (Figure 5B). This was 13"

accompanied by a significant increase in TNF-α in the culture medium of CD4+ T cells 14"

treated with IL-7 or IL-15 (Figure 5C). While IL-7 or IL-15 did not change the percentage of 15"

IFN-γ-producing CD28null T cells (Figure 6A), they markedly up-regulated IFN-γ expression 16"

levels (MFI) in CD28null T cells (Figure 6B), whilst this was less prominent in control CD28+ 17"

T cells (Figure 6B). IFN-γ levels in culture medium from cytokine-treated CD4+ T cells were 18"

significant increased by IL-15 (Figure 6C). 19"

4.7. Blocking IL-7 and IL-15 signalling prevents the expansion of CD28null T cells from 20"

ACS patients 21"

We next quantified IL-7 and IL-15 in plasma from ACS patients with CD28null T cell 22"

expansion (>3% CD28null T cells in peripheral blood) and those without expansion of this cell 23"

subset (<2% CD28null T cells). IL-7 and IL-15 levels were very low in plasma (Supplemental 24"
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Figure 13A), in keeping with other studies that showed that these cytokines are mainly 1"

expressed within cells and are barely detectable in circulation.21, 22 Mean IL-7 and IL-15 2"

levels were higher in ACS patients with CD28null T cell expansion (IL-7: 8.08 pg/ml; IL-15: 3"

11.01 pg/ml) compared to ACS patients without expansion of this cell subset (IL-7: 3.36 4"

pg/ml; IL-15: 3.53 pg/ml), but the differences were not significant (Supplemental Figure 5"

13A). TNF-α, IL-1β and IL-6 plasma levels were also low and similar in the two ACS groups 6"

(Supplemental Figure 13B). We hypothesised that differences in signalling downstream of 7"

IL-7/IL-15 receptors may render CD28null T cells more sensitive to these cytokines. The IL-7 8"

receptor (IL-7R) has two chains: CD127 (the α chain, found only in IL-7R); and CD132 (the 9"

γ chain) that is shared with the IL-15 receptor.23 The IL-15 receptor (IL-15R) is composed of 10"

CD215 (unique to IL-15R; binds IL-15 but is not required for IL-15 signalling); CD122 (the 11"

β chain), which is shared with the IL-2 receptor; and CD132.24 We assessed the baseline 12"

expression of these chains in CD28null and in the control CD28+ T cell subset directly in fresh 13"

peripheral blood samples from ACS patients. CD127 expression was lower in CD28null T 14"

cells compared to CD28+ T cells (Figure 7A,B; p<0.01). CD215 levels were very low in both 15"

cell subsets (Figure 7A,B), in keeping with previous studies suggesting that CD215 is not 16"

expressed in resting T cells but mainly expressed on cells (e.g. dendritic cells) that produce 17"

and present IL-15 to responding T cells.25 Notably, CD28null T cells expressed significantly 18"

higher levels of CD122 compared to control CD28+ T cells (Figure 7A,B; p<0.0001), which 19"

may explain their increased responsiveness to IL-15. CD132 expression was comparable in 20"

the two cell subsets (Figure 7A,B). Next, we assessed the effect of IL-7 and IL-15 on the 21"

expression of CD127 and CD215 (the chains involved in binding IL-7 and IL-15, 22"

respectively) in CD28null and CD28+ T cells. IL-7 markedly down-regulated CD127 in both 23"

CD28null and CD28+ T cells (Figure 7C,D). Interestingly, IL-15 also significantly down-24"

regulated CD127 but to a lower extent compared to IL-7 (Figure 7C,D). In contrast, CD215 25"
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was significantly up-regulated in response to IL-7 and IL-15 mainly in CD28null T cells 1"

(Figure 7E,F). IL-7 and IL-15 receptors signal preferentially through JAK1/JAK3/STAT5, 2"

which associate with CD127, CD122 and CD132.17, 23, 24, 26 Baseline levels of 3"

phosphorylated-STAT5 were significantly higher in un-stimulated CD28null T cells from ACS 4"

patients, compared to the control CD28+ T cell subset (Figure 7G), indicating higher basal 5"

activation of IL-7/IL-15 signalling in CD28null T cells. Next, we blocked IL-7/IL-15 6"

signalling with the JAK1/JAK3 selective inhibitor Tofacitinib27, 28, which significantly 7"

inhibited CD28null T cell expansion, whilst not affecting CD28+ T cells (Figure 7H). 8"

  9"
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5. Discussion 1"

Here we show that IL-7 and IL-15 cytokines augment the number and function of CD28null T 2"

cells from patients with ACS. We demonstrate that IL-7 and IL-15 trigger expansion of 3"

CD28null T cells, whilst inflammatory cytokines TNF-α, IL-1β and IL-6 have no effect. The 4"

mechanisms underlying CD28null T cell expansion are preferential activation and proliferation 5"

of CD28null T cells by IL-7 and IL-15. These cytokines increase the cytotoxic function of 6"

CD28null T cells (GzB production and degranulation) and the production of IFN-γ. We 7"

provide further mechanistic insights showing marked differences in baseline levels of CD127 8"

and CD122 (component chains of IL-7 and IL-15 receptors) and increased baseline 9"

phosphorylation of STAT5 in CD28null T cells compared to their control CD28+ T cell subset. 10"

Blockade of IL-7/IL-15 signalling with a JAK1/JAK3 selective inhibitor prevents the 11"

expansion of CD28null T cells from ACS patients (summarised in the Graphical abstract). 12"

Inflammatory CD28null T cells expand in the circulation and atherosclerotic plaques of 13"

patients with ACS.6, 7 Notably, ACS patients with expansion of the CD28null T cell subset 14"

have increased risk for recurrent severe acute coronary events and poorer prognosis 15"

compared to ACS patients without CD28null T cell expansion.9 This study also showed that an 16"

increase in CD28null T cell frequency is an independent predictor of future acute coronary 17"

events in ACS patients.9 The precise mechanisms driving the expansion of CD28null T cells in 18"

ACS are unknown. Here we show that the cytokines IL-7 and IL-15 are involved in the 19"

expansion of CD28null T cells from ACS patients, while inflammatory cytokines TNF-α, 20"

IL-1β and IL-6 did not have an effect. However, inflammatory cytokines TNF-α, IL-1β and 21"

IL-6 are important in atherosclerosis pathogenesis, as recently shown by the CANTOS trial, 22"

which found that specifically targeting inflammation (IL-1β inhibition) improves clinical 23"

outcomes in patients with a previous myocardial infarction.16 Our findings underscore that 24"

several cytokines and inflammatory networks may be at work in ACS patients, and that a 25"
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better characterisation of patients’ inflammatory status is needed to improve the efficacy of 1"

anti-inflammatory therapies in ACS. Moreover, as CD28null T cells have been exclusively 2"

identified in humans and do not exist in mice, this precludes interrogation of their roles in 3"

atherosclerosis using currently available animal models. Our work emphasises the need to 4"

investigate inflammation and immune responses in patients with ACS as key information on 5"

the cellular and molecular pathophysiology of human coronary artery disease may be missed 6"

in murine models. 7"

Strikingly, IL-7 and IL-15 drove the activation and proliferation of CD28null T cells from 8"

ACS patients in the absence of T cell receptor (TCR)-derived signals (i.e. antigen 9"

stimulation). A possible explanation is that CD28null T cells share features with natural killer 10"

(NK) cells29, 30 that also expand in response to IL-15 in the absence of antigen-dependent 11"

stimulation. IL-15 has central roles in the development, maintenance, activation and effector 12"

function of NK cells (cytotoxicity, IFN-γ production)31. Indeed, CD28null T cells express NK 13"

cell receptors and exhibit NK-like effector functions such as expression of cytotoxic 14"

molecules (GzB, perforin), cytotoxicity and, IFN-γ production29, 30, which may explain their 15"

response to IL-15. In contrast to IL-15, IL-7 does not increase NK cell activation, 16"

cytotoxicity and IFN-γ production32. Nevertheless, IL-7 triggered activation and markedly 17"

augmented the cytotoxic and cytokine production function of CD28null T cells from ACS 18"

patients. Moreover, IL-7 had comparable effects to IL-15 on CD28null T cell expansion, 19"

activation and function, although only IL-15 directly triggered CD28null T cell degranulation 20"

in the absence of anti-CD3 stimulation. Notably, our data that IL-7 and IL-15 drive CD28null 21"

T cell activation, proliferation and function independently of TCR signals indicate that these 22"

cytokines may sustain the expansion and functions of these lymphocytes in the absence of 23"

antigen restimulation in ACS. IL-7 and IL-15 also increased CCR5 expression on CD28null T 24"

cells from ACS patients. CCR5 has been suggested to regulate tissue homing to the aorta of 25"
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Th1 CD4+ T cells.33 This suggests that IL-7 and IL-15 may enhance CD28null T cell homing 1"

to atherosclerotic plaques, which will be investigated in future studies. 2"

IL-7 and IL-15 have been implicated in several autoimmune disorders, in particular in RA 3"

where these cytokines are identified in synovial fluid and tissue.18, 19 The effect of IL-7 on 4"

CD28null T cells has not been previously studied in any disease, while the effect of IL-15 on 5"

CD28null T cells has been investigated in multiple sclerosis, elderly individuals and 6"

rheumatoid arthritis.34-36 Whether IL-7 and IL-15 have a role in atherosclerosis is less well 7"

established. Expression of IL-15 in lipid-rich human atherosclerotic plaques associated with 8"

increased T cell infiltration and plaque-derived T cell lines proliferated to IL-15 in vitro.35 9"

Also IL-15 induced the development of atherosclerotic plaques in ldlr-/- mice, though this is 10"

independent of CD28null T cells as this cell subset is not described in mice.37 While a previous 11"

study suggested that plasma IL-7 is raised in unstable or stable angina patients compared to 12"

healthy subjects38, others reported that IL-7 and IL-15 are predominantly expressed within 13"

cells (macrophages, dendritic cells, epithelial and stromal cells) with barely detectable 14"

circulating stores.21, 22 We found low plasma levels of IL-7 and IL-15 in ACS patients, 15"

suggesting that CD28null T cell expansion in ACS may be driven by IL-7 and IL-15 produced 16"

locally in atherosclerotic plaques or artery-associated lymphoid tissue. Our data that baseline 17"

expression of CD127 was lower in CD28null T cells from ACS patients compared to control 18"

CD28+ T cells, suggest down-regulation of CD127 by in vivo exposure to IL-7/IL-15. This is 19"

supported by our in vitro findings that CD127 is down-regulated in CD28null T cells 20"

following IL-7 and IL-15 treatment. Additionally, the higher basal levels of phosphorylated-21"

STAT5 in CD28null T cells indicate higher basal activation of IL-7/IL-15 signalling in vivo. 22"

The increased responsiveness of CD28null T cells to IL-15 is also supported by our new data 23"

that CD28null T cells from ACS patients have higher baseline expression of CD122, the β-24"

chain of IL-15 receptor. Moreover, IL-7 and IL-15 markedly up-regulated the expression of 25"
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CD215 (the IL-15 receptor specific chain) in CD28null T cells in vitro, which would further 1"

augment their responsiveness to IL-15. 2"

ACS patients with CD28null T cell expansion have increased risk for recurrent ACS and poor 3"

prognosis9 and may benefit from strategies that prevent expansion of these cells such as IL-4"

7/IL-15 neutralisation or signalling blockade. Indeed we include novel data that Tofacitinib (a 5"

selective JAK1/JAK3 inhibitor that blocks IL-7/IL-15 signalling) prevents the expansion of 6"

CD28null T cells from ACS patients. This effect of Tofacitinib on CD28null T cells has not 7"

been explored in other diseases. Of interest, Tofacitinib is used in patients with RA and active 8"

psoriatic arthritis39, 40 and has been recently approved for use in ulcerative colitis.41 9"

A potential limitation of this study is that CD28null T cells have been exclusively identified in 10"

humans and do not exist in mice precluding interrogation of their roles in atherosclerosis 11"

using currently available animal models. Therefore our study is an in-depth ex vivo analysis 12"

of fresh peripheral blood and primary cells from ACS patients. However, our work highlights 13"

the need to investigate inflammation and immune responses in patients with ACS as key 14"

mechanisms of the cellular pathophysiology of human coronary artery disease may be missed 15"

in murine models. 16"

6. Conclusions 17"

This study provides new mechanistic insights and identifies novel roles for IL-7 and IL-15 18"

cytokines in CD28null T cell expansion and function in ACS. Our new findings suggest 19"

potential clinical applications of IL-7/IL-15 blockade in ACS patients with CD28null T cell 20"

expansion for targeted modulation of the inflammation mediated by these cells. 21"

  22"



"

" 20 

Funding: This work and work in the Cardiovascular Immunology laboratory at St. George’s, 1"

University of London was supported by the British Heart Foundation (PG/10/50/28434, 2"

PG/13/24/30115, PG/14/18/30724, PG/17/15/32845 to IED) and St George’s Hospital 3"

Charity. 4"

Author contributions: Research studies design: IED, JB. Conducting experiments, data 5"

acquisition and analysis: JB, VM, SK, IC, PD, IED. Original draft writing, reviewing, 6"

editing: JB and IED. Funding acquisition and administration: IED. Provision of resources: 7"

ZMJA, JCK. Supervision: IED. 8"

Acknowledgments: The authors are very grateful to all the patients for their participation in 9"

the study. 10"

Conflict of interest: none declared. 11"

Data availability: The data underlying this article are available in the article and in its online 12"

supplementary material.  13"



"

" 21 

7. References 1"

1. Nichols M, Townsend N, Scarborough P, Rayner M. Cardiovascular disease in Europe 2"

2014: epidemiological update. Eur Heart J 2014;35:2950-2959. 3"

2. Flego D, Liuzzo G, Weyand CM, Crea F. Adaptive Immunity Dysregulation in Acute 4"

Coronary Syndromes: From Cellular and Molecular Basis to Clinical Implications. J Am 5"

Coll Cardiol 2016;68:2107-2117. 6"

3. Libby P, Nahrendorf M, Swirski FK. Leukocytes Link Local and Systemic Inflammation 7"

in Ischemic Cardiovascular Disease: An Expanded "Cardiovascular Continuum". J Am 8"

Coll Cardiol 2016;67:1091-1103. 9"

4. Martens PB, Goronzy JJ, Schaid D, Weyand CM. Expansion of unusual CD4+ T cells in 10"

severe rheumatoid arthritis. Arthritis Rheum 1997;40:1106-1114. 11"

5. Dumitriu IE. The life (and death) of CD4+ CD28(null) T cells in inflammatory diseases. 12"

Immunology 2015;146:185-193. 13"

6. Liuzzo G, Kopecky SL, Frye RL, O'Fallon WM, Maseri A, Goronzy JJ, Weyand CM. 14"

Perturbation of the T-cell repertoire in patients with unstable angina. Circulation 15"

1999;100:2135-2139. 16"

7. Liuzzo G, Goronzy JJ, Yang H, Kopecky SL, Holmes DR, Frye RL, Weyand CM. 17"

Monoclonal T-cell proliferation and plaque instability in acute coronary syndromes. 18"

Circulation 2000;101:2883-2888. 19"

8. Morishita Y, Sao H, Hansen JA, Martin PJ. A distinct subset of human CD4+ cells with 20"

a limited alloreactive T cell receptor repertoire. J Immunol 1989;143:2783-2789. 21"

9. Liuzzo G, Biasucci LM, Trotta G, Brugaletta S, Pinnelli M, Digianuario G, Rizzello V, 22"

Rebuzzi AG, Rumi C, Maseri A, Crea F. Unusual CD4+CD28null T lymphocytes and 23"

recurrence of acute coronary events. J Am Coll Cardiol 2007;50:1450-1458. 24"



"

" 22 

10. Dumitriu IE, Baruah P, Finlayson CJ, Loftus IM, Antunes RF, Lim P, Bunce N, Kaski 1"

JC. High levels of costimulatory receptors OX40 and 4-1BB characterize 2"

CD4+CD28null T cells in patients with acute coronary syndrome. Circ Res 3"

2012;110:857-869. 4"

11. Kovalcsik E, Antunes RF, Baruah P, Kaski JC, Dumitriu IE. Proteasome-mediated 5"

reduction in proapoptotic molecule Bim renders CD4(+)CD28null T cells resistant to 6"

apoptosis in acute coronary syndrome. Circulation 2015;131:709-720. 7"

12. Bullenkamp J, Dinkla S, Kaski JC, Dumitriu IE. Targeting T cells to treat 8"

atherosclerosis: odyssey from bench to bedside. Eur Heart J Cardiovasc Pharmacother 9"

2016;2:194-199. 10"

13. Biasucci LM, Vitelli A, Liuzzo G, Altamura S, Caligiuri G, Monaco C, Rebuzzi AG, 11"

Ciliberto G, Maseri A. Elevated levels of interleukin-6 in unstable angina. Circulation 12"

1996;94:874-877. 13"

14. Biasucci LM, Liuzzo G, Fantuzzi G, Caligiuri G, Rebuzzi AG, Ginnetti F, Dinarello CA, 14"

Maseri A. Increasing levels of interleukin (IL)-1Ra and IL-6 during the first 2 days of 15"

hospitalization in unstable angina are associated with increased risk of in-hospital 16"

coronary events. Circulation 1999;99:2079-2084. 17"

15. Weyand CM, Goronzy JJ, Liuzzo G, Kopecky SL, Holmes DR, Jr., Frye RL. T-cell 18"

immunity in acute coronary syndromes. Mayo Clin Proc 2001;76:1011-1020. 19"

16. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, Fonseca 20"

F, Nicolau J, Koenig W, Anker SD, Kastelein JJP, Cornel JH, Pais P, Pella D, Genest J, 21"

Cifkova R, Lorenzatti A, Forster T, Kobalava Z, Vida-Simiti L, Flather M, Shimokawa 22"

H, Ogawa H, Dellborg M, Rossi PRF, Troquay RPT, Libby P, Glynn RJ, Group CT. 23"

Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N Engl J 24"

Med 2017;377:1119-1131. 25"



"

" 23 

17. Leonard WJ, Lin JX, O'Shea JJ. The gammac Family of Cytokines: Basic Biology to 1"

Therapeutic Ramifications. Immunity 2019;50:832-850. 2"

18. McInnes IB, al-Mughales J, Field M, Leung BP, Huang FP, Dixon R, Sturrock RD, 3"

Wilkinson PC, Liew FY. The role of interleukin-15 in T-cell migration and activation in 4"

rheumatoid arthritis. Nat Med 1996;2:175-182. 5"

19. van Roon JA, Verweij MC, Wijk MW, Jacobs KM, Bijlsma JW, Lafeber FP. Increased 6"

intraarticular interleukin-7 in rheumatoid arthritis patients stimulates cell contact-7"

dependent activation of CD4(+) T cells and macrophages. Arthritis Rheum 8"

2005;52:1700-1710. 9"

20. Betts MR, Brenchley JM, Price DA, De Rosa SC, Douek DC, Roederer M, Koup RA. 10"

Sensitive and viable identification of antigen-specific CD8+ T cells by a flow cytometric 11"

assay for degranulation. J Immunol Methods 2003;281:65-78. 12"

21. Grabstein KH, Eisenman J, Shanebeck K, Rauch C, Srinivasan S, Fung V, Beers C, 13"

Richardson J, Schoenborn MA, Ahdieh M. Cloning of a T cell growth factor that 14"

interacts with the beta chain of the interleukin-2 receptor. Science 1994;264:965-968. 15"

22. Zamisch M, Moore-Scott B, Su DM, Lucas PJ, Manley N, Richie ER. Ontogeny and 16"

regulation of IL-7-expressing thymic epithelial cells. J Immunol 2005;174:60-67. 17"

23. Mackall CL, Fry TJ, Gress RE. Harnessing the biology of IL-7 for therapeutic 18"

application. Nat Rev Immunol 2011;11:330-342. 19"

24. Jabri B, Abadie V. IL-15 functions as a danger signal to regulate tissue-resident T cells 20"

and tissue destruction. Nat Rev Immunol 2015;15:771-783. 21"

25. Dubois S, Mariner J, Waldmann TA, Tagaya Y. IL-15Ralpha recycles and presents IL-22"

15 In trans to neighboring cells. Immunity 2002;17:537-547. 23"

26. Takada K, Jameson SC. Naive T cell homeostasis: from awareness of space to a sense of 24"

place. Nat Rev Immunol 2009;9:823-832. 25"



"

" 24 

27. Hodge JA, Kawabata TT, Krishnaswami S, Clark JD, Telliez JB, Dowty ME, Menon S, 1"

Lamba M, Zwillich S. The mechanism of action of tofacitinib - an oral Janus kinase 2"

inhibitor for the treatment of rheumatoid arthritis. Clin Exp Rheumatol 2016;34:318-328. 3"

28. Meyer DM, Jesson MI, Li X, Elrick MM, Funckes-Shippy CL, Warner JD, Gross CJ, 4"

Dowty ME, Ramaiah SK, Hirsch JL, Saabye MJ, Barks JL, Kishore N, Morris DL. Anti-5"

inflammatory activity and neutrophil reductions mediated by the JAK1/JAK3 inhibitor, 6"

CP-690,550, in rat adjuvant-induced arthritis. J Inflamm (Lond) 2010;7:41. 7"

29. Snyder MR, Muegge LO, Offord C, O'Fallon WM, Bajzer Z, Weyand CM, Goronzy JJ. 8"

Formation of the killer Ig-like receptor repertoire on CD4+CD28null T cells. J Immunol 9"

2002;168:3839-3846. 10"

30. Warrington KJ, Takemura S, Goronzy JJ, Weyand CM. CD4+,CD28- T cells in 11"

rheumatoid arthritis patients combine features of the innate and adaptive immune 12"

systems. Arthritis Rheum 2001;44:13-20. 13"

31. Kennedy MK, Glaccum M, Brown SN, Butz EA, Viney JL, Embers M, Matsuki N, 14"

Charrier K, Sedger L, Willis CR, Brasel K, Morrissey PJ, Stocking K, Schuh JC, Joyce 15"

S, Peschon JJ. Reversible defects in natural killer and memory CD8 T cell lineages in 16"

interleukin 15-deficient mice. J Exp Med 2000;191:771-780. 17"

32. Michaud A, Dardari R, Charrier E, Cordeiro P, Herblot S, Duval M. IL-7 enhances 18"

survival of human CD56bright NK cells. J Immunother 2010;33:382-390. 19"

33. Li J, Ley K. Lymphocyte migration into atherosclerotic plaque. Arterioscler Thromb 20"

Vasc Biol 2015;35:40-49. 21"

34. Broux B, Mizee MR, Vanheusden M, van der Pol S, van Horssen J, Van Wijmeersch B, 22"

Somers V, de Vries HE, Stinissen P, Hellings N. IL-15 amplifies the pathogenic 23"

properties of CD4+CD28- T cells in multiple sclerosis. J Immunol 2015;194:2099-2109. 24"



"

" 25 

35. Houtkamp MA, van Der Wal AC, de Boer OJ, van Der Loos CM, de Boer PA, Moorman 1"

AF, Becker AE. Interleukin-15 expression in atherosclerotic plaques: an alternative 2"

pathway for T-cell activation in atherosclerosis? Arterioscler Thromb Vasc Biol 3"

2001;21:1208-1213. 4"

36. Yamada H, Kaibara N, Okano S, Maeda T, Shuto T, Nakashima Y, Okazaki K, Iwamoto 5"

Y. Interleukin-15 selectively expands CD57+ CD28- CD4+ T cells, which are increased 6"

in active rheumatoid arthritis. Clin Immunol 2007;124:328-335. 7"

37. van Es T, van Puijvelde GH, Michon IN, van Wanrooij EJ, de Vos P, Peterse N, van 8"

Berkel TJ, Kuiper J. IL-15 aggravates atherosclerotic lesion development in LDL 9"

receptor deficient mice. Vaccine 2011;29:976-983. 10"

38. Damas JK, Waehre T, Yndestad A, Otterdal K, Hognestad A, Solum NO, Gullestad L, 11"

Froland SS, Aukrust P. Interleukin-7-mediated inflammation in unstable angina: possible 12"

role of chemokines and platelets. Circulation 2003;107:2670-2676. 13"

39. Fleischmann R, Mysler E, Hall S, Kivitz AJ, Moots RJ, Luo Z, DeMasi R, Soma K, 14"

Zhang R, Takiya L, Tatulych S, Mojcik C, Krishnaswami S, Menon S, Smolen JS, 15"

investigators OS. Efficacy and safety of tofacitinib monotherapy, tofacitinib with 16"

methotrexate, and adalimumab with methotrexate in patients with rheumatoid arthritis 17"

(ORAL Strategy): a phase 3b/4, double-blind, head-to-head, randomised controlled trial. 18"

Lancet 2017;390:457-468. 19"

40. Gladman D, Rigby W, Azevedo VF, Behrens F, Blanco R, Kaszuba A, Kudlacz E, Wang 20"

C, Menon S, Hendrikx T, Kanik KS. Tofacitinib for Psoriatic Arthritis in Patients with 21"

an Inadequate Response to TNF Inhibitors. N Engl J Med 2017;377:1525-1536. 22"

41. Sandborn WJ, Su C, Sands BE, D'Haens GR, Vermeire S, Schreiber S, Danese S, Feagan 23"

BG, Reinisch W, Niezychowski W, Friedman G, Lawendy N, Yu D, Woodworth D, 24"

Mukherjee A, Zhang H, Healey P, Panes J, Octave Induction OI, Investigators OS. 25"



"

" 26 

Tofacitinib as Induction and Maintenance Therapy for Ulcerative Colitis. N Engl J Med 1"

2017;376:1723-1736. 2"

  3"



"

" 27 

8. Figure legends  1"

Figure 1. Effect of IL-7 and IL-15 on CD28null T cell expansion. PBMCs (A-C n=10;) or 2"

CD4+ T cells (D-F n=14) from ACS patients with >3% circulating CD28null T cells were 3"

treated with 50 ng/ml IL-7 or IL-15 for 4 days. (A,D) Illustrative dot plots show CD28null T 4"

cell percentage. (B,E) Graphs show CD28null T cell percentage and (C,F) % increase in 5"

CD28null T cells (calculated as described in Methods) in untreated (w/o) and cytokine-treated 6"

samples.* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001  (paired two-tailed Student’s t 7"

test)   8"

Figure 2. Effect of IL-7 and IL-15 on CD28null T cell activation. PBMCs (A-D) or CD4+ T 9"

cells (E-H) from ACS patients were treated with 50 ng/ml IL-7 or IL-15 for 4 days. The 10"

activation markers CD69 and HLA-DR were analysed on CD28null and CD28pos T cells. 11"

(A,E) Illustrative dot plots display CD69 expression on CD28null and CD28pos T cells; dashed 12"

gates, isotype control antibody (Ctrl). (B,F) Graphs show the percentage of CD69+ cells in 13"

untreated samples (w/o) or after cytokine treatment (B n=8; F n=10). (C,G) Illustrative dot 14"

plots display HLA-DR expression on CD28null and CD28pos T cells; dashed gates, isotype 15"

control antibody (Ctrl). (D, H) Graphs show the percentage of HLA-DR+ cells in untreated 16"

samples (w/o) or after cytokine treatment (D n=6; H n=10). * p<0.05;** p<0.01; ns, not 17"

significant (two-tailed Wilcoxon matched-pairs signed rank test)  18"

Figure 3. Effect of IL-7 and IL-15 on CD28null T cell proliferation. CD4+ T cells from 19"

ACS patients were labelled with CFSE and cultured in the presence of 10 or 50 ng/ml IL-7 or 20"

IL-15 for 5 days. (A) Histograms illustrate CFSE fluorescence in CD28null and CD28pos T 21"

cells following treatment with 10 ng/ml IL-7 or IL-15. The percentage of cells that have 22"

proliferated (diluted CFSE) is indicated above the linear gates. (B) Proliferation of CD28null 23"

and CD28pos T cells in untreated samples (w/o) and after cytokine treatment (n=8). (C) 24"
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Histograms show CFSE fluorescence of CD28null (blue) and CD28pos (black) T cells treated 1"

with the indicated cytokines. * p<0.05; ** p<0.01 (paired two-tailed Student’s t test) 2"

Figure 4. Effect of IL-7 or IL-15 on the production of granzyme B and degranulation of 3"

CD28null T cells. PBMCs (A,B n=8) or CD4+ T cells (C,D n=10) from ACS patients were 4"

treated with 50 ng/ml IL-7 or IL-15 for 4 days. (A,C) Illustrative dot plots show Granzyme B 5"

(GzB) expression in CD28null T cells; dashed gates, isotype control antibody (Ctrl). The 6"

graphs depict percentages of GzB+ cells in untreated samples (w/o) and after cytokine 7"

treatment. (B,D) Histograms showing GzB expression in CD28null T cells; dashed histograms, 8"

isotype control antibody. The numbers indicate the mean fluorescence intensities (MFI) in 9"

cells cultured alone (w/o) or with cytokines. The graphs show GzB levels (MFI) in untreated 10"

and cytokine-treated cells. ** p<0.01 (two-tailed Wilcoxon matched-pairs signed rank test). 11"

a.u., arbitrary units (E) CD4+ T cells (n=7) were cultured alone (w/o) or with 50 ng/ml IL-7 12"

or IL-15 for 4 days. On day 4 cells were stimulated with anti-CD3 antibodies (aCD3) for 4 13"

hours as indicated and degranulation was quantified with CD107a (detailed in Methods). 14"

Illustrative dot plots show CD107a expression in CD28null T cells; dashed gates, isotype 15"

control antibody (Ctrl); the graph displays the percentage of CD28null T cells expressing 16"

CD107a (mean±SEM). *a p<0.05 (aCD3 only or IL-15 only vs. w/o); ****b p<0.0001 17"

(aCD3+IL-7 or aCD3+IL-15 vs. aCD3) (two-way ANOVA with post-test Tukey for multiple 18"

comparisons) 19"

Figure 5. Effect of IL-7 or IL-15 on the production of TNF-α by CD28null T cells. CD4+ T 20"

cells (n=10) from ACS patients were treated with 50 ng/ml IL-7 or IL-15 for 3 days. A. 21"

Illustrative dot plots and graphs display the percentage of TNF-α+CD28null (top) and 22"

TNF-α+CD28pos (bottom) T cells in untreated samples (w/o) and after cytokine treatment; 23"

dashed gates, isotype control antibody (Ctrl). B. The histograms and graphs show TNF-α 24"

expression levels by CD28null (top) and CD28pos (bottom) T cells with or without (w/o) 25"
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cytokine treatment; dashed histograms, isotype control antibody; the numbers indicate the 1"

mean fluorescence intensities (MFI) for each treatment. A-B * p<0.05; ** p<0.01; ns, not 2"

significant (two-tailed Wilcoxon matched-pairs signed rank test). a.u., arbitrary units C. The 3"

bar graph shows TNF-α levels in media from CD4+ T cells (n=9) cultured with cytokines as 4"

above (mean±SEM). ** p<0.01 (one-way ANOVA with post-test Bonferroni for multiple 5"

comparisons) 6"

Figure 6. Effect of IL-7 or IL-15 on the production of IFN-γ by CD28null T cells. CD4+ T 7"

cells from ACS patients (n=10) were treated with 50 ng/ml IL-7 or IL-15 for 3 days. A. 8"

Illustrative dot plots and graphs display the percentage of IFN-γ+CD28null (top) and 9"

IFN-γ+CD28pos (bottom) T cells in untreated samples (w/o) and after cytokine treatment; 10"

dashed gates, isotype control antibody (Ctrl). B. The histograms and graphs show IFN-γ 11"

expression levels by CD28null (top) and CD28pos (bottom) T cells with or without (w/o) 12"

cytokine treatment; dashed histograms, isotype control antibody; the numbers indicate the 13"

mean fluorescence intensities (MFI) for each treatment. A-B * p<0.05; ** p<0.01; ns, not 14"

significant (two-tailed Wilcoxon matched-pairs signed rank test). a.u., arbitrary units C. The 15"

bar graph shows IFN-γ levels in media from CD4+ T cells (n=9) cultured with cytokines as 16"

above (mean±SEM). ** p<0.01; ns, not significant (one-way ANOVA with post-test 17"

Bonferroni for multiple comparisons) 18"

Figure 7. Blockade of IL-7/IL-15 signalling with the JAK1/JAK3 selective inhibitor 19"

Tofacitinib prevents CD28null T cell expansion. Fresh peripheral blood samples from ACS 20"

patients (n=10) were stained with CD4, CD28, CD122, CD127, CD132 and CD215 21"

monoclonal antibodies. Illustrative dot plots (A) and graphs (B) show the percentage of 22"

CD28null and CD28+ T cells expressing CD122, CD132, CD127 and CD215; dashed gates, 23"

isotype control antibody (Ctrl). CD4+ T cells from ACS patients (n=10) were cultured alone 24"

(w/o) or treated with 50 ng/ml IL-7 or IL-15 for 3-4 days and expression of CD127 and 25"
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CD215 was analysed on CD28null and CD28pos T cells. Illustrative dot plots and graphs 1"

display the percentage of CD127+ cells (C,D), and CD215+ cells (E,F) in CD28null and 2"

CD28pos T cells; dashed gates, isotype control antibody (Ctrl). (G) Baseline levels of 3"

phosphorylated STAT5 (pSTAT5) were quantified using the PhosFlow Method (described in 4"

Methods); black and dashed histograms, isotype control antibody; the numbers indicate the 5"

mean fluorescence intensity (MFI). Illustrative histograms and bar graph display the 6"

expression levels (MFI) of pSTAT5 in CD28null and CD28+ T cells (n=6; mean±SEM). (H) 7"

CD4+ T cells from ACS patients (n=10) were cultured alone (w/o) or treated with 50 ng/ml 8"

IL-7 or IL-15 in the presence or absence of 100 nM Tofacitinib (Tofa) for 7 days. Graphs 9"

show the fold change in the percentage of CD28null or CD28+ T cells (mean±SEM). * p<0.05; 10"

** p<0.01; *** p<0.001; **** p<0.0001 (B) two-tailed Mann-Whitney test; (D,F) two-tailed 11"

Wilcoxon matched-pairs signed rank test; (G) paired two-tailed Student’s t test; (H) two-way 12"

ANOVA with post-test Bonferroni for multiple comparisons 13"
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2. Supplemental Figure legends 
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Supplemental Table 1. ACS patients’ characteristics (data included in Figures 1-7 

and Supplemental Figures 1-12)  

 ACS patients 
Number (n) 83 

Age, years (mean±SD) 64±13 

Gender % (male/female) 77/23 

Ethnicity % (C/A/B/O)* 64/24/4/8 

Body mass index (mean±SD) 26.74±5.63 

Family history of CAD (%) 36 

Diabetes (type 2) (%) 24 

Hypertension (%) 48 

Current smoking (%) 33 

Hypercholesterolemia (%) 36 

Prior MI† (%) 14 

Prior CABG‡ (%) 4 

Prior PCI§ (%) 8 

Type of MI % (STEMI/NSTEMI)!! 90/10 

Cholesterol (mmol/L) (mean±SD) 4.85±1.14 

LDL# (mmol/L) (mean±SD) 2.81±1.00 

HDL** (mmol/L) (mean±SD) 1.35±0.61 

Triglycerides 1.54±1.70 

Aspirin (prior to admission, %) 20 

Statin (prior to admission, %) 23 

*C/A/B/O, Caucasian/Asian/Black/Other; †MI, myocardial infarction; ‡CABG, coronary 

artery bypass grafting; §PCI, percutaneous coronary intervention; !!STEMI, ST-segment 

elevation MI; #LDL, low-density lipoprotein; **HDL, high-density lipoprotein 
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Supplemental Table 2. ACS patients’ characteristics (data included in Supplemental 

Figure 13) 

 ACS>3% CD28null ACS<2% CD28null 
Number (n) 38 38 

Age, years (mean±SD) 65±13 60±13 

Gender % (male/female) 71/29 79/21 

Ethnicity % (C/A/B)* 58/40/2 82/16/2 

Body mass index (BMI, mean±SD) 25.24±4.01 27.42±4.42 

Family history of CAD (%) 50 45 

Diabetes (type 2) (%) 26 29 

Hypertension (%) 42 55 

Current smoking (%) 34 42 

Hypercholesterolemia (%) 24 26 

Prior MI† (%) 11 16 

Prior CABG‡ (%) 5 8 

Prior PCI§ (%) 5 10 

Type of MI % (STEMI/NSTEMI)!! 95/5 97/3 

Cholesterol (mmol/L) (mean±SD) 4.71±1.02 4.67±0.93 

LDL# (mmol/L) (mean±SD) 2.79±0.88 2.95±0.91 

HDL** (mmol/L) (mean±SD) 1.32±0.37 1.10±0.23 

Triglycerides 1.28±0.88 1.53±1.23 

Aspirin (prior to admission, %) 16 13 

Statin (prior to admission, %) 18 23 

*C/A/B, Caucasian/Asian/Black; †MI, myocardial infarction; ‡CABG, coronary artery 

bypass grafting; §PCI, percutaneous coronary intervention; !!STEMI, ST-segment 

elevation MI; #LDL, low-density lipoprotein; **HDL, high-density lipoprotein; BMI 

(p<0.05); no other significant differences were identified between the two groups 
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Supplemental Figures Legends 

Supplemental Figure 1. Illustration of the gating strategy for quantification of 

CD28null T cells in fresh peripheral blood samples and cultured cells from acute 

coronary syndrome (ACS) patients. (A) Circulating CD4+CD28null (CD28null) T cells 

were quantified in fresh peripheral blood samples from ACS patients by staining with 

CD4-FITC and CD28-APC monoclonal antibodies. Illustrative dot plots showing gating of 

lymphocytes, CD4+ T cells and CD28null T cells in samples with >3% (top) and <2% 

(bottom) circulating CD28null T cells. The frequency of CD28null T cells was calculated as 

percentage of CD4+ T cells (details in Supplemental Methods). (B) Peripheral blood 

mononuclear cells from ACS patients were cultured alone (w/o, top) or in the presence 

IL-7 (middle) or IL-15 (bottom) for 4 days and stained with CD4-FITC, CD28-APC, 

CD14-PE and 7-AAD. Illustrative dot plots showing the gating strategy: following gating 

of lymphocytes, CD4+ T cells and exclusion of dead cells (live CD4+ T cells), CD28 

expression was used to gate CD28null T cells. (C) CD4+ T cells from ACS patients were 

cultured alone (w/o, top) or in the presence IL-7 (middle) or IL-15 (bottom) for 4 days and 

stained with CD4-FITC, CD28-APC, CD14-PE and 7AAD. Illustrative dot plots showing 

the gating strategy: following gating of lymphocytes, CD4+ T cells and exclusion of dead 

cells, CD28 expression was used to gate CD28null T cells. Data included in panels A, B, C 

is representative of more than n=10 different ACS patients 

Supplemental Figure 2. Effect of inflammatory cytokines on CD28null T cell 

expansion. Peripheral blood mononuclear cells from ACS patients with <2% circulating 

CD28null T cells were cultured alone or in the presence of (A) TNF-α (n=8), (B) IL-1β 

(n=6) or (C) IL-6 (n=7) as indicated for up to 7 days. Illustrative dot plots show the 

percentage of CD28null T cells in the analysed samples. Graphs show the percentage of 
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CD28null T cells for each cytokine and time point. No significant differences were 

identified (one-way ANOVA with post-test Bonferroni for multiple comparisons) 

Supplemental Figure 3. Effect of inflammatory cytokines on CD28null T cell 

expansion. CD4+ T cells from ACS patients with <2% circulating CD28null T cells were 

cultured alone or in the presence of the indicated concentrations of (A) TNF-α (n=7), (B) 

IL-1β (n=6) or (C) IL-6 (n=6) for up to 7 days. Illustrative dot plots show the percentage 

of CD28null T cells in each sample. Graphs show the percentage of CD28null T cells for 

each time point. No significant differences were identified (one-way ANOVA with post-

test Bonferroni for multiple comparisons) 

Supplemental Figure 4. Effect of inflammatory cytokine combinations on CD28null T 

cell expansion. Peripheral blood mononuclear cells from ACS patients (n=5) with <2% 

circulating CD28null T cells were cultured alone (w/o) or in the presence of different 

combinations of inflammatory cytokines (10 ng/ml TNF-α, 10 ng/ml IL-1β, 100 ng/ml 

IL-6) as indicated for up to 7 days. (A) Illustrative dot plots show the percentage of 

CD28null T cells in each sample. (B) Graphs show the percentage of CD28null T cells for 

each time point (mean±SEM) 

Supplemental Figure 5. Effect of inflammatory cytokines on CD28null T cell 

expansion. PBMCs (A-C, n=6) or CD4+ T cells (D-F, n=6) from ACS patients with >3% 

circulating CD28null T cells were cultured alone (w/o) or in the presence of (A,D) TNF-α, 

(B,E) IL-1β or (C,F) IL-6 as indicated for up to 7 days. Illustrative dot plots show the 

percentage of CD28null T cells in the analysed samples. Graphs show the percentage of 

CD28null T cells for each cytokine and time point. No significant differences were 

identified (one-way ANOVA with post-test Bonferroni for multiple comparisons) 
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Supplemental Figure 6. Effect of different concentrations of IL-7 and IL-15 on 

CD28null T cell expansion at different time points. Peripheral blood mononuclear cells 

(A-D n=7) or CD4+ T cells (E,F n=7) from ACS patients with >3% circulating CD28null T 

cells were treated with 10 ng/ml or 50 ng/ml IL-7 or IL-15 for up to 7 days. (A,C,E) 

Illustrative dot plots show the percentage of CD28null T cells. (B,D,F) Graphs show the 

percentage of CD28null T cells in untreated samples (w/o) or after treatment with IL-7 or 

IL-15.* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (paired two-tailed Student’s t 

test)  

Supplemental Figure 7. Effect of IL-7 and IL-15 on CD28null T cell expansion. 

Peripheral blood mononuclear cells (n=10) from ACS patients with <2% circulating 

CD28null T cells were treated with 10 ng/ml or 50 ng/ml IL-7 or IL-15 for 4 and 7 days. 

(A,C) Illustrative dot plots display CD28null T cell percentage following (A) IL-7 and (C) 

IL-15 treatment at the indicated time points. (B,D) Graphs show CD28null T cell percentage 

in untreated samples (w/o) or after treatment with the indicated concentrations of (B) IL-7 

or (D) IL-15. * p<0.05; ** p<0.01; ns, not significant (paired two-tailed Student’s t test) 

Supplemental Figure 8. Effect of IL-7 and IL-15 on CD28null T cell expansion.  CD4+ 

T cells from ACS patients with <2% CD28null T cells were treated with 10 ng/ml or 50 

ng/ml IL-7 or IL-15 for 4 (n=8), 7 (n=8) or 11 (n=6) days. (A,C) Illustrative dot plots show 

the percentage of CD28null T cells following (A) IL-7 and (C) IL-15 treatment at the 

indicated time points. Graphs display the percentage of CD28null T cells in untreated 

samples (w/o) or after treatment with the indicated concentration of (B) IL-7 or (D) IL-15. 

* p<0.05; ** p<0.01; ns, not significant (paired two-tailed Student’s t test)  

Supplemental Figure 9. Effect of inflammatory cytokines on CD28null T cell 

activation. CD4+ T cells from ACS patients (n=6) were cultured alone (w/o) or treated 

with 10 ng/m TNF-α, 10 ng/m IL-1β, or 100 ng/m IL-6 for 4 days. The activation markers 
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CD69 and HLA-DR were analysed on CD28null and CD28pos T cells. Graphs show the 

percentage of CD69+ cells (A) or HLA-DR+ cells (B) in cytokine-treated and untreated 

samples. No significant differences were identified (two-tailed Wilcoxon matched-pairs 

signed rank test) 

Supplemental Figure 10. Effect of IL-7 and IL-15 on expression of chemokine 

receptors by CD28null T cells. CD4+ T cells from ACS patients (n=10) were cultured 

alone (w/o) or treated with 50 ng/ml IL-7 or IL-15 for 3-4 days. Expression of CCR5 and 

CXCR3 was analysed on CD28null and CD28pos T cells. Illustrative dot plots and graphs 

display the percentage of CCR5+ cells (A,B) and CXCR3+ cells (C,D) in CD28null and 

CD28pos T cells; dashed gates, isotype control antibody (Ctrl). ** p<0.01 (two-tailed 

Wilcoxon matched-pairs signed rank test) 

Supplemental Figure 11. Effect of IL-7 and IL-15 on expression of memory markers 

by CD28null T cells. CD4+ T cells from ACS patients (n=10) were cultured alone (w/o) or 

treated with 50 ng/ml IL-7 or IL-15 for 3-4 days. Expression of CD62L, CCR7, CD45RA 

and CD45RO was analysed on CD28null and CD28pos T cells. Illustrative dot plots and 

graphs display the percentage of CD45RA+CD62L+, CD45RA-CD62L+, CD45RA-CD62L- 

and CD45RA+CD62L- cells (A,B); CD45RA+CCR7+, CD45RA-CCR7+, CD45RA-CCR7- 

and CD45RA+CCR7- cells (C,D); and CD45RA+CD45RO-, CD45RA+CD45RO+ and 

CD45RA-CD45RO+ cells (E,F) in CD28null and CD28pos T cells (mean±SEM); dashed 

gates, isotype control antibody (Ctrl). No significant differences were identified (two-way 

ANOVA with post-test Bonferroni for multiple comparisons) 

Supplemental Figure 12. Comparison of different concentrations of IL-7 or IL-15 on 

CD28null T cell proliferation at different time points. CD4+ T cells from ACS patients 

(n=5) were labelled with CFSE and cultured in the presence of 10 or 50 ng/ml IL-7 (A) or 

IL-15 (B) up to 7 days. Graphs show proliferation of CD28null and CD28pos T cells in 
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untreated samples (w/o) and after cytokine treatment at the indicated time points. * 

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; ns, not significant (paired two-tailed 

Student’s t test)  

Supplemental Figure 13. Cytokine plasma levels in ACS patients. Cytokine levels were 

quantified in EDTA-plasma samples from ACS patients with >3% circulating CD28null T 

cells (with CD28null T cell expansion; n=38) and ACS patients with <2% circulating 

CD28null T cells (without CD28null T cell expansion; n=38). Graphs show the concentration 

of the indicated cytokines in the two study groups (A. IL-7 and IL-15; B. TNF-α, IL-1β 

and IL-6). The horizontal bar indicates the mean concentration. No significant differences 

were identified (two-tailed Mann-Whitney test) 
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