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Abstract

Background and Aims: Differential responsiveness to interleukin [IL]-2 between effector CD4+ T 
cells [Teff] and regulatory T cells [Treg] is a fundamental mechanism of immunoregulation. The single 
nucleotide polymorphism [SNP] rs61839660, located within IL2RA [CD25], has been associated 
with the development of Crohn’s disease [CD]. We sought to identify the T cell immune phenotype 
of IBD patients who carry this SNP.
Methods: Teff and Treg were isolated from individuals homozygous [TT], heterozygous [CT], or wild-
type [CC] for the minor allele at rs61839660, and used for phenotyping [flow cytometry, Cytometry 
Time Of Flight] functional assays or T cell receptor [TCR] sequencing. Phosphorylation of signal 
transducer and activator of transcription 5 [STAT5] was assessed in response to IL-2, IL-7, and in 
the presence of basiliximab, a monoclonal antibody directed against CD25. Teff pro-inflammatory 
cytokine expression levels were assessed by reverse transcription quantitative polymerase chain 
reaction after IL-2 and/or TCR stimulation.
Results: Presence of the minor T allele enhances CD25 expression, leading to increased STAT5 
phosphorylation and pro-inflammatory cytokine transcript expression by Teff in response to IL-2 
stimulation in vitro. Teff from TT individuals demonstrate a more activated gut homing phenotype. 
TCR sequencing analysis suggests that TT patients may have a reduced clonal capacity to mount 
an optimal regulatory T cell response.
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Conclusions: rs61839660 regulates the responsiveness of T cells to IL-2 signalling by modulating 
CD25 expression. As low-dose IL-2 is being trialled as a selective Treg modulator in CD, these findings 
highlight the potential for adverse effects in patients with this genotype.
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1.  Introduction

Crohn’s disease [CD] is a complex immune-mediated disorder with 
polygenic inheritance, in which inappropriate activation of the intes-
tinal immune system in a genetically susceptible individual triggers 
chronic inflammation of the gastrointestinal tract. Despite the iden-
tification of multiple associated genetic polymorphisms,1 few have 
been mapped to a mechanistic pathway and none have yet yielded 
a tractable therapeutic approach for CD patients. Recent years have 
seen an increasing array of treatment options with the advent of 
biologic therapy, including anti-tumour necrosis factor [TNF]-α 
and anti-integrin agents. However, rates of surgery and hospitalisa-
tion for CD patients have not significantly changed in the biologic 
era.2 Therefore, there is a pressing need to explore novel therapeutic 
pathways. The value of a personalised approach to treatment is in-
creasingly recognised, with the aim of targeting a treatment at the 
dominant aberrant pathway in a given patient to maximise efficacy 
and minimise side effects.3 The IL-2 pathway has been identified as 
potentially therapeutically tractable in numerous autoimmune con-
ditions, including inflammatory bowel disease [IBD], with recruit-
ment to a trial of low-dose IL-2 in CD under way [ClinicalTrials.gov 
NCT01988506].

Regulatory [Treg] and effector [Teff] CD4+ T cells are important 
mediators of the immune response in the gut of IBD patients, 
with defects in Treg number and suppressive function noted in the 
lamina propria and peripheral blood of patients with active IBD.4,5 
Additionally, many identified IBD genetic risk loci map to immune 
cell enhancer regions, with particular enrichment in CD4+ T cell en-
hancers.6 Treg are characterised by high constitutive expression of the 
IL-2 receptor alpha chain [IL2RA, CD25], a component of the high-
affinity IL-2 receptor heterotrimer [IL2Rα/β/γ]. The lineage-defining 
transcription factor Forkhead box P-3 [FOXP3] is essential for their 

suppressive phenotype and stability.7,8 An additional defining feature 
of Treg is their low expression, or absence, of the IL-7 receptor alpha 
chain [CD127].9 In homeostatic conditions, IL-2 is mainly produced 
by activated CD4+ T cells in secondary lymphoid organs and is con-
sumed at the same site by cells that express CD25, of which the 
majority are Treg.

10 By contrast, CD4+ Teff express CD25 only after ac-
tivation, and at relatively lower levels compared with Treg, suggesting 
that Treg can preferentially respond to low concentrations of environ-
mental IL-2. This differential responsiveness to IL-2 signalling is an 
important mechanism of immunoregulation.

Over 200 risk loci for IBD have been identified through genome-
wide association studies [GWAS], with many in key regulatory path-
ways.1,11 The single nucleotide polymorphism [SNP] rs61839660 
denotes a cytosine [C] to thymidine [T] base change on chromosome 
10, located within a putative intronic enhancer region [intron 7] of 
IL2RA. rs61839660 was initially identified through GWAS, and is 
one of a minority of SNPs to be confidently resolved through fine-
mapping as a variant highly associated with CD; 9.4% of CD pa-
tients carry the risk allele,12 which equates to almost 18  000 CD 
patients in the UK.13 rs61839660 is also associated with the develop-
ment of other autoimmune conditions including ankylosing spondyl-
itis, psoriasis, and primary sclerosing cholangitis,6,14 demonstrating 
its importance for core immunoregulatory processes.

Previous experimental work has generated conflicting results 
on the effect of rs61839660 on CD25 expression in CD4+ T cells. 
A  study in healthy human volunteers found that carriage of the 
rs61839660 minor allele was associated with increased levels of 
IL2RA messenger mRNA [mRNA] and increased CD25 surface 
expression on CD4+ memory T cells.14 However, contemporaneous 
studies in which rs61839660 was delivered into murine CD4+ T cells 
via CRISPR-based methods, in addition to studies of healthy human 
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carriers, reported that the minor variant of rs61839660 was associ-
ated with reduced CD25 transcript levels in CD4+ T cells stimulated 
with anti-CD3/CD28.15 This group hypothesised, therefore, that 
rs61839660 impairs the function of the intronic enhancer that regu-
lates CD25 expression in response to T cell receptor [TCR] stimu-
lation of Teff. We sought to define the immune phenotype associated 
with rs61839660 in CD patients, with the aim of understanding po-
tential therapeutic targets in this patient cohort.

2.  Materials and Methods

Due to the Covid-19 pandemic and the closure of many patient-
facing services in the UK, we were unable to source TT homozy-
gote patient samples for certain experiments included in our study. 
Specifically, at certain times during which our work was carried out, 
the UK-wide IBD BioResource, upon which this study is based, was 
unable to continue recruitment based on UK Government legislation. 
Therefore, we were obliged to focus certain experiments on patients 
who are heterozygous for the minor risk allele at rs61839660, which 
represents nearly 10% of all patients with Crohn’s disease world-
wide. The data from these experiments are presented in Figures 3 
and 4 of this study.

Ethics approval for human blood and tissue collection was 
obtained from NRES Committee – London Riverside [REC refer-
ence: 15/LO/0151] and Guy’s and St Thomas’ NHS Trust R&D 
[R&D REF: RJ115/N122].

Permission was obtained from the NIHR IBD Bioresource to 
conduct a study of Treg/Teff phenotype and function in patients and 
healthy controls [HC] carrying the CD-associated single nucleotide 
polymorphism [SNP] rs61839660. Individuals homozygous [TT], 
heterozygous [CT], or wild-type [CC] voluntarily provided a whole 
blood sample. Baseline clinical information collected included age, 
gender, disease duration and location, and treatment history.

2.1.  Peripheral blood mononuclear cell isolation
Peripheral blood was layered over Lymphocyte Separation Medium 
[LSM 1077; PAA] followed by centrifugation at 2000  rpm for 
30 min at 20°C with slow acceleration and no brake. The interface 
was aspirated and washed with sterile PBS at 1800 rpm for 10 min 
at 4°C with normal acceleration and deceleration. Cell count and 
viability were confirmed with trypan blue staining [Sigma-Aldrich].

2.2.  Cell sorting
A proportion of peripheral blood mononuclear cells [PBMCs] were 
stained with Human Regulatory T Cell Sorting Kit [BD Biosciences, 
San Diego, CA, USA], according to the manufacturer’s instructions. 
Enriched CD4+ cells were labelled with mouse anti-human CD4-
PerCpCy5.5 [clone L200], anti-CD25-phyroerythrin [PE] [clone 
2A3], anti-CD127-AlexaFluor 647 [clone 40131.111], and CD45RA-
FITC [clone HI100]. Cells were sorted into CD4+CD25hiCD127lo Treg 
and CD25loCD127hi Teff on a FACSAria [BD Biosciences]. A FOXP3 
stain was performed to ensure that the flow sort was selecting a true 
Treg population [gating strategy, Supplementary Figure 1, available as 
Supplementary data at ECCO-JCC online].

2.3.  Functional pSTAT5 assays
To ascertain the functional relevance of rs61839660, pSTAT5 assays 
were performed on sorted Treg and Teff of subjects of each genotype. 
PBMCs were defrosted the day before the experiment and rested 
overnight in XVIVO-15 [Lonza], at 37°C, 5% CO2. On the day 

of the experiment, cells were counted and 4 x 106 were kept aside 
for cytometry time of flight [CyTOF] staining. The remainder were 
washed and stained for flow sorting as described above. Treg and Teff 
from each sample were sorted into XVIVO-15 and taken forward 
into the pSTAT5 assay.

In the first experimental phase, the assay was optimised on Treg 
and Teff sorted from a healthy control [HC] [blood bank cone]. Three 
concentrations of recombinant human [rh]IL-2 were used [1, 10, or 
100 IU/ml per 1 x 105 cells] and each concentration was assessed at 
three time points [15, 20, and 30 min]. An unstimulated sample was 
run in parallel. 10 IU/ml IL-2 for 15 min yielded a robust pSTAT5 re-
sponse, but not the maximal response. This was selected as the most 
appropriate initial concentration to assess pSTAT5 response without 
saturating the pathway, to permit discrimination of differences in Treg 
and Teff responses.

As a control, 1 x 105 sorted Treg and Teff from each subject were 
stimulated with recombinant human IL-7 across a logarithmically 
increasing dose range of concentrations [0, 1, 10, 100 IU/ml] under 
the same conditions. We hypothesised that, as IL-7 signals through 
CD127 and not through CD25, there should be no difference in the 
pSTAT5 response seen across genotypes.

For STAT5 phosphorylation assays, the BD Phosphoflow 
Protocol for human PBMCs was followed. Cells were washed, 
re-suspended in X-VIVO15, and rested for 1 h at 37°C, 5% CO2, 
before stimulation with IL-2 for 15 min in a 37°C water bath. Cells 
were fixed with warmed Cytofix buffer and incubated at 37°C for 
10 min, then centrifuged at 600 x g for 5 min, supernatant discarded, 
and re-suspended in 100 μl Perm Buffer III. Cells were transferred 
to a 96-well v bottom plate and incubated on ice for 30 min, be-
fore washing and staining with 1 µl pSTAT5 AF488 (BD, clone 47/
Stat5[pY694]) in 10  μl Stain Buffer, and incubated at room tem-
perature for 60 min. Finally, cells were washed and re-suspended in 
100 μl of PBS for acquisition on a Fortessa [BD]. Standardised ac-
quisition settings were put in place and used in all subsequent experi-
ments. Gates for the pSTAT5-positive population were set against an 
fluorescence minus one [FMO] control and the unstimulated sample.

2.4.  Assessment of pro-inflammatory cytokine 
transcript expression by CD4+ Teff in response to IL-2 
and acute T cell receptor stimulation.
Teff were isolated by fluorescence-activated cell sorting [FACS] as de-
scribed. Cells were cultured at 37oC/5% CO2 at a density of 4 x 
105–1 x 106 cells / ml in U bottom 96-well cell culture plates [Corning 
Costar] for 24 h with 0, 1, 10, or 100 IU/ml rhIL-2 in 200 µl RPMI 
[Gibco] + 10% fetal calf serum [FCS] + 2 mM L-glutamine + 10 mM 
HEPES + 1 x non-essential amino acids + 1 mM sodium pyruvate + 50 
U/ml penicillin + 50 µg/ml streptomycin + 50µM β-mercaptoethanol. 
Following this, cultures were transferred to wells of a 96-well flat-
bottom plate, pre-coated with the indicated concentrations of αCD3 
[clone OKT3] and αCD28 [clone CD28.2], and briefly centrifuged 
to quickly settle the cell layer. Following 6  h of culture, samples 
were removed from the activation plates, washed in ice-cold 1 x PBS 
[without Ca2+/Mg2+], re-suspended in 700 µl Qiazol [Qiagen], incu-
bated for 30 min at room temperature, vortexed thoroughly for 15 s 
and frozen at -70oC for a minimum of 24 h before further use.

2.5.  Reverse-transcription quantitative polymerase 
chain reaction
Teff frozen in Qiazol were defrosted and RNA was isolated and 
purified via chloroform extraction using the miRNeasy Micro Kit, 
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following the manufacturer’s protocol for isolation of total RNA 
from small samples [Qiagen]. RNA concentration was quantified 
using a Nanodrop spectrophotometer [Thermofisher Scientific]; 
100 ng of total RNA per sample was reverse-transcribed using the 
RevertAid First Strand cDNA Synthesis Kit and random hexamer 
primers according to the manufacturer’s protocol. Quantitative 
polymerase chain reaction [qPCR] was performed using a ViiA 7 
real-time PCR thermocycler [Applied Biosystems] in a final volume 
of 10  µl, using the 2 x Maxima probe/ROX qPCR Master Mix 
[Thermofisher Scientific] and the cDNA equivalent of 5  ng total 
RNA per sample. Detection of transcripts for pro-inflammatory 
cytokines was carried out using FAM-labelled 20 x TaqMan probe 
assays [Thermofisher Scientific] for IFNG [assay ID: HS00989291_
m1] and TNF [assay ID: HS00174128_m1] and relative expression 
of each gene was calculated using the comparative cycle threshold 
[Ct] method [2-ΔCt] using GAPDH [assay ID: HS99999905_m1] as 
the endogenous reference control. Reactions were run in duplicates 
and the average Ct value for each reaction was used for analysis.

2.6.  Basiliximab suppression assays
Optimisation work was performed to identify basiliximab con-
ditions that would permit discrimination of CD25 blockade and 
subsequent pSTAT5 suppression between samples [HC blood bank 
cone, two replicates performed]. Basiliximab doses of between 0.001 
and 10 µg/ml have been reported to cause marked CD25 blockade 
and thus reduction of lymphocyte proliferation when applied for up 
to 48 h to cell culture.16,17 Trials were performed using 0.01, 0.1, and 
1.0 µg/ml basiliximab to sorted Treg or Teff in culture. Following the 
defined treatment period, cells were stimulated with 0–100 IU/ml 
IL-2 and the functional pSTAT5 assay was performed as described 
above. An untreated sample was used as a control. A 6-h application 
of 0.1 and 1.0 µg/ml basiliximab caused marked, but not complete, 
pSTAT5 suppression, and were taken forward into assays on patient 
samples.

2.7.  Assessment of Treg phenotype using CyTOF
A Cytometry Time of Flight [CyTOF] mass cytometry technique 
was employed to allow in-depth multi-parameter assessment of the 
Treg phenotype. Two panels [Supplementary Figure 3, available as 
Supplementary data at ECCO-JCC online] were designed to as-
sess Treg trafficking capacity [Panel  1] and Treg suppressive ability 
[Panel 2]. The panels were extensively optimised and dose titration 
of each antibody was performed on PBMCs isolated from a blood 
bank cone, with all experiments performed on the same cone to 
minimise donor variability in marker expression. Antibodies were 
sourced from Fluidigm and have been validated for human use as 
per the manufacturer.

Cells for CyTOF staining were defrosted the day before the ex-
periment and rested overnight in complete RPMI supplemented with 
10% FCS at 37°C, 5% CO2. Cells were washed and dispersed into 
FACS staining tubes at 2 x 106 cells per panel. A cisplatin viability 
stain was performed (cells re-suspended in 1 ml PBS, with 1 μl of 
cisplatin for 5 min, then reaction quenched with 3 ml MACS buffer, 
which was used as the cell staining medium [CSM] for all CyTOF ex-
periments). Cells were then centrifuged at 400 x g for 5 min at room 
temperature, supernatant discarded, pellet dispersed, and 4  μl of 
FC block [MACS, Miltenyi Biotec] applied per sample. Conjugated 
antibodies were purchased from Fluidigm. Unconjugated antibodies 
were purchased from Biolegend and conjugated to the requisite 
metal isotopes using MaxPar labelling kits [Fluidigm]. A  master 
mix of the extracellular CyTOF antibodies was made up for each 

panel and the samples were stained in a total volume of 100 μl for 
30 min at room temperature. Following staining, cells were washed 
with CSM and re-suspended in fix/perm buffer [eBioscience FOXP3/
Transcription factor staining buffer set] followed by a 1-h incubation 
at room temperature. Cells were washed with 1x permeabilisation 
buffer and stained with intracellular/transcription factor antibody 
master mix for 30 min at room temperature. Cells were then washed 
again with 1x permeabilisation buffer and re-suspended in 500 μl 
of 2% paraformaldehyde [PFA], left at room temperature for 1 h, 
and refrigerated overnight. On the day of acquisition, the cells were 
pelleted, washed, and resuspended in 1x Ir [Iridium] intercalator so-
lution for 30 min; this acted as a DNA/final viability stain. After two 
further PBS washes, cells were re-suspended in water at a maximal 
concentration of 5 x 105 with an internal bead standard [DVS EQ 
beads, Fluidigm].

2.8.  Analysis of CyTOF data
Raw FCS files were normalised using Fluidigm CyTOF Software 
[https://www.fluidigm.com/software]. Data were uploaded to 
Cytobank [https://mrc.cytobank.org] and standard pre-processing 
performed to remove debris, doublets, beads, and dead cells. CD4+ T 
Cells were manually gated and used as a starting population for the 
automated unsupervised analysis.

Cytobank’s implementation of the t-Distributed Stochastic 
Neighbour Embedding [t-SNE] algorithm [known as viSNE]18 was 
used to transform the data to two dimensions, while still conserving 
the high dimensional structure of the data. The resulting t-SNE1 and 
t-SNE2 dimensions were then inputted into a clustering algorithm-
spanning tree-progression analysis of density normalised events 
[SPADE; available on Cytobank],19 which extracts a cellular hier-
archy from high-dimensional cytometry data and presents the popu-
lations in a branched tree diagram.

Cluster frequencies were quantified based on SPADE population 
clusters, and different cell populations were identified based on the 
median expression of known markers using our in-house developed 
pipeline [CytoClustR; https://github.com/kordastilab/cytoClustR]. 
For example, Treg and Teff nodes were identified in the SPADE tree 
based on the expression of CD127, CD25, and FOXP3. Further 
populations were identified within the Treg and Teff nodes, based on 
differential expression of one or more of the rest of the markers 
within those populations. Both marker expressions and cell abun-
dances were analysed with one-way analysis of variance [ANOVA] 
for differences between the genotype groups for each identified 
population.

To quantify similarity/difference between the populations as 
well as expression of different markers, marker enrichment mod-
elling [MEM] scores were calculated for each identified population 
and the output was visualised using heatmaps. The MEM algo-
rithm objectively describes characteristics of cell populations using 
large numbers of markers, rather than a few most differentially ex-
pressed, and provides each marker with a score which denotes its 
expression level.20

2.9.  TCR sequencing
2.9.1.  RNA extraction
1 x 105 Treg and Teff were FACS-purified [BD Aria II] into TRIzol 
LS reagent [Invitrogen]. Total RNA was extracted as per the 
manufacturer’s instructions. To aid the precipitation of RNA, 
GlycoBlue™ Coprecipitant [Invitrogen] was used as per the 
manufacturer’s instructions. Processed samples were assessed for 
RNA integrity with an Agilent RNA 6000 Pico Kit in conjunction 
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with an Agilent 2100 Bioanalyser. RNA concentration was quan-
tified using a Qubit RNA HS Assay Kit [Invitrogen] and a Qubit 
analyser. Paired samples with RIN >9 were shipped to iRepetoire 
[iRepertoire Inc., Huntsville, AL] for TCR beta chain amplification 
and sequencing.

2.9.2.  Library construction procedure
For the construction of human TCR beta chain libraries, iRepertoire 
used amplicon rescued multiplex PCR [arm-PCR] to amplify each 
of the 18 submitted RNA samples. The cDNA synthesis protocol 
involved initial first-round reverse transcriptase [RT]-PCR using 
high concentrations of gene-specific primers [iRepertoire’s HTBI-M 
primers], followed by Beckman Coulter’s SPRIselect bead-cleanup 
procedure, then PCR2 using universal primers to amplify the cDNA 
exponentially.

2.10.  Statistical analysis
Flow cytometric data were analysed with FlowJo 10.6.0 for MacOsX. 
Statistical analysis was performed with GraphPad Prism 8.4.1 for 
MacOsX. Normality was assessed using D’Agostino Pearson testing. 
Continuous data are presented as mean ± standard error of the mean 
for normally distributed variablesand as medians and interquartile 
ranges for skewed variables. Comparison of central tendency was 
performed using paired parametric and non-parametric tests as ap-
propriate [t test or Wilcoxon signed rank test, respectively]. Similarly, 
multiple means [or ranks] were compared by one- or two-way 
ANOVA or Kruskal‐Wallis tests, as appropriate. For comparison of 
matched values, the Wilcoxon matched pairs signed rank test was 
used. The Mann‐Whitney test with a two-tailed p-value was used 
to determine significance level in all unmatched values. The TT, CT, 
and CC groups were matched by age and gender. For all significance 
testing, alpha was set to 0.05.

3.  Results

3.1.  rs61839660 modulates the expression of CD25 
on CD4+ T cell subsets
We sought to investigate the effect of rs61839660 on CD25 cell sur-
face expression, downstream signalling, and effector cell function. 
We obtained peripheral blood samples from genotyped CD patients 
and healthy controls, either homozygous minor allele [TT], homozy-
gous major allele [CC], or heterozygous [CT], for rs61839660 from 
the National Institute of Health Research [NIHR] Inflammatory 
Bowel Disease BioResource,21 a UK-based biobank which holds 
demographic and genetic information pertaining to almost 50 000 
IBD patients. Patient demographics are summarised in Table 1. 

There were no significant differences between genotype groups in 
terms of age, sex, or disease distribution. There was no difference in 
rates of medication use or need for surgery, suggesting that minor 
allele carriers do not have a more severe disease phenotype.

CD4+ Treg and Teff were sorted by flow cytometry [Supplementary 
Figure 1]. We demonstrated increased CD25 cell surface expression 
in CD patients and healthy controls, specifically on Teff of TT pa-
tients as measured by mean fluorescence intensity [MFI] of flow 
cytometry staining [Figure 1a], compared with CC subjects. There 
was a non-significant trend for increased CD25 expression on Treg 
in TT patients [Figure 1b] as well as a non-significant trend towards 
enhanced CD25 expression on Teff and Treg from CT heterozygote 
carriers of the minor allele at rs61839660 [Figure 1a, b, and d]. The 
ratio of Treg:Teff CD25 expression was significantly reduced in TT 
patients [Figure 1c] compared with CC patients. No difference was 
seen in Treg or Teff CD25 expression between CD patients and healthy 
controls with the same genotype [Figure 1d–f], suggesting that differ-
ential CD25 expression between genotypes is conferred by the risk 
allele, rather than by the presence of inflammatory disease.

3.2.  rs61839660 regulates responsiveness of CD4+ 
T cells to IL-2 signalling through altered CD25 
expression
To determine whether rs61839660 affected the CD4+ T cell response 
to IL-2 signalling, the extent of STAT5 phosphorylation [pSTAT5] 
was measured in Teff and Treg following short-term exposure to 10 IU 
IL-2 [Figure 2]. In optimisation work, this concentration of IL-2 was 
found to be sufficient to induce pSTAT5 expression in approximately 
50% of Treg, with no pSTAT5 expression in Teff in CC patients. Teff 
and Treg from TT patients had an enhanced pSTAT5 response as 
measured by mean fluorescence intensity [MFI] of pSTAT5, com-
pared with CT and CC patients [Figure 2a and b]. Teff from TT 
subjects also exhibited a higher proportion of pSTAT5+ cells com-
pared with Teff from CC patients [Figure 2c]. There was a non-
significant increase in the proportion of pSTAT5+ Treg in TT patients 
[Figure 2d]. There was no difference in Teff or Treg pSTAT5 response 
to IL-2 signalling between healthy controls and CD patients of the 
same genotype [Figure 2e, f, g, and h]. As noted for CD25 expres-
sion, a non-significant trend for enhanced pSTAT5 staining was ob-
served in CT heterozygote carriers of the minor allele, and this was 
more apparent in Teff than Treg [Figure 2a–h].

It was noted that among TT subjects, there was a subgroup that ex-
hibited a more pronounced pSTAT5 response to IL-2 in both Teff and 
Tregs [Figure 2a–d]. We performed a subanalysis on this ‘hyper-responder’ 
cohort, defining subjects with a Teff MFI pSTAT5 greater than 395 and 
a Treg MFI pSTAT5 greater than 1100 in response to 10 IU/ml IL-2, 

Table 1. NIHR IBD Bioresource Crohn’s disease patient demographics. 

TT [n = 14] CT [n = 21] CC [n = 22] p-value

Age [mean] 50.2 ± 13.58 47.2 ± 13.40 52.1 ± 14.41 ns
Sex [% female] 57.1 57.1 36.4 ns
Disease distribution [% colonic disease] 71.4 33.3 36.8 ns
Disease distribution [% perianal disease] 35.7 19.0 18.2 ns
Biologic medication [% exposed] 7.7 30.8 15.4 ns
Surgery [% yes] 60.0 52.4 54.5 ns
Extraintestinal manifestations [% yes] 28.6 38.1 18.2 ns

Statistical analyses performed using one-way ANOVA for age and chi square analysis for categorical variables.
TT, homozygous minor allele; CT, heterozygous; CC, homozygous major allele, ns, not significant;ANOVA, analysis of variance. 
Results considered significant if p </= 0.05.
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as ‘hyper-responders’ [Table 2]. The same five subjects with hyper-
responsive Teff also exhibited an exaggerated Treg pSTAT5 response. 
There was no significant difference in age, sex, disease distribution, dis-
ease severity, or proportion of patients exposed to biologic medication 
between the TT ‘hyper-responders’ and the remaining TT subjects. There 
was no significant difference in Teff or Treg CD25 expression between the 
TT ‘hyper-responder’ subgroup and the remaining TT subjects.

As a control, the pSTAT5 response to IL-7 was examined across a 
range of doses [0‐1000 IU]. rs61839660 did not affect CD127 surface ex-
pression across the genotypes in Teff or Treg [Supplementary Figure 2a and 
b, available as Supplementary data at ECCO-JCC online]. Importantly, 
STAT5 phosphorylation downstream of IL-7 signalling was independent 
of genotype in Teff or Treg [Supplementary Figure 2c–h], indicating that 
the differences in pSTAT5 response to IL-2 stimulation are likely caused 
by enhanced CD25 expression in the presence of the minor allele.

3.3.  The rs61839660 minor allele enhances 
transcription of pro-inflammatory cytokines 
following exogenous IL-2 and acute TCR stimulation 
of Teffs

Together, our findings suggested that the rs61839660 minor allele 
may confer a functional ‘hyper-responsive’ state to IL-2 signalling 

in Teff. To further investigate this proposal, we sought to identify 
whether presence of the minor allele influenced the functional re-
sponse to IL-2 by Teff, by measuring cytokine expression [IFNG and 
TNF] responses by the cells after TCR stimulation.

Teff from cryopreserved PBMCs of CD patients, genotyped as CC 
and CT at rs61839660, were isolated by FACS and used to conduct 
the assays. Teff were stimulated for 24 h with a range of IL-2 doses 
only, or with IL-2 followed by a brief stimulation [6 h] with different 
concentrations of plate-bound αCD3/αCD28 [Figure 3].

We observed that for both expression of IFNG [Figure 3a and b] 
and TNF [Figure 3c and d], compared with CC samples, the presence 
of the minor T allele at rs61839660 enhanced the relative transcript 
abundance in response to IL-2, together with TCR stimulation. This 
was most clearly observed at the highest concentration of IL-2 [100 
IU/ml] for each of the TCR cross-linking conditions [Figure 3a and 
c]. Importantly, greater pro-inflammatory cytokine relative transcript 
abundance was also observed in CT samples treated with 100 IU/ml 
of rhIL-2 in the absence of TCR crosslinking, despite similar base-
line [0 IU IL-2, no TCR cross-linking] transcript abundance levels 
between the genotypes [Figure 3b and d]. These data support the 
notion that within the context of CD, presence of the rs61839660 
minor allele confers a functional capacity for hyper-responsiveness 
of CD4+ Teff in response to IL-2 signalling.
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Figure 1. rs61839660 modulates CD25 expression on effector T cells. [a] Mean fluorescence intensity [MFI] of CD25 flow cytometry staining by genotype in 
CD4+ effector T cells [Teff]. Teff from minor allele homozygotes [TT] demonstrated increased expression of CD25 compared with major allele homozygotes [CC] 
[p = 0.0002]. [b] MFI of CD25 staining by genotype in Treg. There was no difference in the MFI of CD25 by genotype in regulatory T cells [Treg]. [c] Ratio of CD25 
expression in Treg/Teff. TT subjects demonstrated a reduced ratio of CD25 expression compared with CC subjects [p = 0.002]. [d] There was no difference in 
CD25 expression in Teff or [e] Treg or [f] in the MFI CD25 ratio Treg/Teff between CD patients and healthy controls within each genotype group. Mean ± SEM 
plotted. Statistical analyses performed using one-way ANOVA, Tukey post hoc test, for comparisons involving more than two groups, and unpaired t- ests for 
comparisons involving two groups. TT: n = 16, CT: n = 19, CC: n = 19. **p <0.01, ***p <0.001. HC, healthy control; CD, Crohn’s disease; ns, not significant; SEM, 
standard error of the mean; ANOVA, analysis of variance. 
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3.4.  CD25 blockade is effective in suppressing 
the enhanced pSTAT5 response conferred by the 
rs61839660 minor allele
Basiliximab, a mouse-human chimeric monoclonal antibody which 
antagonises CD25, is currently licensed for the prevention of renal 
allograft rejection. We examined whether basiliximab added to in 
vitro culture of sorted Treg and Teff could block pSTAT5 activation 
in a cohort of CD patients with CC and CT rs61839660 genotypes, 
recruited from our local patient population. Basiliximab was effective 
in blocking Teff and Treg pSTAT5 activation in both genotypes [Figure 
4a–f], confirming that the enhanced pSTAT5 response is dependent 

on signalling through CD25. Of note, CT Teff also demonstrated ele-
vated baseline pSTAT5 activation in the absence of basiliximab, when 
compared with CC Teff [Figure 4d], as previously seen in the other 
sample cohorts used in our study. There was no significant difference 
in the response to basiliximab between the genotype groups.

3.5.  Teff in subjects homozygous for rs61839660 
demonstrate an activated, gut-homing phenotype
To further elucidate the phenotype of Treg and Teff from patients har-
bouring the rs61839660 minor variant, we performed an in-depth 
phenotypic analysis using Cytometry Time of Flight [CyToF] [Panels 
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Figure 2. STAT5 phosphorylation in response to IL-2 is enhanced in carriers of the rs61839660 minor allele. Signal transducer and activator of transcription 5 
[STAT5] phosphorylation [pSTAT5] was assessed after 15 min of incubation with 10 IU/ml of recombinant human IL-2 in CD4+ effector T cells [Teff] and regulatory 
T cells [Treg]. [a] Minor allele homozygotes [TT] demonstrated increased mean fluorescence intensity [MFI] for pSTAT5 flow cytometry staining compared 
with heterozygous [CT] and major allele homozygous [CC] subjects in Teff [TT vs CC p <0.0001; TT vs CT p = 0.0026] and [b] Treg [TT vs CC p = 0.0004; TT vs CT 
[p = 0.0085]. [c] The proportion of cells with pSTAT5 staining was also increased in Teff from TT subjects compared with CC subjects [p = 0.0012]. [d] No differences 
were detected in Treg when comparing the percentage of pSTAT5 stained cells between the genotypes. [e] There was no difference in pSTAT5 staining MFI or [f] 
proportion of pSTAT5-positive cells in Teff or [g‐h] Treg between healthy controls [HC] and Crohn’s disease [CD] patients in carriers of the minor allele. Mean ± SEM 
plotted. Statistical analyses performed using one-way ANOVA, Tukey post hoc test, for comparisons involving more than two groups and unpaired t tests for 
comparisons involving two groups. TT: n = 16, CT: n = 19, CC: n = 19. *p <0.05, ** p <0.01, ***p <0.001, ****p <0.0001. SEM, standard error of the mean; ANOVA, 
analysis of variance; ns = not significant.

Table 2. Characteristics of the TT ‘hyper-responder’ cohort.

TT Hyper-responder [n = 5] TT Other [n = 11] p value

Mean Teff CD25 MFI 795.4 825.2 ns
Mean Treg CD25 MFI 5924 7631 ns
Mean Treg/Teff CD25 MFI 7.46 10.94 ns [0.076]
Age [mean] 33.6 39.9 ns
Sex [% female] 100.0 72.7 ns
Disease distribution [% colonic disease] 20.0 50.0 ns
Disease distribution [% perianal disease] 66.6 60.0 ns
Biologic medication [% exposed] 40.0 12.5 ns
Surgery [% yes] 100.0 60.0 ns

Statistical analyses performed using unpaired t test to compare means and chi square analysis for categorical variables.
TT, homozygous minor allele; ns, not significant.
Results considered significant if p </= 0.05.
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1 and 2 and antibody details in Supplementary Figure 3], with un-
supervised clustering analysis and Marker Enrichment Modeling 
[MEM].20 Treg and Teff subsets were identified by CD25, CD127, 
and FOXP3 viSNE plots [Figure 5a] and SPADE clustering ana-
lysis [Figure 5b] and analysed with specific focus on the expression 
of trafficking and cell activation markers. The number of cells per 
each SPADE cluster and the Teff and Treg groups per subject were re-
corded, and tables for the Teff and Treg groups for Panel 1 and Panel 
2 may be viewed in Supplementary Data Files 1 and 2, respectively, 
available as Supplementary data at ECCO-JCC online. The dimen-
sionality reduction was performed in Cytobank with the following 
setup parameters: equal sampling of 22 500 [Panel 1] and 29 000 
[Panel 2] CD4+ cells per subject, perplexity = 30, theta = 0.5, and 
iterations = 5000. Each group was composed of 10 subjects. The re-
sulting t-SNE1 and t-SNE2 dimensions of the viSNE transformation 
were used as input for the SPADE clustering. The following markers 
were used for the viSNE analysis for Panel 1: CCR6, CLA, CD31, 
CD49d, CD62L, CD161, GITR, FOXP3, b7, CCR7, CD127, T-bet, 
GATA3, CCR9, CD25, CXCR5, CD38, CXCR4, HLA-DR, and for 
Panel 2: OX40, PD1, LAG3, ICOS, CD62L, CD137, CD161, CD39, 
Ki67, FOXP3, CD30, PDL1, CD127, T-bet, GATA3, CD37, CD25, 
CTLA-4, Granzyme-B, CD120b, HLA-DR, and Perforin.

Confirming observations made by flow cytometry, TT Teff dem-
onstrated increased CD25 expression [Figure 5a]. However, this 
analysis also revealed a comparable increase in CD25 expression 
on TT Treg, providing an explanation as to why homozygous minor 
allele Tregs also exhibited hyper-responsiveness during IL-2/STAT5 

phosphorylation assays [Figure 2b]. Furthermore, this analysis dem-
onstrated that both Treg and Teff from minor allele homozygotes have 
a more activated, gut-homing phenotype compared with cells from 
CT and CC subjects [Figure 5c]. Key markers that were differen-
tially upregulated in TT patients included the chemokine receptor 
CXCR3, which is typically associated with inflammatory Th1 cell 
infiltration, and CXCR4, associated with IL-2-mediated immune ac-
tivation. GPR15, which specifically traffics cells to the colon, was 
also preferentially expressed on both Treg and Teff of TT patients, as 
were other markers associated with Treg tissue trafficking such as 
CCR6 and integrin alpha 7 [Supplementary Figures 4a–c and 5a–d, 
available as Supplementary data at ECCO-JCC online]. In add-
ition, Teff from the TT group were the only cells to express Ki67 
[Supplementary Figure 5c], indicating an enhanced proliferative ef-
fector phenotype and cellular activation.

3.6.  TT patients may have a reduced capacity to 
mount a regulatory T cell response
To assess whether the difference in phenotypes observed between the 
three patient groups was driven by their ability to respond to antigens, 
we performed T cell receptor [TCR] sequencing of Treg and Teff from 
three CD patients from each SNP genotype. We assessed the vari-
ability displayed in both the V and J segment of the CDR3 region. We 
found that the J segments in TT patient cells consistently displayed 
the least variability, those from CC patient cells displayed the greatest 
variability, and the CT patients had an intermediate phenotype [Figure 
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Figure 3. The rs61839660 minor allele enhances transcription of pro-inflammatory cytokines following exogenous IL-2 and acute TCR stimulation of CD4+ effector 
T cells. CD4+ effector T cells [Teff] from heterozygous [CT] and major allele homozygous [CC] patients were treated with different doses of recombinant human IL-2 
for 24 h before being stimulated for 6 h [still in the presence of IL-2] with different concentrations of plate-bound αCD3/CD28. [a] Relative expression of IFNG in Teff 
from the two genotypes investigated after the specified stimulations. [b] Relative expression of IFNG after 24 h of incubation with different concentrations of IL-2 
in absence of TCR stimulation. [c] Relative expression of TNF in Teff from the two genotypes investigated after the specified stimulations. [d] Relative expression 
of TNF after 24 h of stimulation with different concentrations of IL-2 in absence of TCR stimulation; n = 3 individual Crohn’s disease patients per genotype. Results 
shown are the summary from three independent experiments using n = 1 of each genotype per experimental run. Connected points are comparative samples 
from the same experimental conditions, run in the same experiment. Relative expression values are normalised to GAPDH. TCR, T cell receptor.
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6a]. J segments in Teff showed higher variability than Treg across the 
three genotypically defined groups. Further analysis of individual J 
segments revealed that TT cells preferentially use two TRBJ segments, 
segments TRBJ2-1 and TRBJ2-7 [Figure 6b and c]. Principal compo-
nent analysis of J segment usage revealed distinct clustering by geno-
type [Figure 6d]. Such differential clustering was not observed on 
analysis of the V segment usage. We then examined whether any of the 
individuals cluster together based on shared clonotypes on either an 
amino acid or a nucleotide level, and did not observe clustering based 
on genotypes [Figure 6e]. Finally, to assess whether TCR diversity was 
different between Treg and Teff subsets, we examined their diversity 
ratio across the three genotypes. We found that this ratio was lower in 
TT and CT patients compared with CC patients. Whereas Tregs were 
more diverse than Teff [measured by Gini index] in CC patients, in TT 
and CT patients, Treg diversity was comparable to or lower than Teff 
[Figure 6f]. The reduced Treg diversity when compared with Teff in TT 
patients, coupled with Teff hyper-responsiveness to IL-2, may suggest 
that TT patients are less efficient at mounting a regulatory response to 
counter Teff-driven inflammation.

In summary, we show that the rs61839660 minor allele enhances 
sensitivity to IL-2 signalling in CD4+ T cells by increasing CD25 

expression. We propose that the reduced ratio of Treg:Teff CD25 ex-
pression in individuals homozygous [TT] for this SNP may increase 
the ability of Teff to respond to low environmental IL-2, permitting 
activation of Teff at levels of IL-2 which would usually only activate 
Treg. This Teff hyper-responsiveness to IL-2 could therefore be a major 
driver of inflammation in these subjects. Mass cytometric analysis of 
immune cells from these patients confirmed that CD25 is elevated in 
patients homozygous for the risk allele at rs61839660, and that ef-
fector T cells from these patients are primed to home to the intestine 
by virtue of upregulation of gut trafficking molecules such as alpha 
4 beta 7 integrin and GPR15.

4.  Discussion

Here we show that rs61839660 enhances IL-2 signalling in CD4+ T 
cells from CD patients by regulating the expression of CD25. Effector 
T cells from TT patients display the ability to respond to doses of 
IL-2 that normally only activate regulatory T cells. Additionally, Teff 
from carriers of the minor allele express elevated transcript levels 
of pro-inflammatory cytokines in response to IL-2 and/or TCR 
signalling—supportive of our conclusion that rs61839660 regulates 
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Figure 4. Basiliximab is effective at blocking phosphorylation of STAT5 in response to IL-2 signalling in rs61839660 heterozygote CD4+ T cells. Basiliximab was 
added to in vitro cultures of CD4+ effector T cells [Teff] and regulatory T cells [Treg] from heterozygous [CT] and major allele homozygous [CC] Crohn’s disease [CD] 
patients [n = 3 of each genotype], at the specified concentrations. After 6 h, cells were stimulated with 10 or 100 IU/ml of recombinant human IL-2 for 15 min. 
[a] Basiliximab was effective in reducing signal transducer and activator of transcription 5 [STAT5] phosphorylation [pSTAT5], quantified as a decrease in the 
mean fluorescence intensity [MFI] of pSTAT5 flow cytometry staining in Teff stimulated with [a] 10 IU/ml IL-2 or [b] with 100 IU/ml of IL-2. There were no significant 
differences in basiliximab response between the genotype groups. [c] Basiliximab reduced the MFI for pSTAT5 staining in Treg stimulated with 10 IU of IL-2 in 
CT and CC subjects. [d] Proportion [%] of pSTAT5 stained Teff activated with 10 IU/ml and [e] 100 IU/ml IL-2 following basiliximab treatment. [f] Proportion [%] 
of pSTAT5 stained Treg after stimulation with 10 IU/ml IL-2 following basiliximab treatment. Mean ± SEM plotted. Statistical analyses performed using two-way 
ANOVA, Tukey’s multiple comparisons test for comparisons involving more than two groups, and paired t tests for comparisons involving two treatments within 
the same genotype. *p <0.05, **p <0.01, ****p <0.0001. BX, basiliximab; Ns, not significant; SEM, standard error of the mean; ANOVA, analysis of variance. 
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the functional responsiveness of T cells in CD patients via the regu-
lation of sensitivity to IL-2 signalling. Our findings are in contrast 
to previous work involving CRISPR inactivation of immune enhan-
cers in mice, which proposed that rs61839660 impaired induction of 
CD25 and therefore disrupted IL-2 signalling in T cells, and found 
that carriage of the risk allele was associated with reduced CD25 
transcript levels in stimulated undifferentiated CD4+ T cells from 
healthy human subjects.15 However, our findings are supported by 
a previous study of 323 healthy human subjects, which found that 
the presence of the rs61839660 minor allele was associated with in-
creased IL2RA transcript levels and surface expression of CD25 on 
CD4+ memory T cells.14

Basiliximab was found to effectively block Teff hyper-
responsiveness in minor allele heterozygote [CT] patients. Previous 
clinical trials of basiliximab in small cohorts of unselected patients 
with ulcerative colitis, in whom rs61839660 had not been identified 
as a risk locus, showed safety but did not demonstrate efficacy com-
pared with conventional treatment.22,23 However, these data suggest 
that basiliximab could have a role in blocking the hyper-responsive 
Teff population seen in rs61839660 carriers. Further in vitro experi-
mental work is required to assess the potential therapeutic value of 
CD25 blockade in this cohort.

Mass cytometric analysis of immune cells from these patients was 
also performed, which confirmed that CD25 expression is elevated in 
patients homozygous for the TT allele at rs61839660 and that effector 
T cells from these patients are primed to home to the intestine by virtue 
of upregulation of gut-trafficking molecules such as alpha 4 beta 7 in-
tegrin and GPR15. Analysis of the TCR repertoire further reveals that 

diversity in the Treg subset does not mirror diversity in the Teff subset in 
TT patients. Lack of ability in the Treg compartment to respond to ab-
errant Teff responses in TT patients, may be another underlying patho-
genic mechanism. Unlike in type 1 diabetes mellitus, where rs61839660 
is protective,12,14 in CD rs61839660 is linked to pathology. Based on 
our observations, the mechanism of this likely involves the capacity of 
rs61839660 to render Teff hyper-responsive to doses of IL-2 which typ-
ically activate only Tregs, putatively resulting in an enhanced activation 
profile of the cells. This, alongside an activated gut-homing profile of 
TT Teff, potentially explains the association between rs61839660 and 
CD. However, it will be necessary to follow up our observational ana-
lyses with further mechanistic studies to fully confirm or refute these 
hypotheses.

This study provides a unique perspective on the link between 
genetic risk and the development of disease, by studying genotyped 
CD and HC patients recruited across the UK. Recruiting genotyped 
human subjects across the country presents a logistically complex 
process; thus a limitation of our study is that insufficient patient 
numbers could be recruited to adequately study the link between 
disease severity and the risks allele. Further studies are also needed 
to define the interplay between the rs61839660 risk allele and other 
genotypic and environmental factors in patients with CD, to allow 
for a precise definition of the mechanism of pathogenicity of the 
rs61839660 risk allele.

This is one of the first works in IBD to link a pathogenic mech-
anism to a CD-associated genetic variant, advancing the goal of a 
personalised therapeutic approach. Accurate phenotypic and gen-
etic profiling of CD patients would allow targeted therapeutic 
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Figure 6. T cell receptor profiling reveals that rs61839660 minor allele homozygote Crohn’s disease patients may have a reduced capacity to mount a regulatory 
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intervention, permitting selection of a treatment targeted to correct 
the aberrant pathway in a given patient. We highlight the vital role 
of open-access resources, such as the NIHR IBD BioResource, for 
sourcing genetically selected material for functional analysis of rare 
variants. We provide a novel mechanistic link between genotype and 
function relevant to multiple human autoimmune diseases. Over 40 
phase 2/3 trials of low-dose IL-2 in the treatment of autoimmune 
conditions are currently registered, including in CD [ClinicalTrials.
gov NCT01988506]. These trials typically use doses of 0.5‐3 x 106 
IU/m2 body area, which are delivered subcutaneously under trial-
specific regimens. The premise of this treatment is that low doses 
of IL-2 will preferentially expand the tolerising Treg population, 
correcting the dysregulated autoimmune response. However, given 
the exaggerated Teff response to low doses of IL-2 in carriers of 
rs61839660, these subjects could be at increased risk of deleterious 
clinical outcomes due to theoretical Teff hyperactivation. With 9.4% 
CD patients carrying the risk allele, this represents a significant 
subset of potential trial participants. Furthermore, our findings sug-
gest there is merit in further assessing the role of basiliximab in gen-
etically stratified patients, as an adjunct to existing treatments.
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