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Highlights:

- FOXP3" compartment within CD127"°"CD25'" T cells is expanded in autoimmune

patients.
- Increased numbers of CD25"YFOXP3" T cells are a circulating marker of autoimmunity.
- CD25""FOXP3* HELIOS" T cells are fully demethylated at the FOXP3 TSDR.

- CD25""FOXP3* T cells could represent a terminal stage of regulatory T cells.
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37 Abstract

38 Identification of alterations in the cellular composition of the human immune system is key to
39  understanding the autoimmune process. Recently, a subset of FOXP3" cells with low CD25
40  expression was found to be increased in peripheral blood from systemic lupus erythematosus
41  (SLE) patients, although its functional significance remains controversial. Here we find in
42  comparisons with healthy donors that the frequency of FOXP3" cells within

43 CD127""CD25"" CD4" T cells (here defined as CD25"FOXP3" T cells) is increased in

44  patients affected by autoimmune disease of varying severity, from combined

45  immunodeficiency with active autoimmunity, SLE to type 1 diabetes. We show that

46 CD25"“FOXP3" T cells share phenotypic features resembling conventional

47  CD127"CD25""FOXP3* Tregs, including demethylation of the Treg-specific epigenetic
48  control region in FOXP3 that is highly enriched in HELIOS" cells, and lack of IL-2

49  production. As compared to conventional Tregs, more CD25°"FOXP3*HELIOS" T cells are
50 incell cycle (33.0% vs 20.7% Ki-67"; P = 1.3 x 10"®) and express the late-stage inhibitory

51  receptor PD-1 (67.2% vs 35.5%; P = 4.0 x 10™®), while having reduced expression of the

52  early-stage inhibitory receptor CTLA-4, as well as other Treg markers, such as FOXP3 and
53  CD15s. The number of CD25YFOXP3" T cells are highly correlated (P = 1.2 x 107°) with
54 the proportion of CD25""FOXP3" T cells in cell cycle (Ki-67"). These findings suggest that
55  CD25“FOXP3" T cells represent a subset of Tregs that are derived from CD25""FOXP3" T
56 cells, and are a peripheral marker of recent Treg expansion in response to an autoimmune

57  reaction in tissues.

58

59  Keywords: Regulatory T cells (Tregs); Autoimmunity; FOXP3; Treg-specific demethylated

60 region (TSDR); CD25.
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61 1. Introduction

62 FOXP3" regulatory T cells (Tregs) are produced in the thymus as a specific T cell lineage

63  following high affinity TCR engagement that results in the demethylation of the Treg-

64  specific demethylated region (TSDR) in FOXP3 and stable FOXP3 expression [1]. Following
65 emigration from the thymus and activation, naive Tregs proliferate and differentiate to

66  memory Tregs that are actively recruited to peripheral compartments to suppress immune

67  responses against self and maintain tissue integrity [2]. It is becoming increasingly apparent
68 that there is considerable heterogeneity in memory Treg subsets in humans [3,4]. One major
69  challenge for studying human Tregs is that normally only peripheral blood cells from patients
70  are available, rather than the effector T cells and Tregs present in the inflamed tissue and

71  associated lymph nodes. A better understanding of the composition of the Treg compartment
72 in peripheral blood is therefore needed to investigate the potential contribution to disease

73 mechanisms made by Tregs and to identify cellular alterations of the peripheral compartment

74 associated with the onset of pathogenic autoimmune manifestations in the tissues.

75

76  Recently, a novel subset of FOXP3" cells with low expression of CD25 was reported to be

77  increased in peripheral blood of autoimmune systemic lupus erythematosus (SLE) patients
78  [5-9], a finding that was later expanded to the peripheral blood of multiple sclerosis [10] and
79  rheumatoid arthritis [11] patients. The frequency of this cell subset has been demonstrated to
80  be associated with increased disease activity in SLE patients [5-7], suggesting that these cells
81  may be directly pathogenic or biomarkers of flaring autoimmunity. However, the origin of

82  these cells and their function in SLE patients and healthy individuals remain ambiguous

83  [12,13]. In the present study, we characterise these CD127'°“CD25""FOXP3* CD4" T cells
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(henceforth designated as CD25*FOXP3" cells), and demonstrate that they share phenotypic
features with Tregs, including demethylation of the FOXP3 TSDR and constitutive
expression of the transcription factor HELIOS in a majority of the cells, and an inability to
produce IL-2 compared to FOXP3™ Teffs. However, compared to conventional
CD127'CD25""FOXP3"* Tregs, CD25"“FOXP3" cells showed increased expression of
activation and proliferation markers such as PD-1 and Ki-67, and reduced expression of
Treg-associated molecules, including FOXP3 and CTLA-4. We suggest that these cells
represent the last stage of the natural life-cycle of TSDR-demethylated Tregs in vivo and that

active autoimmunity increases their prevalence.
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94 2. Methods

95 2.1 Subjects.

96  Study participants included 34 SLE patients recruited from Guy’s and St Thomas’ NHS

97  Foundation Trust. All patients satisfied ACR SLE classification criteria and were allocated a

98  disease activity using SLEDAI-2K at the time of sampling. SLE patients were compared to a

99  cohort of 24 age- and sex-matched healthy donors from the Cambridge BioResource (CBR).
100 A second cohort of 112 healthy donors from the CBR was used for the analysis of Ki-67
101  expression within the assessed T cell subsets.
102
103  Combined immunodeficiency patients (CID; N=7) were recruited from Cambridge University
104  Hospitals and Papworth Hospital NHS Foundation Trusts, and compared to six age- and sex-
105 matched healthy donors from the CBR. Patients were selected on the presentation of immune
106 infiltration in the lungs and active autoimmunity in the absence of a known genetic cause,
107  although the clinical symptoms were consistent with those associated with recently
108  characterised CTLA4 germline mutations [14].
109
110  Adult long-standing T1D patients (N=15) and healthy controls (HC; N=15) were recruited
111 from the CBR. Newly diagnosed T1D patients (ND; N=49) and unaffected siblings of other
112 T1D probands (N=40) were collected from the JDRF Diabetes—Genes, Autoimmunity and
113  Prevention (D-GAP) study (http://paediatrics.medschl.cam.ac.uk/research/clinical-trials/).
114  ND patients were characterised as having been diagnosed with T1D less than two years prior
115  to their blood donation (with one exception of 42 months). Unaffected siblings were islet
116  autoantibody-negative (IAA, 1A2, GAD and ZnT8), and were not related to any T1D patient

117  included in this study. All donors were of white ethnicity and all healthy controls and
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118  unaffected siblings were individuals without autoimmune disease (self-reported). Baseline
119  characteristics for all participating subjects are summarised in Table 1.

120

121 2.2 Ethics.

122 All samples and information were collected with written and signed informed consent. The
123 D-GAP study was approved by the Royal Free Hospital & Medical School research ethics
124 committee; REC (08/H0720/25). Adult long-standing T1D patients and healthy volunteers
125  were enrolled in the CBR. The study was approved by the local Peterborough and Fenland
126  research ethics committee (05/Q0106/20). Informed consent was obtained from CID

127  patients, parents, or both (R&D Ref: P01685, REC Ref: 12/WA/0148). The study conformed
128  to the Declaration of Helsinki and all local ethical requirements.

129

130 2.3 PBMC sample preparation.

131  PBMCs were isolated by Ficoll gradient centrifugation and cryopreserved in 10% heat-

132  inactivated human AB serum, as described previously [15]. T1D patients and healthy controls
133 were recruited contemporaneously and samples were processed and stored by the same

134  investigators to prevent spurious findings caused by differential sample preparation.

135

136  Cryopreserved PBMCs (10x10° per donor) were thawed at 37°C and resuspended in X-VIVO
137  (Lonza) + 1% heat-inactivated, filtered human AB serum (Sigma). Cell viability following
138  resuscitation was assessed in a subset of 40 donors using the Fixable Viability Dye eFluor
139 780 (eBioscience) and was found to be consistently very high (95.6%; min = 86.8%, max =
140  98.2%) for all samples analysed in this study.

141
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142 2.4 Cell culture and in vitro stimulation.

143 To reduce the effects of experimental variation and other potential covariates, PBMC samples
144 were processed in batches of a minimum of ten samples per day. T1D patients and healthy
145  controls were matched as closely as possible for age (within 5 year age-bands), sex and time
146  of sample preparation.

147

148  After thawing, PBMCs were resuspended in RPMI medium (Gibco) supplemented with 10%
149  FBS, 2 mM L-Glutamine and 100 pg/mL Pen-Strep and cultured (10° PBMCs/well) in 24-
150  well flat-bottom cell culture plate (BD). For cytokine production assays, cells were initially
151  rested for 30 min at 37°C and then cultured in the presence or absence of 5 ng/mL PMA, 100
152 ng/mL ionomycin and 0.67 pl/mL Monensin GolgiStop (BD Biosciences) for four hours at
153 37 °C. For a subset of 66 donors, 10° cells were cultured with medium alone and 0.67 pl/mL
154 Monensin to determine background levels of cytokine production in unstimulated cells.

155

156 2.5 Intracellular immunostainings.

157  After activation, PBMCs were harvested, and stained with Fixable Viability Dye eFluor 780
158  for 20 min at 4°C. Cells were then stained with fluorochrome-conjugated antibodies against
159  surface receptors (see Supplementary Table 1) for one hour at 4°C. Fixation and

160  permeabilisation was performed using FOXP3 Fix/Perm Buffer Set (BioLegend) and cells
161  were then stained with intracellular antibodies for one hour at 4°C (see Supplementary

162  Table 1). All experiments were performed in an anonymised, blinded manner without prior
163  knowledge of disease state.

164

165 2.6 Flow cytometry.
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166  Immunostained samples were acquired using a BD Fortessa (BD Biosciences) flow cytometer
167  with FACSDiva software (BD Biosciences) and analysed using FlowJo (Tree Star, Inc.).

168  Dead-cell exclusion based on the Fixable Viability Dye was performed for the intracellular
169  immunostainings.

170

171 2.7 Analysis of the epigenetic demethylation profile by next-generation sequencing.

172 Total PBMCs from seven healthy CBR donors (three males and four females) were stained
173 with fluorophore-conjugated antibodies (see Supplementary Table 1) and sorted using a BD
174  Aria Fusion flow cytometer (BD Biosciences). Methylation of the FOXP3 TSDR was

175  performed using a next-generation sequencing method, as described previously [16].

176

177 2.8 Statistical analyses.

178  Statistical analyses were performed using Prism software (GraphPad) and Stata

179  (www.stata.com). Association of the assessed T-cell phenotypes with T1D, SLE and CID
180  was calculated using two-tailed unpaired student’s t-tests. The effects of age, sex and time of
181  collection were controlled by the experimental design used in this study and, therefore, not
182 included as additional covariates. Given that most immune phenotypes showed moderate to
183  strong right skew that violated the assumption of normality, the phenotypes were log-

184  transformed before statistical testing.

185

186  Comparison of the expression of the interrogated immune markers between

187  CD127"CD25""FOXP3" CD4" T cells and: (i) CD25""FOXP3*, (ii) CD25""FOXP3™ and
188  (iii) CD25YFOXP3~ CD4" T cells was performed within individuals using two-tailed paired

189  student’s t-tests. The correlations between immune subsets were calculated using linear
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190  regression analysis.

191

10
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192 3. Results

193

194 3.1 Frequency of CD25""FOXP3" cells is increased in blood from patients with active

195  autoimmunity.

196  To investigate the peripheral alterations in peripheral FOXP3" T cell subsets, we performed a
197  detailed immunophenotyping characterisation of cryopreserved peripheral blood

198  mononuclear cells (PBMCs) of different cohorts of autoimmune patients (summarised in
199  Table 1). Analysis of the flow cytometry profile of patients with systemic autoimmune

200  manifestations as compared to healthy donors revealed that the frequency of FOXP3" cells is
201  highly increased in CD127"" cells of some patients. We found that among SLE and CID
202  patients with increased CD127'°% FOXP3-expressing cells there is a notable loss of CD25
203  expression, which results in an extremely high frequency of CD127"°"CD25"“FOXP3" cells
204  (Fig. 1A). These findings suggest that the frequency of FOXP3" cells in the

205 CD127'CD25"" T cell subset (CD25"YFOXP3* cells; depicted in red in Fig. 1B) is

206  increased as a result of an active autoimmune response and could be a specific marker of
207  Treg activation. Given the lack of peripheral markers that reflect chronic immune activation,
208  we therefore decided to focus our analysis on this population of CD25"“FOXP3* cells, and
209 investigate their frequency in the peripheral blood of autoimmune patients.

210

211  Consistent with previous findings [7,8], we confirmed that the frequency of FOXP3" cells
212 among CD127"°"CD25"" T cells (gating strategy Fig. 1B) was markedly increased in SLE
213  patients (geometric mean (GeoM) = 13.53%) compared to age- and sex-matched healthy
214 controls (5.51%, P = 2.1 x 10™, N = 24, Fig. 1C), which likely reflects the systemic immune

215  activation in SLE patients. In support of this hypothesis, we also detected a high frequency

11
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216  of CD25"“FOXP3" cells in a small cohort of seven CID patients, characterised by severe
217  active autoimmunity compared to age- and sex-matched healthy controls (12.14% and 4.00%,
218  respectively, P = 6.5 x 10°%; Fig. 1C).

219

220  We also found that the frequency of FOXP3" cells among CD127°YCD25' T cells was

221  significantly increased in T1D patients (6.84%) compared to age- and sex-matched healthy
222 controls (4.55%; P = 2.7 x 10°%; Fig. 1D). This association was also observed when

223 comparing the frequency of CD25°"FOXP3" cells within total CD4" T cells (0.32% vs

224 0.23% in T1D patients and controls, respectively; P = 1.1 x 10°%; Supplementary Fig. 1A),
225 and was not associated with duration of disease, ranging from 2 months to 23 years (P =

226  0.61). We replicated the finding of increased FOXP3" cells among CD127"°“CD25"" T cells
227  inan independent cohort of 15 long-standing T1D patients (10.39%) and 15 age- and sex-
228  matched healthy controls (6.29%; P = 7.7 x 10”; Supplementary Fig. 1B). Furthermore, we
229  noted that the increased frequency of FOXP3™ cells was mainly restricted to the

230  CD127'“CD25"" T cell subset, as we observed only a small increased frequency of

231  conventional CD127"°“CD25""FOXP3" Tregs in T1D patients (5.55%) compared to healthy
232 donors (4.82%; P = 8.0 x 10°%; Supplementary Fig. 2).

233

234 3.2 CD25""FOXP3" cells are demethylated at the FOXP3 TSDR.

235 In humans FOXP3 is not exclusively expressed in Tregs, but can also be transiently up-

236  regulated in activated Teffs. However, in thymically-derived Tregs constitutive expression of
237  FOXP3 is known to require a demethylated TSDR [2]. To assess the TSDR methylation

238  profile of CD25"“FOXP3" cells we sorted these cells from four healthy donors, and

239  compared the methylation of the TSDR in CD25""FOXP3" cells, conventional

12
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240  CD25"™"FOXP3" Tregs and the respective FOXP3™ subsets (Fig. 2A). We found that the
241  majority of CD25"FOXP3" cells were demethylated at the TSDR (Fig. 2B,C). The

242 epigenetic demethylation pattern in CD25"“FOXP3" cells was similar to CD25""FOXP3*
243  Tregs at all nine interrogated CpG sites in the FOXP3 TSDR (mean = 57.1% and 80.5%

244 demethylation, respectively; Fig. 2B); in contrast, <7% of CD25"“FOXP3™ and

245 CD25""FOXP3 cells had demethylated TSDRs. These findings indicate the majority of
246  CD25"FOXP3" cells are bona fide Tregs, and are not Teffs transiently upregulating FOXP3
247  expression as a result of immune activation.

248

249 3.3 CD25""FOXP3" cells express the Treg-specific HELIOS transcription factor and exhibit
250 features of an activated phenotype.

251  Having established that a majority of CD25'“YFOXP3* cells are stably demethylated at the
252 FOXP3 TSDR, we next performed a detailed phenotypic characterisation of this immune
253  subset by flow cytometry in 24 healthy adult donors to investigate phenotypic similarities and
254  differences between CD25'™FOXP3* and classical Tregs (CD25"¢"FOXP3*). One

255  distinguishing feature of these cells was the higher frequency of memory phenotype

256  (CD45RA") cells compared to their CD25""FOXP3" counterparts (83.8% and 64.7%

257  CD45RA™ cells, respectively; P = 2.0 x 10" Fig. 3A). This difference was particularly

258  noticeable among the younger cohort (median age = 14 years) of 116 T1D patients and

259  unaffected siblings (76.9% and 43.4%, respectively; P = 1.2 x 10", Fig. 3B), which have a
260  higher proportion of CD45RA" naive cells amongst their CD25""FOXP3"* conventional

261  Tregs compared to adult donors, suggesting that the majority of CD25“FOXP3* cells have
262  responded previously to antigen following their emigration from the thymus. Since the

263  majority of CD25"FOXP3" cells are CD45RA", we focused further analyses on memory

13
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264  FOXP3" cells.

265

266  We found that an increased frequency of CD45RA™ CD25""FOXP3" cells express the

267  proliferation marker Ki-67 compared to their CD25""FOXP3" counterparts (29.9% and

268  22.0%, respectively; P = 2.7 x 10”; Fig. 3C). In addition to Ki-67, CD45RA"

269  CD25"™FOXP3" cells were also characterised by a marked increased frequency of PD-1*
270  cells compared to CD25""FOXP3" Tregs (65.1% and 38.3%, respectively; P = 1.7 x 10°"7;
271  Fig. 3D), and had a frequency of PD-1" cells more similar to their CD25""FOXP3"

272  counterparts (67.2%; Fig. 3D).

273

274 Furthermore, we demonstrated that, similarly to CD25"""FOXP3* CD45RA™ memory Tregs,
275  the majority of CD25""FOXP3" CD45RA™ memory cells also express the transcription factor
276  HELIOS, although the proportion of HELIOS" cells was significantly lower (51.1%)

277  compared to CD25""FOXP3" CD45RA™ memory Tregs (77.8%; P = 3.0 x 10™2; Fig. 4A,
278  B). Consistent with the reduction in CD25 and HELIOS, CD25""FOXP3* cells also showed
279  asignificantly lower expression of other classical Treg markers compared to

280  CD25"I"FOXP3* Tregs, such as TIGIT (65.1% vs 78.0%; P = 3.7 x 10°®), CD15s (20.7% vs
281  33.5%: P = 5.8 x 10" and most notably, CTLA-4 (60.0% vs 84.7%; P = 9.4 x 10™*; Fig.
282  4A, B). Furthermore, we found that the expression of FOXP3 was markedly lower in

283  CD25"“FOXP3* cells compared to CD25"""FOXP3" Tregs (MFI = 1171 and 2160

284  respectively, P = 3.6 x 10™; Fig. 4C), suggesting that CD25"""FOXP3" cells show a

285  decreased expression of classical Treg-associated molecules.

286

287 3.4 HELIOS'CD45RA™ CD25""FOXP3" cells are demethylated at the FOXP3 TSDR to the

14
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288  same degree as conventional HELIOS*CD45RA™ CD25"%" FOXP3™ Tregs.

289  To further investigate the methylation profile of FOXP3" cells, we next assessed the TSDR
290  methylation in the HELIOS™ and HELIOS™ subsets in three additional healthy donors. In
291  agreement with their putative Treg lineage, we confirmed that the HELIOS™ subsets of both
292  CD25"™FOXP3" cells and conventional CD25""FOXP3* Tregs are virtually completely
293  demethylated at the FOXP3 TSDR (>95%; Fig. 5A). In contrast, the HELIOS™ subsets of
294  CD25"™FOXP3" cells and conventional CD25""FOXP3" Tregs showed a much lower

295  portion of cells demethylated at the TSDR (21% and 64%, respectively). Since HELIOS
296  expression is highly enriched in FOXP3" cells demethylated at the TSDR, we examined other
297  phenotypes within the FOXP3* cells stratified by HELIOS expression. CD25'"FOXP3"

298  cells demethylated at the TSDR as defined by HELIOS expression had a higher proportion in
299  cell cycle as compared to CD25""FOXP3" cells expressing HELIOS (33.0% and 20.7%,
300 respectively; Fig. 5B,C). In addition, the proportion of cells expressing PD-1 and the per cell
301 level of PD-1 were both increased on CD25“FOXP3* demethylated at the TSDR as

302  compared to their CD25"" counterparts (Fig. 5B,C). Expression of TIGIT, CTLA-4 and
303  CD15s were also compared (Supplementary Fig. 3) with HELIOS stratification revealing a
304  high percentage (>89%) of TIGIT" cells in both populations of demethylated FOXP3" cells,
305  but a reduced number expressing CD15s and CTLA-4 in the CD25“FOXP3" cells

306  demethylated at the TSDR as compared to their CD25"9" counterparts. High expression of
307 CTLA-4 was present on CD25""FOXP3*HELIOS" cells, a population with >50% of the
308 cells having a demethylated TSDR (Fig. 5A). Expression of FOXP3 was found to be

309 significantly higher within both conventional CD25"%" Tregs (MFI > 2100) compared to

310 CD25“FOXP3* HELIOS" T cells (MFI = 1590), despite their demethylated TSDR.

311  Notably, the expression of FOXP3 was markedly lower in CD25'YFOXP3* HELIOS™ T cells
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312 (MFI =952), which is consistent with their methylated TSDR (Supplementary Fig. 3).

313  Furthermore, analysis of CD45RA" expression revealed a significantly lower frequency of
314  CD45RA" cells within total CD25""FOXP3" HELIOS" cells (4.7%) compared to their

315  CD25"" counterparts (20.8%; P = 2.0 x 10™%; Supplementary Fig. 3). These data suggest
316  that most of the CD45RA" cells observed within CD25""FOXP3* T cells are memory

317  effector T cells that have re-expressed CD45RA on their surface and are characterized by
318  being HELIOS™ and expressing lower levels of FOXP3. Finally, since it was possible that the
319  expansion of CD25""FOXP3* HELIOS™ cells (most of which lack a demethylated TSDR and
320  might be activated effector cells) could have been responsible for the increase of

321  CD25""FOXP3" cells in autoimmune patients (Fig. 1B,C), we examined the distribution of
322 HELIOS" and HELIOS™ cells within the CD25""“FOXP3" subset. We determined that

323 HELIOS' CD25""FOXP3" cells were increased in SLE, CID and T1D patients as compared
324 to their healthy control cohorts (Supplementary Fig. 4A,B) similar to the findings with

325 CD25'™FOXP3" cells (Fig. 1C,D) and that HELIOS" cells contributed significantly to all
326  cohorts examined (Supplementary Fig. 4C,D).

327

328 3.5 Low IL-2 production from HELIOS"CD45RA™ CD25"“FOXP3* cells.

329  To characterise the function of HELIOS'CD45RA™ CD25"“FOXP3" cells, we assessed the
330  production of two key cytokines, IL-2 and IFN-y, in ten donors (five T1D patients and five
331 healthy controls) following in vitro stimulation (Fig. 6). Consistent with their Treg-like

332 phenotype, we found that both the HELIOS'CD45RA™ CD25'"FOXP3" and

333  CD25""FOXP3" subsets, which are highly demethylated at the TSDR (Fig. 5A), showed a
334  low frequency of IL-2" (2.0% and 1.0%, respectively) and IFN-y" cells (5.1% and 1.4%,

335  respectively; Fig. 6B,C). This was in marked contrast with the HELIOS*CD25"YFOXP3"
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336  subset, which was found to secrete significantly higher levels of both IL-2 (21.3%; P = 2.8 x
337  10®; Fig. 6B) and IFN-y (27.9%; P = 1.1 x 10°>; Fig. 6C), compared their FOXP3"

338  counterparts (2.0% and 5.1% for IL-2 and IFN-y, respectively). In agreement with their

339  regulatory phenotype, we found a strong reduction of IL-2" and IFN-y* cells (2.0% and 5.1%,
340  respectively) in HELIOS'CD45RA™ CD127'™CD25"“FOXP3" cells compared to

341  conventional Teffs (59.8%, P = 5.3 x 10 and 63.5%, P = 2.0 x 10" for IL-2" and IFN-y*
342  cells, respectively; Fig. 6B,C).

343

344  As compared to the HELIOS™ fraction, we found that a higher portion of HELIOS™

345 CD45RA™ CD25FOXP3" cells produced IFN-y (Fig. 6A, Supplementary Fig. 5A). These
346  findings are consistent with a previous study, showing that HELIOS"FOXP3" T cells

347  produced IFN-y, and were increased among T1D patients [17]. Although we found no

348  evidence for differential IFN-y production in T1D patients compared to healthy controls

349  among HELIOS™ CD45RA " CD127"°“CD25""FOXP3" cells, on a per cell basis

350 (Supplementary Fig. 5B), the higher frequency of the CD25""FOXP3" subset among

351 patients resulted in a significant increase in the frequency of circulating FOXP3™ cells with
352  the capability to produce IFN-y following stimulation among total CD4" T cells (P = 2.5 x
353 10 Supplementary Fig. 5C). These data suggest that HELIOS™ CD45RA™

354  CD127""CD25""FOXP3" cells contributed to the increased frequency of IFN-y" cells

355  reported among FOXP3™ cells from T1D patients [17].

356

357 3.6 CD25"FOXP3" T cells are highly correlated with proliferating CD25""FOXP3" Tregs.

358  To investigate the possible relationship between CD25"%" and CD25'™ FOXP3*HELIOS"
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359  Tregs, we hypothesized that if CD25"®" FOXP3*HELIOS" Tregs are the precursors of the
360 CD25"" FOXP3*HELIOS" T cell subset, the numbers of CD25"" Tregs in cycle (Ki-67%)
361 and CD25"" FOXP3"HELIOS" T cells should be correlated. This correlation would be

362  required to maintain homeostasis of Treg numbers such that as memory CD25"%" Tregs are
363  required to increase in peripheral compartments to respond to inflammatory conditions, a
364  higher Treg turnover would lead to more CD25"" Tregs moving into the CD25'™"

365  compartment and ultimately to cell death. We assessed the total numbers of CD45RA™ Ki-
366 67" Tregs both in the cohort of 24 healthy volunteers (cohort 1) and in an independent

367  replication cohort (cohort 2) of 112 healthy volunteers. We found that the frequency of

368 CD45RA™ CD4" Ki-67* CD25""FOXP3*HELIOS" Tregs was significantly correlated with
369 the frequency of CD25'"FOXP3"HELIOS" T cells within total memory CD4" T cells (r* =
370 0.18,P=3.1x10"; Fig. 7A). Similarly, we observed a strong correlation between the

371 numbers of in-cycle Ki-67* Tregs and the CD25""FOXP3*HELIOS" Treg compartment (r* =
372 0.6, P =1.2x10™"; Fig. 7B), as well as a significant correlation between both the total

373  CD25"" and CD25"¢" FOXP3"HELIOS" T cell compartments (* = 0.15, P = 3.9 x 10°%; Fig.
374  7C). These observed correlations were very consistent within both cohorts of healthy

375  volunteers, and suggest that proliferation of conventional CD25"%" FOXP3"HELIOS" T cells
376 s critical to promote the homeostatic repopulation of the CD25"%" Treg subset, which is

377  maintained at a steady state frequency through the progression of a proportion of CD25"%"
378  Tregs to the CD25"" FOXP3*HELIOS" compartment.

379
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380 4. Discussion

381  The identification of reliable biomarkers of disease activity has been a major challenge of
382  autoimmune diseases, particularly in organ-specific diseases, such as T1D, where there is
383 limited access to the inflamed tissues. In this study we characterised a subset of FOXP3"
384  CD127'“CD25"" T cells, and show that it could be a peripheral biomarker of a recent

385  autoimmune reaction in the tissues. We showed that in addition to SLE, where the increase
386  of FOXP3" CD25"" T cells has been observed in multiple SLE studies [5-9], the proportion
387  of FOXP3" cells in the CD127°"CD25"" subset is increased in CID and T1D patients.

388  Although the frequency of FOXP3" cells in the CD127°"CD25"" subset was compared in
389  T1D patients versus controls in one previous study with no difference observed [13], we note
390 that the number of participants was small: 10 healthy control individuals and 16 patients. In
391  contrast, Zoka et al [18] observed that the proportion of CD25"" cells among FOXP3*CD4"
392 T cells is higher in T1D patients than in controls, a phenotype consistent with our

393  observations.

394

395 A major strength of this study is that we were able to use a recently developed assay [16] to
396 precisely assess the methylation status of the FOXP3 TSDR of CD25""FOXP3" cells, a

397  feature that was lacking in the previous SLE studies [7,8] or studies of this subset from

398 healthy individuals [13]. This method provides a more quantitative assessment of the

399  methylation pattern of the FOXP3 locus [16] in the different immune subsets, which allowed
400  us to demonstrate that the epigenetic profile of CD25"“FOXP3" cells was remarkably similar
401  to conventional CD25"9" FOXP3" Tregs (57.1% and 80.5% demethylated at the TSDR,

402  respectively). We went on to define that this epigenetic similarity was caused primarily by

403  the TSDR methylation status of HELIOS™ cells: virtually all HELIOS" cells were found to be
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404  demethylated in both the CD25"%" and CD25"" FOXP3* subsets. This finding is consistent
405  with a previous study assessing the FOXP3 TSDR methylation profile in different

406  CDA4'CD127"" T-cell subsets discriminated by their expression of FOXP3 and CD25 [19].
407  The majority of CD25"“FOXP3" cells sorted from synovial fluid mononuclear cells of

408 juvenile idiopathic arthritis patients were shown to have a demethylated FOXP3 TSDR,

409  suggesting that this subset may be enriched at inflammatory sites [19]. In the current study
410  we also found that the proportion of cells expressing TIGIT was elevated over 2-fold in both
411  FOXP3'HELIOS" subsets as compared to their FOXP3"HELIOS™ counterparts. Stable

412  demethylation of the FOXP3 TSDR occurs in the thymus upon strong T-cell receptor

413  stimulation [1], therefore suggesting that CD25'% FOXP3"HELIOS" cells are bona-fide

414  thymically-derived Tregs that have lost the expression of CD25.

415

416  In further support of the hypothesis that CD25""FOXP3" HELIOS" T cells are in fact a

417  subset of the classical FOXP3" Treg subset, these cells were unable to produce 1L-2

418 following in vitro activation. This finding was in contrast with the report by Yang et al [8]
419  that CD25""FOXP3" T cells from new-onset SLE patients were able to secrete 1L-2.

420  However, we note that the IL-2 production reported in Yang et al was much lower compared
421  to CD25""FOXP3™ Teffs, and immune subsets were not stratified based on the expression of
422 CD127, CD45RA and HELIOS. It is therefore likely that the residual production of IL-2
423  observed by Yang et al in CD25"“FOXP3" T cells was due primarily to HELIOS™ T cells. In
424 contrast, in our study we demonstrate that CD45RA™ CD25"°CD127'™" HELIOS'FOXP3*
425  cells have a profound inability to produce IL-2 as compared to CD127*CD25"" CD45RA"
426  HELIOS'FOXP3~ Teffs. We also noted the overall heterogeneity in the CD127"" subset in

427  regard to IL-2 and IFN-y secretion (Fig. 6). A similar proportion of CD127"" cells lacking
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428  both FOXP3 and HELIOS expression secrete IL-2 and IFN-y as compared to their CD127"
429  counterparts and are likely effector T cells. In healthy individuals we observed that these
430  putative effector cells are the largest portion of the CD45RA™ CD25°"CD127' gate (Fig.
431  1B), consistent with previous observations [13].

432

433 In addition to reduced levels of CD25, CD25"" HELIOS 'FOXP3" Tregs had lower

434 expression of CTLA-4, CD15s and FOXP3 as compared to CD25"%" HELIOS*FOXP3"
435  Tregs, suggesting that CD25'" Tregs could have decreased suppressive function. One
436 limitation of our study is that we are not able to directly assess the suppressive capacity of
437  CD25"" HELIOS'FOXP3" cells, as sorting on the intracellular transcription factors

438  precludes the use of these cells for functional assays and surrogate surface markers are not
439  yet defined. Also, as described above, the CD45RA™ CD25'"'CD127"" gate has a high
440  proportion of effector cells present making the results of suppression experiments using
441  populations of cells gated as CD25'°CD127"" difficult to interpret. Notably, despite the
442 cellular heterogeneity inherent in the CD25'°"CD127"" subset, two studies did test the
443  suppressive capacity of sorted CD25'°"CD127"" CD4" T cells [7,13]. Suppression of

444 proliferation by Teffs was mediated by CD25"°CD127"" CD4" T cells in both studies;
445  however IFN-y secretion by Teffs was not suppressed in the one study that examined this
446  parameter [7]. The reduced suppression mediated by CD25'"CD127"°" CD4" T cells could
447  be due to the fact that a larger proportion of effector cells are present in this subset as

448  compared with their CD25" counterparts. Overall the observation of suppression by

449  CD25""CD127"" CD4" T cells supports the conclusion that the CD25"" HELIOS FOXP3*

450  Tregs present in the heterogeneous CD25°'CD127'°" CD4" T cell population are
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451  functionally suppressive. Future studies are needed to unravel the heterogeneity present in
452 both the CD25' and CD25"%" CD127°"CD4" T cell subsets.

453

454  In contrast to the reduced expression of several molecules that are abundant in FOXP3*

455  Tregs, the frequency of cells expressing PD-1 and Ki-67 in CD25'" Tregs was higher than in
456  conventional CD25"%" Tregs, suggesting that the CD25'™ HELIOS'FOXP3" population may
457  represent the consequences of CD25"9" Tregs attempting to suppress ongoing inflammatory
458  responses in tissues. The progression of CD25"9" Tregs to the CD25'" Treg subset is

459  supported by our observation of the strong correlation between the frequency of CD25"%"
460  Tregs in cell cycle (Ki-67") with the number of CD25"" Tregs. The high proportion (15-
461  40%) of memory FOXP3" Tregs in cycle is consistent with their shorter half-lives as

462  compared to other T cell subsets [20,21]. Thus, given the fact that Treg percentages normally
463  remain constant in an individual through time [21], and a high proportion of the cells are

464  replicating, Treg cell death must be a common outcome following cell division. We propose
465  that the decreased expression of CD25 on Tregs, most likely caused by exposure to

466  inflammatory conditions, causes less responsiveness to IL-2, reduced expression of FOXP3
467  and other Treg-associated molecules, and an increased probability of cell death. Despite the

468  reduced IL-2 responsiveness in CD25""

Tregs, it is possible that the Tregs remain functional
469  and that the upregulation of PD-1 could compensate for reductions in FOXP3 and CTLA-4
470  levels [22]. Consistent with this hypothesis, previous studies have reported that PD-1 is a
471  critical inhibitory molecule that is upregulated on T cells after activation [23-25]. In contrast,

472  chronic PD-1 signaling within peripheral compartments has been reported to lead to reduced

473  STATS phosphorylation, decreased expression of CD25, FOXP3 and CTLA-4, and decreased
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474 Treg suppressive function [26-28]. Additional functional studies are required to resolve these
475  apparently contradictory mechanisms.

476
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477 5. Conclusions

478  We hypothesize that the presence of a low frequency of CD25' HELIOS'FOXP3" cells in
479  peripheral blood from healthy individuals reflects a normal physiological mechanism to

480  maintain, genetically-regulated, Treg levels. Their increased frequency in peripheral blood
481  from autoimmune patients, which is particularly noteworthy in patients with chronic systemic
482 inflammation, is indicative of an inflammatory insult that drives the expansion of the Treg
483  population, which can be transient or chronic, in an attempt to regulate an overt autoimmune
484  Teff response. Given the paucity of reliable peripheral biomarkers of disease activity, our
485  findings suggest that the frequency of CD25"" HELIOS*FOXP3" Tregs could provide

486  valuable information about recent or ongoing tissue inflammation and could have a clinical
487  application for the stratification of patients with flaring autoimmunity.

488
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633  Figure legends

634

635 Fig. 1. Frequency of CD25°YFOXP3" cells is increased in patients with autoimmune
636  disease. (A) Patterns of CD25 and FOXP3 expression among CD127" CD4" T cells from
637  healthy donors and patients with autoimmune manifestations. (B) Gating strategy for the
638  delineation of the T-cell subsets characterised in this study. Distribution of FOXP3" cells
639  among: (i) CD127°"CD25"" conventional Tregs (depicted in blue); and (ii)

640 CD127''CD25"" T cells (depicted in red). The vertical dotted line represents the threshold
641  for the gating of FOXP3" cells (histograms). (C, D) Scatter plots depict the frequency

642  (geometric mean +/- 95% CI) of FOXP3" cells among CD127"°“CD25'" T cells in SLE
643  patients (N = 32 patients vs 24 healthy donors) and combined immunodeficiency patients
644  with active autoimmunity (N = 7 patients vs 6 healthy donors) (C); or in a cohort of T1D
645  patients (N = 62; depicted by red circles) and healthy donors (N = 54; depicted by black
646  squares) (D). P values were calculated using two-tailed unpaired t-tests. The initial CD4" T
647  cell gate (CD4 versus dead cell exclusion dye) was derived from a lymphocyte gate (defined
648  on forward and side scatter) followed by single-cell discrimination. HC, healthy controls;
649  TID, type 1 diabetes patients; SLE, systemic lupus erythematosus patients; CID, combined
650  immunodeficiency patients.

651

652  Fig. 2. CD25"“FOXP3" cells are demethylated at the FOXP3 Treg-specific

653  demethylated region (TSDR). (A) Gating strategy for FACS sorting of four CD4" T-cell
654  subsets: (i) CD127"°“CD25'™"FOXP3" (depicted in green), (ii) CD127"°"CD25"*FOXP3*
655  (depicted in red), (i) CD127"°“CD25""FOXP3~ (depicted in grey), and (iv)

656 CD127'“CD25"9"FOXP3" (depicted in blue). (B) Frequency (mean +/— SEM) of reads
657  demethylated at eight or nine of the nine interrogated CpG sites in the FOXP3 TSDR. The
658 data were obtained from sorted cells from four independent healthy donors. (C) Graphic
659  depicts the proportion of demethylated reads at the nine interrogated CpG sites from the
660 FOXP3 TSDR in one illustrative donor. Each horizontal line represents one sequencing read,
661  with light green representing a methylated read (C) and dark green representing a

662  demethylated read (T). Note that the plot is representative of a male donor. For female

663  donors, X-chromosome inactivation causes half of the reads to be methylated and a

664  correction factor of two was applied to obtain the frequency of demethylated reads.
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665

666  Fig. 3. CD25""FOXP3" T cells display an antigen-experienced phenotype. (A, B)

667  Representative histograms and summary scatter plots depict the frequency (geometric mean
668  +/- 95% CI) of CD45RA™ memory T cells amongst the CD25"“FOXP3" and

669 CD25'“FOXP3" subsets in a population of 24 adult (median age = 42 years) healthy donors
670  (A) orina population of 116 younger (median age = 14 years) T1D patients (N = 62) and
671  healthy donors (N = 54) (B). (C, D) Representative histograms and the frequency distribution
672  (geometric mean +/- 95% CI) of Ki-67" (C) and PD-1" (D) cells in the CD45RA™

673  compartment of the four assessed immune subsets. P values were calculated using two-tailed
674  paired t-tests comparing the frequency of the assessed immune subsets from the same

675 individual. Gating strategy to delineate: (i) CD127"°"CD25"YFOXP3"~ (highlighted in green),
676 (i) CD127"°“CD25""FOXP3" (highlighted in red), (iii) CD127°"CD25"""FOXP3"

677  (highlighted in grey), and (iv) CD127"°"CD25"9"FOXP3* (highlighted in blue) CD4" T cells
678 is depicted in Figure 2A.

679

680  Fig. 4. CD25“FOXP3" cells show reduced expression of several conventional Treg

681 markers. (A) Representative histograms depict the distribution of the expression of the

682  conventional Treg markers HELIOS, TIGIT, CD15s and CTLA-4 amongst: (i)

683  CD127'CD25""FOXP3~ (highlighted in green), (i) CD127°"CD25""FOXP3" (highlighted
684  in red), (iii) CD127"°“CD25"9"FOXP3 (highlighted in grey), and (iv)

685 CD127"CD25""FOXP3" (highlighted in blue) memory CD4" T cells. (B) Scatter plots
686  depict the distribution (geometric mean +/- 95% CI) of HELIOS (n = 24), TIGIT (n = 24),
687 CD15s (n =24) and CTLA-4 (n = 13) in the CD45RA™ compartment of the four assessed
688  immune subsets. (C) Expression of FOXP3 (geometric mean +/- 95% CI) was measured in
689  the CD25""FOXP3" (depicted by red squares) and CD25""FOXP3* (depicted by blue

690 circles) subsets from 24 healthy donors. P values were calculated using two-tailed paired t-
691 tests comparing the assessed immunophenotypes between CD25°“FOXP3™ and the other

692 three delineated subsets from the same individual. MFI, mean fluorescence intensity.

693

694  Fig.5. HELIOS'CD45RA™ CD25""FOXP3" cells are demethylated at TSDR as much as
695 conventional HELIOS'CD45RA™ CD25""FOXP3* Tregs. Frequency (mean +/- SEM) of
696  reads demethylated at eight or nine of the nine interrogated CpG sites in the FOXP3 TSDR in
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CD45RA™ CD25""FOXP3" cells and CD45RA™ CD25""FOXP3" Tregs stratified by the
expression of HELIOS. The data were obtained from sorted cells from three independent

healthy donors.

Fig. 6. HELIOS'CD45RA™ CD25""FOXP3" cells show impaired production of 1L-2
and IFN-y. (A) Gating strategy to delineate the CD45RA™HELIOS" subset of: (i)
CD127""CD25"“FOXP3* (highlighted in red), (i) CD127"“CD25""FOXP3" (highlighted
in blue), and (i) CD127"CD25"Y*FOXP3™ HELIOS™ conventional (Conv) effector
(highlighted in black) subsets of CD4" T cells. (B, C) Bar graphs depict the frequency (mean
+/- 95% CI) of IL-2" and IFN-y" cells in the CD45RA™HELIOS" compartment (or the
CD45RA HELIOS compartment in the case of the conventional effector T cells) of the five
assessed immune subsets depicted in panel A. Cytokine production was assessed in one
single batch of ten donors. P values were calculated using two-tailed paired t-tests. FACS

gating plots depict data from one illustrative donor. ** P < 0.01, *** P < 0.001.

Fig. Proliferating Ki-67* CD127"°"CD25"%" Tregs correlate with the frequencies of the
CD127"°"CD25"" and CD127"°"CD25"" HELIOS'FOXP3"subsets. (A, B) Data shown
depict the correlation between the frequency within CD45RA™ CD4" T cells of in-cycle (Ki-
67") CD4'CD45RA™ CD127°“CD25"%" Tregs (FOXP3*HELIOS") and the frequency of
either CD25'Y FOXP3"HELIOS" T cells (A) or conventional CD25"" FOXP3*HELIOS"
Tregs (B). (C) Data shown depict the correlation between the frequencies of circulating
CD4'CD45RA™ CD25"" FOXP3*HELIOS" and CD25"?" FOXP3*HELIOS' T cells.
Frequencies of the assessed immune subsets were measured in PBMCs from healthy
volunteers from two independent cohorts: cohort 1 containing 24 donors (depicted in red) and
cohort 2 containing 112 donors (depicted in black). The r* values represent the coefficient of
determination of the linear regression in the combined cohorts, and the P values correspond
to the F statistic testing the null hypothesis that the slope of the linear regression analysis is

equal to 0.
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726 Supplement

727

728  Supplementary Table 1. Antibodies and immunostaining panels used for flow

729  cytometry. Detailed description of the fluorochrome-conjugated antibodies and

730  immunostaining panels used in this study.

731

732 Supplementary Fig. 1. Frequency of CD127"°“CD25"" FOXP3" T cells is increased in
733 T1D patients. (A) Scatter plot depicts the total frequency (geometric mean +/- 95% CI) of
734  CD25'™FOXP3* cells out of CD4" T cells in our discovery cohort of 62 T1D patients

735  (depicted by red circles) and 54 healthy controls (depicted by black squares) (B) Scatter plots
736 depict the frequency (geometric mean +/- 95% Cl) of FOXP3" cells from CD127"°“CD25""
737 T cells in: (i) an independent replication cohort consisting of 15 T1D patients and 15 healthy
738  controls. P values were calculated using two-tailed unpaired t-tests comparing the geometric
739  mean of the assessed immune subsets between T1D patients and healthy controls (HC).

740

741  Supplementary Fig. 2. Minimal increase in the frequency of CD127°“CD25"" FOXP3"
742 T cellsin T1D patients. Scatter plot depicts the total frequency (geometric mean +/- 95%
743 CI) of CD25""FOXP3" cells (classical Tregs) out of CD4" T cells in our discovery cohort of
744 62 T1D patients (depicted by red circles) and 54 healthy controls (depicted by black squares).
745 P values were calculated using two-tailed unpaired t-tests comparing the geometric mean of
746  CD25"I"FOXP3* Tregs between T1D patients and healthy controls (HC).

147

748  Supplementary Fig. 3. HELIOS expression defines distinct FOXP3" subsets. Scatter
749  plots depict the distribution (geometric mean +/- 95% CI) of TIGIT (n = 24), CD15s (n = 24),
750 CDA45RA (n =24), CTLA-4 (both frequency and MFI of the positive fraction; n = 13) and
751  FOXP3 MFI (n = 24) in the HELIOS" and HELIOS™ fractions of the (i) CD25°"FOXP3* T
752  cells (depicted in red) and (ii) conventional CD25'"FOXP3" Tregs (depicted in blue). P
753  values were calculated using two-tailed paired t-tests.

754

755  Supplementary Fig. 4. The frequency of HELIOS" CD25"“FOXP3" cells is increased in
756  patients with autoimmune disease. (A, B) Scatter plots depict the distribution (geometric
757  mean +/- 95% CI) of HELIOS'FOXP3" cells among CD127"*“CD25"" T cells in SLE
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758  patients (N = 32 patients vs 24 healthy donors) and combined immunodeficiency (CID)

759  patients with active autoimmunity (N = 7 patients vs 6 healthy donors) (A); and in a cohort of
760  T1D patients (N = 62; depicted by red circles) and healthy donors (N = 54; depicted by black
761  squares) (B). (C, D) Scatter plots depict the distribution (geometric mean +/- 95% CI) of
762  HELIOS" cells within CD25FOXP3* T cells in the cohort of SLE and CID patients (C)
763  and in the cohort of T1D patients (D). P values were calculated using two-tailed unpaired t-
764  tests comparing the geometric mean of the assessed immune subsets between patients and the
765  respective healthy control groups. .HC, healthy controls; T1D, type 1 diabetes patients; SLE,
766  systemic lupus erythematosus patients; CID, combined immunodeficiency patients; ns = non-
767  significant.

768

769  Supplementary Fig. 5. Production of IFN-y from HELIOS CD45RA™

770  CD127°“CD25""FOXP3"* T cells is not altered in T1D patients. (A) Gating strategy

771  illustrating the production of IFN-y in the HELIOS™ and HELIOS® CD45RA™ fractions of
772 CD127™CD25""FOXP3" cells. FACS gating plot is a representative example. (B) Plot
773 depicts the distribution of the frequency (geometric mean +/- 95% CI) of IFN-y* HELIOS™ T
774 cells in the CD45RA™ CD127""CD25""FOXP3"* population. Frequency of IFN-y* cells was
775  compared between T1D patients (N = 62; depicted by red circles) and healthy donors (N =
776 54, depicted by black squares) following in vitro stimulation with phorbol-12-myristate-13-
777  acetate (PMA) and ionomycin. (C) Plot depicts the distribution of the frequency (geometric
778  mean +/- 95% CI) of IFN-y" HELIOS™ T cells in the CD45RA™ CD127"°"CD25"*FOXP3"
779  population out of total CD4 T cells from the same donors as in (B). P values were calculated
780 by linear regression of the log-transformed data, including batch as a covariate. HC, healthy

781  controls; T1D, type 1 diabetic patients.
782
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Table 1. Baseline characteristics of study participants included in the association analyses

Age Duration of disease
Cohort N 9 Male
(years) N (%) (months)
Median Range Median Range
Autoimmune disease cohorts
SLE 34 36 20-72 2 (5.9%) N/A N/A
Healthy controls (CBR) - cohort 1 24 42 2062 1 (4.2%) N/A N/A
Healthy controls (CBR) - cohort 2 112 49 26-78 30 (26.8%) N/A N/A
CID 7 23 13-45 5 (71.4%) N/A N/A
Healthy controls (CBR) 6 34 17-47 4 (66.7%) N/A N/A
T1D discovery cohort
T1D (D-GAP)’ 49 13 6-34 32 (65.3%) 11 2-42
T1D (CBR)? 15 32 22-32 5 (33.3%) 198 6-276
T1D
. - 7 (58.0% 22 2-27
(combined) 64 14 6-42 37 (58.0%) 6
Unaffected Siblings (D-GAP)® 40 13 6-31 21 (52.5%) N/A N/A
Healthy Controls (CBR) 15 27 18-37 4 (26.7%) N/A N/A
Healthy controls 55 15 6-37 28 (45.9%) N/A N/A
(combined)
T1D replication cohort
T1D (CBR) 15 37 17-52 5 (33.3%) N/A N/A



Healthy Controls (CBR) 15 37 22-47 4 (26.7%) 240 24-240

Baseline characteristics for the study participants stratified by the study cohorts. 'Newly diagnosed T1D patients (duration
of disease <= 3 years) enrolled in the Diabetes - Genes, Autoimmunity and Prevention (D-GAP) study. “Long-standing
adult T1D patients enrolled from the Cambridge BioResource (CBR). ®First-degree sibling of a T1D patient, reporting no
autoimmune disease and determined to be negative for the following T1D-associated autoantibodies: 1AA, 1A2, GAD and
ZnT8. CID, Combined immunodeficiency; T1D, type 1 diabetes; SLE; systemic lupus erythematosus.



