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Abstract  31 

The adoptive transfer of regulatory T-cells (Tregs) is a promising therapeutic approach 32 

in transplantation and autoimmunity. However, because large cell numbers are 33 

needed to achieve a therapeutic effect, in vitro expansion is required.     34 

By comparing their function, phenotype and transcriptomic profile against ex vivo 35 

Tregs, we demonstrate that expanded human Tregs switch their metabolism to aerobic 36 

glycolysis and show enhanced suppressive function through hypoxia-inducible factor 37 

1-alpha (HIF1A) driven acquisition of CD73 expression. In conjunction with CD39, 38 

CD73 expression enables expanded Tregs to convert ATP to immunosuppressive 39 

adenosine. We conclude that for maximum therapeutic benefit, Treg expansion 40 

protocols should be optimised for CD39/CD73 co-expression. 41 

 42 

Introduction 43 

Regulatory T-cells (Tregs) are a subset of CD4+ T-cells that play an indispensable role 44 

in maintaining self-tolerance and in controlling potentially harmful excessive immune 45 

responses to foreign antigens. They are characterized by surface expression of the 46 

high affinity IL-2 α-chain receptor (CD25), low expression of the IL-7 α-chain receptor 47 

(CD127) and by demethylation at a conserved region within intron 1 of the FOXP3 48 

gene called the Treg-specific demethylated region (TSDR), leading to constitutive 49 

expression of their master transcription factor FOXP3.  50 

 51 

Multiple mechanisms have been proposed for Treg suppressive function, including: (i) 52 

consumption of IL-2; (ii) production of inhibitory cytokines; (iii) inhibition of antigen 53 

presenting cell maturation and function via the interaction of CTLA-4 with CD80/86 on 54 
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dendritic cells and (iv) the conversion of proinflammatory extracellular ATP to 55 

immunoregulatory adenosine through the action of the surface ectonucleotidases 56 

CD39 (ectonucleoside triphosphate diphosphohydrolase-1) and CD73 (ecto-5’-57 

Nucleotidase). Mechanistically, CD39 degrades ATP into AMP, which is then 58 

hydrolyzed by CD73 into adenosine (ADO).  The importance of ADO mediated 59 

suppression for human Tregs is unclear, as unlike murine Tregs it is generally 60 

accepted that they do not express CD731. 61 

 62 

Given the critical role Tregs play in controlling immune responses, there is a great deal 63 

of interest in their therapeutic potential, particularly in the treatment of autoimmune 64 

diseases and in treating, or preventing, complications from transplantation, such as 65 

graft-versus-host disease (GvHD) following hematopoietic stem cell transplantation 66 

(HSCT), or graft rejection following solid organ transplantation. Numerous proof-of-67 

principal pre-clinical studies have demonstrated their efficacy2–5, several phase I/II 68 

studies have demonstrated their safety and tolerability6, and numerous clinical trials 69 

are underway (clinicaltrials.gov and reviewed7). However, despite their potential, Treg 70 

therapy poses a number of significant challenges not least of which is cell number. 71 

Tregs make up only 5% of circulating CD4 T-cells, therefore production of therapeutic 72 

doses capable of altering immune responses requires intensive ex vivo-expansion. 73 

Most protocols involve broad T cell receptor (TCR) stimulation of magnetically-74 

separated or flow-sorted Tregs together with provision of IL-2 and the mTOR inhibitor 75 

rapamycin for periods of up to 36 days8. Rapamycin is an immunosuppressant that 76 

forms a gain-of-function complex with the FK506-binding protein (FKBP12), which 77 

then binds to and inhibits mTOR complex 1 (mTORC1), inhibiting T-cell proliferation. 78 
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At low doses, rapamycin preferentially inhibits T effector (Teff) proliferation, preventing 79 

their outgrowth so improving Treg purity9.   80 

 81 

We and others have previously shown that expanded Tregs (expTregs) have 82 

increased suppressive function when compared to their ex vivo activated 83 

counterparts10–12 but it is unclear why, and currently there is no consensus on which 84 

phenotypic characteristics best predict therapeutic efficacy. Here we show that 85 

acquisition of CD73, leading to increased CD39/CD73 co-expression and subsequent 86 

ability to produce immunosuppressive adenosine from ATP, best explains the 87 

increased suppressive capacity of human expTregs. Furthermore, we demonstrate 88 

that stable CD73 expression occurs as expTregs switch their metabolism from 89 

oxidative phosphorylation (OXPHOS) to aerobic glycolysis, and that CD73 expression 90 

is driven by hypoxia-inducible factor 1-alpha (HIF1A). Given the clinical importance of 91 

optimizing their suppressive function, we suggest that therapeutic Treg expansion 92 

protocols should be optimised for CD39/CD73 co-expression. 93 

 94 

 95 

Results: 96 

 97 

Expanded human Tregs show enhanced suppressive function 98 

First we expanded FACS sorted CD25hiCD127lo human Tregs using a standard 99 

expansion protocol used widely for production of Treg cellular therapies  (Figure 1a), 100 

involving two (x2) 14-day cycles of stimulation with anti-CD3/CD28 beads, in the 101 

presence of high dose IL-2 (500U/mL) and low dose rapamycin (100nM). The resultant 102 
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expTregx2 were highly pure, as demonstrated by HELIOS and FOXP3 co-expression, 103 

and by full demethylation at the FOXP3 TSDR (Figure 1b).  104 

 105 

By day 14, expression of the proliferation marker Ki67 had returned to baseline 106 

(Extended data Figure 1). Taken at this resting time point, expTregx2 were found to be 107 

significantly more suppressive than their ex vivo counterparts in an in vitro suppression 108 

assay (Figure 1c). Stock pre-labelled allogeneic pan CD3+ Teffs were used as 109 

responders to allow for direct comparison between ex vivo and expTregx2. In vivo, 110 

expTregx2 were also significantly more suppressive than ex vivo Tregs when tested in 111 

a skin graft humanized mouse model (median survival time [MST] >100 days vs 33 112 

days, p=0.0029, Figure 1d). 113 

 114 

ExpTregs acquire stable CD73 expression during expansion 115 

We next compared the expression of known Treg-associated molecules on resting 116 

expTregx2 vs. ex vivo Tregs, including: FOXP3, HELIOS, TIGIT, CD226, CD39, CD73, 117 

CD25, CD127 and both intracellular and surface CTLA4. Since expTregx2 were larger 118 

and more autofluorescent than ex vivo Tregs, the antibody panel and compensation 119 

matrix were optimized for each group separately (see Extended data Figure 2) and the 120 

percent positivity of each target antigen compared. Of these, only CD73 was 121 

differentially expressed (mean positivity 4.76% vs. 37.6%; p=0.0003 Figure 2a), and 122 

thus CD39 and CD73 co-expression was significantly higher in resting expTregx2 123 

compared to ex vivo Tregs (6.0% vs. 37.9%; p=0.0027 Figure 2a). Figure 2b shows 124 

the acquisition of CD39/CD73 double positivity by expTregsx2 over two cycles of 125 

expansion. CD73/CD39 co-expression was shown to be stable, surviving freeze/thaw 126 
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and 2 weeks in culture with low dose IL-2 and no additional stimulation (representative 127 

plots shown in Figure 2c). 128 

 129 

Although there is some conflict in the literature, in keeping with most reports we 130 

observed that ex vivo human Tregs expressed variable levels of CD39 and very little 131 

CD73, with only 2.4% (+/- 2.3%) being double positive for CD73 and CD39. This is in 132 

sharp contrast to murine Tregs1 which expressed high levels of CD73 and CD39 133 

constitutively (64.8% +/- 3.5% CD39+/CD73+; Figure 2d). As human studies typically 134 

involve blood, and murine studies spleen, we examined immune cells extracted from 135 

the spleen of two deceased human organ donors. This confirmed that both splenic and 136 

peripheral blood-derived human Tregs are largely CD73 negative, excluding a 137 

compartment effect (Figure 2e).  138 

 139 

Next, we flow sorted highly pure CD39 and CD73 double negative Tregs from 3 140 

donors, labelled them with cell division tracking dye and expanded them in culture as 141 

previously described. CD39 and CD73 expression increased over time with expansion, 142 

ruling out the possibility that expTreg CD39 and CD73 co-expression emerges due to 143 

the preferential expansion of small numbers of pre-existing CD39/CD73 double 144 

positive cells. CD39 expression was gained first. By day 8 (equivalent to 2-3 cell 145 

divisions) approximately 40% of the starting CD39/CD73 double negative Tregs were 146 

positive for CD39, with 25% positive for CD73. By day 15 CD73 expression had 147 

increased in density and approximately 50% of the starting population had gained 148 

expression (Figure 2f). By the end of the first cycle of expansion, approximately 30% 149 

of expTregs were CD39 and CD73 double positive, increasing to 50% by day 28 150 

(Figure 2f). Tregs expanded from donors with inherent low CD39 expression, 151 
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correlating with a haplotype tagged by rs1074864313,14 (CD39loa/a donors, detailed in 152 

Extended data Figure 3), still acquired CD39 and CD73 co-expression, but this 153 

required additional rounds of expansion (Figure 2g). This was due to delayed 154 

acquisition of CD39 rather than CD73 expression (Extended data Figure 3). 155 

 156 

ExpTregs gain the ability to convert extracellular ATP to immunosuppressive 157 

adenosine, explaining their increased suppressive function  158 

The coordinated action of the ectonucleotidases CD39 and CD73 converts ATP to 159 

immunosuppressive adenosine in a two-step process; firstly CD39 catalyses the 160 

hydrolysis of ATP to AMP, and secondly CD73 converts AMP to adenosine (ADO) 161 

(Figure 3a). We confirmed the previously published observation that ex vivo naive 162 

Tregs are largely CD39/CD73 double negative1,15,16, in contrast, ex vivo memory Tregs 163 

are either CD39/CD73 double negative or CD39 single positive (shown by 164 

representative plots, Figure 3b). To determine the functional consequences of CD39 165 

and CD73 expression on the ability of Tregs to convert ATP to ADO, we exposed flow 166 

sorted ex vivo naive Tregs, memory Tregs and expTregx2 from 3 donors to 50μM ATP, 167 

then measured AMP and ADO in the supernatant after 1 hour by mass spectrometry. 168 

B cells (known to constitutively express CD39 and CD7317) and monocytes (known to 169 

be CD39 single positive18) as well as CD4 and CD8 Teffs were also assayed. In 170 

keeping with their expression patterns, B cells were the only ex vivo cell type tested 171 

able to produce both AMP and regulatory ADO (Figure 3c). CD39 single positive 172 

memory Tregs and monocytes were able to produce AMP from ATP, but were not able 173 

to convert AMP to ADO (Figure 3c). In keeping with their increased co-expression of 174 

CD39/CD73, resting expTregx2 were high ATP-to-adenosine converters 175 

(approximately 16-fold higher than B cells; Figure 3c).  176 
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 177 

To determine if increased production of ADO explains the enhanced suppressive 178 

action of expTregs, we co-cultured antiCD3/CD28 activated Teffs, with resting 179 

expTregx2 from 3 donors with and without adenosine receptor 2A blockade (ADR2A 180 

being the adenosine receptor expressed by T cells19,20), and compared their 181 

suppressive function with ex vivo Tregs from the same donors. At a ratio of 8:1 182 

Teffs:Tregs (chosen as a ratio where ex vivo Tregs are minimally suppressive, 183 

whereas expTregx2 induce 50% suppression), ADR2A blockade significantly 184 

attenuated the suppressive effect of resting expTregx2, returning their suppressive 185 

capacity to that obtained with donor-matched ex vivo Tregs (Figure 3d and Extended 186 

data Figure 4). ADR2A blockade had no direct effect on Teff proliferation (Extended 187 

data Figure 4). 188 

 189 

ExpTregs undergo metabolic remodelling and utilize aerobic glycolysis during 190 

their expansion  191 

To further characterize how expTregs differ from ex vivo Tregs, transcriptomic analysis 192 

was performed using the Nanostring CAR-T Immune profiling panel, which quantifies 193 

the expression of 780 genes related to T-cell phenotype, activation and metabolism. 194 

RNA was extracted from ex vivo Tregs and from matched resting expTregs from three 195 

donors after either 2 (expTregx2) or 5-6 cycles of expansion (expTregx5). We detected 196 

45 and 160 genes differentially expressed between ex vivo Tregs and matched resting 197 

expTregx2 and expTregx5 respectively (Figure 4a and Supplementary table 1, greater 198 

than 2-fold difference in expression, FDR p < 0.05). In expTregs, the majority of the 199 

differentially expressed genes were upregulated (34/45 and 107/160, ex vivo Tregs 200 

vs. expTregx2 and expTregx5 respectively). To assess if these genes clustered in a 201 
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particular gene network, Gene Set Enrichment Analysis (GSEA) was performed using 202 

the Hallmark and Reactome gene sets and GO_Biological processes.  These identified 203 

clear enrichment of metabolic processing in expTregx2 and expTregx5 that included 204 

oxidative phosphorylation, glycolysis and fatty acid metabolic pathways (Hallmark data 205 

shown in Figure 4b).  In addition, enrichment of genes relating to cell division and 206 

biosynthesis was evident (Supplemental table 2). 207 

Next we took resting expTregx2 and restimulated expTregx2restim (8 days post 208 

restimulation), and studied their metabolism using a glycolysis stress test with a XF 209 

Seahorse extracellular flux analyser. By assessing the extracellular acidification rates 210 

(ECAR) in response to D-Glucose, as an indicator of aerobic glycolysis, we found that 211 

expTregx2restim were significantly more glycolytic compared to unstimulated and 212 

stimulated ex vivo Tregs and Teffs (Figure 4c). We then analysed the concomitant O2 213 

consumption rate (OCR), as a marker of OXPHOS, to assess the metabolic state of 214 

each group (Figure 4d). We found that the ECAR/OCR ratio was significantly higher 215 

in expTregx2restim compared to both unstimulated and stimulated ex vivo Tregs, as well 216 

as control Teffs (Figure 4d). Overall, these data demonstrate that upon stimulation 217 

expTreg cells increase glycolysis, which they preferentially use over OXPHOS. In 218 

keeping, extracellular lactate (a by-product of glycolysis) was found to accumulate in 219 

the cell culture supernatant of expTregs, and this correlated with increasing expTreg 220 

numbers (Figure 4e). 221 

For two of the three donors studied, expTregx2restim were also available for Nanostring 222 

analysis. This demonstrated further increased expression of genes involved in 223 

oxidative metabolism and glycolysis (Figure 4b), and the second most differentially 224 

expressed gene was the master transcriptional regulator of the adaptive response to 225 
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hypoxia HIF1A, which doubled in expression upon restimulation (Figure 4f; 226 

Supplemental table 1). No significant difference in HIF1A expression was seen 227 

between resting expTregs and ex vivo Tregs suggesting transient HIF1A upregulation 228 

during proliferation. Under hypoxic conditions - but also in the setting of aerobic 229 

glycolysis and mTORC1 signalling21–23 - HIF1A activates the transcription of over 100 230 

genes including glucose transporters, glycolytic enzymes and also CD7324–27 231 

(reported HIF1A responsive genes captured by the CAR-T Nanostring panel are 232 

shown in Extended data 5a). This suggested a potential role for HIF1A signalling in 233 

CD73 upregulation in our metabolically active, proliferating expTregs. 234 

 235 

CD73 upregulation in human Tregs can be achieved by stabilisation of HIF1A  236 

Under resting/aerobic conditions HIF1A is constitutively degraded by the Von Hippel-237 

Lindau (VHL) mediated ubiquitin protease pathway. Therefore, to determine if CD73 238 

Treg expression could be induced by the post-translational stabilization of HIF1A, we 239 

cultured PBMCs for 30 hours, in normoxic conditions (21% oxygen), with and without 240 

the addition of the VHL blocker VH29828. In the presence of VHL blockade, Treg CD73 241 

expression increased significantly, with increases in both the percentage of CD73+ 242 

Tregs, and density of CD73 expression observed (Figure 5).  243 

 244 

Multiple rounds of Treg expansion leads to reduced TCR diversity  245 

Given that individuals with inherent low CD39 expression require additional rounds of 246 

proliferation to gain CD39/CD73 co-expression we determined how prolonged 247 

expansion might affect Treg TCR clonal diversity. TCR diversity was assessed by 248 

measuring the expression of the 45 TCR alpha and 46 TCR beta chain probes included 249 

in the Nanostring CAR-T panel on ex vivo and expTregs from the same donor. TCR 250 
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diversity was similar between ex vivo Tregs expTregx2, but with additional expansion 251 

cycles (expTregx5-6), TCR diversity decreased, suggesting the outgrowth of a few 252 

dominant clones (ex vivo vs. expTreg, p = 0.03, Figure 6).  The specific alpha and beta 253 

chains that became dominant varied from donor to donor (Extended data Figure 5b-254 

c).        255 

 256 

 257 

Discussion: 258 

In this study we have shown that human expTregs, expanded in vitro using a typical 259 

clinical expansion protocol (involving anti-CD3/CD28 stimulation in the presence of 260 

high dose IL-2 and low dose rapamycin), gain super-suppressive function in vitro and 261 

in vivo, at least in part due to the upregulation of CD73, leading to their enhanced 262 

ability to convert extracellular ATP to immunoregulatory adenosine. The result of our 263 

work has significant implications for therapeutic Treg expansion protocols and for the 264 

phenotypic testing of expTregs prior to adoptive transfer. As the number of trials testing 265 

Tregs increases, there is a desire amongst the community to develop a standardized 266 

framework for describing their isolation, generation, storage and phenotypic 267 

characterisation prior to adoptive transfer29. We strongly suggest that CD39/CD73 268 

expression is included in this “minimum information about Tregs” (“MITREG”) dataset. 269 

 270 

Tregs are a subpopulation of CD4 T cells that are critical in maintaining peripheral self-271 

tolerance. They are defined by surface expression of CD25 and low expression of 272 

CD127, neither of which are specific to Tregs, and by demethylation of the TSDR 273 

which leads to constitutive expression of their master transcription factor FOXP330. 274 

FOXP3 controls many aspects of Treg biology, including their development, 275 
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transcriptional programme and suppressive function31, and loss-of-function mutations 276 

in FOXP3 cause lethal autoimmunity in both mice and humans 32,33. 277 

 278 

As we and others have previously reported10–12, expTregs were found to be super-279 

suppressive when compared to matched ex vivo Tregs. This was demonstrated using 280 

a standard in vitro suppression assay and in a humanized mouse model of skin 281 

transplantation. Humanised mouse models are powerful pre-clinical tools for studying 282 

the in vivo effectiveness of human Treg populations34,35 . In this study we co-transferred 283 

ex vivo and expTregx2 at a ratio of 1:5 Tregs to PBMCs, a ratio selected based on our 284 

previous experience with this model, as a “sub-optimal” dose that would be most 285 

sensitive for demonstrating suppressive differences10. At this dose, ex vivo Tregs failed 286 

to enhance graft survival, whereas resting expTregx2 led to long-term (>100 day) graft 287 

survival in 4 out of 5 animals tested.  288 

 289 

Next, expression of Treg-associated markers was examined by flow cytometry. Using 290 

a predefined and therefore restricted panel, only CD73 was significantly upregulated 291 

on expTregx2 vs. matched ex vivo Tregs (~8-fold change), leading to an increase in 292 

CD39/CD73 double positive Tregs. CD39, a member of the ectonucleoside 293 

triphosphate diphosphohydrolase (E-NTPDase) family, converts ATP to AMP, which 294 

is then hydrolyzed to immunoregulatory adenosine by CD7336. Accumulated 295 

extracellular adenosine then binds to its receptor (A2AR) on the surface of Teffs. 296 

Signals induced by A2AR increase intracellular cAMP, leading to inhibition of several 297 

cellular functions, such as T-cell proliferation and cytokine production15,19. Although 298 

there is some conflict in the literature37, it is generally accepted that human Tregs do 299 

not constitutively express CD731, leading some to hypothesise that, in humans, 300 



 

13 

adenosine-mediated suppression involving Tregs may depend upon paracrine 301 

mechanisms requiring the close proximity of CD39+Tregs to other cells expressing 302 

CD73 or other ectoenzymes16,38. Here we provide evidence for an 303 

additional/alternative explanation, i.e. that human Tregs do acquire the full enzymatic 304 

machinery to generate adenosine (as demonstrated here by mass spectrometry), but 305 

only after proliferation. In support of this, proliferating ICOS+ Tregs in melanoma 306 

patients treated with high-dose IL-2 have been reported to co-express high levels of 307 

CD73 and CD3939. Failure to observe CD73 even on stimulated ex vivo Tregs may be 308 

an artefact of their anergy in vitro. Using an ADR2A blocker we confirmed that 309 

increased adenosine production was sufficient to explain the increased suppressive 310 

function of expTregs in vitro. As this assay involved culturing Teffs with anti-CD3/CD28 311 

beads, plus or minus the addition of Tregs, it confirms a direct effect on Teff cells, but 312 

may miss additional enhanced suppressive mechanisms involving antigen presenting 313 

cells.  314 

 315 

CD73 expression increased late, after several rounds of cell division, perhaps 316 

reflecting the importance of this pathway in switching off immune responses rather 317 

than preventing immune activation. However, once acquired, CD73 expression was 318 

found to be stable in vitro (at least up to 2 weeks) and to survive freeze/thawing. These 319 

are both important attributes when considering the practicalities of giving expTregs 320 

therapeutically. Whilst performing these experiments, we observed high inter-321 

individual variation in Treg CD39 expression, which has previously been reported13,14, 322 

and CD39 expression correlated with a haplotype tagged by rs10748643, with reduced 323 

CD39 expression from the A allele. Repeated stimulation and cell division could 324 

overcome this genotypic effect, but took up to 60 days in the CD39loa/a donors tested; 325 
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this is in keeping with previous reports40. Given how common the rs10748643 A allele 326 

is globally (32.8% in Latino to 76.5% in East Asians41), CD39 genotype should be 327 

considered in therapeutic Treg expansion protocols which may need to be extended 328 

in CD39loa/a individuals if full therapeutic gain is to be achieved. However, this will need 329 

to be balanced against the potential for exhaustion with repetitive rounds of 330 

stimulation42,43 and against loss of clonal diversity (as observed in this study). 331 

 332 

Using the Nanostring CAR-T immune profiling panel, we detected 45 and 160 genes 333 

(out of 780 genes captured by the panel) that were >2-fold differentially expressed 334 

(FDR p<0.05) between ex vivo Tregs and expTregs, expanded for either 2 or 5/6 335 

cycles respectively. Most were upregulated in expTregs, particularly following 336 

restimulation, and GSEA using the Hallmark gene set showed clear enrichment of 337 

genes involved in metabolic processing, including glycolysis, OXPHOS and fatty acid 338 

metabolism. OXPHOS involves intermediates from glucose, fatty acids, and amino 339 

acids, entering the oxygen-dependent tricarboxylic acid (TCA) cycle and electron 340 

transport chain (ETC) in mitochondria. In glycolysis, glucose is metabolized to 341 

pyruvate which is converted into lactate rather than entering the TCA cycle. This is a 342 

rapid but less efficient way of producing ATP from glucose that is not dependent upon 343 

oxygen44; in addition it produces a pool of intermediate catabolites that can be utilised 344 

in other anabolic pathways, such as the pentose phosphate and serine pathways 45,46. 345 

In keeping with this, GO term analysis demonstrated enrichment of biosynthetic 346 

pathways in expTregs. Although Nanostring is a highly sensitive and robust platform, 347 

as it is targeted we may have missed important changes in other pathways not 348 

captured by the panel.  349 

 350 



 

15 

Next, using a Seahorse XF extracellular flux analyser we assessed ECAR and OCR 351 

as surrogate measures of glycolysis and OXPHOS. In keeping with the literature, in 352 

response to activation Teffs upregulated both OXPHOS and glycolysis despite 353 

sufficient oxygen; aerobic glycolysis is well described in Teffs 47,48.  On the contrary, 354 

and in keeping with their anergic state in vitro, stimulated ex vivo Tregs did not 355 

significantly alter their metabolism. However, resting expTregx2 demonstrated high 356 

levels of OXPHOS and aerobic glycolysis, and further shifted their metabolism to 357 

aerobic glycolysis on restimulation, resulting in the accumulation of lactate.  Aerobic 358 

glycolysis is induced by the activation of the protein kinase B (Akt)/mammalian target 359 

of rapamycin complex 1 (mTORC1) signalling pathway, and by subsequent activation 360 

of the HIF1A which binds to response elements in target genes, including genes 361 

encoding glucose transporters and glycolytic enzymes21–23. In keeping with our data, 362 

HIF1A increases the abundance of lactate dehydrogenase (LDH) which catalyses the 363 

conversion of pyruvate to lactate, thereby limiting production of acetyl-CoA for the TCA 364 

cycle. It also increases pyruvate dehydrogenase kinase (PDK) leading to the inhibition 365 

of pyruvate dehydrogenase (PD) which converts pyruvate into acetyl-CoA.  366 

 367 

While aerobic glycolysis is well described in activated Teffs, the role of glycolysis in 368 

Tregs is more contentious, with a number of recent papers challenging the dogma that 369 

Tregs depend largely on fatty acid oxidation49,50. For example, whilst Treg induction is 370 

enhanced by low mTOR signalling and inhibition of glycolysis51–54,  mTORC1-deleted 371 

Tregs show impaired suppressive function in vitro and the mice developed a scurfy-372 

like phenotype55,56 due to the loss of metabolic homeostasis in TCR-activated Tregs, 373 

reflected by reduced production of glucose-derived lipids and nucleotides and down 374 

regulated expression of mitochondrial genes56–59 . Furthermore, glycolysis and HIF1A 375 
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have been shown to be important in supporting the high metabolic demand of Treg 376 

migration, both in vitro and in vivo60,61. In addition to these predominantly murine 377 

studies, human Tregs have recently been shown to switch to glycolysis following TNF 378 

receptor 2 induced proliferation62, and recent proteomic analysis of human Tregs has 379 

provided further evidence of the importance of glycolysis in human Treg biology63. 380 

Taken together, our Nanostring and Seahorse data support the concept that, despite 381 

being cultured in low-dose rapamycin, rapidly expanding human Tregs undergo 382 

metabolic remodelling and a shift to aerobic glycolysis in response to TCR stimulation 383 

in the presence of IL-2, which sustains cell expansion, division and biosynthesis, as 384 

has been reported for Teffs.  385 

 386 

By binding to a responsive element in the CD73 promotor, stabilized HIF1A has been 387 

reported to increase CD73 expression in human intestinal epithelial cells24 and breast 388 

cancer cell lines25, raising the possibility that increased expTreg CD73 expression may 389 

be intrinsically linked to their altered metabolic state, and may be driven by HIF1A. To 390 

explore this we stabilised HIF1A using the VHL blocker, VH298. In normoxic/resting 391 

conditions HIF1A is constitutively degraded by the VHL mediated ubiquitin protease 392 

pathway. In contrast to several chemical agents known to stabilise HIF1A, such as 393 

Fe2+ substitutes and inhibitors of prolyl hydroxylase domain enzymes, VH298 is highly 394 

specific, capable of upregulating HIF1A-target genes, with no “off target” effects28 . 395 

This confirmed that VHL blockade with VH298 was sufficient to increase expression 396 

of CD73 surface protein expression on human Tregs, with increases in both 397 

percentage positivity and density of expression.   398 

With repeated rounds of expansion TCR diversity reduced. Although Tregs can 399 

efficiently suppress polyclonal autoreactive responses through non-specific bystander 400 
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suppression, and can recruit additional regulatory cell populations through “infectious 401 

tolerance”, it has been shown that TCR-restricted Tregs are less able to control murine 402 

GvHD, when compared to TCR-diverse Tregs64. In the same study, restricted Tregs 403 

were fully able to suppress anti-CD3 responses in vitro, suggesting that decreased in 404 

vivo suppression related to the probability of Treg activation, rather than a qualitative 405 

suppressive defect in the Tregs themselves. A limitation of our work is that Nanostring 406 

cannot assess true clonality which can only be determined using the full sequence of 407 

the TCR, but rather estimates clonality by measuring a low diversity of TCR beta 408 

variable regions. 409 

 410 

In conclusion, using a standard therapeutic protocol, we have shown that human 411 

expTregs switch their metabolism from OXPHOS to aerobic glycolysis to meet the 412 

bioenergetic demands of expansion/proliferation. Associated HIF1A signalling 413 

promotes surface CD73 expression which, with CD39, provides expTregs with the full 414 

enzymatic machinery to convert ATP to immunoregulatory adenosine, leading to their 415 

enhanced suppressive function. We suggest that Treg expansion protocols should be 416 

optimised for CD39/CD73 co-expression and should take into account the additional 417 

time required for CD39loa/a individuals to gain expression if maximum therapeutic 418 

effect is to be achieved. This may need to be balanced against the need to retain 419 

clonal diversity.  420 

 421 

  422 
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Methods 617 

Ethics Statement:  618 

All work was completed under ethically approved studies. Human PBMCs were 619 

isolated from healthy volunteers after obtaining fully informed consent under 620 

CAMSAFE (REC-11/33/0007) or from buffy coats or leukocyte cones from healthy 621 

blood donors (NHSBT, UK). Human spleen was obtained from two deceased organ 622 

donors via the Cambridge Bioresource for Translational Medicine (CBTM) (REC 623 

15/EE/0152 REC: East of England-Central Cambridge Research Committee). Healthy 624 

skin and blood was donated from patients undergoing plastic surgery procedures as 625 

previously described35 and with full informed consent under approval number 626 

07/H0605/130 from the Oxfordshire Research Ethics Committee B. All mice were 627 

treated in strict accordance to the UK Animals (Scientific Procedures) Act of 1986 and 628 

under PPLs P8869535A or PPL80/8970. 629 

 630 

Cell isolation and Magnetic separation: 631 

Human PBMC were isolated from heparinised blood, and splenic mononuclear cells 632 

(SMNCs) were isolated from mechanically dissociated and filtered human and murine 633 

spleens (from C57BL/6 mice) using Ficoll density gradient centrifugation (Ficoll 634 

PaquePlus; GE Healthcare, Amersham). CD19+ B-cells, CD14+ monocytes and CD4+ 635 

T-cells were isolated by positive magnetic selection (Miltenyi Biotec). Prior to flow 636 

sorting Tregs, untouched Pan T cells were enriched by negative selection using T cell 637 

isolation kit II (Miltenyi biotec). 638 

 639 

 640 
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Flow phenotyping and flow sorting:  641 

Cells were stained using a range of antibodies (BD, ebioscience, Biolegend) and 642 

blocked using 2% mouse serum (or 1% FCS for murine cells) in Facs buffer and/or 643 

Tru block monocyte blocker (Biolegend) as required. Intracellular staining was 644 

performed using the FOXP3 permeabilization staining kit (Invitrogen) for 45 minutes 645 

at room temperature followed by staining of intracellular markers in 1x perm wash 646 

buffer for 45 minutes at room temperature. Cell sorting was performed on either a 647 

FACS Aria (BD) or Influx (BD) cell sorter. Flow acquisition for phenotyping was 648 

performed on the Canto II or Fortessa LSR (BD Biosciences) and analysed using 649 

FlowJo v7.6.5-v10.0 (Tree Star Inc).  650 

 651 

Ex vivo Treg isolation and expansion:  652 

Human ex vivo CD127loCD25+CD4+ Tregs were flow sorted using a BD FACSAria cell 653 

sorter (BD Biosciences) after staining with: CD39-BB515 (clone Tu66, BD), CD25-PE 654 

(clone MA251, BD) or CD25-PE (BD), CD4 APCFire/750 (Clone A161A1, Biolegend) 655 

or CD4-ECD (Clone SFCI12T4D11, Beckman Coulter), CD73-BV421 (clone AD2, 656 

Biolegend), CD8 V500 (RPA-T8, BD), CD3-BV605 (SK7, Biolegend), CD127-AF647 657 

(clone HIL-7R-M21, BD) or CD127-PEcy7 (eBioRDR5, ebioscience/Thermofisher) 658 

and CD45RA-BV786 (clone Hi100, BD), then expanded with 500-1000 U/mL human 659 

rIL2 (Miltenyi Biotec/Chiron) +/- 100 nM rapamycin (Miltenyi Biotec) and human Treg 660 

expansion kit anti-CD3/CD28 beads (Miltenyi Biotec/Invitrogen), using x-vivo 15 cell 661 

medium (Lonza) or RMPI-1640 medium supplemented with L-glutamine, penicillin-662 

streptomycin (both PAA Laboratories, UK), sodium pyruvate (Gibco, UK) and 2-10% 663 

human AB pooled serum and media exchanged with fresh IL-2 every 3-5 days. For 664 

additional experiments, either memory Tregs (mTregs) were sorted as 665 
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CD4+CD25+CD127loCD45RA-, naïve Tregs were sorted as 666 

CD4+CD25+CD127loCD45RA+ or CD39-CD73- double negative Tregs were sorted as 667 

CD4+CD25+CD127loCD39-CD73-. Beads were removed using MACSibead magnet 668 

(Milteny Biotec) prior to phenotyping or use in functional assays. 669 

 670 

Measurement of FOXP3 TSDR methylation: 671 

The methylation status of the FOXP3 TSDR was measured using the protocol 672 

previously described65.  In brief, expTregs were processed with the Qiagen Epitect 673 

Fast Bisulfite kit, which lyses the cells and performs the bisulfite conversion in a single 674 

step.  First round PCR targeted 9 CpG sites within the FOXP3 TSDR and a second 675 

round PCR added index sequences and illumina compatible ends allowing for 676 

sequencing on an Illumina MiSeq (2x300 bp reads).  The percent FOXP3 677 

demethylation was calculated as the proportion of sequencing reads containing 8 or 9 678 

of the CpG sites within the TSDR being demethylated compared to the total number 679 

of sequencing reads. 680 

 681 

In vitro stimulation and suppression assays:  682 

For short term activation of sorted Tregs and Teffs, cells were cultured in RPMI 683 

complete media containing 10% FCS, Penicillin-streptomycin and Hepes +/- anti-684 

CD3/CD28 stimulation (Invitrogen dynabeads) at a cell:bead ratio of 4:1. In vitro 685 

suppression assays were performed as previously described66, briefly: Cell tracker 686 

V670 (invitrogen) labelled Tregs (ex vivo or expanded) and cell tracker V450 687 

(Invitrogen) labelled MACS sorted Pan T cells (Miltenyi T cell isolation kit II) were co-688 

cultured in 96V bottom plates (Greiner). Pan Teffs were seeded at 2x104 cells per well 689 

in RPMI+ 3% human AB serum in the absence or presence of equal and titrated 690 
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numbers of Tregs and stimulated using Miltenyi Tregs suppression inspector beads 691 

according to the manufacturer's instructions. Stocks of allogeneic pan Teffs pre-692 

labelled with V450 cell tracker dye were frozen in liquid nitrogen and used as standard 693 

Teffs for these assays. Assays were performed alone or in the presence of 2.5 μM 694 

ZM241385 (Sigma) – a selective ADR2A antagonist. Proliferation was measured on 695 

day 4-5 using BD fortessa HTS plate reader. V670+ Tregs were gated out to enable 696 

analysis of the effector population (CD4+V450+V670- cells) and suppression was 697 

calculated by taking the ratio between the proliferating and non-proliferating 698 

populations as previously described66. 699 

 700 

Skin allograft suppression assay model: 701 

Immunodeficient BALB/c Rag2-/- IL2rg-/- mice were purchased from Jackson 702 

Laboratories (Maine, USA) and housed under specific pathogen-free conditions in the 703 

Biomedical Services Unit at the John Radcliffe Hospital (Oxford, UK).   Mice between 704 

ages of 6 and 12 weeks were used.  Skin grafting was performed as previously 705 

described35.  Briefly, 1x1-cm piece of human skin was fashioned and sutured to the 706 

mouse recipient skin on the left dorsal thorax over the costal margin.  Grafts were left 707 

to heal for 35 days, before receiving an intraperitoneal injection of 5x106 human 708 

peripheral blood mononuclear cells (PBMCs) allogeneic to the graft donor.  Skin grafts 709 

were monitored regularly until loss.  In experimental groups with Treg cells, 1x106 710 

Tregs from the same donor as PBMCs were co-injected with PBMCs.  In all mice the 711 

degree of human leukocyte reconstitution was measured by flow cytometry at the time 712 

of harvest.  Mice with human leukocyte chimerism levels of  >0.1% in the blood or >1% 713 

in the spleen were defined as reconstituted and included in the study35. Skin allograft 714 
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survival time was calculated from the point of PBMC injection to the point of complete 715 

graft loss/visible rejection. 716 

 717 

Functional metabolite assays (Mass Spectrometry): 718 

The ability of different populations of cells to metabolise ATP to ADP, AMP and 719 

adenosine (and from AMP to adenosine) was measured using an ATP and AMP 720 

hydrolysis Mass Spectrometry protocol67. Briefly, cells of interest were isolated by 721 

either MACS or flow sorting and then separately cultured at 2x104 cells/well in triplicate 722 

in 96 well plates at 37oC in 5 % CO2 for 1 hour, in the presence or absence of 50μM 723 

ATP or AMP. Cells were pelleted and supernatants flash frozen in liquid nitrogen and 724 

stored at -80. Wells containing no cells and wells containing cells with no added 725 

ATP/AMP were used as controls. Supernatants were thawed and metabolites 726 

extracted using 2:1 methanol/chloroform followed by 1:1 water and chloroform. 727 

Nucleotides were measured by Liquid Chromatography tandem Mass Spectrometry 728 

(LC-MS/MS) using a Thermo Quantiva interfaced with a Ultra High performance Liquid 729 

Chromatography (UHPLC) Vanquish system (Thermo Scientific, Hemel Hempstead, 730 

UK). For chromatography on the UHPLC system, the strong mobile phase (A) was 100 731 

mM ammonium acetate, the weak mobile phase was acetonitrile (B) and the LC 732 

column used was the ZIC-HILIC column from Sequant (100 mm × 2.1 mm, 5 µm). 733 

Relative abundance of each metabolite was measured as area under the curve at 734 

relevant masses and normalised to stable isotope labelled standards. 735 

 736 

 737 

 738 
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Metabolism Assays (Seahorse XF extracellular flux assay): 739 

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were 740 

measured using a 96-well XF extracellular flux analyzer (EFA) (Seahorse Bioscience). 741 

Once isolated cells were seeded in assay medium (Agilent Seahorse XF RPMI 742 

Medium pH 7.4 cat no. 103576-100, containing 1 mM HEPES, and 2 mM Gibco 743 

Glutamax cat no. 35050-038) on a 96-well XF plate, pre-coated with Cell-Tak solution 744 

(Corning 354240, 3.5 ug/cm2 of surface area), at a concentration of 50.000/100.000 745 

cells per well. After centrifugation at 200 g for 1 minute (zero braking), cells were left 746 

to rest in a 5% CO2 incubator at 37 oC for 30 minutes. Medium was exchanged and 747 

the plate was then incubated in a non-CO2 incubator at 37 oC for 1 hour. A Glycolysis 748 

stress test was then performed by adding D-Glucose (final concentration 10 mM), 749 

oligomycin (final concentration 2.5 μM), and 2-DG (final concentration 50mM). After 750 

the run, cells were fixed with 4% PFA for 10 minutes and incubated with 1:10.000 751 

DAPI. Data from were then normalised on the DAPI+ area averaged from 4 ROIs (10X 752 

objective) for each well. Quality control for each well was performed on pH and oxygen 753 

flux, and wells that were not reliable were removed from further analysis, according to 754 

manufacturer’s instructions. The glycolytic values were calculated as the ECAR after 755 

addition of D-Glucose, while the OXPHOS values were calculated based on the OCR 756 

after addition of D-Glucose. The metabolic state of each group was calculated as the 757 

glycolytic value divided by the OXPHOS value. 758 

 759 

Lactate Measurements: 760 

Extracellular lactate was measured in cell culture supernatants as a read out of 761 

glycolytic activity. Supernatants were collected at various time points during expTreg 762 

expansion and stored at -20 oC until required. Lactate was measured as previously 763 
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described66 , briefly: lactate was measured spectrophotometrically using a Dimension 764 

EXL autoanalyser (Siemens, Germany) with Flex© reagent cartridges (product code 765 

DF16). Lactate dehydrogenase (LDH, 40U), Nicotinamide adenine dinucleotide (NAD, 766 

10 mmolL-1), dihydrazine sulphate (10 mmolL-1), and tris buffer (100 mmolL-1) were 767 

added to cell free expTreg expansion supernatants. The subsequent exchange of 768 

lactate to pyruvate, captured by the dihydrazine compound, is directly proportional to 769 

the change in NAD+ to NADH concentration measured at 340-383 nm, from which the 770 

initial lactate pool size was inferred.  771 

 772 

Transcriptomic profiling by Nanostring  773 

100,000 freshly-sorted ex vivo memory Tregs and 100,000 resting, expanded Tregs 774 

from the same donors were harvested and washed twice in PBS, cells pelleted and 775 

lysed in RLT buffer (Qiagen). For the expanded Tregs, samples were taken after 2 776 

rounds of expansion (expTregx2) and after 5-6 rounds of expansion (expTregx5-6). In 777 

addition, for 2 of the 3 donors, additional RNA was extracted mid-cycle 3, when >50% 778 

of the cells were in cycle (>50% Ki67+). RNA was extracted using Qiagen RNeasy 779 

micro kit and their transcriptome measured using the nanostring CAR-T 780 

characterisation panel (Nanostring technologies) using an nCounter prep station and 781 

digital analyser; the Nanostring CAR-T panel measures the expression of 780 genes, 782 

that includes genes to characterise cell phenotype, activation state, metabolism, 783 

exhaustion and TCR diversity.  784 

 785 

Statistical analysis:  786 

All flow cytometry data were analysed using FlowJo (version 10). Statistical tests were 787 

performed using Graphpad Prism 6.0 software (GraphPad Software Inc, California). 788 
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Survival data were analyzed using log-rank tests. Comparisons between groups of 789 

three or more were compared using a one way ANOVA with Tukey’s or Dunnet’s post-790 

hoc multiple comparisons tests, as indicated. Comparisons of 2 groups were tested 791 

with either one-tailed or two-tailed Student’s t-tests, a two-way ANOVA with Bonferroni 792 

post-hoc multiple comparisons test, or multiple T-tests with Holm-Sidak post-hoc 793 

correction as appropriate. For Seahorse analysis comparisons between groups were 794 

calculated using one-way ANOVA followed by unpaired two-tailed Student’s t-tests. 795 

XF extracellular flux assay data were analysed by two-way ANOVA followed by 796 

Sidak’s multiple comparisons test, or one-way ANOVA followed by Tukey’s multiple 797 

comparison test, as appropriate. Comparisons over time were calculated using two-798 

way ANOVA followed by Bonferroni’s multiple comparison tests. Lactate concentration 799 

was compared with expTreg number using a linear correlation (Data processed in 800 

Matlab 2017a, The Mathworks, MA). 801 

 802 

Nanostring data were normalised using nsolver 4.0 software (Nanostring), background 803 

thresholding was performed at 33 counts, which was the maximum value of the 804 

negative control probes. Only probes with counts greater than the background 805 

threshold value of 33 in at least 2 of the 3 samples were included in the analysis. 806 

Volcano plots were generated using the EnhancedVolcano R package68 and 807 

heatmaps were visualised with the Bioinfokit python package69 .  The Geneset 808 

enrichment analysis (GSEA) tool70 was used to determine if there was enrichment of 809 

any hallmark pathways71 between the ex vivo and expTregs. The Nanostring CAR-T 810 

panel contains probes to 45 TCR Alpha and 46 TCR beta variable chains, Briefly, the 811 

variable regions were assessed for overall expression and normalized to a panel 812 

standard which allowed for more precise quantification. As an estimate of TCR 813 
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diversity, a TCR clonality score was determined using the Shannon Diversity index 814 

calculation, a measure of species diversity in a community. This ecological 815 

measurement was used to account for the abundance and evenness of the T-cell beta 816 

variable regions present within a given sample versus the population of T-cell 817 

receptors within a given dataset. The score given is relative - a higher TCR score 818 

means a more diverse population of variable regions, and a less clonal population, 819 

whereas a lower score means less diversity, and a more clonal population. 820 

 821 

Genotyping 822 

Donors were genotyped for SNP rs10748643, which is located within intron 1 of 823 

ENTPD1, the gene encoding CD39.  Primers were designed that flank the variant 824 

(forward - GCACAGATGGTGTGCAGTCT, reverse - TCTTCCTGGCTCTCACACG), 825 

and PCR was performed to amplify this region using a 16 µl reaction containing 8 µl 826 

of Qiagen Multiplex PCR master mix, 0.5 µl of each forward and reverse primers (10 827 

µM), 5 µl water and 2 µl of genomic DNA (5 ng/µl).  The PCR cycling conditions 828 

consisted of 15 minute hotstart at 95OC, followed by 30 cycles of 95OC for 30 seconds, 829 

60OC for 30 seconds and 72OC for 30 seconds.  The 97 bp PCR amplicon was digested 830 

with the restriction enzyme SCRF1 (New England Biolabs), and visualised on the 831 

Agilent Bioanalyser.  The SCRF1 cuts the PCR amplicon to generate 90 bp and 7 bp 832 

products if homozygous for the A allele; 52 bp, 38 bp and 7 bp products if homozygous 833 

for the G allele; and 90 bp, 52 bp, 38 bp and 7 bp products if heterozygous (AG).  834 

 835 

Data Availability 836 

All raw nanostring data are available in supplementary information. All other data are 837 

available from the corresponding author upon reasonable request.  838 
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Figure 1: 
Therapeutically expanded human Tregs show enhanced suppressive function 
A: Flow sorted human Tregs (CD3+CD4+CD25hiCD127lo) were expanded with anti-CD3/CD28 beads in presence of high dose 
IL2 (500 U/mL) and low dose rapamycin (100 nM) in two-week cycles.  
B: Representative plots showing HELIOS/FOXP3 expression and TSDR demethylation of resting expTreg after 2 cycles of 
expansion (expTregx2), gated on live CD4+ T cells. 
C: Suppression assay labelling strategy: Flow sorted ex vivo CD3+CD4+CD25hiCD127lo Tregs or resting expTregx2 were 
labelled with cell division dye V670 (top left plot), and sorted pan T (CD3+) effector cells with proliferation dye V450 (top right 
plot), then cultured separately or together (bottom left - ex vivo Tregs; bottom right, expTregx2) in an in vitro Treg suppression 
assay +/- anti-CD3/CD28 stimulation.  Summary data (right hand plot) showing the suppressive function of ex vivo Tregs 
(orange) vs. expTregx2 (blue) from 4 donors at various Teff:Treg ratios. Data show the mean percent suppression +/- 1SD; n 
= cells from individual donors, analysed in independent experiments. Compared with ex vivo Tregs, expTregx2 were more 
suppressive at all ratios tested (Two way ANOVA with Bonferroni multiple testing correction *P <0.05, **P <0.01, ***P <0.001, 
****P <0.0001). 
D: In vivo skin graft model, in which mice received a skin graft plus 5×106 allogeneic PBMCs together with 1×106 ex vivo 
(orange) Tregs or 1×106 resting expTregsx2 (blue). Data show a Kaplan Meier survival curve of graft survival (Log rank test, p 
value as shown). 
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Figure 2  
expTregs acquire stable CD73 expression and become CD39/CD73 co-expressing during their expansion 
A: Mean percent expression (+/-1SD) of Treg-associated markers expressed by resting expTregx2 (blue bars) and ex vivo 
Tregs (orange bars) from 4 donors. Representative dot plots of CD39/CD73 co-expression shown for one donor (multiple T-
tests with Holm Sidak correction for multiple comparisons). 
B: Percentage expTreg CD39+CD73+ expression over time (4 donors; one-way ANOVA followed by Tukey's multiple 
comparison testing). 
C: Top plot: CD39/CD73 expression on flow sorted expTregs rested for 1 day vs. expTregs rested for 2 weeks in low-dose IL-
2 (50 U/mL). Bottom plot: CD39/CD73 expression on expTregs (red) vs. matched frozen/thawed expTregs (purple).  
D: Percent of CD4+CD25hiFOXP3+ human (red, n=10) vs. murine (blue, n=3) Tregs that are CD39+CD73-, CD39-CD73-, CD39-

CD73+ or CD39+CD73+. A representative dotplot of murine CD39/CD73 expression is shown (multiple unpaired T-tests with 
Holms Sidak correction for multiple comparisons).  
E: CD39 and CD73 expression on CD4+CD25hi+CD127lo gated Tregs in matched blood and spleen from 2 deceased human 
donors.  
F: Upregulation of CD39/CD73 on flow sorted, cell proliferation dye labelled CD39-CD73- DN Tregs at day 8, 12 and 15 post-
stimulation (representative plots from 3 donors). 
G: Percent CD39+CD73+ co-expression on expTregs from CD39-CD73- DN-Tregs from CD39 genotyped donors (CD39+GG/Ga 
red, n=4 and CD39loa/a blue, n=2). (Two way ANOVA with Bonferroni correction)  
*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. 
Summary data are presented as mean ± 1SD. n represents cells from individual donors, analysed in independent experiments. 
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Figure 3 
expTregs gain the ability to convert extracellular ATP to immunosuppressive adenosine which explains their 
increased suppressive function 
A: Schematic showing extracellular ATP conversion to immunosuppressive adenosine (ADO): CD39 converts ATP to AMP 
then CD73 converts AMP to ADO, which acts via the adenosine receptor ADR2A on the surface of Teff cells.  
B: Example dotplots showing differential expression of CD39 and CD73 in human ex vivo FOXP3+CD45RA+ (naive, nTregs) 
vs. FOXP3+CD45RA- (memory, mTregs),   
C: Mass spectrometric measurement of AMP and ADO in cell culture supernatants of various cell types from 3 donors following 
addition of 50 μM of ATP. Data shown are mean of area ratio normalised to matched B-cells +/- 1SD; one-way ANOVA with 
Dunnett’s multiple comparison against no cell control. In contrast to naive and memory ex vivo Tregs, expTregx2 were able to 
convert ATP to ADO. 
D: ExpTregs from 3 donors were cultured with Teffs at a ratio of 8:1 Teffs:Tregs in the absence or presence of ADR2A block 
ZM 241385  and the percentage suppression at day 5 compared with that of donor matched ex vivo Tregs. Bar chart shows 
combined data for 3 donors +/- 1SD (one-way ANOVA with Tukey's multiple comparisons test) (*P <0.05, **P <0.01, *** P 
<0.001, **** P <0.0001). 
Summary data are presented as mean ± 1SD. n represents cells from individual donors, analysed in independent experiments. 
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Figure 4 
ExpTregs undergo metabolic remodelling and utilize aerobic glycolysis during their expansion. 
A: Volcano plots of differential gene expression between ex vivo Tregs and resting expTregs (after 2 or 5/ 6 cycles) measured 
using the Nanostring CAR-T panel. Gene Set Enrichment Analysis (GSEA) using the Hallmark pathways showed enrichment 
of metabolic genes (filled triangles). 
B: Heatmap showing differential expression of genes involved in glycolysis, fatty acid metabolism and oxidative 
phosphorylation between ex vivo Tregs, resting expTregs (after 2 or 5/6 cycles) and re-stimulated expTregs (mid-cycle 3).  
C: Representative glycolysis stress test of resting expTregsx2 and restimulated expTregsx2restim from the same donor showing 
Extracellular Acidification Rate (ECAR) changes (left plot). Oligo: oligomycin, 2DG: 2-Deoxy-D-glucose. Two-way ANOVA. 
Right plot shows histogram of ECAR values after D-Glucose in ex vivo Tregs, expTregs, and Teffs. One-way ANOVA. All data 
are mean values ± SEM of ≥ 2 technical replicates per donor.  
D: Metabolic state of each group according to the Oxygen Consumption Rate (OCR) and ECAR after D-Glucose (left plot) and 
ECAR/OCR ratio as indicator of preferential use of glycolysis over OXPHOS (right plot). Data are mean ± SEM of  ≥ 2 technical 
replicates per donor. One-way ANOVA. 
E: Lactate in the cell supernatant of expTregs, measured spectrophotometrically,   correlated positively with cell number 
(R2.0.89, p = 0.05). 
F: HIF1A expression increased two-fold in expTregx2 compared to matched ex vivo Tregs.  
(*P <0.05, **P <0.01, *** P <0.001, **** P <0.0001). 
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Figure 5 
CD73 upregulation in human Tregs can be achieved by stabilisation of HIF1A,  
and multiple rounds of Treg expansion leads to reduced TCR diversity  
Percentage of CD73+ cells and MFI (geometric mean fluorescent intensity) of CD73 on ex vivo CD3+CD4+CD25hiCD127lo Tregs 
from 4 donors as measured by flow cytometry following 30 hours of culture with and without VH298 at 200 μM, 100 μM and 
50 μM. Increased CD73 was observed between the 200 μM concentration and untreated cells both for % CD73 and MFI. 
Example histogram from one donor shown on left. (One way ANOVA with Dunnett’s correction * P<0.05, **P <0.01, *** P 
<0.001, **** P <0.0001). 
 
 

 
 
 
 
 
Figure 6 
Multiple rounds of Treg expansion leads to reduced TCR diversity  
A: TCR clonality score of ex vivo Tregs vs. expTregs after 2 or 5-6 cycles of expansion (n=3 donors) calculated using the 
expression of the variable TCR beta chain.  
B: Expression of TCR alpha and TCR beta variable chains in expTregx2 and expTregx5-6 relative to their ex vivo counterpart 
(n=3 donors).TCR clonality is reduced in expTregs5-6 as the mean expression of all alpha or beta chains is below zero, whereas 
only a few dominant TCR chains are expanded (values above zero).  Log2 counts are shown in Extended Figure 5b. 
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Figure 1

Therapeutically expanded human Tregs show enhanced suppressive function A: Flow sorted human
Tregs (CD3+CD4+CD25hiCD127lo) were expanded with anti-CD3/CD28 beads in presence of high dose
IL2 (500 U/mL) and low dose rapamycin (100 nM) in two-week cycles. B: Representative plots showing



HELIOS/FOXP3 expression and TSDR demethylation of resting expTreg after 2 cycles of expansion
(expTregx2), gated on live CD4+ T cells. C: Suppression assay labelling strategy: Flow sorted ex vivo
CD3+CD4+CD25hiCD127lo Tregs or resting expTregx2 were labelled with cell division dye V670 (top left
plot), and sorted pan T (CD3+) effector cells with proliferation dye V450 (top right plot), then cultured
separately or together (bottom left - ex vivo Tregs; bottom right, expTregx2) in an in vitro Treg suppression
assay +/- anti-CD3/CD28 stimulation. Summary data (right hand plot) showing the suppressive function
of ex vivo Tregs (orange) vs. expTregx2 (blue) from 4 donors at various Teff:Treg ratios. Data show the
mean percent suppression +/- 1SD; n = cells from individual donors, analysed in independent
experiments. Compared with ex vivo Tregs, expTregx2 were more suppressive at all ratios tested (Two
way ANOVA with Bonferroni multiple testing correction *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001).
D: In vivo skin graft model, in which mice received a skin graft plus 5×106 allogeneic PBMCs together
with 1×106 ex vivo (orange) Tregs or 1×106 resting expTregsx2 (blue). Data show a Kaplan Meier survival
curve of graft survival (Log rank test, p value as shown).



Figure 2

expTregs acquire stable CD73 expression and become CD39/CD73 co-expressing during their expansion
A: Mean percent expression (+/-1SD) of Treg-associated markers expressed by resting expTregx2 (blue
bars) and ex vivo Tregs (orange bars) from 4 donors. Representative dot plots of CD39/CD73 co-
expression shown for one donor (multiple T-tests with Holm Sidak correction for multiple comparisons).
B: Percentage expTreg CD39+CD73+ expression over time (4 donors; one-way ANOVA followed by Tukey's
multiple comparison testing). C: Top plot: CD39/CD73 expression on �ow sorted expTregs rested for 1
day vs. expTregs rested for 2 weeks in low-dose IL-2 (50 U/mL). Bottom plot: CD39/CD73 expression on



expTregs (red) vs. matched frozen/thawed expTregs (purple). D: Percent of CD4+CD25hiFOXP3+ human
(red, n=10) vs. murine (blue, n=3) Tregs that are CD39+CD73-, CD39-CD73-, CD39-CD73+ or CD39+CD73+.
A representative dotplot of murine CD39/CD73 expression is shown (multiple unpaired T-tests with Holms
Sidak correction for multiple comparisons). E: CD39 and CD73 expression on CD4+CD25hi+CD127lo
gated Tregs in matched blood and spleen from 2 deceased human donors. F: Upregulation of
CD39/CD73 on �ow sorted, cell proliferation dye labelled CD39-CD73- DN Tregs at day 8, 12 and 15 post-
stimulation (representative plots from 3 donors). G: Percent CD39+CD73+ co-expression on expTregs
from CD39-CD73- DN-Tregs from CD39 genotyped donors (CD39+GG/Ga red, n=4 and CD39loa/a blue,
n=2). (Two way ANOVA with Bonferroni correction) *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
Summary data are presented as mean ± 1SD. n represents cells from individual donors, analysed in
independent experiments.



Figure 3

expTregs gain the ability to convert extracellular ATP to immunosuppressive adenosine which explains
their increased suppressive function A: Schematic showing extracellular ATP conversion to
immunosuppressive adenosine (ADO): CD39 converts ATP to AMP then CD73 converts AMP to ADO,
which acts via the adenosine receptor ADR2A on the surface of Teff cells. B: Example dotplots showing
differential expression of CD39 and CD73 in human ex vivo FOXP3+CD45RA+ (naive, nTregs) vs.
FOXP3+CD45RA- (memory, mTregs), C: Mass spectrometric measurement of AMP and ADO in cell culture
supernatants of various cell types from 3 donors following addition of 50 μM of ATP. Data shown are



mean of area ratio normalised to matched B-cells +/- 1SD; one-way ANOVA with Dunnett’s multiple
comparison against no cell control. In contrast to naive and memory ex vivo Tregs, expTregx2 were able
to convert ATP to ADO. D: ExpTregs from 3 donors were cultured with Teffs at a ratio of 8:1 Teffs:Tregs in
the absence or presence of ADR2A block ZM 241385 and the percentage suppression at day 5 compared
with that of donor matched ex vivo Tregs. Bar chart shows combined data for 3 donors +/- 1SD (one-way
ANOVA with Tukey's multiple comparisons test) (*P <0.05, **P <0.01, *** P <0.001, **** P <0.0001).
Summary data are presented as mean ± 1SD. n represents cells from individual donors, analysed in
independent experiments.

Figure 4



ExpTregs undergo metabolic remodelling and utilize aerobic glycolysis during their expansion. A: Volcano
plots of differential gene expression between ex vivo Tregs and resting expTregs (after 2 or 5/ 6 cycles)
measured using the Nanostring CAR-T panel. Gene Set Enrichment Analysis (GSEA) using the Hallmark
pathways showed enrichment of metabolic genes (�lled triangles). B: Heatmap showing differential
expression of genes involved in glycolysis, fatty acid metabolism and oxidative phosphorylation between
ex vivo Tregs, resting expTregs (after 2 or 5/6 cycles) and re-stimulated expTregs (mid-cycle 3). C:
Representative glycolysis stress test of resting expTregsx2 and restimulated expTregsx2restim from the
same donor showing Extracellular Acidi�cation Rate (ECAR) changes (left plot). Oligo: oligomycin, 2DG:
2-Deoxy-D-glucose. Two-way ANOVA. Right plot shows histogram of ECAR values after D-Glucose in ex
vivo Tregs, expTregs, and Teffs. One-way ANOVA. All data are mean values ± SEM of ≥ 2 technical
replicates per donor. D: Metabolic state of each group according to the Oxygen Consumption Rate (OCR)
and ECAR after D-Glucose (left plot) and ECAR/OCR ratio as indicator of preferential use of glycolysis
over OXPHOS (right plot). Data are mean ± SEM of ≥ 2 technical replicates per donor. One-way ANOVA. E:
Lactate in the cell supernatant of expTregs, measured spectrophotometrically, correlated positively with
cell number (R2.0.89, p = 0.05). F: HIF1A expression increased two-fold in expTregx2 compared to
matched ex vivo Tregs. (*P <0.05, **P <0.01, *** P <0.001, **** P <0.0001).

Figure 5

CD73 upregulation in human Tregs can be achieved by stabilisation of HIF1A, and multiple rounds of
Treg expansion leads to reduced TCR diversity Percentage of CD73+ cells and MFI (geometric mean
�uorescent intensity) of CD73 on ex vivo CD3+CD4+CD25hiCD127lo Tregs from 4 donors as measured
by �ow cytometry following 30 hours of culture with and without VH298 at 200 μM, 100 μM and 50 μM.
Increased CD73 was observed between the 200 μM concentration and untreated cells both for % CD73
and MFI. Example histogram from one donor shown on left. (One way ANOVA with Dunnett’s correction *
P<0.05, **P <0.01, *** P <0.001, **** P <0.0001).



Figure 6

Multiple rounds of Treg expansion leads to reduced TCR diversity A: TCR clonality score of ex vivo Tregs
vs. expTregs after 2 or 5-6 cycles of expansion (n=3 donors) calculated using the expression of the
variable TCR beta chain. B: Expression of TCR alpha and TCR beta variable chains in expTregx2 and
expTregx5-6 relative to their ex vivo counterpart (n=3 donors).TCR clonality is reduced in expTregs5-6 as
the mean expression of all alpha or beta chains is below zero, whereas only a few dominant TCR chains
are expanded (values above zero). Log2 counts are shown in Extended Figure 5b.
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