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 One  Sentence  Summary:  FOXP3+CD8+Tregs,  expressing  tissue  residency  markers  and  CD25  intracellularly, 

 are enriched in human non-lymphoid tissues. 

 Abstract: 
 For  decades  regulatory  T  cell  (Treg)  research  has  focussed  on  CD4+FOXP3+  Tregs,  whilst  characterisation  of 

 CD8+FOXP3+  Tregs  has  been  limited  by  their  paucity  in  blood.  Here,  by  studying  98  tissues  from  27 

 deceased  transplant  organ  donors  we  demonstrate  that  despite  representing  less  than  5%  of  circulating  Tregs, 

 fully  functional,  thymically  derived  CD8+FOXP3+  Tregs  are  highly  enriched  in  human  tissues  particularly  in 

 non-lymphoid  tissues  and  bone  marrow,  where  they  reside  as 

 CD25  lo  /-CD8+CD69+CD103+TLR9+HELIOS+FOXP3+  Tregs.  Despite  lacking  surface  CD25  expression,  CD8+ 

 Tregs  in  tissue  are  demethylated  at  the  FOXP3  TSDR  and  express  CD25  intracellularly.  Surface  CD25 

 expression  is  quickly  regained  in  vitro  ,  allowing  cell  sorting  for  therapeutic  expansion  and  confirmation  of  their 

 suppressive  function.  We  suggest  that  these  elusive  cells  likely  play  an  essential  but  previously  unappreciated 

 role in maintaining peripheral tolerance within human tissues. 
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 Main Text: 

 Naturally  occurring  CD4+  Tregs  are  a  specialised  subset  of  CD4+  T  cells  that  play  a  vital  role  in  regulating  the 

 immune  system.  They  are  selected  in  the  thymus  to  self-antigen  expressed  on  MHC-Class  II  molecules  and 

 are  capable  of  suppressing  harmful  immune  responses  to  self  in  the  periphery,  where  they  play  a  key  role  in 

 preventing  autoimmunity  and  maintaining  peripheral  tolerance  (reviewed  (  1  )  ).  Naturally-occurring  thymic 

 derived  Tregs  (nTregs)  can  be  distinguished  from  peripherally  induced  Tregs  (pTregs)  by  the  methylation 

 status  of  the  TSDR  (Treg-specific  demethylated  region)  located  in  intron  1  of  the  FOXP3  gene,  which  is 

 demethylated in nTregs promoting stable FOXP3 expression  (  2  )  . 

 Multiple  CD8+  T  cells  with  suppressive  properties  have  been  described  both  in  mice  and  humans,  including 

 CD8+  cells  that  are  CD28  lo  ,  CD28lo/CD57+  (  3  )  ,  CD122+  (  4  )  ,  CD45RC  lo  (  5  )  ,  KIR+  (in  human)  (  6  )  ,  Ly49+  (in 

 mice)  (  7  )  and  CD56+/NKT-like  (in  mice)  (  8  )  .  Whilst  the  CD28lo  and  CD45RC  lo  populations  have  been  shown  to 

 contain  a  small  subpopulation  of  FOXP3  expressing  cells,  the  majority  of  these  reported  suppressive  CD8+  T 

 cells  do  not  express  FOXP3  and  are  thought  to  suppress  via  different  mechanisms  including  cytotoxicity 

 (reviewed  in  (  9  )  ).  There  have  also  been  descriptions  of  CD8+FOXP3+  Tregs,  primarily  in  the  context  of  human 

 tumour  microenvironments  where  increased  numbers  correlate  with  worse  outcomes  (  10  ,  11  )  .  They  are  also 

 known  to  be  highly  responsive  to  IL-2  (demonstrated  in  both  humans  and  mice  in  vivo  )  (  12  ,  13  )  and  human 

 CD8+FOXP3+  Tregs  can  be  expanded  in  vitro  using  DC  (  14  )  or  polyclonal  stimulation  (  5  )  .  Yet  due  to  their  very 

 low  frequency  in  peripheral  blood,  few  in-depth  studies  have  been  performed  on  ex  vivo  CD8+FOXP3+  Tregs 

 from healthy individuals and their origin and role in human immunity remains elusive (reviewed in  (  15  )  ). 

 In  this  study  we  undertook  a  detailed  analysis  of  the  CD8+FOXP3+  T  cell  compartment  in  humans.  Our 

 findings  confirm  the  long-held  assumption  that  these  cells  represent  the  CD8-expressing/MHC  class  I 

 restricted  counterparts  of  naturally  occurring  and  thymically  derived  CD4+  Tregs,  and  that  they  are  distinct 

 from  unconventional  cytotoxic  FOXP3-  CD8+  cells  that  have  suppressive  capacity  (such  as  CD28-/CD122+ 

 Tregs  or  those  expressing  KIRs).  Using  a  combination  of  high-parameter  flow  cytometry,  transcriptomic 

 analysis,  miniaturised  suppression  assays,  TSDR  methylation  analysis,  and  by  studying  tissues  from 

 deceased  transplant  organ  donors  (including  secondary  lymphoid,  gut  and  thymic  tissue)  we  demonstrate  that 

 human  CD8+FOXP3+  cells  are  thymically  derived,  highly  suppressive,  regulatory  cells  that  are  enriched  within 

 the  Treg  compartment  of  human  tissues  compared  to  peripheral  blood,  in  particular  in  non-lymphoid  organs 

 such as gut and liver. 

 Within  tissues,  in  addition  to  expressing  Treg  markers  such  as  CTLA-4  and  HELIOS,  CD8+FOXP3+  cells 

 express  markers  associated  with  tissue  residency,  including  CXCR6,  CD69  and  CD103,  indicating  that  they 

 are  the  regulatory  equivalent  of  tissue-resident  memory  T  cells  (TRMs).  They  also  express  CD25 

 intracellularly  but  have  low  or  negative  surface  expression.  This  may  partly  explain  why  they  have  been 

 overlooked  in  previous  work  focussing  on  CD25hiCD127lo  cells.  Notably,  tissue  resident  CD8+FOXP3+  Tregs 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 24, 2023. ; https://doi.org/10.1101/2023.12.24.573232doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?wGIAXb
https://www.zotero.org/google-docs/?BwcbE6
https://www.zotero.org/google-docs/?JpqgtW
https://www.zotero.org/google-docs/?zbmXPg
https://www.zotero.org/google-docs/?3tAVRs
https://www.zotero.org/google-docs/?GffP1E
https://www.zotero.org/google-docs/?LtdrwA
https://www.zotero.org/google-docs/?iBcR9v
https://www.zotero.org/google-docs/?RwEUVD
https://www.zotero.org/google-docs/?mWSuek
https://www.zotero.org/google-docs/?F7rXQX
https://www.zotero.org/google-docs/?4bESeW
https://www.zotero.org/google-docs/?xFxNEM
https://www.zotero.org/google-docs/?vm6iU9
https://doi.org/10.1101/2023.12.24.573232
http://creativecommons.org/licenses/by-nc/4.0/


 express  high  levels  of  TLR9,  suggesting  that  they  may  be  able  to  detect  and  respond  to  viral  or  self  DNA 

 during  infection  or  tissue  injury.  Surface  CD25  expression  was  rapidly  regained  in  vitro,  enabling  CD8+Tregs  to 

 be  sorted  from  tissues,  expanded  using  therapeutic  expansion  protocols,  and  for  their  suppressive  function  to 

 be  confirmed.  Taken  together,  we  propose  that  CD8+FOXP3+  regulatory  cells  play  a  previously  unappreciated 

 role in maintaining tissue health in humans, and that they hold promise for tissue specific Treg cellular therapy. 

 Results 

 CD8+FOXP3+  Tregs  are  naturally  occurring  FOXP3  TSDR-demethylated  counterparts  of  CD4+FOXP3+ 
 Tregs 

 To  better  understand  the  nature  of  FOXP3  expressing  CD8+  T  cells  in  relation  to  previously  reported  CD8+ 

 suppressive  populations,  we  undertook  deep  phenotyping  of  CD8+FOXP3+  T  cells  in  human  peripheral  blood, 

 analysing  both  classical  markers  of  naturally  occuring  CD4+FOXP3+  Tregs  and  markers  associated  with  other 

 reported suppressive CD8+ populations. 

 In  agreement  with  previous  studies,  human  peripheral  blood  FOXP3+CD8+  T  cells  were  TCRɑβ+  T  cells.  They 

 expressed  a  similar  profile  to  their  FOXP3+CD4+  counterparts  (CD25hi,  CD127lo,  HELIOS+,  CTLA-4+)  and 

 lacked  markers  of  unconventional  cytotoxic-like  CD8  Tregs  (KIRs,  CD56,  CD122)  and  were  CD28+  (Fig.1a). 

 Whilst  our  data  confirmed  reports  that  the  majority  of  CD8+FOXP3+  T  cells  in  human  blood  are  CD45RC  lo  (  5  ) 

 (as  are  FOXP3+CD4+  Tregs),  CD45RC  status  was  not  specific  for  CD8+FOXP3+  cells,  but  rather  was  a 

 general feature of all memory cells (Fig. 1a and Fig.S1). 

 As  with  CD4+  Tregs,  CD25hi  and  CD127lo  expression  was  the  best  surface  phenotype  for  identifying 

 CD8+FOXP3+  cells.  Around  72%  of  all  circulating  CD8+FOXP3+  cells  could  be  identified  using  this  gating 

 strategy  vs.  90%  for  CD4+FOXP3+  cells  (cells  outside  this  gate  were  predominantly  CD25lo/negative  -  Fig.  1a 

 and  Fig.  S1)  and  77%  vs.  89%  of  CD8+  and  CD4+  cells  within  the  CD25hiCD127lo  gate  were  FOXP3+.  Within 

 blood,  approximately  2%  of  CD25hiCD127lo  CD3+  cells  were  CD8+.  This  aligns  with  a  previous  study  in 

 psoriasis  (  16  )  .  Similar  to  CD4+CD25hiCD127lo  cells,  most  circulating  CD8+CD25hiCD127lo  cells  were  either 

 central  memory  (CD45RA-CD27+)  or  naive  (CD45RA+CD27+).  Although,  in  keeping  with  their  CD8  lineage,  a 

 greater  proportion  had  a  terminally  differentiated  effector  RA  (TEMRA)  phenotype  (Fig.1a,  b).  Overall, 

 CD8+CD25hiCD127lo  cells  expressed  similar  levels  of  canonical  Treg  markers  to  their  CD4+  counterparts 

 (Fig.1c),  with  the  exception  of  TIGIT,  which  was  slightly  lower  and  CD31  and  CD73  which  were  slightly  higher 

 (p  <0.05  Fig.1c).  Similar  expression  patterns  were  observed  when  gating  on  FOXP3+HELIOS+  cells  (fig  S2), 

 which also demonstrated lower CD25 CD8 Treg expression. 
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 Next,  based  on  surface  CD25hi/CD127lo  expression,  CD4+  and  CD8+T  cells  were  sorted  from  human  blood 

 for  targeted  transcriptomic  analysis  by  Nanostring.  These  data  demonstrated  a  high  degree  of  similarity  with 

 differential  gene  expression  largely  confined  to  genes  associated  with  CD4  vs.  CD8  co-receptor  expression 

 (Fig.S3).  Having  established  that  CD8+CD25hiCD127loFOXP3+  cells  likely  represent  naturally  occurring 

 CD8+  counterparts  to  CD4+  Tregs,  we  went  on  to  demonstrate  their  suppressive  function  ex  vivo  using  a 

 miniaturised  Treg  suppression  assay,  required  because  of  their  low  frequency  in  blood  (Fig.1d).  Surface-sorted 

 circulating  CD8+  Tregs  were  found  to  be  fully  suppressive,  capable  of  suppressing  CD4  and  CD8  effector 

 proliferation  to  the  same  degree  as  CD4  Tregs  (Fig.1d  and  fig.S4)  and  pro-inflammatory  cytokine  production 

 (Fig.  1e)  more  effectively.  Lastly,  we  were  able  to  demonstrate  that  ex  vivo  blood-derived  human 

 CD127loCD25hiCD8+Tregs  contain  a  high  percentage  of  cells  that  are  TSDR  demethylated  (like  their  CD4 

 counterparts), indicating that they are a stable, thymically-derived Treg population (Fig. 1f). 

 CD8+FOXP3+ Tregs are thymically- derived, lineage committed CD8+Tregs 
 To  confirm  the  thymic  origin  of  CD8+FOXP3+  Tregs,  we  analysed  human  thymic  tissue  obtained  from  3  adult 

 deceased  transplant  organ  donors.  In  addition  to  CD4+  Tregs,  and  developing  CD4+CD8+  double  positive 

 (DP)  Tregs,  CD8  single  positive  Tregs  were  detected,  accounting  for  6-8%  of  all  TCRɑβ+FOXP3+  cells  in  the 

 thymus  (Fig.  2a/b).  Deep  phenotyping  revealed  that  the  CD8+FOXP3+  Tregs  were 

 HELIOS+CD5hiCD69+TCRab+  mature  cells  and  that  they  expressed  high  levels  of  the  transcription  factor 

 RUNX3  and  low  ThPOK,  consistent  with  thymocytes  that  have  undergone  thymic  selection  to  MHC  class 

 I/peptide complexes (reviewed  (  17  )  ) and are therefore CD8 lineage committed (Fig.2c). 

 Of  note,  thymic  CD8+FOXP3+  Tregs  expressed  lower  levels  of  CD25  than  their  CD4+  counterparts.  They  also 

 expressed  higher  levels  of  the  αE  integrin  CD103,  compared  to  both  CD4+FOXP3+  Tregs  and  CD8+ 

 Teffectors  (Fig.2c  and  fig.  S5).  Within  the  CD8+FOXP3+  population  no  correlation  was  seen  between  CD25 

 and  CD103  expression  (fig.  S6)  and  CD103+Tregs  within  the  thymus  were  found  to  be  either  CD8  single 

 positive  FOXP3+  Tregs,  or  CD4+CD8+  double  positive  (DP)  Tregs  that  expressed  RUNX3/  low  ThPOK 

 suggesting  that  DP  CD103+  Tregs  may  be  CD8+  lineage  committed,  and  precursors  of  the  CD8+  SP  Treg  (fig. 

 S6). 

 We  flow  sorted  CD4+,  DP  and  CD8+FOXP3  positive  and  negative  TCRɑβ+  thymocytes  and  analysed  them  for 

 TSDR  demethylation  -  all  3  FOXP3+  populations  were  highly  demethylated,  as  expected  for  thymic  Tregs  (Fig. 

 2d).  A  small  percentage  of  both  CD4+  and  CD8+  single  positive  Tregs  were  observed  to  express  CD45RA 

 (Fig. 2c), likely  representing thymocytes closest to thymic egress  (  18  )  . 

 Next  we  analysed  cord  blood  (n=3)  and  in  keeping  with  their  thymic  origin,  a  small  population  of  naive 

 (CD27+CD45RA+)  CD8+FOXP3+Tregs  (and  also  a  very  small  DP  FOXP3+  population)  was  observed 

 (Fig.2e).  These  cells  expressed  HELIOS,  but  in  comparison  to  cord  blood  CD4+Tregs,  had  low  CD25 
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 expression  and  higher  CD103  expression  (Fig.  2f).  CD103  was  highly  expressed  on  both  CD8+  and  DP 

 FOXP3+Tregs  compared  to  CD4+FOXP3+  Tregs  and  CD4  and  CD8  Teffectors  (Fig.  2g  and  fig.  S7.).  All  three 

 cord blood-derived FOXP3+ Treg subsets were highly demethylated at the TSDR (Fig. 2h). 

 Together  with  the  T-cell  activation  marker  CD69,  expression  of  the  αE  integrin  CD103  defines  a  recently 

 identified  subtype  of  T  cells  called  “tissue-resident  memory  (TRM)  cells'',  found  particularly  in  mucosal  and 

 barrier  sites  (  19  ,  20  )  .  We  therefore  questioned  whether  CD8+FOXP3+  Tregs  are  destined  to  home  to  tissue, 

 and  hypothesised  that  this  may  explain  their  paucity  in  blood.  Of  note,  several  other  markers  relating  to  tissue 

 homing/migration  and  residency  were  observed  amongst  the  most  differentially  expressed  genes  between 

 CD8  Tregs  and  CD4  Tregs  and  between  CD8  Tregs  and  CD8  Teffectors  measured  by  Nanostring  (despite 

 them  being  sorted  from  blood,  figs.  S3  and  S8).  These  included  ITGAE  (CD103),  CD44,  CD97  and  other 

 “effector”  Treg  (eTreg)  markers  associated  with  antigen  experienced  Tregs  with  tissue  migratory  potential  as 

 demonstrated  in  CD4+  Tregs  in  mice  (  21  ,  22  )  as  well  as  a  number  of  genes  associated  with  tissue  residency 

 and  tissue  repair  programmes  in  CD4+  Tregs  (DUSP4,  BATF  (  23  –  26  )  ).  We  therefore  next  sought  to  determine 

 if CD8+FOXP3+ Tregs are enriched in tissues. 

 CD8+FOXP3  TSDR-demethylated  Tregs  are  enriched  in  human  tissues  and  co-express  tissue 
 residency markers 
 We  undertook  an  analysis  of  regulatory  T  cells  across  multiple  tissues  from  27  deceased  human  transplant 

 organ  donors  including:  thymus,  peripheral  blood,  thoracic  and  mesenteric  lymph  node,  lung,  spleen,  fat, 

 kidney,  bone  marrow  (BM),  liver,  and  gut  (ileum  and  intraepithelial  (IEL)  layer  and  lamina  propria  (LP)  of  the 

 jejunum)  (Fig.  3a).  A  total  of  98  tissue  samples  were  studied.  Using  multiparameter  flow  cytometry  we  found 

 that,  as  a  proportion  of  the  CD127loFOXP3+  Treg  pool,  CD8+  Tregs  are  indeed  significantly  enriched  in 

 tissues  compared  to  peripheral  blood  (Fig.  3  b,c  and  figs.  S9-10).  In  particular  liver,  gut,  kidney,  and  BM  were 

 highly  enriched  for  CD8+  Tregs  where  on  average  they  accounted  for  50%,  76%,  24.6%  and  35.3%  of  all 

 CD127loFOXP3+  cells  compared  to  4.4%  in  blood.  In  contrast,  CD8+Tregs  were  not  significantly  enriched 

 within  the  Treg  pool  in  thymus,  lymph  nodes  (LN),  spleen,  fat  or  lung,  although  variability  across  donors  was 

 seen.  These  findings  in  part  reflect  the  fact  that  CD8+  T  cells  are  the  dominant  T-cell  population  in  certain 

 tissues  in  our  dataset  (fig.  S11),  as  has  been  reported  previously  (  27  ,  28  )  .  However,  whereas  CD4  Tregs  (as  a 

 percent  of  all  CD4+  T-cells)  are  highest  in  blood  (as  well  as  thymus  and  lung),  CD8+  Tregs  are  particularly 

 underrepresented  in  blood  -  despite  the  reversal  of  the  CD4:CD8  ratio  in  the  blood  of  our  deceased  organ 

 transplant donors (Fig. 3 b,c and fig S11). 

 Next  we  used  FlowAtlas  (  29  )  an  interactive  data  explorer  for  dimensionality-reduced  high-parameter  flow 

 cytometric  analysis  developed  in-house,  and  used  to  assess  Treg  heterogeneity  on  a  subset  of  our  data 

 stained  for  the  Treg  markers  FOXP3,  CD25,  HELIOS,  CD127,  TIGIT,  CTLA-4,  and  tissue  resident  markers 

 CD69  and  CD103  (figs.  S12  and  S13);  this  did  not  include  cells  extracted  from  gut  tissue.  Within  the  CD4+ 
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 Treg  compartment  two  main  subpopulations  could  be  seen,  representing  naive  (CD45RA+CD27+)  and  central 

 memory  Tregs  (CD45RA-CD27+)  (fig.  S12).  Broader  heterogeneity  was  seen  in  the  CD8+FOXP3+CD127lo 

 compartment  which  could  be  separated  into  five  distinct  cell  populations  including  (i)  naive  CD45RA+CD27+ 

 cells,  (ii)  CM  CD45RA-CD27+  cells,  (iii)  EM  CD45RA-CD27-  cells,  (iv)  TEMRA  CD45RA+CD27-  cells  and  (v)  a 

 CD45RA-  population  that  expressed  high  levels  of  CD69  and  increased  levels  of  CD103  (Fig  3d-e  and  fig. 

 S13).  This  tissue  resident  population  was  absent  from  blood,  rare  in  bone  marrow,  but  seen  in  spleen  and  LN 

 and  was  the  dominant  population  in  non-lymphoid  tissue  (nLT  -  consisting  here  of  Liver,  Lung  and  Kidney)  and 

 thymus.  Blood  from  the  deceased  organ  donors  contained  mainly  CM  cells;  bone  marrow  contained  TEMRAs, 

 EM  and  naive  cells;  LN  contained  CM  cells  and  tissue  resident  Tregs  (TRTs)  and  spleen  contained  a  mixture  of 

 all  five  populations  (Fig.  3d).  Whereas  the  CM  population  present  in  blood  expressed  CD25  and  was  mainly 

 HELIOS  positive  the  other  CD8+FOXP3+CD127lo  subpopulations  showed  variable  HELIOS  and  low/absent 

 CD25  expression.  To  better  understand  this,  we  further  analysed  HELIOS  and  CD25  expression  in  CD4  and 

 CD8  FOXP3+CD127lo  cells  across  a  range  of  human  tissues  (Fig.  3f).  This  showed  that,  whilst  both  CD4+  and 

 CD8+  FOXP3+CD127lo  cells  in  blood  were  predominantly  HELIOS  and  CD25  positive,  within  non-lymphoid 

 tissues  (liver,  gut,  kidney,  BM  and  fat)  CD25  expression  was  low/absent  on  the  CD8  population,  including  on 

 FOXP3+CD127lo  cells  that  co-expressed  HELIOS.  This  was  also  the  case  for  the  CD4+FOXP3+CD127lo 

 cells  obtained  from  human  gut  and  fat.  Loss  of  CD25  was  not  caused  by  enzymatic  tissue  dissociation,  since 

 CD25  was  retained  on  CD4  Tregs  and  PBMC  treated  with  and  without  liberase  and  collagenase  had 

 comparable CD25 levels (fig. S14) 

 To  understand  the  nature  and  origin  of  these  populations,  we  next  sorted  FOXP3+CD127lo  CD4+  and  CD8+ 

 cells  from  blood,  spleen  and  LN  tissue  from  3  different  donors  (where  we  had  sufficient  cells)  by  HELIOS  and 

 CD25  for  TSDR  methylation  analysis.  This  demonstrated  that  regardless  of  CD25  expression,  across  tissue 

 compartments,  a  high  proportion  of  HELIOS+FOXP3+CD8+  cells  are  TSDR-demethylated,  and  are  therefore, 

 stable,  thymically  derived  Tregs  (Fig.  3g).  This  is  in  keeping  with  data  previously  published  for  CD4+ 

 Tregs  (  30  )  .  The  HELIOS-ve  CD25-ve  DN  fraction  of  CD8  Tregs  sorted  from  the  spleen  and  blood  contained  a  low 

 proportion  (20-40%)  of  TSDR-demethylated  cells  (Fig.  3g)  compared  to  spleen-  and  blood-derived  CD4  DN  Tregs  (fig. 

 S15)  where  approximately  50%  of  the  cells  were  demethylated  at  the  TSDR  .  These  populations  may  therefore 

 contain  a  mixture  of  thymically  derived  Tregs,  peripherally  induced  Tregs  and  contaminating  effectors  T  cells. 

 Given  there  is  no  consensus  on  how  to  distinguish  these  populations,  we  elected  to  re-calculate  the  fraction  of 

 CD8  Tregs,  as  a  proportion  of  total  Tregs,  across  our  donor  tissues  based  on  HELIOS  and  FOXP3 

 co-expression  (fig.  S16).  Data  showing  the  proportion  of  FOXP3+  CD4+  and  CD8+  Tregs  expressing  HELIOS 

 is  also  shown  in  fig.  S17.  Using  this  conservative  definition  of  a  Treg  -  CD8+FOXP3+HELIOS+  Tregs  were  still 

 found  to  be  highly  enriched  as  a  proportion  of  total  Tregs  in  tissue,  particularly  non-lymphoid  tissues  (Fig. 

 4a-b),  where  they  expressed  high  levels  of  the  tissue  residency  markers  CD69,  CXCR6  and  CD103  compared 

 to  their  CD4+  counterparts  (Fig  4c-d  and  fig.  S18).  No  difference  was  seen  in  CD8+  Treg  frequency  between 
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 male  and  females.  A  trend  towards  increased  CD8+Tregs  with  age  was  observed  in  bone  marrow  and  spleen, 

 although this did not reach statistical significance (fig. S19). 

 Tissue resident CD8+ Tregs internalise CD25, and co-express TLR9 
 We  were  intrigued  by  the  absence  of  CD25  on  the  surface  of  FOXP3+HELIOS+CD8+  Tregs  in  tissue.  In  the  T 

 effector  pool,  long-lived  memory  CD8+  T  cells  downregulate  key  effector  molecules  such  as  perforins  and 

 granzymes,  in  order  to  remain  quiescent  until  their  reactivation  is  required  (for  example  in  response  to 

 secondary  viral  exposure  (  31  ,  32  )  ).  We  therefore  hypothesised  that  this  might  also  be  the  case  for  tissue 

 resident  memory  FOXP3+CD8+  Tregs,  and  that  internalisation  of  CD25  may  represent  a  mechanism  by  which 

 FOXP3+CD8+ Tregs are kept quiescent in non-inflamed tissue. 

 To  test  this,  we  surface  stained  cells  extracted  from  a  range  of  healthy  human  tissues  with  saturating 

 concentrations  of  two  anti-CD25  antibodies  conjugated  to  BB515  (clones  MA2.1/2A3),  in  order  to  block  all 

 surface  binding  sites  .  After  washing  thoroughly,  we  permeabilized  and  stained  the  same  cells  with  the  same 

 anti-CD25  clones  but  on  a  different  fluorochrome  (APC),  which  could  now  only  bind  intracellularly.  In  this  way 

 we  were  able  to  show  that  most  of  the  surface  CD25  negative  CD8+FOXP3+HELIOS+  Tregs  in  tissue  express 

 CD25  intracellularly.  Of  note,  CD25  surface  negative  CD4+FOXP3+HELIOS+  Tregs  in  tissue  were  also  found 

 to  express  CD25  intracellularly.  CD25  intracellular  expression  was  not  observed  in  the  effector  population  (Fig. 

 4e-f). 

 The  lack  of  CD25  on  the  surface  of  CD8+FOXP3+HELIOS+  CD8+Tregs  in  tissue,  made  it  difficult  to  isolate 

 CD8+  tissue  resident  Tregs  for  functional  or  transcriptomic  analysis.  To  try  to  address  this  we  conducted  flow 

 cytometric  screening  of  CD8  Tregs  in  blood  and  spleen  for  expression  of  a  number  of  candidate  surface 

 molecules  that  were  noted  to  be  differentially  expressed  between  CD8+  Tregs  and  CD8+  Teffector  cells  in  our 

 Nanostring  data  (fig.  S8).  Since  we  noted  interferon  response  genes  IRF4  and  TRAF1  were  upregulated  in 

 CD8+  Tregs  compared  to  CD8+  effectors,  and  the  proteins  encoded  by  these  two  genes  are  downstream  of 

 TLR  signalling  (and  TLR  agonists  have  been  demonstrated  to  promote  Treg  expansion  in  vitro  )  (  33  )  we  also 

 screened for TLR expression. 

 Among  the  markers  tested,  none  were  specific  for  FOXP3+HELIOS+CD8+  Tregs  compared  to  CD8  Teffs  with 

 the  exception  of  TLR9  -  which  was  expressed  at  similar  levels  to  that  seen  on  CD79b+B-cells  (where  it  is 

 constitutively  expressed,  fig.  S20  and  S21).  FOXP3+HELIOS+CD8+Tregs  that  lacked  surface  CD25 

 expression  were  positive  for  TLR9  whereas  CD8+FOXP3-  T  effector  cells  did  not  express  TLR9  (Fig.  4d  and 

 g).  TLR9  was  also  found  to  be  expressed  on  the  small  CD4+FOXP3+HELIOS+  Treg  population  that  lacked 

 surface  CD25  expression  and  the  reciprocal  relationship  between  TLR9  and  surface  CD25  expression  was 

 striking  (fig.  S21).  These  data  suggest  that  TLR9  is  a  marker  of  surface  CD25  negative  FOXP3+HELIOS+ 

 Tregs.  Since  CD25-  Tregs  have  been  associated  with  recent  activation  we  checked  to  see  if  CD25-  Tregs 
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 expressed  Ki67,  which  they  did  not  (fig.  S22).  As  TLR9  is  an  intracellular  TLR  it  was  also  not  useful  for 

 isolating live CD8+ Tregs for functional analysis. 

 Tissue  resident  CD8+  Tregs  are  TSDR  demethylated,  functionally  suppressive,  and  have  therapeutic 
 potential 
 As  long-lived  memory  CD8+  T  cells  retain  the  capacity  to  re-express  their  key  effector  molecules,  we 

 considered  that  CD8+  tissue  Tregs  might  regain  surface  CD25  expression  once  removed  from  their  tissue 

 environment.  To  test  this,  splenocytes  were  removed  from  their  tissue  microenvironment  and  rested  for  24h  at 

 37  o  C.  As  hypothesised,  surface  CD25  expression  was  regained.  Interestingly,  where  surface  CD25  expression 

 was  acquired,  intracellular  CD25  levels  reduced,  and  TLR9  expression  was  lost,  confirming  their  reciprocal 

 relationship  (Fig.5a-c).  Recovery  of  surface  CD25  expression  after  a  brief  resting  period  opened  up  the 

 possibility  of  sorting  CD8+Tregs  from  human  tissues  for  TSDR  demethylation  analysis  and  to  test  their 

 suppressive  function  in  vitro  (Fig.  5d-e).  To  do  this,  CD4  and  CD8  CD127loCD25hi  Tregs  were  sorted  from 

 human  spleen,  LN  and  gut  MNCs  after  resting  overnight  at  37oC  (Fig.  5e).  In  keeping  with  our  previous  data, 

 CD4  and  CD8  Tregs  recovered  from  human  spleen  were  fully  TSDR  demethylated,  as  were  cells  recovered 

 from  LN  (Fig.  5f).  In  the  gut,  <50%  of  the  recovered  CD127loCD25hi  CD8  Tregs  were  fully  TSDR 

 demethylated  (Fig.  5f),  meaning  only  half  were  of  thymic  origin.  This  was  also  the  case  for  the  gut  isolated 

 CD127loCD25hi  CD4  Tregs.  Of  note,  human  gut  contains  a  high  proportion  of  HELIOS-  FOXP3+  cells,  which 

 like  their  HELIOS+  counterparts,  are  largely  surface  CD25  negative,  intracellular-CD25+  and  TLR9+  ex  vivo 

 (Fig.  5g;  and  fig.  S23).  We  therefore  propose  that  these  cells  are  peripherally  induced, 

 non-TSDR-demethylated  Tregs,  and  that  the  gut  Treg  population  is  comprised  of  a  mixture  of  thymically 

 derived  and  induced  regulatory  cells.  This  is  in  keeping  with  the  literature  that  has  identified  the  gut  as  an 

 important  site  of  induced  Treg  generation  (  34  )  .  Given  the  very  low  cell  numbers  available  from  the  gut  tissue,  it 

 was  not  possible  to  split  the  recovered  surface  CD25+  Tregs  by  HELIOS  expression  for  TSDR  methylation 

 analysis. 

 Next,  surface  CD25  recovered  CD127lo  CD3+  splenic  Tregs  (containing  a  mixture  of  CD4  and  CD8  Tregs)  or 

 CD4+  and  CD8+  Tregs  sorted  separately,  were  expanded  using  a  standard  therapeutic  expansion  protocol 

 involving  TCR  polyclonal  stimulation  in  the  presence  of  IL-2,  and  their  expansion  rate,  their  phenotype  and 

 suppressive  capacity  after  three  rounds  of  expansion  were  compared  and  contrasted.  Despite  representing 

 only  a  small  fraction  of  the  starting  population,  CD8+  Tregs  in  bulk  cultures  expanded  more  rapidly  than  their 

 CD4+  counterparts  (Fig.  5h).  They  also  maintained  their  suppressive  phenotype,  including  surface  expression 

 of  CD25  (HELIOS+FOXP3+CD127lowCD25hiTLR9-)  (fig.  S24).  CD39  expression  was  similar  between 

 expanded  splenic  CD4  and  CD8  Tregs,  but  CD73  expression  (and  therefore  CD39/CD73  co-expression)  was 

 higher  on  expanded  CD8  Tregs  compared  to  CD4  Tregs  (fig.  S24).  We  have  previously  reported  that 

 co-expression  of  the  ectonucleosidases  CD39/CD73  (which  together  convert  extracellular  ATP  to 

 immunosuppressive  adenosine)  is  an  important  mechanism  by  which  therapeutically  expanded  Tregs 
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 suppress  (  35  )  ).  After  3  rounds  of  expansion,  CD4  and  CD8  Tregs  were  sorted  from  the  bulk  expansion  and 

 their  functional  suppressive  capacity  tested  in  a  standard  in  vitro  Treg  suppression  assay.  Splenic  CD25 

 recovered  CD127lo  CD8+  Tregs  were  found  to  be  highly  suppressive,  more  so  than  splenic  CD4+  Tregs  from 

 the same donor (Fig 5i). 

 Discussion 
 In  conclusion,  we  have  shown  for  the  first  time  that,  whilst  rare  in  peripheral  blood,  FOXP3+CD8  Tregs  are 

 enriched  in  human  tissues,  as  a  proportion  of  all  Tregs,  particularly  non-lymphoid  tissue  where  they  likely  play 

 a key role in maintaining human tissue health and homeostasis. 

 The  existence  of  CD8+FOXP3+  Tregs  has  been  known  for  some  time.  In  particular  they  have  been  described 

 in  the  setting  of  tumours  where  their  presence  correlates  with  poor  outcome.  They  have  also  been  shown  to 

 expand  in  response  to  low-dose  IL-2  in  both  murine  and  human  studies  (  12  ,  13  )  .  However  their  relative 

 abundance  in  non-lymphoid  organs  and  their  likely  role  in  tissue  immunity  has  not  been  described  before  and 

 is  an  important  new  finding.  Lack  of  awareness  of  these  cells  is  likely  due  to  an  historical  focus  on  CD4+ 

 Tregs,  the  assumption  that  all  Tregs  express  high  levels  of  CD25,  the  fact  that  tissue  resident  cells  tend  to 

 accumulate  with  age  (reducing  the  likelihood  of  detecting  these  cells  in  young  mice  housed  in  sterile 

 environments) and due to the challenges in accessing human healthy tissue 

 Our  initial  experiments  demonstrated  that  blood-derived  CD4  and  CD8  Tregs  express  comparable  levels  of 

 canonical  Treg-associated  molecules  both  transcriptomically  and  at  the  protein  level.  We  also  demonstrated 

 that,  like  CD4+  Tregs,  a  high  proportion  of  CD8  Tregs  (sorted  on  the  basis  of  either  CD25  or  FOXP3  and  low 

 CD127  expression)  are  demethylated  at  the  TSDR,  suggesting  that  peripheral  blood  Tregs  are  mostly 

 thymically  derived.  This  was  confirmed  by  studying  human  thymic  tissue  and  by  demonstrating  the  presence  of 

 CD8+Tregs  in  cord  blood.  Our  data  also  suggested  the  potential  for  CD8  Tregs  to  home  to  tissue.  In  particular 

 we  observed  high  CD103  expression  on  thymic  and  cord  blood  derived  CD8  Tregs  which  was  not  seen  on 

 CD4  Tregs  or  T  effector  populations.  ITGAE  (CD103)  and  several  other  genes  associated  with  tissue  homing 

 and  residency  were  also  observed  to  be  differentially  expressed  in  our  nanostring  data  from  peripheral 

 blood-derived  CD8+  Tregs,  including  DUSP4  and  BATF  (  23  ,  24  )  .  In  addition,  CD103  expression  on  FOXP3+ 

 CD4/CD8  double  positive  thymocytes  also  indicated  CD8  lineage  commitment.  These  results  align  with 

 observations reported by Nunes‐Cabaço et al  (  36  ) 

 To  test  the  hypothesis  that  CD103+  CD8  Tregs  home  to  tissue,  we  performed  multi-parameter  flow  cytometry 

 on  98  tissues  obtained  from  27  deceased  organ  donors.  This  extensive  and  rare  dataset  confirmed  CD8  Treg 

 relative  enrichment  in  tissue  -  particularly  non-lymphoid  tissue  and  especially  in  the  gut,  where  they  were  also 

 observed  to  express  CD69  and  CXCR6.  Whilst  a  proportion  of  FOXP3+  CD8  and  CD4  Tregs  across  all  tissues 
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 were  found  to  lack  HELIOS  expression,  this  population  was  particularly  enriched  in  the  gut.  Only  half  of  the  gut 

 derived  CD4  and  CD8  Tregs  were  found  to  be  TSDR  demethylated.  Whilst  we  were  unable  to  split  the 

 recovered  Treg  population  by  HELIOS  expression  (due  to  very  low  cell  number)  these  data  fit  with  the  concept 

 that  HELIOS  denotes  a  thymically  derived  Treg  (  37  ,  38  )  The  cellular  identity  of  the  FOXP3+  HELIOS- 

 sub-population  is  unclear  and  may  represent  a  mixture  of  activated  FOXP3  expressing  effectors  and  induced 

 Tregs.  However,  recent  work  from  Maja  Busko  and  Ethan  Shevach  has  shown  that,  in  contrast  to  in  vitro 

 stimulated  cells,  FOXP3  is  not  acquired  by  activated  human  conventional  T-cells  in  vivo  (  39  )  .  Taken  together 

 this  would  suggest  that  HELIOS-FOXP3+  cells  in  the  gut  are  induced  Tregs.  This  is  consistent  with  the 

 literature  demonstrating  that  the  gut  is  an  important  site  for  Treg  induction  both  in  mice  and  humans  (reviewed 

 in  (  34  ,  40  )  ). 

 Compared  to  peripheral  blood,  a  significant  proportion  of  CD8+FOXP3+  Tregs  in  tissue  lack  surface  CD25 

 expression  (unrelated  to  enzymatic  dissociation).  Why  this  should  be  so  is  unclear,  although  there  are  reports 

 of  other  CD25-  Treg  populations,  including  functionally  suppressive  CD25-  T-follicular  regulatory  cells 

 (CXCR5/PD1hi)  in  mice  and  humans  (  41  )  .  TSDR  demethylated  CD25lo  CD4+HELIOS+FOXP3+Tregs  have 

 also  been  reported  to  accumulate  in  autoimmunity,  where  their  numbers  correlate  with  Treg  cell  cycle  and 

 activation  (  30  )  .  Here,  we  have  shown  that  surface  CD25  negative  CD8+FOXP3+  Tregs  express  CD25 

 intracellularly.  This  was  not  tested  in  previous  studies.  CD25  was  rapidly  expressed  at  the  surface  on  removal 

 from  the  tissue  microenvironment  (in  vitro),  allowing  sorting  of  these  cells  for  functional  studies  and  TSDR 

 methylation analysis. 

 We  also  report  an  inverse  relationship  between  TLR9  expression  and  surface  CD25  expression  -  a  relationship 

 also  seen  in  the  CD4  compartment.  We  have  not  explained  the  link  between  these  two  molecules  (this  is  a 

 subject  of  on-going  work),  but  it  is  interesting  to  speculate  that  sensing  microbial  or  self-DNA  during  the  course 

 of  infection  or  tissue  injury  might  be  an  important  part  of  their  function  in  preventing  aberrant  immune 

 responses  to  self  antigen  (TLR9  has  been  shown  to  be  able  to  sense  self-DNA/DAMPS  in  the  context  of  sterile 

 tissue  injury  (  42  –  44  )  ).  In  general  little  is  known  about  TLR  expression  by  human  Tregs.  Several  studies  have 

 reported  that  TLR9  signalling  in  APCs  has  a  limiting  effect  on  peripherally  induced  Tregs  (  45  ,  46  )  ,  but  very  little 

 has  been  published  on  the  role  of  TLR9  expression  in  Tregs  themselves.  In  one  study  TLR9  was  reported  to 

 be  expressed  in  a  subset  of  human  IL-10  secreting  CD4  pTregs  (induced  in  the  presence  of  dexamethasone 

 and  VItD3/Calcitriol)  ,  and  signalling  through  TLR9  via  CpGs  inhibited  their  function  by  inhibiting  IL-10 

 secretion  (  47  )  .  However,  in  another  study  TLR9  expression  was  identified  in  ex  vivo  nTregs  undergoing 

 therapeutic  expansion  and  TLR9  agonists  were  shown  to  promote  their  function  (  33  )  .  Furthermore  data  from 

 TLR9-/-  mice  suggest  a  role  for  TLR9  in  promoting  Treg  function  and  migration  and  retention  into  tissues. 

 Finally,  cobitolimod  (which  activates  TLR9)  was  recently  shown  to  promote  immune  regulation  in  a  human 

 colitis IBD trial with improved resolution of colitis  (  48  ,  49  )  . 
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 Although  we  have  shown  that  tissue  CD8  Tregs  express  markers  of  tissue  residency,  suggesting  that  we  have 

 identified  the  regulatory  counterpart  to  TRMs,  our  data  do  not  speak  to  the  longevity  of  these  cells  in  tissues. 

 Mouse  studies  are  likely  to  be  of  limited  value  in  exploring  these  questions,  given  the  lack  of  these  cells  in 

 mouse  tissue.  Studying  explanted  organs  after  transplant  rejection  may  offer  insights  directly  in  humans  -  but 

 such tissues were not available for this project. 

 Given  that  they  are  highly  suppressive,  home  into  tissue  and  are  able  to  be  activated  by  antigen  presented  on 

 MHC  Class  I  (expressed  by  most  cells  of  the  body),  we  suggest  that  CD8+FOXP3+  Tregs  have  significant 

 therapeutic  potential.  A  challenge  to  translation  will  be  their  low  frequency  in  blood.  However,  we  have  shown 

 that  they  are  enriched  within  bone  marrow  (which  is  clinically  accessible)  and  can  be  expanded  rapidly  in  vitro  , 

 even  more  so  than  CD4  Tregs,  without  losing  their  suppressive  phenotype  or  function.  Of  note,  there  is  a 

 growing  interest  in  the  therapeutic  potential  of  CD8  Tregs.  In  particular,  Guillonneau  et  al.  have  shown  that 

 human  CD8+  Tregs  expanded  from  CD45RClow  CD8+  T  cells  have  therapeutic  potential  despite  containing  a 

 relatively  low  frequency  of  FOXP3+CD8+  T  cells  (  5  )  .  This  group  and  others  have  also  demonstrated  that 

 engineering  Tregs  with  chimeric  antigen  receptors  that  specifically  recognise  MHC  Class  I  can  promote 

 immune tolerance of transplanted organs.  (  50  ,  51  ) 

 In  summary  -  we  report  for  the  first  time  that  CD8  FOXP3+  Tregs  are  enriched  in  both  lymphoid  and 

 non-lymphoid  human  tissues,  and  are  likely  the  regulatory  counterpart  of  TRMs.  This  novel  finding  has 

 significant  implications  both  for  the  development  of  novel  therapies,  but  also  for  the  basic  understanding  of 

 human tissue health and disease. 
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 Figure 1 CD8+FOXP3+ Tregs in human blood are functionally suppressive and TSDR demethylated 

 A:  Representative  example  of  FOXP3+  staining  in  human  PBMC  (gated  on  live  CD3+  T  cells)  and  comparison 

 of  canonical  and  unconventional  CD8+  regulatory  cell  markers  by  flow  cytometry.  Dotplot  overlays  show  gated 

 CD3+CD4+FOXP3+  Tregs  (blue);  CD3+CD8+FOXP3+  Tregs  (red),  FOXP3-CD3+  T  cells  (grey)  and 

 CD56+CD3+ cells (orange). n = 3 donors 

 B:  Proportion  of  CD3+CD25hiCD127lo  CD4+  (blue)  and  CD8+  cells  (red)  in  human  PBMC  (top)  and 

 distribution  of  naive  and  memory  subsets  in  that  compartment  based  on  expression  of  CD27  and  CD45RA 

 expression  CD4+  (blue)  and  CD8+  (red)  (bottom).  Representative  gating  (left)  and  summary  plots  (right)  of  n  = 

 8 donors. Bar charts show mean +/- SD. 

 C:  Comparison  of  Treg  canonical  markers  between  CD4+  and  CD8+  Tregs  (gated  on  CD3+CD25hiCD127lo 

 Tregs)  in  human  PBMC.  Percentage  positive  of  total  CD4+  (blue)  or  CD8+  (red)  Tregs  are  presented,  n  =  8 

 donors.  Data  shows  mean  +/-  SD  and  statistical  differences  were  assessed  using  multiple  T-tests  with 

 Holm-sidak correction method. 

 D:  Proliferation  of  stimulated  and  tracker  dye  labelled  pan  T  (CD3+)  effector  T  cells  cultured  with  and  without 

 either  CD4+CD25hiCD127lo  (blue)  or  CD8+CD25hiCD127lo  (red)  Tregs  flow  sorted  from  human  PBMC. 

 Summary  of3  donors  showing  mean  %  proliferation  +/-  SD  (top)  and  representative  histograms  showing 

 suppression of both CD4 and CD8 T effectors (bottom) 

 E:  Cytokine  production  of  stimulated  human  pan  T  (CD3+)  T  effector  cells  (black)  cultured  with  and  without 

 either  CD4+  Tregs  (blue  bars)  or  CD8+  Tregs  (red  bars),  summary  of  2  donors.  Data  shows  mean  +/-  SD. 

 Comparisons were made using one way ANOVA with Tukey’s multiple comparisons test. 

 F:TSDR  demethylation  of  human  ex  vivo  CD3+CD4+CD25hiCD127lo  and  CD3+CD8+CD25hiCD127lo  Tregs 

 sorted from PBMC (n = 4 donors). 
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 Figure 2 Fully demethylated CD8+FOXP3+ Tregs are thymic derived and exist in early life in humans 

 A:  Representative  flow  cytometric  staining  of  TCRαβ  vs  FOXP3  staining  on  live  lymphocytes  (left)  and 

 identification of CD4, CD8 and DP TCRαβ+FOXP3+ T cells in human thymus (right) 

 B:  Percentage  of  CD4+  SP  (blue),  CD4+CD8+  DP  (orange)  and  CD8+SP  (red)  FOXP3+  cells  in  human 

 thymus (n = 3 donors). Bars show mean +/-SD. 

 C:  Flow  staining  of  canonical  Treg  and  mature  thymocyte  markers  and  transcription  factors  THPOK  and 

 RUNX3  CD4+  (blue),  CD8+  (red)  and  DP+  (orange)  FOXP3+  thymocytes  compared  with  unstained  or  FMO 

 controls (green). Representative example of  3 donors. 

 D:  Histogram  showing  percentage  FOXP3  TSDR  demethylation  in  flow  sorted  TCRαβ+  FOXP3+  CD4+(blue), 

 CD8+  (red)  and  DP  (orange)  thymocytes  compared  with  FOXP3-  Teffector  counterparts  (mean  values  +  SD 

 are shown, summary of  3 donors). 

 E:  TCRαβ  vs  FOXP3  staining  on  live  lymphocytes  (left  dotplot),  CD4  vs  CD8  staining  on  CD3+FOXP3+  cells 

 (middle  dotplot)  and  CD27  vs  CD45RA  staining  (right  plot)  of  human  cord-blood.  Representative  example  of  3 

 donors.  Percentage  of  CD4+  SP  (blue),  CD4+CD8+  DP  (yellow)  and  CD8+SP  (red)  FOXP3+  cells  in  human 

 cord blood (right hand histogram, n = 3 donora).  Bars show mean +/-SD. 

 F:  :Flow  cytometric  phenotyping  of  cord  blood  TCRαβ+FOXP3+  Tregs  comparing  CD4+  (blue),  CD8+  (red) 

 and DP+ (yellow) with unstained or FMO controls (green). Representative example of  3 donors. 

 G:  Dotplot  overlays  showing  expression  of  CD8  vs  CD103  in  CD4+FOXP3+TCRαβ+  Tregs  (blue), 

 CD8+FOXP3+TCRαβ+  Tregs  (red)  and  CD4+CD8+  (DP)  FOXP3+TCRαβ+  Tregs  (yellow),  representative 

 example  of  3  donors.  Histogram  shows  summary  data  for  percentage  CD103  positivity  within  Treg  and  Teff 

 gates (n = 3 donors). 

 H:  Histograms  showing  %  FOXP3  TSDR  demethylation  in  flow  sorted  TCRαβ+  FOXP3+CD4+(blue),  CD8+ 

 (red)  and  DP  (yellow)  cord  blood  Tregs  (summary  of  3  donors)  and  in  gated  TCRαβ+  FOXP3+CD4+(blue), 

 CD8+  (red)  and  DP  (yellow)  cord  blood  Tregs  and  their  Teffector  counterparts  (right  plot,  summary  of  3 

 donors). Values shown are mean +/- SD. 
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 Figure 3 CD8+CD127loFOXP3+ Tregs are enriched in Human tissues and are TSDR demethylated 

 A:  Schematic  showing  tissues  harvested  by  the  Cambridge  Biorepository  for  Translational  Medicine 

 (Cambridge) from 21 deceased organ transplant donors, produced using Biorender. 

 B:  Summary  of  %  CD8+  Tregs  within  live,  CD3+FOXP3+CD127lo  gated  T  cells  across  different  human  tissues 

 (n  =  4  Thymus;  8  PBMC;  14  TLN;  12  MLN;  .4  LUNG;  16  spleen;  3  Fat;  5  Kidney;  17  BM;  5  LIVER;  4  Jejunum 

 IELs;  4  Jejunum  LP  and  2  ileum).  Bar  charts  and  error  bars  show  mean  +/-  SD  with  individual  data  points 

 shown. Statistical differences were assessed using One Way ANOVA with Tukey’s multiple comparisons test. 

 C:  Representative  example  of  CD127  vs  FOXP3  staining  on  live  CD3+  T  cells  (dotplot)  and  proportion  of  CD4 

 vs CD8+ Tregs across multiple organs and tissues (representative contour plots, one per tissue). 

 D:  FlowAtlas  analysis  of  T  cell  compartment  in  n  =  40  cross-sectional  tissues  from  20  donors.  CD4  expression 

 level  is  shown  in  Orange  (left  plot)  and  FlowAtlas  analysis  of  CD8+FOXP3+CD127lo  gated  Tregs  from  the 

 same  donors  (middle  and  right  hand  plots).  Middle  plot  shows  CD45RA  expression  levels,  and  identification  of 

 5  subpopulations  within  the  CD8+  Treg  pool  and  the  right  hand  plot  shows  expression  levels  of  CD69  within 

 the 5 subpoulations of CD8+ Tregs. 

 E:  Representation  of  CD8+  Treg  subsets  across  human  tissues  by  organ  (peripheral  blood  =  red;  BM  =  green; 

 non-lymphoid tissues (lung, kidney, liver) = purple; lymph nodes = blue and spleen = yellow) 

 F:  Representative  plots  of  CD25  v  HELIOS  expression  in  CD4+FOXP3+CD127lo  (blue)  and 

 CD8+FOXP3+CD127lo (red) Tregs across human tissues (representative plots of at least 3 donors per tissue). 

 G:  Percentage  TSDR  demethylation  of  CD3+CD8+FOXP3+CD127lo  Treg  subpopulations  based  on 

 expression of CD25 and HELIOS in human spleen and peripheral blood. 
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 Figure  4  Tissue  resident  CD8+CD127loFOXP3+  Tregs  express  tissue  residency  markers  and 
 intracellular CD25 and TLR9 

 A:  Representative  example  of  FOXP3vs  HELIOS  staining  of  live  CD3+  T  cells  (dotplot)  and  proportion  of  CD4 

 vs CD8+ Tregs across multiple organs and tissues (representative contour plots, one per tissue). 

 B,  Percentage  of  CD8+  Tregs  within  CD3+FOXP3+HELIOS+  gated  cells  across  different  human  tissues  (n  =  4 

 Thymus;  8  PBMC;  14  TLN;  12  MLN;  .4  LUNG;  16  spleen;  3  Fat;  5  Kidney;  17  BM;  5LIVER;  4  Jejunum  IELs;  4 

 Jejunum LP and 2 ileum). One Way ANOVA with Tukey’s multiple comparisons test. 

 C:  Expression  of  tissue  resident  markers  by  CD4+  (blue)  and  CD8+  (red)  CD3+FOXP3+HELIOS+  gated  Tregs 

 in human tissues. Contour plots show representative CD4 v canonical Treg and tissue resident markers. 

 D:  Summary  plots  of  %CXCR6,  CD69,  CD103  and  intracellular  TLR9  positive  cells  within  CD4  Treg  (blue)  and 

 CD8+  Treg  (red)  subsets  gated  on  CD3+FOXP3+HELIOS+  cells,  2-3  donors  and  7  tissues.  Bars  show  mean 

 +- SD. 

 E:  Histogram  showing  surface  (left  plots)  vs  Intracellular  (right  plot)  CD25  staining  on  gated  CD4+  (blue)  and 

 CD8+  (red)  CD3+FOXP3+HELIOS+  Tregs  in  5  representative  human  tissues.  Grey  histograms  show 

 unstained control and orange histograms show Teffector (CD3+Non-FOXP3+) cells. 

 F:  Summary  of  surface  and  intracellular  expression  of  CD25  in  human  CD4+  and  CD8+ 

 CD3+FOXP3+HELIOS+  Tregs  in  human  tissues  (24  tissues  from  5  donors  for  Surface_CD25  and  10  tissues 

 from 2 donors for intracellular_CD25). Bars show mean values +/- SD. 

 G:  Intracellular  TLR9  expression  by  flow  cytometry  of  gated  CD3+CD4+  (blue)  and  CD8+  (red) 

 FOXP3+HELIOS+  Tregs  and  FOXP3-  Teffectors  (left  plot)  and  TLR9  vs  surface  CD25  expression  in 

 CD3+FOXP3+HELIOS+ gated bulk Tregs in representative sample (Spleen) (right plot). 
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 Figure  5  Tissue  resident  CD8+  Tregs  (TRTs)  regain  surface  CD25  expression  and  are  functionally 
 suppressive and TSDR demethylated. 

 A:  TLR9  (left  plot)  and  surface  CD25  (right  plot)  expression  on  gated  CD3+FOXP3+HELIOS+CD8+  Tregs  in 

 human splenic MNCs stained directly  ex vivo  (brown histogram) and after 24h rest at 37oC (orange histogram) 

 B:  Summary  data  for  surface  CD25  (blue),  intracellular  CD25  (green)  and  TLR9  (pink)  expression  pre  and 

 post-resting for  2-4 donors. 

 C:  Dotplot  showing  surface  CD25  expression  on  human  splenic  bulk  CD3+FOXP3+HELIOS+  Tregs  before 

 (top  plots)  and  after  (bottom  plots)  resting  and  summary  histogram  for  recovery  of  surface  CD25  on  5  human 

 spleens. Bars show Mean % surface CD25 expression +/SD. 

 D:  MNCs  rested  overnight  at  37oC  and  live  CD3+_CD27lo_recovered  Surface  CD25+  CD4+  and  CD8+  Tregs 

 separated  by  cell  surface  flow  sorting.  A  small  amount  of  sample  was  counterstained  for  intracellular 

 FOXP3/HELIOS to demonstrate that sorted Tregs were FOXP3/HELIOS++. 

 E:  Schematic  demonstrating  protocol  for  isolating  CD4  and  CD8+  Tregs  from  human  tissues.  Sorted  Tregs 

 were  taken  forward  for  TSDR  demethylation  analysis  and,  where  cell  number  allowed,  therapeutic  Treg 

 expansion in vitro. 

 F:  Post-surface  CD25  recovery  surface  sorted  CD3+CD25hiCD127lo  CD4+  and  CD8+  Tregs  and  CD3+CD25- 

 CD4+  and  CD8+  Teffector  cells  were  assessed  for  TSDR  demethylation.  %  TSDR  demethylation  in  Jejunum  (2 

 donors); LN (1 donor) and spleen (3 donors).  Bars show mean +/- SD. 

 G:  Comparison  of  gut  CD3+  Teffector  (FOXP3-),  FOXP3+HELIOS+  Tregs  (red)  and  FOXP3+HELIOS-  Tregs 

 (green) for CD69, CD103, surface and intracellular CD25 and TLR9. Representative example of 2 donors 

 H:  Expansion  rate  of  CD4+  (blue)  and  CD8+  (red)  Tregs  expanded  from  3  donors  after  3  rounds  of  expansion 

 either  as  flow  sorted  bulk  CD3+CD25hiCD127lo  human  splenocytes  (solid  lines)  or  as  separated  CD4+  and 

 CD8+. CD3+CD25hiCD127lo populations (dotted lines). 

 I:  Suppression  of  proliferation  of  CT_efluor450  labelled  and  anti-CD3/28  stimulated  pan  T  cells  in  co-culture 

 with  either  CD4  or  CD8+  splenic  derived  expanded  Tregs.  Summary  of  3  human  spleen-derived  expTregs  with 

 bars representing mean +/-SD. 
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 Materials and  Methods 

 Ethics Statement: 

 All  work  was  completed  under  ethically  approved  studies.  Human  PBMCs  were  isolated  from  healthy 

 volunteers  after  obtaining  fully  informed  consent  under  CAMSAFE  (REC-11/33/0007)  or  CAMREG 

 (21/NS/0011)  and  from  leukocyte  cones  or  cord  blood  of  healthy  donors  (NHSBT,  UK)  or  from  in-patients  under 

 REC  97/290.  Human  tissues  were  obtained  from  deceased  transplant  organ  donors  via  the  Cambridge 

 Biorepository  for  Translational  Medicine  (CBTM)  (REC  15/EE/0152  REC:  East  of  England-Central  Cambridge 

 Research Committee). Additional kidneys were provided under REC12/EE/0446. 

 Cell isolation and Magnetic separation: 

 Human  PBMCs  were  isolated  from  heparinised  blood  and  tissue  derived  mononuclear  cells  were  isolated  from 

 mechanically  dissociated  and  filtered  human  tissue  using  Ficoll  density  gradient  centrifugation  (Ficoll 

 PaquePlus;  GE  Healthcare,  Amersham)  or  33%  Percoll  (GE  Healthcare)  as  previously  described  (  27  )  .  Solid 

 tissues  were  mechanically  dissociated  following  enzymatic  treatment  with  either  Liberase  TL  (Roche)  or 

 collagenase  IV  (Sigma)  where  appropriate.  For  a  detailed  protocol  please  refer  to  protocols.io  (  52  )  .  Prior  to  flow 

 sorting  Tregs,  untouched  Pan  T  cells  were  enriched  by  negative  selection  using  T  cell  isolation  kit  II  (Miltenyi 

 biotec). All donor tissue information is included in Table S1. 

 Flow phenotyping and flow sorting: 

 Cells  were  stained  using  a  range  of  antibodies  (BD,  eBioscience,  Biolegend)  at  1:50  dilution  unless  otherwise 

 stated,  and  blocked  using  3%  FCS  or  mouse  serum  in  Facs  buffer  and/or  Tru  block  monocyte  blocker 

 (Biolegend)  as  required.  Intracellular  staining  was  performed  using  the  FOXP3  permeabilization  staining  kit 

 (Invitrogen)  for  45  minutes  at  room  temperature  followed  by  staining  of  intracellular  markers  in  1x  perm  wash 

 buffer  for  45  minutes  at  room  temperature.  Dual-fluorochrome  CD25  staining  was  performed  by  staining 

 surface  CD25  using  two  CD25  antibodies  (clones  MA2.1/2A3)  on  BB515  at  saturating  concentration,  washing 

 cells  x  3  with  Facs  buffer  to  remove  excess  surface  antibody  and  then  staining  intracellular  CD25  post  perm/fix 

 using  antibodies  of  the  same  two  clones  on  a  second  fluorochrome  (APC).  Cell  sorting  was  performed  on 

 either  a  FACS  Aria  (BD)  or  Influx  (BD)  cell  sorter.  Flow  acquisition  for  phenotyping  was  performed  on  the 

 Canto  II  or  Fortessa  LSR  (BD  Biosciences)  and  analysed  using  FlowJo  v7.6.5-v10.0  (Tree  Star  Inc)  or 

 FlowAtlas  (  29  )  . All antibodies and flow panels are detailed in Table S1. 

 Ex vivo  Treg isolation and expansion  : 

 Human  ex  vivo  CD3+CD127  lo  CD25  +  CD4  +  ,  CD3+CD127  lo  CD25  +  CD8+  or  bulk  CD3+  CD127  lo  CD25  +  were  flow 

 sorted  from  human  blood,  spleen,  LN  or  gut  MNCs  (after  a  period  of  resting  at  37oC  in  X-vivo  15  continuing 

 1%  human  AB  serum)  using  a  BD  FACSAria  cell  sorter  (BD  Biosciences,  see  supplementary  table  1  for  sort 
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 and  flow  panels).  Cells  were  collected  for  TSDR  demethylation  analysis  and  stored  at  -80  as  cell  pellets  or 

 expanded  with  500-1000  U/mL  human  rIL2  (Miltenyi  Biotec/Chiron)  +/-  100  nM  rapamycin  (Miltenyi  Biotec)  and 

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

 (Lonza)  tissue  culture  medium  supplemented  with  L-glutamine,  penicillin-streptomycin  (both  PAA  Laboratories, 

 UK),  HEPES  (Gibco,  UK)  and  1-3%  human  AB  pooled  serum  and  media  exchanged  with  fresh  IL-2  every  3-5 

 days.  For  additional  expansion  periods  Grex  cell  culture  flasks  were  used  (Wilson  Wolf).  Beads  were  removed 

 using MACSibead magnet (Milteny Biotec) prior to phenotyping or use in functional assays. 

 Measurement of  FOXP3  TSDR methylation: 

 The  methylation  status  of  the  FOXP3  TSDR  was  measured  using  the  protocol  previously  (  35  )  .  In  brief,  Tregs  or 

 control  Teffector  cells,  were  processed  with  the  Qiagen  Epitect  Fast  Bisulfite  kit,  which  lyses  the  cells  and 

 performs  the  bisulfite  conversion  in  a  single  step.  First  round  PCR  targeted  9  CpG  sites  within  the  FOXP3 

 TSDR  and  a  second  round  PCR  added  index  sequences  and  illumina  compatible  ends  allowing  for  sequencing 

 on  an  Illumina  MiSeq  (2x300  bp  reads).  The  percent  FOXP3  TSDR  demethylation  was  calculated  as  the 

 proportion  of  sequencing  reads  containing  8  or  9  of  the  CpG  sites  within  the  TSDR  being  demethylated 

 compared  to  the  total  number  of  sequencing  reads.  For  female  donors  TSDR  demethylation  values  were 

 multiplied  by  two  to  account  for  the  fact  that  one  X  chromosome  is  fully  methylated  due  to  X  inactivation  as 

 FOXP3  is  located  on  the  X  chromosome.  Since  there  is  a  known  bias  in  PCR  efficiency  of  demethylated 

 DNA  (  53  ,  54  )  this  leads  to  values  of  over  100%  TSDR  demethylation  being  measured  in  female  donors.  For 

 Treg  samples  with  less  than  10,000  cells,  flow  sorted  FOXP3-  B  cells  were  added  to  bring  the  total  cell  count 

 to  10,000  (i.e.  within  the  optimal  cell  number  range  for  the  methylation  assay).  The  dilution  factor  was  used  to 

 adjust the TSDR methylation value obtained. 

 In vitro  stimulation and suppression assays: 

 For  short  term  activation  of  sorted  Tregs  and  Teffs,  cells  were  cultured  in  RPMI  complete  media  containing 

 10%  FCS,  Penicillin-streptomycin  and  Hepes  +/-  anti-CD3/CD28  stimulation  (Invitrogen  Dynabeads)  at  a 

 cell:bead  ratio  of  4:1.  In  vitro  suppression  assays  were  performed  as  previously  described  (  35  ,  55  )  ,  briefly: 

 efluor670  (Invitrogen)  labelled  Tregs  (  ex  vivo  or  expanded)  and  cell  tracker  efluor450  (Invitrogen)  labelled 

 MACS  sorted  Pan  T  cells  (Miltenyi  T  cell  isolation  kit  II)  were  co-cultured  in  96V  bottom  plates  (Greiner).  Pan 

 Teffs  were  seeded  at  2x10  4  cells  per  well  in  RPMI+  3%  human  AB  serum  in  the  absence  or  presence  of  equal 

 and  titrated  numbers  of  Tregs  and  stimulated  using  Miltenyi  Tregs  suppression  inspector  beads  according  to 

 the  manufacturer's  instructions.  Stocks  of  allogeneic  pan  Teffs  pre-labelled  with  efluor450  cell  tracker  dye  were 

 frozen  in  liquid  nitrogen  and  used  as  standard  Teffs  for  these  assays.  Proliferation  was  measured  on  day  4-5 

 using  BD  Fortessa  HTS  plate  reader.  V670  +  Tregs  were  gated  out  to  enable  analysis  of  the  effector  population 

 (CD4  +  efluor450  +  efluor670  -  cells)  and  suppression  was  calculated  by  taking  the  ratio  between  the  proliferating 

 and non-proliferating populations as previously described  (  35  ,  55  ) 
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 Transcriptomic profiling by Nanostring 

 15,000  freshly-sorted  ex  vivo  CD8  Tregs,  CD4  Tregs  and  DP  Tregs  and  equivalent  effector  cell  populations  +/- 

 were  harvested  and  washed  twice  in  PBS,  cells  pelleted  and  lysed  in  RLT  buffer  (Qiagen).  RNA  was  extracted 

 using  Qiagen  RNeasy  micro  kit  and  their  transcriptome  measured  using  the  nanostring  Human  Immunology  V2 

 characterisation panel (Nanostring technologies) using an nCounter prep station and digital analyser. 

 Cytokine Analysis 

 Cytokines  were  measured  in  cell  culture  supernatants  using  luminex  analysis  (Biorad  human  17-plex  Bioplex 

 kit)  according  to  the  manufacturer’s  instructions.  Briefly,  cell  culture  supernatants  were  harvested  either  from 

 expanding  CD4  and  CD8  Tregs  or  from  suppression  assay  supernatants  at  day  5,  and  stored  in  -80  until  used. 

 Upon  thawing,  supernatants  were  used  either  neat  or  diluted  1:2,  and  plated  in  duplicates.  17  human  cytokines 

 were  analysed  simultaneously  using  the  kit  and  run  on  the  Luminex  analyser  (BIORAD),  standard  curves  for 

 each cytokine created and per cytokine concentrations calculated using the BioRad software. 

 Statistics and Reproducibility: 

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

 GraphPad  Prism  6.0  software  (GraphPad  Software  Inc,  California).  Comparisons  between  groups  of  three  or 

 more  were  compared  using  a  one  way  ANOVA  with  Tukey’s  or  Dunnet’s  post-hoc  multiple  comparisons  tests, 

 as  indicated.  Comparisons  of  2  groups  were  tested  with  either  one-tailed  or  two-tailed  Student’s  t-tests,  a 

 two-way  ANOVA  with  Bonferroni  post-hoc  multiple  comparisons  test,  or  multiple  T-tests  with  Holm-Sidak 

 post-hoc  correction  as  appropriate.  The  n  umber  of  biological  replicates  for  each  data  set  are  given  in  figure 

 legends. 

 Nanostring  data  were  normalised  using  nSolver  4.0  software  (Nanostring),  background  thresholding  was 

 performed  at  the  mean+2SD  of  the  negative  probe  values  for  each  sample  (range  15.2  -  36.4).  Only  probes 

 with  counts  greater  than  the  background  threshold  in  at  least  2  of  the  3  samples  were  included  in  the  analysis. 

 Volcano  plots  were  generated  using  the  EnhancedVolcano  R  package  (  56  )  and  heatmaps  were  visualised  with 

 the Bioinfokit Python package  (  57  )  . 

 Data Availability 

 All  flow  cytometry  panels,  donor  information/metadata  and  raw  data  used  to  generate  figures  are  available  in 

 Table S1. All other raw data are available from the corresponding author upon reasonable request. 
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