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United Kingdom

Regulatory T cells (Tregs) can control excessive or undesble immune responses
toward autoantigens, alloantigens, and pathogens. In trasplantation, host immune
responses against the allograft are suppressed through these of immunosuppressive
drugs, however this often results in life-threatening sideffects including nephrotoxicity
and an increased incidence of cancer and opportunistic infetions. Tregs can control

graft-vs.-host disease and transplant rejection in expemental models, providing impetus
for the use of Tregs as a cellular therapy in clinical transpitation. One of the
major barriers to the widespread use of Treg cellular therapis the requirement to
expand cells ex vivo to large numbers in order to alter the overall balance betwee
regulatory and effector cells. Methods that enhance suppresive capacity thereby
reducing the need for expansion are therefore of interest. éte, we have compared

the function of freshly-isolated andex vivomanipulated human Tregs in a pre-clinical
humanized mouse model of skin transplantation. Sorted huma CD127'°CD25¢CD4¢

Tregs were assessed in three different conditions: freshfigolated, following transient
in vitro activation with antiCD3/antiCD28 beads or aftelex vivoexpansion for 2 weeks
in the presence of antiCD3/antiCD28 beads and recombinant bman IL2. While
ex vivoexpansion of human Tregs increased their suppressive fuion moderately,

transientin vitro-activation of freshly isolated Tregs resulted in a powerfenhancement of
Treg activity suf cient to promote long-term graft survivaof all transplantsin viva. In order

to investigate the mechanisms responsible for these effest we measured the expression
of Treg-associated markers and susceptibility to apoptosi in activated Tregs. Transiently
activated Tregs displayed enhanced survival and prolifetian in vitro and in vivo. On

a molecular level, Treg activation resulted in an increaseepression of anti-apoptotic
BCL2L1 (encoding BCL-XL) which may be at least partially respondibfor the observed
enhancement in function. Our results suggest thain vitroactivation of human Tregs arms
them with superior proliferative and survival abilities,n@bling them to more effectively
control alloresponses. Importantly, this transient actation results in a rapid functional
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enhancement of freshly-isolated Tregs, thereby providingn opportunity to eliminate
the need for in vitro expansion in select circumstances. A protocol employing tis
technique would therefore benet from a reduced requiremen for large cell numbers
for effective therapy.

Keywords: regulatory T cells, Tregs, tolerance, rejection , BCL-XL, in vivo, humanized mouse model, apoptosis

INTRODUCTION MATERIALS AND METHODS

Regulatory T cells (Tregs) are critical in the control ofMice B ~

immune homeostasis as demonstrated by the development §pmunode cient BALB/c Rag2™ IL2rg = mice were
autoimmune pathologies following their eliminatiorl)(and Purchased from Jackson Laboratories (Maine, USA) and housed
the resolution of disease following their adoptive transfey ~ under specic pathogen-free conditions in the Biomedical

However, due to the high precursor frequency of alloreactive Services Unit at the John Radclie Hospital (Oxford, UK).
cells in transplantation, unless the balance of Tregs to Ttelrec Animals were treated with strict accordance to the UK Animals

cells (Te S) is Signi Cantly altered’ transplants are remt (SCienti C Procedures) Act of 1986 and under PPL P8869535A.

despite the presence of functional Tredd. (Current clinical Mice between ages of 6 and 12 weeks were used.
ractice is focused mainly on disarming the e ector arm of the .

glloresponse using immu)r/msuppressivg drugs to deplete T ceﬁ)srocurement of Human Skin and BlO_Od )
or inhibit their proliferation and function ¢). Such an approach Healthy skin and blood was donated from patients undergoing
leads to generalized immunosuppression, exposing patients R}2Stic surgery procedures as previously describépignd with
the cytotoxic e ects of these drugs and increasing the risk ofull informed consent under approval number 07/H0605/130
cancer and opportunistic infections. There is therefore@aming  from the Oxfordshire Research Ethics Committee B. PBMCs
focus on studying the biology and function of Tregs for theirWere isolated from bu y coats or leukocyte cones from healthy
ability to control graft-vs.-host disease (GVHD) and affafy ~ Vvolunteers (NHSBT, UK).
rejection with the aim of utilizing them as a cellular therapy®). . .

Tregs are commonly described as COZDAC T cells Skin Grafting
in mice and CD12PCD25°CD4C T cells in humans, and Skingrafting was performed as previously descritiel Brie y,
exhibit sustained expression of the master regulator trapien 1 1-cm piece of human skin was fashioned and sutured to the
factor, FOXP3. Thymically-derived, naturally-occurriigegs, Mouse recipient skin on the left dorsal thorax over the costal
tTregs, are the population most studied as a possible source @frgin. Grafts were left to heal for 35 days, before recgivin
therapeutic cells, with the majority of protocols utilizifgvitro ~ an intraperitoneal injection of 5 1° human peripheral blood
expanded tTregs [reviewed ii,)]. So far, both freshly isolated mononuclear cells (PBMCs) allogeneic to the graft donoim Sk
(9) andin vitro expanded tTregsl() have been tested in phase | grafts were monitored regularly until loss. In experimental
clinical trials as a prevention of GVHD after HSC transplaraati  groups with Treg cells, 1 1 Tregs from the same donor as
and proved to be safe, however their comparative e cacy i€BMCs were coinjected with PBMCs. In all mice the degree of
unclear and has not been tested so far. human leukocyte reconstitution was measured by ow cytomyet

Humanized mouse models provide a useful pre-clinicaht the time of harvest. Mice with human leukocyte chimerism
tool to studyin vivo e ectiveness of human Treg populations. levels of>0.1% in the blood op 1% in the spleen were de ned
Using these models, expanded human CD4@D25°CD4C  as reconstituted and included in the study3. Skin allograft
Tregs have been shown to control rejection in vessegurvival time was calculated from the point of PBMC injection
(11), islet (12 and skin (L3, 14) transplantation and to to the point of complete graft loss/visible rejection.
prevent GvHD (5. However, the direct comparison of the . .
in vivo potency of freshly isolated anéh vitro expanded S0rting and Expansion of Human Tregs
human Tregs is lacking. In this study, we compare theCells
ability of suboptimal doses of freshly sorted amul vitro  Human Tregs were sorted and expanded as previously described
expanded human CD1#TD25CD4 Tregs to promote (16) with minor modi cations. Brie y, CD25° cells were bead-
human skin allograft survival and demonstrate that higherenriched (CD25 Microbeads, Miltenyi Biotech) from PBMCs
e ectiveness of expanded Tregs can be compensated fgolated from buy coats from healthy volunteers (NHSBT, UK).
transient activation of freshly isolated Tregs. Recenttirated CD127°CD25° CD4C Tregs were sorted using a BD FACSAria
Tregs are characterized by an increased expression of Tregll sorter (Becton Dickinson) after staining with anti-@B7 PE,
functional markers and bettein vitro and in vivo survival, anti-CD25 PE-Cy7 (both Becton Dickinson) and anti-CD4 ECD
correlating with an increased expression of anti-apoptotiqBeckman Coulter). Sorted cells were either used unmanipuilate
BCL-XL. The ability to enhance Treg function without long activated overnight (15h in 3T 5%CQ with anti-CD3/anti-
in vitro culture may be of value in the treatment of speci c CD28 beads (Invitrogen) at 1:5 bead:cell ratio), or expanded
immunopathological situations. in vitro with 1000U/ml recombinant human IL-2 (rhiIL-2,
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Chiron) and anti-CD3/anti-CD28 beads (Invitrogen) duritgo, PE, FOXP3 eFluor 450, Perforin APC (eBioscience) Helios

7 days long, expansion rounds, followed by resting after fead\lexaFluor 647 (Biolegend), and CD4 ECD (Beckman Coulter).

removal. Cells were cultured in RPMI-1640 medium (SigmaJ-or intracellular antigens (FOXP3, Helios, Perforin, CTLA-4

supplemented with L-glutamine, penicillin-streptomycin (bot cells were xed and permeabilized using a Foxp3 Staining Bu er

Sigma), sodium pyruvate (Gibco) and 10% human AB poole&et (eBioscience). Samples were acquired using a BD FACSCanto

serum. In some experiments, expanded Tregs were activat@BD Biosciences) and analyzed using FACSDiva software (BD

overnight in a similar manner to sorted Treg (15h in & Biosciences). For staining for BCL-XL and MCL1, Abcam anti-

5%CQ with anti-CD3/anti-CD28 beads at 1:5 bead:cell ratio). BCL-XL FITC (7B2.5; ab26148) and anti-MCL-1 Alexa Fluor
488 (Y37,ab197529) antibodies were used, respectivebyyiiod

In vitro Suppression Tests manufacturer's instructions. Briey, the cells were xed thvi

To assess Treg suppressive capacity, 5.0 PBMC were 4% paraformaldehyde and permeablized with PBS/0.1% Tween.

incubated with 1 10 irradiated allogeneic PBMC and co- The cells were then blocked with 10% normal goat serum/0.3 M

cultured with decreasing number of Tregbi-thymidine (Perkin glycine, followed by incubation with the antibody.

Elmer) was added for the last 16—18 h of the 7 day culture. All

experimental conditions were done in 4-6 replicates. Resul

were obtained as cpm (counts per minute) and normalize eaI-Tlme PC_R )
to positive control (PBMCallo) with positive control values Total RNA (including small RNA) was isolated from cell pellets

setup as maximum (100%) proliferation and all other value4'Sing @ mirvVana PARIS Kit (Ambion, Applied Biosystems).

recalculated accordingly. Cpm values over 10,000 for pesitif-OF MRNA analysis, cDNA was generated with High Capacity
control (PBMCCallo) were required to classify test as passing@VA-t0-CDNA Kit (Applied Biosystems) followed by real-time

quality control for proliferation. CR usingHPRT primers and probe as described previously
(18 and TagMan Gene Expression Assays (Applied Biosystems)
In vitro Cellular Proliferation and Apoptosis for the following genes: Hs99999146_mBC(2L1, coding

BCL-XL), Hs00608023_mB(CL32, Hs99999001_mBAX) and

s01083836_m1BCL2L1] coding BIM). Stratagene Mx3000P
hermo cycler (Agilent Technologies) was used for gPCR. Delta
Ct values were calculated usiRPRT as an endogenous control
and converted to 29¢!taCtygjyes.

Assays

To measure proliferation and apoptosis, freshly isolated Jre
were stained with 16M Cell Trace Violet (CTV; Invitrogen),
activated for 15 h with anti-CD3/anti-CD28 beads (at a raifd

bead to 5 cells ratio) or left untreated. After activatiorals were For microRNA analvsi mples were analvzed for exoression
carefully removed and cells plated aPhto 96 well U bottom ormicro analysis, samples were analyzed for expressio

. f RNU48 (assay ID 001006), hsa-miR-16-5p (assay ID 000391)
plates in the presence or absence of rhiL-2 at 250 U/ml. After 8 ; .
days of culture, cells were washed with Annexin V binding bu e and hsa-let-7¢ (assay ID 000379) using TagMan MicroRNA

. : . ) . Assays (Life Technologies). cDNA reactions were performed
and stained with Annexin V and 7-AAD (both eBioscience). sing TagMan MicroRNA Reverse Transcription Kit (Life

Stained cells were resuspended in Annexin V binding bu er an#echnologies) Subsequent qPCR was performed using TagMan

FACS analyzed within an hour. - . . .
y Universal Master Mix Il and MicroRNA Assays using a

In vivo Survival and Proliferation Stratagene Mx3000P thermo cycler (Agilent TechnologieslyaD
To measuren vivo survival and proliferation, freshly isolated Ctvalues were calculated using RNU48 as an endogenous control

deltaCt
Tregs were stained with XM CTV (Invitrogen), activated for and converted to 2 values.
15h with anti-CD3/anti-CD28 beads (at a ratio of 1 bead to
5 cells) or left untreated. After activation, beads weresttdly  Tissye Typing

removed and 1 _105 Treg cells were mixed with 5 1®  Biood from buy coats and skin donors was analyzed at
PBMCs, labeled with mM CFSE (eBioscience), from the sameihe Oxford Transplant Center Transplant Immunology and
donor. PBMCs and Tregs were injected intraperitoneally iNfmmunogenetics laboratory. A full typing was performed for

BALB/c Rag2™ IL2rg = mice and human cells isolated from  aA.A -B. -Cw. -DR and -DQ using PCR-SSP method.
peritoneal lavage on d5 for analysis as previously describdd (

Flow Cytometry Statistical Analysis

For analysis ofin vivo experiments, cells were stained with Statistical evaluations were performed using Graphpad Prism
antibodies against human CD45 APC (Invitrogen), CD4 ECDsoftware (GraphPad Software Inc, California). Survivahdetre
(Beckman Coulter), CD3 Paci c Blue (eBioscience) CD8 PE andnalyzed using log-rank tests. Groups of three or more were
CD25 PE-Cy7 (BD) and the viability dye 7-AAD (eBioscience)compared using a non-parametric Kruskal-Wallis ANOVA with
To analyse expression of Treg-associated markers, fremtds Dunn's post-hoanultiple comparisons test. For comparison of
or expanded Tregs were stimulated for 15h with anti-CD3/anti two groups non-parametric Mann-Whitney-tests were applied.
CD28 beads at a ratio of 1 bead to 5 cells, or left untreated.o assess di erences betwe@n vitro suppressive capacities
Cells were stained with 7-AAD and antibodies against GITRof di erent Treg populations the area under the curve (AUC)
FITC (R&D Systems), CTLA-4 PE, CD69 APC-Cy7, CD25nethod was used as described by previous$. p-values< 0.05
PE-Cy7 (BD), TIGIT PE, OX-40 FITC, TIM-3 APC, CD39 were considered signi cant.

Frontiers in Immunology | www.frontiersin.org 3 April 2019 | Volume 10 | Article 889


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Issa et al. Transiently Activated Human Tregs

RESULTS In vitro Activation Increases Expression of

Ex vivo Expanded Human Tregs Cells Have 179 Markers

Increased in vitro and in vivo Suppressive Next, we examined the expression of Treg-associated markers
Pp in Tregs either following activation for 15h, aften vitro

Capacity expansion, or immediately following fresh isolatioRigure 2).

The main aim of expanding Tregex vivois to provide a An additional group of transiently reactivated expanded g&e
su cient number of cells for clinical application, alteringhé  was also examined to determine whether restimulation foithgy
balance between Tregs and Te 8(f. However, the process expansion promotes the upregulation of the same molecules as in
of expansion has the potential to impact Treg biology andstimulated freshly isolated cells. The classical Treg mak&rR
function. To determine whether expansion of Tregs in uencesand CTLA-4 were up-regulated both after transient activatio
their suppressive function, Tregs were sorted from a singl®don and in vitro expansion as compared with freshly isolated
rested overnight and assessed directly in a suppression testegs, although the di erence was only statistically sigaht

or in vitro expanded in the presence of anti-CD3/anti-CD28for transient activation Figures 2A,H. A similar pattern of
beads and rhiL-2 before also being rested and then subject@flpression was also observed for the Ig family member with
to the same suppression assay assessment. At the higher Ti@@nunomodulatory function, TIGIT @2, 23) (Figures 2A,B.

to responder ratios, expanded Tregs have shown a trend towaps expected, the early T cell activation marker, CD69, was
higher suppressive capacity than freshly sorted TrEggife 1A induced upon activation Rigures 2B,B. Similarly, OX-40
top panelFigure 1B). We next assessed whether this observatioand perforin expression was induced on transiently activated
was also re ectedn vivo. We have previously shown that Tregs, both freshly isolated and expanded with statistically
treatment withex vivoexpanded Tregs results in long-term graft signj cant di erences observed for both markers, both after
acceptance when adoptively transferred at a ratio of 1:1 Treggnsient activation of freshly isolated cells and restiation

to PBMCs (.9, whereas a reduced (or “suboptimal”) number post-expansion Rigures 2B,§, suggesting di erent expression
of Tregs (1:5 Tregs:Te or below) results in graft prolongatio kinetics compared with GITR, CTLA-4 and TIGIT. T cell
(21). To assess thir vivosuppressive capacities of freshly isolatedmmunoglobulin and mucin domain-3 protein (TIM-3), which is
and ex vivoexpanded Tregs, each of these populations Wasxpressed on fully di erentiated e ector T cells [mainly Tha4j
adoptively transferred together with PBMCs at the suboptimand Th17 ¢5) cells], and was described as a marker of short-lived
1:5 dose. As expected, expanded Tregs provided signi camit highly suppressive Treg€) was expressed by about 20—
allograft prolongation with 75% grafts being accepted long30% of expanded Treg but not by freshly isolated or transjent
term (Figures 1C,0 median survival time (MSP)100 days, activated TregsRigures 2C,E. In contrast, expression of CD39
p D 0.0013 vs. PBMC group). However, in line with tinevitro  and Helios was not changed upon activation or expansion
data, freshly isolated Tregs only temporarily extended tgrafFigures 2D,H. There was a trend toward an increase in FOXP3
survival (MST 51 days compared to 27 days in the PBMC alongxpression levels per cell after activation, although this mat
group) with 2 out of 6 grafts accepted long-terffigures 1C,0  statistically signi cant Eigure 3A). The proportion of FOXP8

p< 0.0001 vs. PBMC group). cells was also not di erent after activatiofigure 3B). Overall,

the phenotypic analysis of vitro stimulated Tregs demonstrated
signi cant di erences in expression of functional Treg marke

Transient Activation Increases Suppressive in agreement with their increased suppressive function.

Abilities of Freshly Isolated Tregs

Having observed trend toward enhanced suppressive capacity of . L

expanded human Tregs over their freshly isolated countespart ITansient Activation Promotes Treg

we next asked whethex vivoexpansion is necessary for Tregs toProliferation and Survival

increase their regulatory capacity or whether activatiothait ~ As demonstrated above, short-term transient activatiod,an
expansion would be su cient. We therefore activated freshlya certain degree, 2-weeék vitro expansion of human Tregs
isolated human Tregs for 15 h in the presence of anti-CD3/antiin uence the function of freshly isolated cell§igure 1). The
CD28 beads and compared their suppressiorvitro to non-  improved suppressive activity of both activated and expanded
activated freshly isolated Tregs. This transient activaetiotably  Tregs correlates with increased expression of Treg markers
increased the regulatory capacity of Tregs, an e ect which waand functional moleculesH{gure 3), however their di erential
especially pronounced at higher Treg to PBMC ratieigiire 1A expression pattern suggests further di erences between both
bottom panel Figure 1B). In support of thein vitro suppression groups. To further explore the dierences between freshly
data, transient anti-CD3/anti-CD28 activation of Tregssal isolated and activated or expanded Tregs, we investigated th
resulted in excellent regulation of allorespongesivo, leading  ability of Tregs to survivén vitro andin vivo. First, we measured

to long-term acceptance of all skin allograftSigures 1C,  the e ect of transient activation on apoptosis of freshly iseth
MST > 100 days,p < 0.0001 vs. PBMC group). Transiently and expanded Tregs cultured for 5 days in the presence or
activated Tregs were more e ectivie vivo than freshly isolated absence of IL-2 without further stimulation. Without IL-2he
cells ¢ D 0.0137), however there was no statistically signi cantnajority of expanded Tregs and about 30% of freshly isolated
di erence betweerin vivo function of short-term activated and Tregs underwent apoptosifigure 4A, left panels), whereas the
expanded Treg9(D 0.2207). addition of exogenous IL-2 decreased the frequency of cells
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FIGURE 1 | Ex vivoexpanded or transiently activated human Tregs have supenidn vitro and in vivo suppressive capacity.(A) 5 104 PBMCs were incubated with
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Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 889


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Issa et al. Transiently Activated Human Tregs

CTLA4
A GITR TIGIT
801 100+ 804
1 — T
60 + 807 T 60
+ + x
& . N : T T
E 401 T j O 40
) = P
® 2 %o T
20 X °~ 204
20
sort act exp exp+act sort act exp exp+act "~ sort act e)'(p exp:l-act
. Perforin 0X-40 CD69
80- - 60+ 100
A . .
+ 60 80 —T-
£ e T2l T s T
o N © 607
£ 5 :
o a0 40-
R 204 e R
o G O s O B =
ol =/ T T T 0 ; T T T L . . .
sort act exp exp+act sort act exp exp+act sort act exp exp+act
TIM-3 Helios CD39
C D
50 100+
* 100-
«] r — 17T LT .
5 5 ; T 1
tul T T
= 2 [a]
|—° 20 T £ 50 O 40
5 N NS
10 20-
e
sort act exp exp+act sort act e)l(p exp-ll-act "~ sort act e)l(p exp-ll-act
E
sort act exp exp+act sort act exp exp+act
B 2] 5.4
H FE
- ou?;mg‘n N h mzcnﬁgi"’cg“ * ! ch‘so:Pc—g;m -
GITR
63.1 b 18 & 20,0
H (494) o FH sl
o :
o Tv‘:—’:APE‘.‘"”-‘A o - erlr:-alAF"C:-:\ o - Twrlv?—’BAP':LE—‘A o
& g .
3 | 83| I 795 | & 92.9
ai i )| 3 (2;356) Ei ,116
Helios . R
e X 19 || * 53.5 : a9 7.3
: % i 292) | £°) 35|
OX-40 CD39 -
i 1.0
z 250
23

PR O N
T rMP.CrA»
Perforin

T
0wt w0t 0
PerfAPC-A

A

A A

0

10? "
Perf APC-A

FIGURE 2 | Expression of Treg-associated markers(A—D) Freshly isolated (sort), transiently activated (acgx vivoexpanded (exp) and transiently reactivated
expanded (expCact) human Tregs were stained for expression of Treg-assaaied markers. (E) Representative FACS plots of the Treg-associated markersh®wn in
(A-D). n D 4-7 separate donors. p < 0.05 Error bars represent the means and standard deviationéSD). Groups were compared using a non-parametric
Kruskal-Wallis ANOVA with Dunn'post-hoc multiple comparisons test. *p < 0.01, ***p < 0.001.

Frontiers in Immunology | www.frontiersin.org April 2019 | Volume 10 | Article 889


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Issa et al. Transiently Activated Human Tregs

- 100
A 2500 B Egms vy
- ¥ T LS
c J A .
& 2000 v 80 [ ] AT A vy
3 . N v & i v
g 1500~ H % 601 N
T P > & ey
= 1000 o v % 401
2 * A -~
3 5004 20
-
c T T T T - . : b "
sort act exp exp+act s act exp xpract
FIGURE 3 | FOXP3 expression in Tregs after activation or expansion.éshly isolated (sort), transiently activated (actx vivoexpanded (exp) and transiently
reactivated expanded (exjCact) human Tregs were stained for expression of FOXP3 and hioi{(A) Median uorescence intensity (MFI) andB) percentage expression
of FOXP3 were both measuredn D 4—6 separate donors. Lines indicate mean values. Groups wercompared using a non-parametric Kruskal-Wallis ANOVA wit
Dunn's post-hoc multiple comparisons test.

with apoptotic featuresKigure 4A, right panels). More detailed expression of pro-apoptoti@AX and BCL2L11(Figure 6A),
analysis of cells undergoing apoptosis in the presence of llcon rming that activated Tregs are less prone to apoptosis.
2, which is a major survival factor for Treg®7), revealed Interestingly, when we incubated Tregs in the presence of IL-
that the frequency of late apoptotic (7-AAANNVC) cells was 2 for 4 further days after removal of the activation stimylus
decreased in activated freshly isolated Tregs but incde@se there was a trend toward upregulated expressionBaiL2L
activated expanded oneEi@ure 4B). In line with this nding, and downregulated expression BICL2when compared with
the percentage of live cells (7-AABNNV ) increased in unstimulated TregsKigure 6B). In order to further explore the
stimulated freshly isolated cells but was reduced in adtva possible mechanisms regulatiBfCL2 and BCL2L1expression
expanded TregsHigure 40). Importantly, when live cells were in activated Tregs, we measured the expression of miR-16
enumerated, there was a more than two-fold increase in celind Let-7c microRNAs, which have been implicated in the
number in activated freshly sorted Tregs as compared withegulation of BCL2%8) and BCL-XL @9, 30), respectively. Let-
expanded Tregdgure 4C right panel). 7c has been demonstrated to regulate BCL-XL expression in
The 2-3 fold increase in the number but not percentagéduman hepatocellular carcinoma@ and endothelial cells2Q).
of live cells in activated Tregs suggested intense proliterat Activated Tregs downregulated Let-7c expressibigyre 6C)
Indeed, staining with the proliferation dye CTV revealed ttha while upregulatingBCL2L1(BCL-XL) (Figure 6B), suggesting
close to 70% of activated Tregs activated with IL-2 dividedhat Let-7c may also be engaged in the control of BCL-XL
at least once, with up to 6 divisions observdeiglire 54).  expression in Tregs. Conversely, there was no di erence inrmiR
This was despite the stimulatory signal being removed aftet6 expression after Tregs activatidtigure 6C). Gene expression
15h. Conversely, unstimulated Tregs remained mainly uidgid levels ofBCL2L1correlated with increased BCL-XL levels on
(Figure 5B). Next, we assessed whether activated Tregs are maaetivated Tregs by FACEifure 6D). Levels of another apoptosis
likely to survive and expandh vivo by co-injecting BALB/c regulator, MCL1, were also increasétigure 6B.
Rag2~= IL2rg = mice with 5 10° CFSE-labeled PBMCs
and 1 10° CTV-labeled Tregs and examining the number
of CTVC cells recovered in a peritoneal lavage after 5 day$ISCUSSION
In agreement with then vitro data, we observed more Tregs
in the activated group, with these cells displaying enhancel recent years, the potential clinical application of Tregs
proliferation (Figure 5C). Importantly, activated Tregs were also Poth in transplantation and autoimmunity has attracted a
found to be more suppressie vivo than freshly isolated cells, 9reat deal of enthusiasm. Here, we describe a feasible ohetho
as demonstrated by their ability to inhibit proliferation ogC  for signi cantly enhancing human Treg suppressive capacity

T cells in the co-injected PBMCSigure 5D). and demonstrate the ecacy of this approach in a pre-
clinical in vivo transplantation model. We demonstrate that

. ) transient (15h)in vitro activation of freshly isolated human
Activation Enhances Tregs BCL2L1 Tregs is sucient to provide a functional advantage over
(BCL-XL ) Expression unmanipulated freshly isolated Tregs and may therefore
To further explore the nding that the transient activation eliminate the need to expand Tre@s vitro to achieve clinical
of Tregs results in their enhanced survival, we measured thecacy. This provides a useful optimization technique for
expression of pro-apoptoti®dAXandBCL2L1Y encoding BIM)]  current protocols that employ Tregs as a cellular therapy to
and anti-apoptotic BCL2and BCL2L1(coding BCL-XL)] genes prevent GVHD or graft rejection [reviewed irb( 6, 31)]. This
in activated Tregs. Our real-time PCR data showed B@t2L1 may be of particular importance in clinical situations where
but not BLC2 expression was upregulated upon stimulationexpansion is impractical or where time restrictions on ceHula
(Figure 6A). At the same time there was no di erence in the manipulation exist.
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FIGURE 4 | Transient activation promotes Treg survival and responsivess to IL-2. (A—C) CTV-labeled Tregs (18 per well) were activatedin vitro for 15 h with
anti-CD3/anti-CD28 beads and cultured for 5 days without futher stimulation or cultured without any TCR stimulation all. Where indicated CIL-2), exogenous IL-2
was added. (A) Representative dot plots of cells stained with 7-AAD and Arexin V and the percentage of cells in each quadrant are depiet. (B) Percentage of early
apoptotic (7-AAD /Annvc), late apoptotic (7—ADI§/AnnVC) and (C) percentage and number of live cells (7-AAD/AnnV ) are shown. Data for(A—C) were obtained
from 2 or 3 separate donors, each donor with 2-5 biological rpeats (separate wells). Data from multiple cell donors wengooled. (B,C) min-max with median and
interquartile range is shown. Groups were compared using aan-parametric Kruskal-Wallis ANOVA with Dunn'post-hoc multiple comparisons test. p < 0.05, **p <
0.01, **p < 0.001.

There is no consensus at present as to whether freshly igolatacute GVHD. Other groups have utilized expanded Tregs in T1D
or expanded Tregs should be used in clinical cellular therapy32, 33) and kidney transplantation34), whilst others yet have
each option having its distinct advantages. Freshly isdlategs generated the cells from whole lymphocyte populatiersvivo
were used by Martelli and colleagues as a strategy for GVHB5). The advantage of using expanded Tregs is the ability to
prevention after HSC transplantation with no adverse e ectd an obtain large numbers of cells, howeet vivoexpansion can be
moderate clinical e cacy 9). Meanwhile, Blazar and his team restrictively expensive and creates legitimate concegerding
used cord blood-derived expanded Tred<)( again with no the safety of the clinical product as cells are subjected to a
adverse e ects and a reduction in the incidence of higher gradrelatively long period (at least 2 weeks and in most cases 4-6
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FIGURE 5 | Trarjsient activation is suf cient to induce Treg proliferadn if IL-2 is present.(A) Representative histograms andB) graph depicting the percentage of
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Mann-WhitneyU-test. *p < 0.05.

weeks) ofin vitro culture and manipulation. From this aspect, must be instigated promptly and without prior notice, for
the possibility to activate freshly isolated Tregs overhlzggfore  example during an acute and unexpected autoimmune are-up.
use as a clinical product may be particularly helpful in sitoas It is widely accepted that Tregs need to be activated by
where obtaining relatively large numbers of non-expandeegbr interaction of their TCR receptor with antigen presented in
is feasible, such as in HSC transplantation where donor Treghe context of MHC in order to elicit their suppressive ability.
may be isolated from a leukapheresis product. Other usesdeclu Additionally, it has been suggested that expanded Tregs have
situations in which treatment with the regulatory cellulierapy  superior in vitro suppressive function compared with freshly
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FIGURE 6 | Transiently activated Treg upregulat®CL2L1 (BCL-XL) expression.(A) Real-time PCR analysis of expression of genes encoding prapototic [BAX,
BCL2L11 (BIM)] and anti-apoptotic BCL2, BCL2L1 (BCL-XL] proteins in freshly isolated and transiently activated $h) Tregs.n D 3-5, data normalized toHPRT. (B)
Real-time PCR analysis oBCL2 and BCL2L1 (BCL-XL) expression, normalized taHPRT, from day 4 cultures of unstimulated and 15 h transiently actated Tregs
incubated with IL-2. (C) Real-time PCR analysis of miR-16 and Let-7c microRNA expreson, normalized to RNU48, from cultures described ifB). n D 3—4 donors,
groups were compared using a non-parametric Mann-WhitneyJ-test, *p < 0.05. Additionally, levels of D) BCL-XL and (E) MCL-1 were measured by FACS.
Histograms from one representative donor are shown.pg'< 0.05.

isolated cells36, 37). Indeed, in our studex vivoexpanded Tregs a number of Treg-associated markers including CTLA-4, GITR
showed a tendency toward being more suppressive than freshlyGIT, and to a lesser degree, perforin. TCR activating dijaee
isolated cells. However, simply activating freshly isaldafeegs clearly important for Treg function, yet the duration and stigth
for 15h increased their suppressive capacity signi cantlyisTh of these signals may result in di erent outcomes)). Tregs likely
nding was supported by the observation that freshly isolatedequire progressive signals provided at the appropriate time,
Tregs are less prone to apoptosis; a feature that is even maeeideally result in enhanced survival and subsequent evecti
pronounced after transient activation. suppressive activity3Q). Transiently activated Tregs may be at
While improvements in Treg survival are important, it is clearthe rst step of this sequential process. We also show that OX40
that this is unlikely to be the only mechanism accounting foris induced on transient activation of Tregs but not expanded
the functional changes observed. Both transiently aciyand Tregs. The e ects of OX40 expression or ligation on Tregs are
expanded (but not activated) Tregs upregulate the expresgion complex and not completely understoodidj. Some studies have
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demonstrated that OX40 stimulation can negatively regullagée  family of miRNAs 63). Targets for Let-7 include several genes

induction of Tregs from naive or e ector T cellsl{, 42), yet involved in cell cycle and mitotic signaling such as HMGA2

OX40 signaling has also been shown to be important in thé54), CDC25A and CDK®6 %5), therefore its role in controlling

generation of Tregs during the TCR-independent phase of Tregreg proliferation and survival is likely to be more complex and

development, with OX40~ mice having signi cantly reduced further studies are planned to explore this nding.

numbers of Tregs43). Given the potential for OX40 to be a  This is the rst study to demonstrate and provide a potential

therapeutic target, its function on T cells and Tregs remainsnechanism for enhanced suppressive function in freshly isdla

under intense investigation. human Tregs following a short period of activation. This has
Apoptosis is regulated through a balance between the Bdmportant clinical implications, as it may provide a simple,

2 family of proteins, such as pro-apoptotic BAX and BIMe cient, rapid and cost-e ective method for enhancing the

and anti-apoptotic BCL2 and BCL-XL4{). BAX acts as pro- suppressive capacity and survival of Treg cellular therapy.

apoptotic e ector mediating mitochondrial outer membrane

permeabilization and is regulated by sequestration by antETHICS STATEMENT

apoptotic BCL2 and BCL-XL46). BIM acts as a sensor of growth

factor deprivation and can activate BAX by its release fronThis study was carried out in accordance with the Helsinki

sequestration. Importantly, the pro-survival proteins BClrgla Declaration and approved by the Oxfordshire Research Ethics

BCL-XL play distinct roles in regulating survival of quiescend ~ Committee B (approval number 07/H0605/130) with written

activated lymphocytes, respectivel{ After in vitro culture informed consent from all subjects.
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