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Abstract

Regulatory T cell (Treg) therapy has the potential to induce transplantation tolerance so that

immunosuppression and associated morbidity can be minimized. Alloantigen-reactive Tregs

(arTregs) are more effective at preventing graft rejection than polyclonally expanded Tregs

(PolyTregs) in murine models. We have developed a manufacturing process to expand human

arTregs in short-term cultures using good manufacturing practice-compliant reagents. This process

uses CD40L-activated allogeneic B cells to selectively expand arTregs followed by polyclonal

restimulation to increase yield. Tregs expanded 100- to 1600-fold were highly alloantigen reactive

and expressed the phenotype of stable Tregs. The alloantigen-expanded Tregs had a diverse TCR

repertoire. They were more potent than PolyTregs in vitro and more effective at controlling

allograft injuries in vivo in a humanized mouse model.
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Introduction

Regulatory T cells (Tregs) are essential for self-tolerance (1). In experimental models of

transplantation, Tregs are necessary and, under certain experimental conditions, sufficient in

establishing transplantation tolerance (2–5). Three Phase I trials evaluating the safety of

Treg cell therapy in graft-versus-host disease (GvHD) have been reported and all showed

minimal toxicity and suggested possible efficacy (6–8). A Phase I trial of Treg therapy in

children with new-onset type 1 diabetes also showed slower disease progression without

serious adverse events (9). These findings inspired many to consider applying Treg therapy

to solid organ transplantations so that immunosuppression can be minimized or withdrawn.

Alloantigen-reactive Tregs (arTregs) are more effective than polyclonally expanded Tregs

(PolyTreg) in inducing tolerance in experimental models of transplantation (10–12). We

have estimated that the numbers of Tregs needed for efficacy for humans are in the range of

several billion for PolyTregs and 10 times less for arTregs (13). Several approaches have

been reported for selective expansion of human arTregs (12,14–16), and none has

demonstrated expansion under good manufacturing practice (GMP)-compliant conditions. In

this study, we report a robust process for manufacturing clinical-grade human arTregs.

Methods

Cells

Normal donors were consented for whole blood donation. Alternatively, deidentified

apheresis products from normal donors were obtained from the UCSF Blood Center.

Peripheral blood mononuclear cells (PBMCs) were isolated as described previously (17) and

used fresh or after cryopreservation in CryoStor CS10 freezing medium (BioLife Solutions,

Bothell, WA). Spleens were from cadaveric organ donors with research consent. All

procedures were approved by the authorities at UCSF and King’s College London.

Generation of CD40L-expressing K562 cells

Lentiviral vectors encoding human CD40L (NM_000074), CD64 (BC032634), DRA

(BC071659) and DRB0401 (18) were produced, and transduction and cloning were

performed as previously described (19,20). Stable expression of transduced genes was

verified by flow cytometry using antibodies to CD40L (TRAP1), HLA-DR (G46-6) and

CD64 (10.1).

Generation of CD40L-stimulated B cells (CD40L-sBc)

B cells were enriched from PBMCs or spleens using the untouched B cell enrichment kit

(Invitrogen, Carlsbad, CA), and cultured with irradiated 3T3-CD40L cells (40 Gy) as

described (21). The CD40L-sBc were irradiated (30 Gy) and used to stimulate Tregs or

cryopreserved in CryoStor CS10 until use. For GMP-compliant expansions, B cells were

purified using CD19 positive selection on a CliniMACS (Miltenyi Biotech, Auburn, CA),

stimulated with irradiated K562-CD40L cells (100 Gy) in transferrin-containing X-VIVO15

medium (Lonza, Walkersville, MD) supplemented with 10% human AB serum (Valley
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Biomedical, Winchester, PA), GMP grade IL-4 (Miltenyi) and Cyclosporine A (Teva

Pharmaceuticals, North Wales, PA).

Mixed lymphocyte reaction (MLR)

Responder PBMCs labeled with 1.25 µM carboxyfluorescein succinimidyl ester (CFSE;

Invitrogen) were stimulated with irradiated allogeneic CD40L-sBc (2 sBc per PBMC) or

with irradiated allogeneic PBMCs (5 stimulators per responder). The cultures were

harvested after 84–96 h and stained with antibodies to CD3 (clone SK7), CD4 (clone SK3),

CD8 (clone SK1), a fixable viability dye, FOXP3 (clone 206D), and HELIOS (clone 22F6).

Flow cytometry was performed on Fortessa (BD Biosciences) and analyzed using FACSdiva

(BD Biosciences) or FlowJo software (Treestar, Ashland, OR).

Treg expansion

Tregs were isolated using a BD FACSAria II (BD Biosciences) based on the phenotype of

CD4+CD127lo/−CD25+ and PolyTreg expansions were performed as previously described

(17). The clinically compliant sorting utilized GMP mAbs generated and provided by Noel

Warner (BD Biosciences). For arTreg expansions, the cultures were maintained in

OpTmizer Medium (Invitrogen) supplemented with GlutaMAX (Invitrogen), Penicillin/

Streptomycin and 2% human AB serum or in X-VIVO15 medium with 10% human AB

serum. Fluorescence-activated cell sorting (FACS) purified Tregs were mixed with CD40L-

sBc at a 4:1 sBc to Treg ratio. The cultures were maintained with 300 IU/ml human IL-2

until day 9 or 11, when the cells were restimulated with new irradiated sBc or with GMP-

grade anti-CD3 and anti-CD28-coated (anti-CD3/CD28) beads at a 4:1 sBc to T cell or 1:1

bead to T cell ratio. Cultures were fed 3 days later and harvested on day 5 after

restimulation. Viability of the cells was assessed using trypan blue exclusion.

Flow cytometry

Phenotype of expanded Tregs was assessed using the following three flow cytometric

panels: (1) CD8 (clone SK1), CD4 (clone SK3), CD3 (clone SK7) and CD19 (clone

SJ25C1); (2) CD4, CD62L (clone SK11), CD27 (clone L128) and FOXP3 (clone 206D;

BioLegend, San Diego, CA); and (3) CD4, CD25 (clone 2A3), HELIOS (clone 22F6;

BioLegend) and FOXP3. For some experiments, interferon gamma (IFNγ) production by

expanded arTregs were assessed as previously described (22). The CD40L-sBc were stained

with antibodies to HLA-DR (clone G46-6), CD80 (clone L307.4), CD86 (clone 2331) and

CD19 (clone HIB19). The stained cells were analyzed on a FACSCalibur or AccuriC6 (BD

Biosciences, San Diego, CA). All antibodies were from BD Biosciences unless otherwise

noted.

Treg specificity assay

Expanded Tregs were labeled with 1.25µM CFSE and stimulated with allogeneic or

autologous CD40L-sBc, anti-CD3/CD28 beads, or left unstimulated in media containing 30

IU/mL IL-2. After 72 h, the cells were collected and stained with anti-CD4 and propidium

iodide and analyzed on an AccuriC6.
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TCRβ repertoire analysis

Genomic DNA was extracted from 0.25 × 106 to 1 × 106 freshly isolated Tregs and ex vivo

expanded PolyTregs and arTregs. The DNA was submitted to Adaptive Biotechnologies

(Seattle, WA) for survey level TCRβ sequencing. Analyses of the sequencing data including

determining the clonality index and repertoire similarities were done using algorithms

developed by Adaptive Biotechnologies.

In vitro suppression assays

Titrated numbers of expanded Tregs were mixed with 3 × 104 PBMCs from the Treg donor

in V-bottom 96-well plates in triplicates. The cells were stimulated with irradiated PBMCs

from the sBc or third-party donors for 7 days, and incorporation of 3[H] thymidine during

the final 16–20 h of culture was used to measure proliferation. Cultures containing no Tregs

were used as controls.

Treg-specific demethylated region (TSDR) methylation assay—Genomic DNA

from 0.5 × 106 expanded Tregs was analyzed using licensed reagents from Epiontis GmbH

(Berlin, Germany) according to established protocol (23). Percentages of demethylated

TSDR were calculated as: [mean copy numbers of unmethylated DNA/(mean copy numbers

of unmethylated + mean copy numbers of methylated DNA)] × 100. For female Tregs, the

percentages calculated above were multiplied by 2 to correct for X-chromosome

inactivation.

Humanized mouse model of skin transplantation

De-identified human skin was obtained from surgery patients with informed consent. The

skin was transplanted onto 8- to 12-week-old BALB/c.Rag2−/− γc−/− mice and allowed to

engraft for 6 weeks before the recipient mice were injected with 10 × 106 HLA-mismatched

CD25-depleted PBMCs. Some mice were co-injected with 2 × 106 PolyTregs or arTregs.

Histological analysis of the grafts was performed 6 weeks after PBMC injections. For the

total duration of these experiments, 100 µg anti-mouse Gr1 (Bio X Cell, West Lebanon, NH)

was injected intraperitoneally every 4–5 days to deplete mouse granulocytes. All procedures

were conducted in accordance with institutional guidelines. Frozen sections of human skin

grafts were fixed with 5% paraformaldehyde and stained with antibodies against human

antigens ki67 (cat. # ab15580; Abcam, Cambridge, MA), CD45 (clone HI30; eBioscience),

CD3 (cat. # A0452; Dako, Carpenteria, CA), FOXP3 (clone 259D/C7; eBioscience),

involucrin (clone SY5) and CD31 (cat. # ab28364; Abcam), followed by incubation with

appropriate fluorochrome-conjugated secondary antibodies and mounted with Prolong Gold

Anti-fade Reagent with 4-6-diamidino-2-phenylindole (DAPI; Invitrogen). Quantitative

assessment of immunofluorescence results was done by counting four to six nonoverlapping

fields preformed by an individual blinded to the treatment conditions.

Statistics

Statistical analyses were performed using GraphPad Prism version 5.00 (GraphPad

Software, San Diego CA).
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Results

CD40L-sBc are potent stimulators of arTregs

Using a one-way MLR, we found CD40L-sBc were markedly more potent than PBMCs at

stimulating proliferation of CD4+ T cells, CD8+ T cells and CD4+FOXP3+HELIOS+ Tregs

(Figure 1A and B). To determine if the proliferation was in response to alloantigens

expressed on CD40L-sBc, we compared the stimulatory capacity of autologous CD40L-sBc

and allogeneic CD40L-sBc with varying degree of HLA mismatches to the responders. We

found a trend of higher frequencies of responding CD4+ conventional T cells (Tconv) and

Tregs with more HLA-DR mismatches and higher frequencies of responding CD8+ T cells

with more HLA-AB mismatches (Figure 1C). These results demonstrated that CD40L-sBc

were potent allogeneic stimulators and prompted us to explore the utility of CD40L-sBc in

selective expansion of arTregs.

Generation of GMP-compliant CD40L-expressing cells

A GMP-compatible human CD40L-expressing cell line, KT64.CD40L.HLADR0401

(abbreviated as K-CD40L), was generated to enable manufacture of clinical-grade arTregs.

We used lentiviral transduction to express CD40L in the myeloleukemia cell line K562,

which has been used as cancer vaccines and artificial antigen presenting cells for clinical

applications (24–27). The additional CD64 and HLADR0401 genes were intended for other

applications and do not interfere with CD40L stimulation of sBc. Two rounds of stimulation

with the K-CD40L cells on days 0 and 7 and a constant supply of IL-4 led to 10- to 50-fold

expansion of purified B cells (Figure 2A). When compared to freshly isolated B cells, the

CD40L-sBc expressed significantly higher levels of HLA-DR, CD80 and CD86 (Figure 2B

and C), consistent with their enhanced potency in stimulating T cells.

CD40L-sBc robustly induce arTreg expansion

We have previously reported that polyclonal expansion of FACS purified

CD4+CD127lo/−CD25+ Tregs using two rounds of stimulations (days 0 and 9) with anti-

CD3/CD28 beads (17). For expanding arTregs, we compared two rounds of stimulation with

CD40L-sBc versus primary CD40L-sBc stimulations followed by anti-CD3/CD28

restimulation. Two stimulations with CD40L-sBc led to 50- to 300-fold expansion of Tregs

(Figure 3A), similar to that achieved when CD40L-sBc were replaced with beads during

restimulation (Figure 3B). Tregs expanded either way were highly reactive to the sBc used

for their expansion (Figure 3C). We decided to use bead restimulation for arTreg expansion

for the ease of standardization and implementation.

One unit of blood yields an average of 5 million Tregs after FACS purification. With 50-to

300-fold expansions, we would be able to produce between 250 million to 1.5 billion

arTregs, which may fall short of our estimated efficacy dose (13). We therefore explored

conditions to improve arTreg expansion. The CD40L-sBc-stimulated Tregs continued to

cluster and blast on day 9 after stimulation (Figure 3D), suggesting that the Tregs were still

activated and might undergo activation-induced cell death if restimulated at this time.

Delaying restimulation until day 11 when the cells appeared more rested (Figure 3E)

consistently improved overall expansion (Figure 3F). The source of the anti-CD3/CD28
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beads also affected the rate of Treg expansion (Figure 3G). In contrast, we found that

variation in HLA-DR, CD80 and CD86 expression on CD40L-sBc did not correlate with

arTreg expansion (Figure 3H), suggesting that the potency of the CD40L-sBc was not

strictly correlated with the absolute amount of these molecules as long as a threshold was

met. Overall, by optimizing restimulation timing and restimulation regents, arTregs

routinely expanded 100- to 1600-fold.

In vitro characterization of arTregs

High-throughput TCR sequencing was used to compare the repertoires of freshly isolated

Tregs and various expanded Tregs. arTregs were less diverse than freshly isolated Tregs and

PolyTregs (Table 1), consistent with selective expansion using the CD40L-sBc stimulation.

arTreg repertoire remained diverse with cumulative frequencies of top 10 clones

representing less than 7% of the total repertoire and very low clonality indexes. We found

85% TCR repertoire similarity between the Tregs after primary CD40L-sBc stimulation and

after additional anti-CD3/CD28 bead restimulation (Figure 4A). Consistently, arTregs

expanded with two rounds of CD40L-sBc or primary CD40L-sBc and secondary bead

restimulation had 93% similarity in TCRβ usage (Figure 4B). These results suggest that

polyclonal restimulation did not appreciably alter the arTreg repertoire. Last, Tregs isolated

from the same individual expanded using two distinct allogeneic CD40L-sBc have very little

overlap in their TCR repertoires (Figure 4C), demonstrating alloantigen selective Treg

expansion and effective depletion of nonreactive cells using this protocol.

Tregs expanded with this protocol are on average >95% viable and CD3+CD4+ with

minimal contamination with CD8+ T cells and CD19+ B cells (Figure 5A and Table 2). The

majority of the CD4+ T cells were FOXP3+HELIOS+ and co-expressed CD27 and CD62L

(Figure 5B and Table 2), distinct from the pattern expressed by similarly expanded Tconv

cells (Figure 5B). The majority of the expanded Tregs had demethylated TSDR (Figure 5C,

Table 2) and did not produce IFNγ after TCR or mitogenic stimulations (Figure 5D). These

results suggested that arTreg were stable and the ex vivo expansion did not lead to increase

IFNγ expression as we previously reported (22). To determine the reactivity of the expanded

Tregs, we restimulated Tregs harvested on day 16 with CD40L-sBc from the same donor.

On average 87.5% (range 72.5–95.2%) of the alloantigen expanded Tregs proliferated in

response to restimulation by the same sBc, similar to the proliferation induced using anti-

CD3/CD28 beads (average 88.8%, range 73.6–96%), demonstrating that the vast majority of

the Tregs were reactive to the alloantigens expressed by the CD40L-sBc (Figure 5E and F).

Consistent with the phenotype and the enhanced alloantigen recognition, the expanded

arTregs were highly suppressive when activated in vitro by PBMCs from the same donor as

the CD40L-sBc (Figure 5G). arTregs were 5- to 25-fold more potent at suppressing MLR

than PolyTregs (Figure 5G), consistent with previous reports of 5- to 32-fold increase in

potency by alloreactive Tregs (12,14,28–30). arTreg expanded by restimulation with

CD40L-sBc or anti-CD3/CD28 beads had identical suppressive activity (Figure 5G),

demonstrating that polyclonal restimulation did not alter their alloreactivity or suppressive

activity in vitro. In addition, arTregs were 9–27 times more suppressive when stimulated by

the relevant PBMC than when stimulated by third-party cells (Figure 5H). Together, our
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results show that CD40L-sBc expanded Tregs had enriched reactivity and suppressive

activity toward the alloantigens expressed by the B cells used for their expansion.

arTregs are superior at protecting skin allografts in vivo

Using our recently described model of alloimmune-mediated injury of human skin allografts

(12), we compared the potency of arTregs and PolyTregs. BALB/c.Rag2−/− γc−/− mice were

transplanted with human skin from a HLA-DR0401+ donor before adoptive transfer of

allogeneic PBMC depleted of CD25+ cells alone or in combination with different

preparations of syngeneic Tregs at a ratio 5:1 effector cells/Treg. PBMC donors were HLA-

DR0401− and arTregs from these donors were expanded using HLA-DR0401+ CD40L-sBc.

Grafts were monitored until rejection or until 6 weeks after PBMC reconstitution when they

were collected for histological analysis. Levels of human leukocyte engraftment in spleens

were similar in mice that received PBMCs alone or in combination with Tregs (Figure 6A).

For the duration of these experiments, all mice maintained stable body weight, suggesting a

lack of GvHD (Figure 6B), consistent with our previous report of this model (31).

Compared to the skin grafts in no PBMC control animals (Figure 6C), grafts in the PBMC

alone group showed intense human CD45+ mononuclear cell infiltrates with concomitant

increase in keratinocyte proliferation, loss of involucrin and decreased vascularization as

indicated by the reduction in clustered CD31+ cells in the dermis (Figure 6D). These

changes revealed active inflammation and loss of dermo-epidermal integrity mediated by the

allogeneic human leukocytes. All these inflammatory parameters were reduced by co-

injection of PolyTregs, correlating with an increase in FOXP3+ cells (Figure 6E). Moreover,

skin grafts in the arTreg group were nearly completely protected from histological features

of graft injuries and were indistinguishable from those in control grafts except for the

infiltration of FOXP3+ cells (Figure 6F). Quantitative analysis of histological findings

demonstrated significant reduction in Ki67+ keratinocytes and an increase in CD31+ cell

clusters, correlating with significantly higher FOXP3+ to CD3+ cell ratio in grafts of arTreg-

treated mice when compared with the PolyTreg group (Figure 6G). These results suggest

improved efficacy of arTregs in protecting allografts in vivo.

Discussion

Producing sufficient Tregs during ex vivo expansion has been a major challenge in applying

Treg therapy to humans (13). By stimulating highly purified Tregs with potently antigenic

CD40L-sBc, we were able to achieve 100- to 1600-fold expansion in 16 days. The expanded

Tregs had diverse TCR repertoire; retained Treg-specific phenotype were enriched for

alloantigen reactivity, and were more potent at suppressing alloimmune responses in vitro

and in vivo when compared to expanded PolyTregs. Critical parameters that contributed to

the success of this protocol were the purity of the Tregs at the beginning of the culture, the

potency of the CD40L-sBc and the conditions of restimulation.

Naïve B cells failed to induce expansion of Tregs without the addition of anti-CD28 agonist

antibodies (30), consistent with the notion that Treg expansion depends on costimulation

through CD28 (32). We found that stimulating B cells with CD40L induced nearly 20-fold

increase of CD80 and CD86 expression, which may underlie their potency as Treg
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stimulators. One advantage of using B cells is their relative abundance and ease of

expansion when compared to dendritic cells. In the setting of living donor transplant, we

estimate that 100mL of peripheral blood from an organ donor would generate enough

CD40L-sBc to expand 5 × 106 Tregs purified from 1 U of blood, which could yield 1 billion

arTregs after 200-fold expansion. For deceased donor transplant, donor spleen can be used

as a source of CD40L-sBc without prior purification of B cells because their high abundance

(data not shown). Our results demonstrate that it is feasible to mass produce highly pure and

potent arTregs using GMP-compliant reagents in short-term cultures. Previous reports show

Tregs can be expanded from uremic pretransplant patients (33,34). Current efforts are

focused on applying this protocol to expand Tregs isolated from pretransplant patient with

end-stage organ diseases to enable two planned phase I trials in liver and kidney

transplantations. We believe that efficacy of Treg therapy in transplantation depends on the

number and quality of Treg products in addition to the timing of Treg infusion and adjunct

immunosuppression (5,13).
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Abbreviations

arTreg alloantigen-reactive Tregs

CD40L-sBc CD40L-stimulated B cells

CFSE carboxy-fluorescein succinimidyl ester

DAPI 4-6-diamidino-2-phenylindole

DC dendritic cells

FACS fluorescence-activated cell sorting

GMP good manufacturing practice

GvHD graft-versus-host disease

INFγ interferon gamma

MLR mixed lymphocyte reaction

PBMCs peripheral blood mononuclear cells

PolyTregs polyclonally expanded Tregs

Tconv conventional CD4+ T cells

Treg regulatory T cells

TSDR Treg-specific demethylated region
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Figure 1. CD40L-sBc potently stimulate T cell proliferation
(A and B) PBMC and CD40L-sBc from the same donor were compared for their ability to

stimulate proliferation of alloreactive T cells in a one-way MLR. The responder PBMCs

were labeled with CFSE before MLR and the cultures were harvested on day 4 for flow

cytometric analysis. Representative CFSE dilution profiles of CD4+ and CD8+ T cells (A)

and CD4+FOXP3+HELIOS+ Tregs (B) are shown. The data are a representative of at least

10 independent experiments. (C) Autologous CD40L-sBc and allogeneic CD40L-sBc with

different degree of HLA mismatches with responder cells were compared in their ability to

stimulation proliferation of CD4+ Tconv, CD8+ T cells and Treg cells. Each symbol

represents the same responder. Results area summary of 15 different stimulator and

responder combinations. CD40L-sBc, CD40L-stimulated B cells; CFSE, carboxyfluorescein

succinimidyl ester; MLR, mixed lymphocyte reaction; PBMC, peripheral blood

mononuclear cell; Tconv, conventional CD4+ T cells; Treg, regulatory T cell.
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Figure 2. Generation of CD40L-sBc using K-CD40L cells
(A) The expansion of purified B cells in the 10-day culture is shown. The arrow indicates

the time of restimulation. (B and C) Expression of HLA-DR, CD80, and CD86 in freshly

isolated B cells and day 10 CD40L-sBc was compared using flow cytometry. Sample

overlay histograms are shown in (B), and charts summarizing results from independent

experiments are shown in (C). The data are summary of six independent experiments.

CD40L-sBc, CD40L-stimulated B cells; K-CD40L, CD40L-expressing cell line;

KT64.CD40L.HLADR0401; MFI, mean fluorescence intensity.
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Figure 3. Selective expansion of arTregs using CD40L-sBc
(A)Allogeneic sBc were used to stimulate FACS purified Tregs on days 0 and 9. Fold

expansion of Treg in the 14-day culture in six independent experiments is shown. The arrow

indicates the time of restimulation. (B) Tregs were stimulated with CD40L-sBc for 9 days

and then the cultures were split with half restimulated with CD40L-sBc from the same donor

and the other half with anti-CD3 and anti-CD28-coated beads. Fold expansion on day 14 of

three independent paired cultures is shown (p=0.75, Wilcoxon matched-pairs signed rank

test). (C) Alloreactivity of expanded Tregs was determined by labeling the expanded Tregs
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with CFSE before restimulation with the same CD40L-sBc used for expansion (thick line),

anti-CD3 and anti-CD28-coated beads (thin line) or syngeneic CD40L-sBc (shaded

histogram). (D and E) Appearances of Treg cultures on days 9 (D) and 11 (E) after primary

stimulation are shown. Data represent results from at least 10 independent cultures. (F)

Tregs were stimulated with CD40L-sBc for 9 or 11 days before restimulation with anti-CD3

and anti-CD28-coated beads. The cultures were harvested 5 days after restimulation, and

total fold expansions in three paired cultures were compared (p = 0.25, Wilcoxon matched-

pairs signed rank test). (G) Tregs were stimulated with CD40L-sBc for 11 days before

restimulation with anti-CD3 and anti-CD28-coated beads from Invitrogen (open symbols) or

Miltenyi Biotec (closed symbols). Cell expansions over time in three paired cultures are

shown. Wilcoxon matched-pairs signed rank test was used to compare the difference in total

fold expansion on day 16 (p = 0.25). (H) XY scatterplots showing a correlation of arTreg

expansion and mean fluorescence intensity (MFI) of HLA-DR, CD80 and CD86 expressed

on different CD40L-sBc preparations. The data are a summary of 11 independent arTreg

cultures. arTregs, arTreg, alloantigen-reactive Tregs; CD40L-sBc, CD40L-stimulated B

cells; CFSE, carboxyfluorescein succinimidyl ester; FACS, fluorescence activated cell

sorting; Tregs, regulatory T cells.
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Figure 4. Treg TCR repertoire analyses using high-throughput TCR β chain sequencing
(A) An xy scatterplot was used to compare TCR β chain usage by Tregs after primary

CD40L-sBc (Allo) stimulation (x-axis) or after CD40L-sBc (Allo) stimulation and anti-

CD3/28 bead (Poly) restimulation (y-axis), showing 85% similarity between the two

samples. Each circle represent one unique TCR β chain nucleotide sequence, and data points

on the x- and y-axis are present in one sample but absent in the other. The data represent

results from two independent experiments. (B) An xy scatterplot was used to compare TCR

β chain usage by Tregs after primary CD40L-sBc stimulation and anti-CD3/CD28 bead

restimulations (x-axis) and after two rounds of alloantigen stimulations (y-axis) showing

93% similarity between the two samples. The data represent results from two independent

experiments. (C) Tregs purified from one donor was split into two equal parts and subjected

to primary stimulation with CD40L-sBc from two different allogeneic B cell donors (Allo

and Third party) followed by polyclonal restimulation. A comparison of TCR β chain usage

by the two arTreg preparations showed 2% overlap. similarity CD40L-sBc, CD40L-

stimulated B cells; Treg, regulatory T cell.
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Figure 5. Phenotype, alloantigen reactivity, and in vitro function of Tregs expanded with CD40L-
sBc
(A and B) Flow cytometric profiles of ungated (A) and CD4 gated (B) Treg cultures. Data

are representative of at least 14 independent experiments. (C) Correlation between

percentages of demethylated TSDR and FOXP3 from 11 independent cultures. (D) IFN-γ

expression by arTregs after 4 h in vitro stimulation as indicated. (E) Alloreactivity of Tregs

expanded with primary allogeneic sBc stimulation and polyclonal restimulation on day 11

was determined as described in Figure 3B. An example of overlay histogram is shown. (F) A

summary of seven independent cultures analyzed as described in (C) is shown. Each symbol
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represents one independent Treg culture. (G) A summary of in vitro suppression by Tregs

expanded with two rounds of stimulation with allogeneic CD40L-sBc (closed circles, Allo-a,

n = 3), allogeneic sBc primary stimulation followed by polyclonal restimulation (open

circles, Allo-p, n = 8), or two rounds of polyclonal stimulations (open squares, Poly, n = 5)

is shown. Responders are PBMC from the Treg donor, and stimulators are PBMC from the

sBc donor. Data shown are mean ± SEM suppression observed in three to eight independent

experiments. Two-way analysis of variance (ANOVA) with Bonferroni multiple comparison

test was used to determine the statistical significance of the differences. Suppression at 1:5

ratio by different groups of Tregs is not significantly different. Suppression by PolyTregs is

significantly lower when compared to Allo-a Tregs (p < 0.001 at 1:25 ratio and p < 0.01 at

1:125 ratio), or when compared to Allo-p Tregs (p < 0.0001 at 1:25 ratio and p < 0.001 at

1:125 ratio). Allo-a and Allo-p Tregs are not significantly different from each other at all

ratios. (H) Suppression by CD40L-sBc expanded Tregs stimulated by PBMC from the sBc

donors (closed circles) or third-party donors (open triangles) is shown. Data shown are mean

±SEM suppression observed in six independent experiments. Two-way ANOVA with

Bonferroni multiple comparison test was used to determine the statistical significance of the

differences. Suppression at 1:1 and 1:3 ratios stimulated by sBc and third-party donors is not

significantly different. Suppression stimulated by sBc donor at 1:9 and 1:27 ratios is

significantly lower when compared to that stimulated by third-party donors (p < 0.001 at 1:9

ratio and p < 0.001 at 1:27 ratio). arTregs, arTreg, alloantigen-reactive Tregs; CD40L-sBc,

CD40L-stimulated B cells; CFSE, carboxyfluorescein succinimidyl ester; INFγ, interferon

gamma; PBMC, peripheral blood mononuclear cells; PolyTregs, polyclonally expanded

Tregs; Tconv, conventional CD4+ T cells; Tregs, regulatory T cells; TSDR, Treg-specific

demethylated region.
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Figure 6. Suppression of skin allograft injury by PolyTregs and arTregs in vivo in a humanized
mouse model
BALB/c.Rag2−/− γc−/− mice were transplanted with human skin and reconstituted with

PBMC allogeneic to the skin donor. (A) PBMC reconstitution was determined at the end of

the experiment, demonstrating that co-infusion of Tregs did not significantly alter the extent

of PBMC reconstitution. (B) Body weight of the BALB/c.Rag2−/− γc−/− mice in four

experimental groups was assessed to determine general health status, demonstrating that

PBMC infusion did not induce GvHD. (C–F) Skin graft injury was assessed using three-

color immunofluorescence microscopy and representative results are shown. (G)
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Immunofluorescence micrograph images were analyzed by counting four to six high-

powered visual fields per stain for each graft. Quantitative results from four experimental

groups were then compared. One-way analysis of variance with Kruskal–Wallis test and

Dunn’s multiple comparison posttest was used to determine the statistical significance of the

differences (*p<0.05, **p<0.01, ***p<0.001). arTregs, arTreg, alloantigen-reactive Tregs;

GvHD, graft-versus-host disease; PBMC, peripheral blood mononuclear cells; PolyTregs,

polyclonally expanded Tregs; Tregs, regulatory T cells.
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