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Abstract

Background—Thymic-derived regulatory T cells (tTreg) are critical regulators of the immune 

system. Adoptive tTreg transfer is a curative therapy for murine models of autoimmunity, graft 

rejection, and graft versus host disease (GVHD). We previously completed a “first-in-human” 

clinical trial using in vitro expanded umbilical cord blood (UCB) derived tTreg to prevent GVHD 

in patients undergoing UCB hematopoietic stem cell transplantation (HSCT). tTreg were safe and 

demonstrated clinical efficacy, but low yield prevented further dose escalation.

Methods—To optimize yield, we investigated the use of KT64/86 artificial antigen presenting 

cells (aAPC) to expand tTreg and incorporated a single re-stimulation after day 12 in expansion 

culture.

Results—aAPC increased UCB tTreg expansion >8-fold over CD3/28 stimulation. Re-

stimulation with aAPC increased UCB tTreg expansion an additional 20–30 fold. Re-stimulated 
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human UCB tTreg ameliorated GVHD disease in a xenogeneic model. Following cGMP 

validation, a trial was conducted with tTreg. tTreg doses up to >30-fold higher compared to that 

obtained with anti-CD3/28 mAb coated-bead expansion and Foxp3 expression was stable during 

in vitro expansion and following transfer to patients. Increased expansion did not result in a 

senescent phenotype and GVHD was significantly reduced.

Discussion—Expansion culture with cGMP aAPC and re-stimulation reproducibly generates 

sufficient numbers of UCB tTreg that exceeds the numbers of T effector cells in an UCB graft. The 

methodology supports future tTreg banking and is adaptable to tTreg expansion from HSC 

sources. Furthermore, since HLA matching is not required, allogeneic UCB tTreg may be a useful 

strategy for prevention of organ rejection and autoimmune disease.
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Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative therapy for many 

types of cancer. Unfortunately, graft-versus-host disease (GVHD) is a major cause of 

morbidity and mortality following HSCT1,2. Thymic-derived regulatory T cells (tTreg), 

whose natural function is to prevent autoimmunity by suppressing self-reactive 

lymphocytes 3–5, may be a useful strategy for preventing autoimmunity as well as graft 

rejection and GVHD with proof of concept demonstrated in xenogeneic models of 

disease 6–8. However, therapeutic translation for clinical testing has been hampered by the 

inability to consistently manufacture sufficient numbers of tTreg.

We recently completed a “first-in-human” clinical trial to assess the safety and efficacy of in 

vitro expanded UCB tTreg in treating GVHD in patients undergoing allogeneic HSCT 9–12. 

While adoptively transferred UCB tTreg were safe and showed clinical efficacy in reducing 

the risk of GVHD, tTreg yields were highly variable with 28% of products not reaching the 

targeted tTreg cell dose. Based on results in murine models, the optimal number of tTreg 

would equal or exceed the number of T effector cells in the HSC graft. Therefore, we sought 

to optimize the expansion of functional tTreg. Toward that end, we developed a more robust 

expansion strategy, using the K562 cell-line that stably expressed the high affinity Fc 

receptor (CD64) to allow loading with anti-CD3 for T cell signaling and CD86 for T cell co-

stimulation with a single re-stimulation13,14. In addition, we found that UCB tTreg expanded 

with aAPC were more effective on a per cell basis in vivo than those expanded with anti-

CD3/28 beads13.

Here we describe a novel cGMP in vitro expansion protocol for manufacturing large 

numbers of UCB-derived tTreg, which incorporates a combination of aAPC and re-

stimulation that increases yield >30-fold, compared to our initial cGMP method using anti-

CD3/28 monoclonal antibody (mAb)-coated beads. In addition, the variability in range of 

yield declined from >1000-fold to ~8-fold over a range of cell products used for clinical 

testing. All UCB tTreg products passed lot release criteria and were safely infused into 

patients.
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Methods

UCB tTreg purification

tTreg were purified from UCB units by positive selection as previously described 10. Briefly, 

frozen UCB were thawed and tTreg enriched using directly conjugated anti-CD25 magnetic 

microbeads (Miltenyi Biotec) and CliniMACS (Enrichment Program 3.20). The CD25+ cells 

were volume reduced by centrifugation at 200×g for ten minutes at room temperature, and a 

sample was sent for flow cytometry to determine purity. UCB units used for developmental 

research experiments were collected under approved IRB protocol under the American Red 

Cross Cord Blood Program (D. McKenna). UCB units used for the clinical trial were 

obtained from the St. Louis Cord Blood Bank. All tTreg UCB units were partially HLA 

matched with the patient at 4–6/6 HLA loci 10.

UCB tTreg Culture

CD25+ selected cells were washed, re-suspended in culture medium, transferred to the 

appropriate vessel based upon seeding density and media depth, stimuli added (either anti-

CD3/28 beads or anti-CD3 -loaded aAPC, see below), and cultured at 37°C/5% CO2. UCB 

tTreg culture medium consisted of X-VIVO 15 (BioWhittaker, Walkersville, MD) with 10% 

heat inactivated human AB serum (Valley Biomedical, Winchester, VA), L-glutamine 

(Invitrogen), and N-acetylcysteine (American Regent, Shirley, NY). IL-2 (Proleuken®, 

Chiron Corporation, Emeryville, CA) was added on day 3 (300U/ml final) and re-constituted 

every 2–3 days for the full volume of media. If the viable nucleated cells (NC)/mL was 0.4 × 

106 – 0.6 × 106, only IL-2 was added. If the viable NC/mL was ≤0.4 × 106, then the product 

was volume reduced to obtain a final concentration of 0.5 × 106 viable NC/ml.

tTreg grow optimally at a concentration of 0.5×106/ml with significantly reduced expansion 

observed at higher concentrations (e.g. >1.5×106/ml). Therefore, by day +6 to +8, cells were 

typically transferred to Cell Factories/CellSTACKs (CF/CS; Corning Inc., One Riverfront 

Plaza Corning, NY, 14831, USA). On day 12±1, UCB tTreg were re-stimulated with either 

anti-CD3/28 mAb-coated beads [or cryopreserved aAPCs (see below for details) at a ratio of 

1:1 (aAPC:nucleated cell)] with IL-2 maintained.

UCB tTreg stimulation

anti-CD3/28 mAb-coated beads were prepared by conjugating anti-CD3 (OKT3, 

Orthoclone, Janssen-Cilag) and anti-CD28 (CD28.2) to tosylated beads (Dynal Biotech, 

Oslo, Norway) and were manufactured by Dr. Bruce Levine (Clinical Cell and Vaccine 

Production Facility; University of Pennsylvania) as previously described 14,15. Beads were 

washed 3x and added to UCB tTreg at a ratio of 3:1 (bead:cell). aAPC were K562 cells 

transduced to express the high affinity Fc receptor (CD64) and the endogenous ligand for 

CD28 (CD86), referred to as KT64/86 14,15. aAPC were obtained from a cGMP-qualified 

master cell bank. aAPC were cultured for 10–14 days at ≤0.5×106/ml to generate 2–5 × 109 

cells total. KT64/86 were then incubated overnight in serum free media (to allow serum 

antibody to dissociate from Fc receptors), volume reduced, irradiated (≥10,000 cGy from an 

X-ray source), and loaded with anti-CD3 (OKT3, Miltenyi Biotec). Cleared, irradiated and 

loaded (CIL) KT64/86 were then frozen down in aliquots of either 25 or 250×106 cells at 
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12–60×106 NC/ml. KT cells were thawed immediately prior to use with an inoculum of 

KT64/86 cells at a 1:1 ratio with tTreg in the culture.

Cell washing/Volume reduction

Depending on yield/volume, cells were washed and volume reduced with either a Sorvall 

centrifuge (1000rpm; 300 × g) for 5 minutes at room temperature (if <500ml) or a COBE 

2991 (if >500ml) using the manual mode with the following settings: centrifuge speed: 

1500rpm (310 × g), super out rate: 450 mL/min, minimum agitate time: 30 seconds and 

super out volume: 600 ml. The product is then centrifuged for 3 minutes/spin until the entire 

product has been volume reduced. For cultures with > 0.6 × 106 viable NC/mL, Treg UCB 

culture media was added to achieve a cell concentration of 0.5 × 106 viable NC/ml.

Final Clinical Processing

Cells were cultured for a total of 18 +/−1 days and then harvested. The product was volume 

reduced using the COBE 2991 using the same protocol as above, and then transferred to a 

1L Lifecell bag, diluted to 150–200 mL with 5% HSA washed using the COBE 2991. The 

final product was released for infusion after successful lot release testing (Table III).

Quality Control/Product Testing

Lot release testing of all clinical products included viability (7-AAD ≥70%), specified 

phenotype (CD4−CD8+, ≤10%; CD4+25+, ≥60%), Gram stain with no organisms and 

endotoxin of ≤5 EU/kg. Sterility and mycoplasma testing were verified after release.

UCB tTreg clinical products and patient blood were phenotyped by flow cytometry to 

determine expression of: CD4, CD127, Foxp3, Helios, CD45RA, CD45RO, CCR7, CD27 

and KLRG1. In addition, in vitro suppressive function of UCB tTreg was determined by a 

carboxyfluorescein diacetate succinimidyl ester (CFSE)-based suppression assay as 

previously reported 14. Briefly, human peripheral blood mononuclear cells (PBMC) from 

buffy coats were labeled with CFSE according to the manufacturer’s instructions 

(Invitrogen, Carlsbad, CA) and plated at 105 cells per well in 96-well U-bottom plates with 

graded titrations of expanded Treg (1:2 to 1:32 tTreg:PBMC) in 200μL Treg culture media. 

Cells were stimulated with anti-CD3 conjugated Dynal Magnetic Beads (Invitrogen, 

Carlsbad, CA) at a bead:PBMC ratio of 1:1. On day 4, cells were harvested, stained with 

antibodies to CD8, and the amount of CFSE remaining determined by flow cytometry. 

Acquired data were analyzed using the proliferation platform in FlowJo software (Treestar 

Inc., Ashland, OR).

Cryopreservation and thawing of tTregs for assessment of in vitro suppressive function

An important consideration for UCB tTreg quality control was developing freezing/thawing 

conditions that preserve the phenotype and in vitro suppressive function of UCB tTreg 14. 

Specifically, UCB tTreg cultures are washed twice and resuspended at 50×106/ml in X-Vivo 

15. An equal volume of cold 2x freezing medium (80% human AB serum + 20% DMSO) is 

added to the cells, and 25×106 cells (i.e. 1 ml) were aliquoted into pre-chilled cryotubes 

(Nunc), which were immediately transferred to a rate-controlled freezer. After freezing, 

samples were stored in liquid nitrogen. tTreg were thawed by incubating cryotubes at 37°C 
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until liquid was visible around a solid ice core. Cells were diluted in pre-warmed 

supplemented X-Vivo 15 (10 ml), layered onto a cushion of 200μl 25% Human serum 

Albumin (CSL Behring), and centrifuged at 300×g for 10 minutes. Cells were collected from 

the interface and washed once more before being tested for phenotype and suppressive 

function.

Xenogeneic model of GVHD

A published xenogeneic GVHD model was used 16. Briefly, T-, B- and NK-deficient NOD/

Scid/γc−/− mice (Jackson) were housed in a pathogen-free facility in micro-isolator cages 

and on day 0, animals were irradiated (200cGray from an X-ray source) and human PBMCs 

(15×106) were injected with or without expanded UCB tTreg at a tTreg:PBMC of 1:1 (i.e. 

15×106 Treg). Mice were assessed for signs of GVHD daily and weighed thrice weekly. To 

assess in vivo persistence of fresh and frozen/directly thawed tTreg, mice were bled on day 7 

and PBMC stained with antibodies to detect the expanded tTreg (CD45, HLA-A2, CD4 and 

Foxp3). All animal protocols were approved by IACUC at the University of Minnesota.

Patient samples

Patients receiving re-stimulated UCB tTreg products (described in 17) had blood drawn on 

day 8 and, if at least 200,000 cells were present following phenotyping, aliquots of 200,000 

were frozen down for additional analysis. An informative HLA marker (unique to the tTreg 

UCB unit) was available in 7 of 11 patients, of which additional aliquots were available for 

2. The presence of the tTreg product in the peripheral blood (PB) was tracked by flow 

cytometry, and assessed for purity (CD4+CD127-Foxp3+Helios+) and stage of 

differentiation.

Statistical analysis

Data were analyzed by ANOVA or Student’s t-test. Survival effects were assessed by 

Mantel-Cox (Prism 5). Probability (P) values ≤0.05 were considered statistically significant.

Results

Artificial APC increase UCB tTreg expansion compared to anti-CD3/28 mAb-coated beads 
under cGMP-compatible conditions

We initially compared UCB tTreg expansion using anti-CD3/28 mAb-coated beads and a 

K562 cell line that had been transduced with the low-affinity Fc receptor (CD32), to which 

antibodies to anti-CD3 and anti-CD28 Abs were bound 13. Under these low Fc receptor 

affinity conditions, there would be an increased likelihood for release of aAPC bound anti-

CD3 mAb that could result in more variability in expansion properties. Therefore, 

subsequent studies were performed using a K562 cells which were transduced with the high 

affinity Fc Receptor (CD64) and the endogenous ligand for CD28 (CD86) (KT64/86) 

(depicted in Figure S1A) 14,15. This later variant has the added benefit of being able to be 

frozen as a mAb (OKT3) pre-loaded, irradiated, product; and was subsequently qualified for 

cGMP use.
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Since K562 cell lines express endogenous co-stimulatory molecules such as 4.1BBL 13, we 

reasoned that such cell-based aAPC-based stimulation expand UCB tTreg better than anti-

CD3/28 mAb-coated. Indeed in prior preclinical studies, we observed enhanced expansion 

of flow cytometry sorted peripheral blood (PB) tTregs cultured in rapamycin and exposed to 

KT64/86 cells as compared to mAb-coated bead-based aAPC expansion. In an effort to build 

on our prior clinical study of mAb-bead expanded UCB tTregs10, we compared UCB tTreg 

expansion using clinical grade anti-CD3/28 beads to anti-CD3-loaded KT64/86. To simulate 

clinical production as closely as possible, tTreg were purified from frozen/thawed UCB units 

in a GMP facility using clinical-grade reagents. Similar to our findings in the previous 

clinical trial employing anti-CD3/28 bead expanded UCB tTreg, purified tTreg were 87±2% 

CD4+ and 63±2% of the CD4+ T cells expressed the tTreg phenotype of CD127 (IL7 

receptor)neg Foxp3+, markers of tTreg purity 18. Purified UCB tTreg were stimulated with 

either anti-CD3/28 mAb-coated beads or frozen/thawed anti-CD3 mAb-loaded KT64/86 and 

were expanded over 18±1 days using culture conditions as used for the clinical trial (Figure 

1A). Stimulation with KT64/86 increased UCB tTreg expansion over anti-CD3/28 mAb-

coated beads (643±183-fold vs. 73±32-fold; p<0.02), while not adversely affecting 

phenotype (81±3 vs. 78±4% CD127-Foxp3+) or suppressive function (79±6 vs. 77±6% at 

1:2) (Figure 1B–D).

Re-stimulation of UCB tTreg with cell-based aAPCs greatly increases expansion without 
compromising phenotype or in vitro suppressive function

While in vitro tTreg expansion can be greatly increased through re-stimulation, some 

cultures lose Foxp3 expression and suppressive function, depending on tTreg purity at the 

time of re-stimulation 14,19. Because previous studies did not use cGMP reagents and were 

conducted on sorted PB tTreg instead of UCB tTreg, we conducted 4 experiments (2 in a 

research facility and 2 in a cGMP facility) to determine whether re-stimulation also 

increased expansion of UCB tTreg cells. We further determined whether such re-stimulation 

affected Foxp3 expression and suppressive function (Figure 2A). To maximize yield, UCB 

tTreg were re-stimulated with KT64/86 after they had returned to resting size (≤8.5 mm), 

which we have shown maximizes CD4+ T cell expansion 14,15.

As shown in Figure 2B, re-stimulation increased UCB tTreg expansion 15–30 fold compared 

to a single stimulation (114422±680 vs. 416±180-fold; p<0.012). Importantly, Foxp3 

expression was not significantly decreased in re-stimulated UCB tTreg (71±6 vs. 76±4% of 

CD4+ cells were CD127-Foxp3+). Re-stimulation also did not affect the in vitro suppressive 

function of the UCB tTreg (67±7% vs. 76±4% suppression at a tTreg:PBMC ratio of 1:2). 

Finally, none of the re-stimulated UCB tTreg cultures contained >1.5% contaminating CD8+ 

T cells, CD19+ B cells or CD14+ macrophages (data not shown).

Cell-based aAPC re-stimulated UCB tTreg maintain in vivo suppressive function

Several groups have reported that tTregs are not terminally differentiated and can be 

reprogrammed into helper T-cells 20 and effector T-cells (Teff) 21,22, capable of inducing 

pro-inflammatory cytokines and disease 22. Since our ultimate goal was to use this protocol 

for clinical products, we tested the safety and efficacy of re-stimulated UCB tTreg cultures 

in a xenogeneic model of human GVHD. Three experiments were performed with replicate 
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findings. In a representative example shown in Figure 3, mice receiving PBMC only (15 × 

106) characteristically lost weight, had increasing clinical GVHD scores, and all succumbed 

to GVHD by day 54 (median survival of 16 days). In contrast, mice receiving UCB tTreg 

(1:1 tTreg to PBMC) expanded with KT64/86 and re-stimulation showed decreased disease-

associated weight loss and overall clinical pathology between days 12 and 21 (Figure 3B and 

C; p<0.05 for each day). UCB tTreg treated mice also had a significant increase in survival 

(p<0.016), with 60% of mice surviving past day 36, compared to 11% for mice receiving 

PBMC only.

We and others have shown that frozen/directly-thawed tTreg are significantly less effective 

than fresh tTreg (Figure 3E and 23). Decreased in vivo persistence could explain the 

decreased efficacy of frozen/thawed tTreg, so animals were bled on day 6 and tTreg 

quantitated (Figure 3F). We found that mice receiving frozen/thawed cells had >10-fold 

fewer tTreg in the PB than those receiving fresh tTreg, suggesting that this is likely the case. 

To determine whether frozen UCB tTreg regain suppressive function following re-

stimulation, in vitro expanded UCB tTreg were frozen down on day 12, and were then 

thawed, re-stimulated with KT64/86, expanded another 7 days, and were then transferred 

into NSG mice along with allogeneic PBMC as before. As shown in Figure 3G, thawed/re-

stimulated UCB tTreg effectively suppressed xenoGVHD lethality.

Qualification and clinical production of cell-based, aAPC re-stimulated UCB tTreg

To facilitate the use of KT64/86 aAPCs, an efficient approach could entail pre-loading of 

irradiated cells with anti-CD3 mAb that would be thawed, washed and used. Because tTreg 

expansion requires more robust T cell receptor (TCR) signaling than that required for Teff, 

process improvements were necessary to consistently produce lots of KT64/86 aAPC 

capable of expanding UCB tTreg. A cell size-based prompt for re-stimulation would greatly 

complicate cGMP production of UCB tTreg, largely due to the need for daily sampling and 

monitoring. Fortunately, in 8 translational experiments using cell size-based UCB tTreg re-

stimulation, a consistent size minima was observed between days 11–13 (data not shown). 

Therefore, re-stimulation was performed on day 12 ± 1 for all clinical products.

To validate the clinical production of aAPC re-stimulated UCB tTreg, CD25++ cells were 

purified from a frozen UCB unit using a previously published GMP protocol 10. From 

1.7×109 total cells in the unit, 6.3×106 CD25++ cells (yield 0.37%) were isolated and 

incubated with frozen/thawed KT64/86 cells that had been previously irradiated and loaded 

with anti-CD3 mAb at a ratio of 1:1 (CD25++:KT). UCB tTreg were expanded at the 

University of Minnesota GMP facility with GMP compliant reagents using the protocol 

developed for the clinical trial employing anti-CD3/28 mAb-coated bead expanded UCB 

tTreg 10. After 12 days, expanded cells were washed, counted and re-suspended with 

additional frozen/thawed, pre-loaded and irradiated KT64/86 cells at a ratio of 1:1 (CD25+

+:KT). After 7 days, re-stimulated UCB tTreg were harvested and tested for phenotype, 

function and potential contaminants.

Table 1 compares the expansion, phenotype and function of the research scale cultures (n=4) 

and validation culture conducted at the GMP facility, and shows that the validation run 

would have generated >200×109 UCB tTreg (i.e. ~6×106 purified UCB tTreg x 33,000-fold 
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expansion). The validation product also passed all lot release criteria previously established 

for anti-CD3/28 bead-expanded UCB tTreg (Table II). Using this protocol, 11 patients with 

high-risk lympho-hematopoietic malignancy who were receiving a double UCB HSC 

transplant were treated with increasing doses of in vitro expanded UCB tTreg (from 3- to 

100×106 cells/kg) purified from a third UCB donor 17.

Cell-based aAPC expanded UCB tTreg maintain phenotype after adoptive transfer into 
patients

Although tTreg were shown to maintain their phenotype after adoptive transfer in the 

xenogeneic model of GVHD 13,14, it was still possible that de-differentiation or outgrowth of 

non-Treg in that model was prevented by external factors (e.g. murine cytokines that do not 

activate human receptors). Therefore, it was imperative to determine whether aAPC 

expanded UCB tTreg also maintained phenotype after adoptive transfer into patients. As in 

the previous trial using anti-CD3/28 bead expanded UCB tTreg 10, we used HLA disparate 

UCB units (HLA-A2 or HLA-B7) as the source for tTreg and HSC, if possible, which 

distinguished the contribution from the cultured tTreg lot (tTreg and contaminating cells) 

and those derived from the UCB hematopoietic cell graft. Of the 11 patients receiving UCB 

tTreg, 7 were mismatched for HLA-A2 or HLA-B7, and cultured cells were detected in the 

PB of 6 patients. Since we have previously shown that adoptively transferred UCB tTreg are 

nearly undetectable in the PB after day 14, tTreg phenotype and relative outgrowth of non-

Treg in PB were assessed on day 8. As shown in Figure 4, the only cultured cells observed in 

the periphery were CD4+ T cells, and no decrease in Foxp3 expression (compared to 

cultured cells prior to infusion) was seen. Helios is a critical transcription factor expressed 

by a subset of tTreg that stabilizes Foxp3 expression, and Foxp3-specific deletion of Helios 

causes tTreg instability and loss of suppressive function24–26. The limited number of tTreg 

following purification from UCB (6±1×106)10,17 precluded analysis of Helios expression for 

clinical products. However, previous reports found >90% of Foxp3+ cells in UCB expressed 

Helios27. We stained for this marker on similarly purified UCB tTreg, and 77±4% of Foxp3+ 

cells expressed Helios (n=4). In contrast to sorted PB tTreg cultures, which lose Helios 

expression over time28, >90% of Foxp3+ cells in the six HLA-disparate UCB tTreg cultures 

remained Helios+ (Figures 4B, C). Importantly, Helios expression was observed in nearly all 

(98±1%) UCB tTreg detected in the PB 8 days after transfer (Figure 4C). In conclusion, 

UCB tTreg preferentially express the transcription factor Helios, which marks a stable 

population of tTreg, and UCB tTreg maintain Helios expression during in vitro expansion 

and after adoptive transfer into patients.

Differentiative state of aAPC expanded UCB tTreg products prior to and after adoptive 
transfer

Upon antigen exposure, CD4 T cells differentiate from naïve (CCR7+CD27+CD45RA+), to 

central memory (CCR7+CD27+CD45RO+) and/or effector memory (CCR7−CD27+/

−CD45RO+), and to short-lived effector T cells (CCR7−CD27−CD45RA+) 29–31. With 

continued antigen exposure, T cells can acquire a senescent phenotype, characterized by the 

graded loss of co-stimulatory molecules (e.g. CD27) and increasing expression of inhibitory 

molecules (e.g. KLRG1) 29. Since large-scale in vitro expansion of CD4 and CD8 T cells, as 

in the context of adoptive immunotherapy, has been linked with senescence and decreased in 
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vivo function 32–34, we sought to determine the differentiative state of UCB tTreg following 

expansion, and to assess whether further differentiation takes place in the patients following 

adoptive transfer. Of the 6 patients with detectable HLA-disparate tTreg discussed above, 

additional aliquots of day 8 PBMC existed for 2 patients. Therefore, the products and day 8 

post-UCB PBMC (n=2) were stained with antibodies to CD45RA, CD45RO, CCR7, 

KLRG1 and CD27 (Figure 5A–E).

CD45RA and CD45RO expression distinguishes naïve and effector cells from central 

memory and effector memory T cells. As seen in Figures 5A and B, in vitro expanded UCB 

tTreg expressed CD45RO, and not CD45RA, indicating they are memory Treg. In addition, 

UCB tTreg in the PB on day 8 maintained this CD45RA/RO expression pattern, indicating 

that they retain a memory phenotype. As T cells transit from central to effector memory 

cells, they lose expression of the chemokine receptor involved in homing to secondary 

lymphoid organs (CCR7). Based upon decreasing CCR7 expression, UCB tTreg appeared to 

differentiate from TCM after in vitro expansion to TEM following adoptive transfer (Figure 

5C). Although tTreg in the PB of patients maintained high expression of CD27 (Figure 5D), 

tTreg showed low-level expression of KLRG1 suggesting they are on the path to senescence.

Discussion

Despite strong preclinical evidence for the therapeutic potential of Treg cells, clinical 

translation of this cell type has been slowed greatly because: 1) Treg are rare, and need to be 

highly purified; 2) Treg are relatively hypo-proliferative compared to non-Treg T cells; and 

3) relatively high doses (i.e. up to a 1:1 ratio with transferred non-Treg cells) may be needed 

for clinical efficacy in allogeneic HSCT patients. Our initial clinical trial using UCB tTreg 

expanded in vitro with anti-CD3/28 mAb-coated beads and high dose IL-2 was very 

encouraging but, due to tTreg yield, the maximal Teff:Treg achieved was significantly less 

than 1:1 (averaging ~1:6). Another predominant limiting factor was the significant 

variability in product yield which prevented 5 out of 18 (28%) patients from receiving even a 

relatively low dose of tTreg (i.e. 2x at 3×106/kg) 10. The current study demonstrates that 

UCB tTreg expansion can be increased almost 100-fold using a cGMP aAPC and re-

stimulation. Re-stimulation did not decrease Foxp3 expression or suppressive function, and 

re-stimulated tTreg maintained the ability to suppress disease in a xenogeneic model of 

GVHD. In addition, less variability was observed in clinical production using aAPC re-

stimulated UCB tTreg compared to those expanded with anti-CD3/28 beads (6- vs. 138-

fold), and all products generated >1.3×109 Treg. UCB tTreg are primarily Foxp3+Helios+, 

which marks a stable subset of Treg 24–26, and this phenotype was maintained throughout 

expansion and adoptive transfer. In vitro expanded UCB tTreg had a central memory 

phenotype, and while they exhibited some signs of further differentiation after adoptive 

transfer, they do not appear to be short-lived TEFF cells or overtly senescent.

Like all therapies, clinical use of ex vivo expanded Tregs is associated with potential risks. 

Despite early concerns, Treg cellular therapy has not caused any infusional toxicity, and 

preliminary studies to date have suggested in allogeneic HSCT patients safety with regard to 

risk of infection, relapse or early mortality 9,10,17. However, all tTreg cultures contain some 

number of Foxp3neg cells, which have the potential, especially after re-stimulation, to 
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become Teff and exacerbate disease. We have previously shown that ≤1% of Foxp3− cells in 

the aAPC re-stimulated UCB tTreg clinical products secrete effector cytokines, including 

IL-2, IL-4, IL-17 and IFNγ 17. Here we show that, following adoptive transfer, Foxp3neg 

cells did not preferentially expand in the PB.

Another concern surrounding tTreg cellular therapy is the notion of Treg plasticity, whereby 

expanded Tregs can revert to conventional T cells 35,36. We and others have shown that PB 

tTreg cultures initiated with even highly purified populations are susceptible to losing Foxp3 

expression and suppressive function following re-stimulation 14,19,37. One difference 

between PB and UCB tTreg is that Foxp3+ Treg purified from UCB uniformly express 

Helios, a transcription factor required for tTreg stability 25, whereas this marker is only 

expressed on 50–70% of Treg purified from PB (data not shown). Helios was still expressed 

on ≥90% of re-stimulated UCB tTreg in the clinical products 17, and this ratio remained 

constant in the day 8 PB samples.

For therapeutic use, a banking system for UCB tTreg would be able to greatly reduce cost, 

the time to transplant, and increase consistency. Although frozen/directly thawed UCB tTreg 

were not effective at suppressing xenoGVHD, we found that frozen/thawed/re-stimulated 

UCB tTreg did ameliorate disease. Therefore, UCB tTreg re-stimulation can be a convenient 

banking protocol in that UCB tTreg can be frozen down at the end of their first stimulation 

(i.e. day 12–14). Aliquots could then be thawed, re-stimulated, and given to patients on day 

7, which is also more in line with HSCT preparatory regimen (i.e. chemotherapy) than the 

full 19(±1)-day expansion protocol. Freezing a portion of the UCB tTreg product prior to re-

stimulation could also be used to support multiple UCB tTreg doses, or even as a treatment 

for acute GVHD. Freeze/thaw/re-stimulation can also be helpful with unexpected 

disruptions during the HSCT process (e.g. infections), and was used for 1 of the patients on 

the clinical trial 17.

In conclusion, we present a protocol for in vitro UCB tTreg expansion capable of generating 

yields of >25 billion cells. Preliminary studies of re-stimulated UCB tTreg were shown to be 

safe with respect to infusional toxicity in humans receiving a double cord blood HSCT, and 

they ameliorated disease in a xenogeneic model of GVHD. In addition, this protocol is very 

amenable for banking UCB tTreg, which would expand its utility for GVHD prevention in 

the context of HSCT. Finally, since no inter-unit HLA matching was required between the 

UCB tTreg donor unit and the two UCB HSC graft units, an off-the-shelf allogeneic, ex vivo 
expanded UCB tTreg may show efficacy in preventing organ rejection and autoimmune 

disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Artificial APC increase UCB tTreg expansion compared to anti-CD3/28 beads
tTreg were purified from frozen umbilical cord blood units under cGMP conditions using 

anti-CD25 magnetic beads and CliniMACS and were expanded in vitro with either anti-

CD3/28 mAb-coated beads or aAPC (KT64/86). (A) Schematic representation of UCB tTreg 

culture. (B) Fold tTreg expansion (average ± SEM). (C) Percentage of cultured cells (CD4-

gated) that are CD127–Foxp3+ after stimulation. (D) Percent suppression of in vitro, anti-

CD3–mediated CD8+ T cell proliferation at 1:2 (tTreg/PBMC) as determined by CFSE dye 

dilution. From n=3 experiments.
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Figure 2. Re-stimulation of UCB tTreg greatly increases expansion without compromising 
phenotype or suppressive function
tTreg were purified from frozen umbilical cord blood units under cGMP conditions using 

anti-CD25 magnetic beads and CliniMACS and were expanded in vitro with one or two 

rounds of stimulation with anti-CD3 loaded aAPC (KT64/86). (A) Schematic representation 

of UCB tTreg culture. (B) Fold tTreg expansion (average ± SEM). (C) Percentage of 

cultured cells (CD4-gated) that are CD127negFoxp3+ after stimulation. (D) Percent 

suppression of in vitro, anti-CD3–mediated CD8+ T cell proliferation at 1:2 (tTreg/PBMC) 

as determined by CFSE dye dilution. From n=4 experiments.
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Figure 3. UCB tTreg expanded with aAPC and re-stimulation maintain in vivo suppressive 
function
Re-stimulated UCB tTreg (15 × 106 cells) were co-transferred with allogeneic PBMCs (15 × 

106 cells) into NOD/Scid/γc−/− mice to assess the ability to ameliorate xenogeneic GVHD. 

(A) Characteristics of the UCB tTreg cultures that were used. (B) Average weight 

(percentage of initial) for mice surviving on a given day for different groups of mice (*P < 

0.05 for tTreg from days 12 to 23 for UCB tTreg). (C) Average clinical score for mice 

surviving on a given day for different groups of mice (*P < 0.05 for tTreg from days 12 to 23 

for UCB tTreg). (D) Kaplan– Meier survival curves for mice receiving PBMCs only or 

PBMCs plus adoptive transfer of re-stimulated UCB tTreg. Three independent experiments 

were performed with re-stimulated UCB tTreg with similar results. Re-stimulated UCB 

tTreg were either kept in culture or frozen in a rate-controlled freezer and stored overnight. 

UCB tTreg were processed (washed or thawed/washed), and were co-transferred (15 × 106 

cells) with allogeneic PBMCs (15 × 106 cells) into irradiated (50 cGy) NOD/Scid/γc−/− 

mice to compare their ability to ameliorate xenogeneic GVHD. (E) Kaplan– Meier survival 

curves for mice receiving PBMCs only or PBMCs plus adoptive transfer of re-stimulated 

UCB tTreg (n=10). To assess tTreg persistence, animals were bled on day 7 and the number 

of allotype-specific tTreg/μl blood determined. (G) UCB tTreg were purified, stimulated 

with KT64/86, cultured for 14 days, and then frozen. After several weeks, tTreg were 

thawed, re-stimulated with KT64/86, expanded for 7 days and then used as prophylaxis in 

the xenoGVHD model as described above. Kaplan– Meier survival curves for mice receiving 

PBMCs only or PBMCs plus adoptive transfer of frozen/thawed/re-stimulated UCB tTreg 

(n=10).
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Figure 4. aAPC expanded UCB tTreg can be detected in vivo, and maintain phenotype
In order to follow in vitro expanded UCB tTreg after adoptive transfer to patients, UCB units 

chosen for HSC and tTreg were purposely mismatched at either HLA-A2 or –B7. (A) 

Representative example showing how re-stimulated UCB tTreg are differentiated from HSC-

derived T cells. (B) Representative example of Helios staining in CD4+Foxp3+ T cells 

derived from UCB used for tTreg culture (HLA-A2−) or HSC (HLA-A2+). (C) Summary of 

Foxp3 and Helios expression amongst the adoptively transferred UCB tTreg.

McKenna et al. Page 18

Cytotherapy. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Phenotyping the differentiative state of aAPC expanded UCB tTreg
UCB tTreg were assessed for differentiation antigens directly after in vitro expansion (pre-

infusion) and 8 days after adoptive transfer into patients (post-infusion). As in Figure 4, 

expanded UCB tTreg were identified in vivo by HLA mismatching. Cryopreserved samples 

of expanded UCB tTreg and day 8 PBMC were stained with antibodies to CD45RA (A), 

CD45RO (B), CCR7 (C), KLRG1 (D) and CD27 (E) and expression determined by flow 

cytometry.
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