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Abstract

Ex vivo-expanded cynomolgus monkey CD4*CD257CD127~ regulatory T cells (Treg) maintained
Foxp3 demethylation status at the Treg-Specific Demethylation Region (TSDR), and potently
suppressed T cell proliferation through 3 rounds of expansion. When CFSE- or VPD450-labeled
autologous (auto) and non-autologous (non-auto) expanded Treg were infused into monkeys, the
number of labeled auto-Treg in peripheral blood declined rapidly during the first week, but
persisted at low levels in both normal and anti-thymocyte globulin plus rapamycin-treated
(immunosuppressed; IS) animals for at least 3 weeks. By contrast, MHC-mismatched non-auto-
Treg could not be detected in normal monkey blood or in blood of two out of the three IS monkeys

by day 6 post-infusion. They were also more difficult to detect than auto-Treg in peripheral
lymphoid tissue. Both auto- and non-auto-Treg maintained Ki67 expression early after infusion.
Sequential monitoring revealed that adoptively-transferred auto-Treg maintained similarly high
levels of Foxp3 and CD25 and low CD127 compared with endogenous Treg, although Foxp3
staining diminished over time in these non-transplanted recipients. Thus, infused ex vivo-
expanded auto-Treg persist longer than MHC-mismatched non-auto-Treg in blood of non-human
primates and can be detected in secondary lymphoid tissue. Host lymphodepletion and rapamycin
administration did not consistently prolong the persistence of non-auto-Treg in these sites.
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Introduction

Protracted dependency on non-specific immune suppressants renders transplant recipients
susceptible to metabolic disorders, cardiovascular disease, serious infections and malignancy
(1). Moreover, immunosuppressive (I1S) drugs fail to prevent chronic graft rejection. More
effective control of alloimmunity will likely require active immune regulation, as well as
suppression. A promising adjunctive therapy to inhibit rejection may be the use of
regulatory immune cells, in particular, regulatory T cells (Treg) (2-4), with tolerogenic
properties. Although rare, naturally-occurring (n) CD4*CD25M forkhead box p3 (Foxp3)*
Treg have potent immunomodulatory activity (4, 5) and in mice, their adoptive transfer
promotes allograft tolerance. In non-human primates (NHP), endogenous (6) or adoptively-
transferred Treg (7, 8) appear important in suppression of renal allograft rejection. In
humans, while graft-infiltrating Treg correlate positively with reduced inflammation and
better renal transplant outcome (9, 10), patients with operational liver transplant tolerance
exhibit higher levels of circulating Treg than non-tolerant patients and healthy controls (11,
12). Moreover, in humanized mouse models (13, 14), adoptively-transferred ex vivo-
expanded Treg protect against human arterial or islet allograft rejection.

The regulatory function of human nTreg (15-18) is associated with sustained levels of Foxp3
and low CD127 (IL-7R) expression (19, 20). Importantly, like murine Treg, purified human
Treg can be expanded ex vivo by crosslinking CD3 and CD28 in the presence of exogenous
IL-2, while their ability to suppress effector T cell responses to cognate or polyclonal stimuli
is retained (16, 21). Similarly, nTreg expanded robustly ex vivo from blood of NHP retain
the ability to suppress alloreactive T cell responses (22-24). Since NHP are important pre-
clinical models for testing promising therapeutic agents (25), including regulatory immune
cells with potential to promote transplant tolerance (22, 26, 27), detailed characterization of
NHP Treg in vitro and in vivo is likely to prove instructive for therapeutic testing of these
cells in clinical organ transplantation.

In addition to use of autologous Treg (auto-Treg), the concept of ‘off-the-shelf’, non-
autologous (non-auto) Treg for adoptive cell therapy may offer several advantages. These
include advance preparation of large numbers, catering for repeated infusions, quality
control, and screening for micro-organisms. Murine studies have demonstrated the potential
of non-auto (‘third party”) Treg for control of rejection (28) and tolerance induction (29),
whereas recent clinical trials have confirmed the safety and potential efficacy of partially
HLA-matched Treg for therapy of graft-versus-host disease after hematopoietic stem cell
transplantation (30, 31). In addition to their suppressive function, an important question
regarding the comparative efficacy of auto-versus non-auto-Treg is their in vivo persistence
following adoptive transfer, including the influence of IS agents used to inhibit allo- and
autoimmunity.

Clinical organ transplantation often involves the use of depleting induction agents (e.g. anti-
CD52 mAb [Campath] or anti-thymocyte globulin [ATG]). ATG induces prolonged T cell
depletion in humans, but (rabbit ATG) can promote Treg expansion in vitro (32, 33) and
induce or spare Treg in vivo (34, 35). Also, mechanistic target of rapamycin (MTOR)
inhibition promotes the tolerogenic function of adoptively-transferred Treg in rodents after
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organ transplantation (36), and can enhance the ability of human Treg to suppress transplant
vasculopathy (37). In anticipation of testing the efficacy of Treg in organ-transplanted NHP,
we have characterized ex-vivo expanded cynomolgus macaque Treg before and following
their adoptive transfer into autologous or non-autologous MHC-mismatched recipients given
ATG and rapamycin maintenance IS. The data demonstrate that auto-Treg persist longer
than non-auto-Treg in the circulation of both control and immunosuppressed hosts, and
retain a stable Treg phenotype.

Materials and Methods

Animals

Healthy male cynomolgus macaques (Macaca fascicularis) of Indonesian origin (2.9-5 kg;
5-7 years old), were obtained from specific pathogen-free colonies at Alpha Genesis, Inc, or
the NIAID NHP colony (both Yamassee, SC). Immunosuppression comprised 2 consecutive
intravenous (i.v.) infusions of rabbit ATG (Genzyme, Boston, MA) 2 or 3 days apart (day-2
or day-3 and day 0) at doses of 10 and 5 mg/kg, respectively. Tacrolimus was given
intramuscularly (i.m.) from day -2 to 2 (target whole blood trough levels between 10 and 15
ng/ml) followed by i.m. rapamycin (LC Laboratories, Woburn, MA) monotherapy from day
3 (target trough levels between 5 and 15 ng/ml) through the duration of the experiment. All
animal procedures were in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and conducted under a University of Pittsburgh Institutional Animal
Care and Use Committee-approved protocol. Specific environment enrichment was
provided.

MHC typing—Total cellular RNA was isolated from peripheral blood mononuclear cells
(PBMC) and converted to cDNA with the Superscript 111 First-Strand Synthesis System
(Invitrogen; Carlsbad, CA). These cDNAS were used to generate primary PCR amplicons
with high-fidelity Phusion polymerase (New England BioLabs; Ipswich, MA). Gene-specific
primers targeting conserved sequences that flank the highly polymorphic peptide-binding
domains encoded by exon 2 allowed simultaneous amplification of 195 bp or 283 bp
amplicons for all MHC class | or DRB loci, respectively. Primer sequences within exon 2 of
class | and DRB loci, as well as protocols are available on the Nonhuman Primate MHC
Contract Web Portal (http://go.wisc.edu/173j30). After purification with AMPure XP beads
(Agencourt; Beverly, MA), amplicons were pooled at equimolar concentrations for 250 bp
paired-end sequencing on a MiSeq instrument (Illumina; San Diego, CA). MHC genotypes
were determined using a custom workflow and curated database of Mafa MHC sequences
(Mafa_MHC_mRNA-allseg-13.09.01.fasta). Mafa-A, -B and -DRB haplotypes were inferred
based on comparisons with previous genotyping results with related cynomolgus macaques
in the NIAID-sponsored breeding colony at Alpha Genesis Inc. (38). Table 1 shows the
degree of MHC disparity between the Treg donor and recipient pairs. The full genotypes of
the monkeys are provided in Supplementary Table 1.

Treg isolation and expansion

PBMC were isolated from freshly-drawn blood and CD4* T cells negatively enriched using
NHP CD4* T cell isolation kits (Miltenyi Biotech, Auburn, CA). The CD4™ cells were then

Am J Transplant. Author manuscript; available in PMC 2016 May 01.


http://go.wisc.edu/173j30

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 4

flow-sorted using a BD FacsAria (BD Biosciences, San Jose, CA) into populations of
CD4*CD25*CD127~ Treg (20, 24) and CD4*CD25-CD127" effector T cells (Teff). The
purity of both Treg and Teff was consistently >95%. Foxp3 expression by the cynomolgus
Treg was significantly higher than by Teff. Artificial antigen-presenting cells (aAPCs)
(L-32) (39) expressing CD32, CD80 and CD58 were kindly provided by Dr. M. K. Levings,
University of British Columbia, Vancouver, Canada. They were irradiated (80 Gy), loaded
with anti-CD3 (BD Bioscience), and cultured with sorted Treg at a T cell/APC ratio of 1:1
for 7-8 days initially in complete RPMI-1640 (Invitrogen, Carlsbad, CA) supplemented with
10% vl/v fetal bovine serum, 2 mM L-glutamine (Mediatech, Inc., Herndon, VA), 100U/ml
penicillin-streptomycin (BioWhittaker), 25 mM HEPES (Mediatech) and 55 pM §-2
mercaptoethanol (Invitrogen) in the presence of 300 U/ml recombinant human IL-2 (R&D
Systems, Minneapolis, MN) and 100 ng/ml rapamycin (LC Laboratories). Teff were
stimulated in parallel and without rapamycin as controls. Thereafter, non-adherent T cells
were re-stimulated with aAPC on days 7 and 14 as in the first round, for an additional 2
rounds, except that no rapamycin was added. During each round, half the media was
replaced at intervals with fresh media containing 600 U/ml IL-2, with or without 100ng/ml
rapamycin, the standard dose for ex vivo expansion of human Treg (40, 41). Cells were
harvested on day 21. In some experiments, cells were cryo-preserved at the end of the
second round and restimulated for a third round a week before infusion.

Flow cytometry

Single cell suspensions of T cells were stained as described (24) with a fluorochrome-
labeled mAb mixture directed against the cell surface markers CD3, CD4, CD25, CD39,
CD44, CD45RA, CD62L, CD95, CD127, CCR7 and CXCR3 (BD PharMingen, Franklin
Lakes, NJ, or BioLegend, San Diego, CA). Intracellular B-cell lymphoma 2 (Bcl-2), Foxp3,
the proliferation marker Ki67, cytotoxic T lymphocyte Ag-4 (CTLA-4) and Helios were
stained using an eBioscience Foxp3 Staining Kit, according to the manufacturer's
instructions. Apoptosis was determined by Annexin V staining (BD PharMingen) and
membrane integrity by propidium iodide (PI) staining. Data were acquired on a LSR Il or
LSR Fortessa (BD Bioscience) and analyzed with FlowJo software (Tree Star, Ashland, OR,
USA).

TSDR methylation analysis

Purified Treg were frozen and aliquots submitted to EpigenDX Inc. (Hopkinton, MA) for
Treg-specific demethylation region (TSDR) analysis on 10 cytosine-phosphate-guanine
(CpG) moatifs (42).

In vivo tracking of infused auto- and non-auto-Treg

Auto- and non-auto-Treg were labeled with 2 pM CFSE or VPD450. A mixture of
distinctly-labeled auto and non-auto-Treg at 1:1 ratio was injected intravenously into normal
untreated or immunosuppressed monkeys. Doses of Treg infused are shown in Table 2. At
various times thereafter, PBMC were isolated from 1 ml blood samples and stained for CD3,
CD4, CD25, CD62L, CD127, CCR7, CXCR3, and Foxp3. Duplicate samples were
processed at each time point. On day 1 post-infusion, inguinal lymph nodes (LN) on one
side of the body were biopsied. Single LN cells were stained for CD3, CD4, CD25, CCR7
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and CXCR3. Absolute counts of endogenous and infused Treg were determined by
CountBright™ absolute counting beads, (Invitrogen) according to the manufacturer's
protocol. Data were analyzed with FlowJo software (Tree Star) and graphed with GraphPad
Prism (Graph Pad Software, San Diego).

Enumeration of host immune cell populations

Absolute numbers of mononuclear cell populations in peripheral blood were determined by
flow cytometry as described (43), with the addition of anti-NK cell (CD159) antibody
(NKG2A; clone 2199, Beckman Coulter).

Statistical analyses

Differences between means were evaluated using Student's paired ‘t’-test or the non-
parametric Mann-Whitney U test, as appropriate. Statistical analyses were conducted using
the standard formula in Microsoft Excel software.

Results

Ex vivo-expanded cynomolgus Treg maintain expression of Foxp3 and other Treg
signature molecules

Previously (24), we expanded cynomolgus Treg ex vivo using anti-CD3/CD28 mAb-coated
beads. To minimize any possible bead contamination and to increase the yield of Treg for
prospective in vivo monitoring, we employed adherent aAPC (mouse fibroblast L-32 cells)
that express the high-affinity Fc receptor CD32 and the costimulatory molecule CD80 (39)
to stimulate Treg expansion. This protocol consistently expanded Treg 1000-fold after 3
rounds of expansion (22-24 days) (data not shown).

High levels of CD25, CTLA-4 and Foxp3 expression correlate with suppressive function of
Treg (44), whereas Helios expression is associated with nTreg (45). We therefore examined
the expression of these markers by the ex vivo-expanded cynomolgus Treg, compared to
fresh bulk CD4* T cells and ex vivo-expanded conventional T cells (Teff). As shown in
Figure 1A, both expanded Treg and Teff upregulated the activation markers CD25 and
CD44 and downregulated CD127, however the expanded Treg consistently displayed
relatively high levels of the ecto-nucleotidase CD39,- a marker of activated Treg (46-48),
Foxp3, and Helios. This finding suggested that ex vivo-expanded cynomolgus nTreg were
phenotypically distinct from expanded Teff and maintained the expression of Treg
functional molecules. Treg harvested after 2 or 3 rounds of expansion potently suppressed
anti-CD3/CD28-induced proliferative responses of CD4* and CD8* T cells (data not
shown).

Expression of activation, tissue homing and survival-associated molecules by expanded
cynomolgus Treg
Differential expression of activation markers, homing receptors, and T helper (Th) cell-
associated transcription factors delineate subsets of Treg (49) with different migratory and
functional properties. In order to suppress normal (naive) T cell priming, Treg need to
migrate to secondary lymphoid tissues, whereas to suppress effector T cell function, they
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must migrate to inflammatory sites. To more accurately predict the potential behavior of the
expanded cynomolgus Treg, we further interrogated their phenotype. As shown in Figure
1A, the expanded cynomolgus Treg displayed an activated phenotype, with upregulated
CD44 and intermediate CD45RA expression compared to normal bulk CD4* T cells and
expanded Teff, respectively. They also expressed low levels of CD62L and the lymph node
(LN)- and spleen-homing molecule CCR7, but comparatively high levels of the Th1-
mediated inflammatory site migration molecule CXCR3 (50, 51), suggesting their potential
to migrate preferentially to sites of inflammation (52-54). As indicators of their survival, we
also analyzed Treg expression of the anti-apoptotic protein Bcl-2. Unlike expanded Teff,
expanded cynomolgus Treg expressed high levels of Bcl-2, suggesting that, after extended
expansion, they might have greater survival potential than conventional T cells.

Ex vivo-expanded cynomolgus Treg maintain high levels of demethylated Foxp3 at the

TSDR

Stable Foxp3 expression is critical for maintenance of the suppressive capacity of Foxp3*
Treg and there is evidence that demethylation of the TSDR at the Foxp3 locus correlates
with stability of Foxp3 expression (42). To determine whether the expansion protocol that
we used produced stable Foxp3* cynomolgus Treg, we tested DNA of freshly-isolated
CD4*CD25*CD127~ nTreg and CD4*CD25-CD127* Teff, as well as Treg and Teff
expanded for 2 or 3 rounds for their average percent methylation of 10 CpG sites in the
TSDR. As shown in Figure 1B, compared to their Teff counterparts, both expanded and
fresh Treg displayed a much higher percentage demethylation. These data indicated that our
expansion protocol generated cynomolgus Treg with a stable phenotype.

Detection, viability and in vivo persistence of Treg labeled with different
fluorochromes—To validate our ability to track infused cells in relatively small numbers
and in comparison to endogenous T cells, we tested the detectability and quantification of
Treg labeled with CFSE or VPD450 when added in graded numbers to normal whole blood.
As shown in Supplementary Figure 2, a linear relationship between added and detected dye-
labeled cells was obtained. with as low as 10 added Treg/ml being detected. Dye labeling
has been associated with cell death, thus we compared the in vitro viability and in vivo
persistence of Treg labeled with CFSE versus VPD450. Immediately (day 0) and day 1 after
labeling, CFSE- and VPD450-labeled cells were stained for apoptosis with Annexin V-
Pacific blue/PI and Annexin V-FITC/PI, respectively. As shown in Figure 2A, no significant
cell death was observed on either day 0 or day 1. When equal numbers of CFSE- and
VPDA450-labeled auto-Treg were mixed and infused i.v., similar numbers of CFSE* and
VPDA450* cells were detected in the blood from 30 min to 6 days post-infusion (Figure 2B).
In addition, the infused Treg labeled with either dye displayed similar levels of Foxp3,
CD25 and CD127. Collectively, these data indicate that labeling of Treg with CFSE or
VPDA450 does not differentially affect their survival.

Persistence of ex vivo-expanded auto versus non-auto cynomolgus Treg after their
adoptive transfer to normal recipients

To constitute effective therapeutic agents, adoptively-transferred Treg and their progeny
need to survive and function long enough in vivo, and in the presence of IS agents, to
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regulate adverse immune responses. Even though ex vivo-expanded ‘third-party’ (non-auto)
Treg have been tested clinically in hematopoietic stem cell transplantation (30, 55, 56),
potential elimination of infused non-autologous cells by host innate or adaptive defense
mechanisms may limit their clinical utility. To compare the persistence of ex vivo-expanded
auto- versus non-auto-Treg in vivo, we first infused normal control monkeys with
differentially-labeled cells (CFSE or VPD450), and monitored their presence in the blood at
different times post-infusion. As shown in Figure 3, both labeled auto- and non-auto-Treg
could be readily detected 30 min post-infusion. The number of infused auto-Treg that could
be detected per ml of peripheral blood at 30 min was approx 10 x 103/ml; numbers peaked
on day 1 (approx 20 x 103/ml), then declined to 8.3 and 0.8 x 103/ml on days 3 and 6 post-
infusion, respectively (Figure 3 A, B). The monkey that received the largest dose of auto-
Treg (M117) displayed the highest number of exogenous dye-labeled Treg in the circulation.
Longer-term follow-up analysis (>21 days) revealed a mean of 0.33 x 10%/ml dye-labeled
auto-Treg (CD25NMCD127'°Foxp3*) 7 weeks post-infusion. By contrast, a much more rapid
and consistent decline in non-auto-Treg was observed, from a mean of 6.2 x 103/ml at 30
min, to 4.5 x 103, 12 and <10/ml on days 1, 3 and 6 post-infusion, respectively. No dye-
labeled non-auto-Treg were detected at later time points. The more rapid loss of non-auto-
Treg from the circulation was accompanied by a more pronounced overall decline in the
ratio of infused to endogenous Treg after day 1 (Figure 3C). These results were consistent
with the high degree of MHC disparity between the non-auto-Treg and their recipients, as
demonstrated by deep sequencing of MHC class | and DRB amplicons from these animals
(Table 1 and Supplementary Table 1). MHC disparity was essentially complete for this
cohort, with the exception of single, shared Mafa-DRB haplotypes between two donor/
recipient pairs, as well as a more distantly related Mafa-B and Mafa-DRB haplotype with
several distinct allelic variants that was shared between recipient and his non-auto-Treg
donor animals (Supplementary Table 1).

Persistence of ex vivo-expanded auto versus non-auto cynomolgus Treg after their
adoptive transfer to immunosuppressed recipients

To assess the influence of a clinically-relevant T cell-depleting and rapamycin maintenance
protocol (Figure 4A) on these cells in vivo, we infused 1S monkeys with ex vivo-expanded
auto- and non-auto-Treg (Table 2) labeled with CFSE or VPD450. As shown in Figure 4B,
the 1S drug regimen induced profound, reversible depletion of endogenous T cells and other
lymphocyte subsets, including NK cells. To avoid any potential deleterious effects of ATG
on the survival of the infused Treg, they were administered, initially, during the
lymphopenia recovery phase, 17 to 20 days after the last dose of ATG. In IS monkeys
(Figure 5A, B), the overall decline in auto-Treg and in the ratio of infused to endogenous
Treg (Figure 5C) was similar to that observed without IS during the first week post-infusion.
However, in one IS monkey (CM118) out of 3 infused, the decline in infused non-auto-Treg
was markedly attenuated compared to that observed in non-1S monkeys and similar levels of
auto- and non-auto-Treg, together with enhanced non-auto-Treg/endogenous Treg ratios
were observed for the duration of the experiment. However, in the other two monkeys
(CM119 and CM122), as in the absence of IS, non-auto-Treg declined rapidly. Longer
follow-up analysis (>21 days) of these monkeys maintained on rapamycin monotherapy
revealed a mean of 0.47 x 103/ml dye-labeled auto-Treg 4 weeks post infusion. Thus, in 5
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out of 6 monkeys exhibiting a uniform high degree of MHC disparity with their non-auto-
Treg donor, there was rapid disappearance of non-auto-Treg, whether or not the animals
received lymphopenic IS conditioning followed by mTOR inhibition.

Infused non-auto-Treg display similar levels of Ki67 expression to auto-Treg
in vivo—Given that the fluorescent dyes used to track the exogenous Treg dilute with cell
proliferation, we considered whether the apparent overall more rapid disappearance of non-
auto-Treg might reflect the proliferation of these cells in response to recipient Ags. To
compare the proliferation of exogenous auto- vs. non-auto-Treg in vivo, we stained the cells
for expression of the proliferation marker Ki67. As shown in Supplementary Figure 2, in
those IS monkeys (CM119 and CM122) with lower non-auto-Treg numbers compared with
auto-Treg, the non-auto-Treg exibited only slightly higher expression of Ki67 early after
their infusion.

Both infused auto- and non-auto-Treg can be detected in host peripheral
lymph nodes—Inguinal LN were removed from 2 control monkeys and 2 IS monkeys on
day 1 post-infusion, when non-auto-Treg began to decline more rapidly than auto-Treg in
the blood. Figure 6A shows that, as in the blood, and although rare, more auto-Treg than
non-auto-Treg could be detected in both control and IS monkey LN. The ratio of infused
auto- or non-auto-Treg to endogenous CD4 Teff (Figure 6B, left panel) or Treg (Figure 6B,
right panel) was consistently and significantly lower in LN than in the blood. These data
suggest that greater accumulation of non-auto-Treg in LN does not account for their more
rapid decline in the blood.

Preservation of Treg characteristics following their adoptive transfer

Sequential monitoring of infused expanded auto-Treg in blood revealed that they maintained
a phenotype with similarly high Foxp3 and CD25 and low CD127 when compared with
endogenous Treg for at least 3 weeks post-infusion, although expression of Foxp3
diminished over time compared with immediate post-infusion levels in both the control and
IS monkeys (Figure 7).

Discussion

CD4*CD25*Foxp3* Treg have attracted considerable attention as they promote tolerance to
self Ags (57-59) or alloAgs (60, 61) in preclinical mouse models. Recent progress in the ex
vivo-expansion of these otherwise rare cells has made their prospective clinical application
feasible. Although a limited number of recent clinical trials have tested the safety and
potential efficacy of ex vivo-expanded non-auto-Treg (30, 55, 56), many questions and
challenges remain (62). These include the optimal protocol to generate adequate numbers of
effective Treg, the type and number of Treg (polyclonal versus alloreactive; auto versus
non-autologous) most feasible/appropriate for therapy, and the frequency, fate, phenotype
and function of infused Treg. The current study demonstrates that ex vivo expansion of NHP
CD4*CD25*CD127 Foxp3*Treg using, for the first time to our knowledge, aAPCs to
promote their growth, provides an efficient means to generate substantial numbers of stable
Treg for in vivo testing. An additional important question is how IS drugs likely to be used
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in conjunction with Treg in the clinic, impact of these cells’ in vivo stability and survival.
Here we show that, in the absence of to organ transplantation, auto-Treg persist much longer
than MHC-mismatched non-auto-Treg in 3/3 control monkeys and in 2/3 IS monkeys.
Although numbers of these fluorescent-labeled cells declined considerably in the blood early
post-infusion, as reported recently for labeled rhesus auto-Treg [in Abstract form (63)], they
retained key Treg phenotypic characteristics in vivo.

In the past decade, considerable success has been achieved in devising methods to generate
adequate numbers of Treg via ex vivo-expansion (26, 31, 57, 64-66). The concept of ‘off-
the-shelf’, non-auto (or ‘third party’) Treg (Treg ‘banks’) has several significant clinical
implications, since mass production and quality control/standardization of these regulatory
cells may enhance their use as therapeutic agents. Previously, we and others (22, 24) have
demonstrated the ex vivo-expansion of NHP Treg using stimulatory anti-CD3/CD28 mAb
and rhu IL-2. In this study, using aAPCs, we have significantly improved the expansion of
these cells from purified, flow-sorted peripheral blood Treg over a 3-wk period. A further
advantage of aAPCs is that their use eliminates (potential) contamination of the regulatory
immune cell product with potent T cell stimulatory beads. Significantly, the adhesive
property of the L-32 cells (67) promotes their elimination from expanded Treg preparations.

One concern regarding use of non-auto-Treg compared with auto-Treg is their attenuated
survival after infusion. On the one hand, infused non-auto-Treg could be depleted by the
host's innate or adaptive immune mechanisms. On the other, they could conceivably avoid
rejection due to their inherent immunoregulatory/suppressive capacity. In this study, non-
auto-Treg infused in numbers similar to those that have been used in hematopoietic stem cell
transplantation, and that are envisaged for Treg use in solid organ transplantation (62), could
be detected consistently in the blood of control monkeys for only 3 days post-infusion,
whereas auto-Treg persisted in greater numbers and for longer (at least 7 weeks). This
finding suggests that the inherent suppressive capacity of the infused non-auto-Treg alone
(that may be inferior to that of auto-Treg) is not sufficient to protect them from destruction/
elimination by normal host protective mechanisms.

A less consistent result was observed in IS monkeys. In one out of three monkeys, IS
prolonged survival/persistence of MHC-mismatched non-auto-Treg similar to that seen with
auto-Treg was observed. However, in the other two IS monkeys, as in control animals, non-
auto-Treg numbers fell rapidly to undetectable levels in the blood within 4 days post-
infusion. All non-auto-Treg were MHC-mismatched at multiple haplotypes and by the time
of Treg infusion, host T and NK cells had partially recovered in IS recipients. Recently, Issa
et al (68) have reported in abstract form that, as in our monkey model, adoptively-
transferred (HLA-mismatched) human Treg are lost in humanized mouse recipients, an
effect they ascribed to alloimmune-mediated killing. Immunosuppression, however,
promoted their survival. Based on the current findings, careful evaluation of
immunosuppressive protocols will be necessary to ascertain the persistence and
biodistribution of MHC-mismatched non-auto-Treg in NHP and humans. A concern with the
use of non-auto-Treg, as with other regulatory immune cells from non-autologous donors
e.g. regulatory macrophages or regulatory dendritic cells, is the potential risk of host
sensitization (69). However, we found no evidence of significant anti-donor alloAb
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production determined by flow cytometric analysis of serum from 2 IS monkeys that had
received 3 infusions of non-auto-Treg (Zhang H et al, unpublished observation).

In order to inhibit alloimmune responses, it is thought that Treg need to be activated and to
migrate to sites of T cell priming (draining LNSs) (70, 71) or effector function (e.g., an
allograft) (72). Zhang et al (72) have shown that, in mice, Treg migrate first to (islet)
allografts, where dendritic cell migration is inhibited, and then to the draining LNs, where
they prevent alloreactive T cell priming and migration. Our ex vivo-expanded cynomolgus
Treg exhibited high expression of CXCR3 and low expression of CD62L and CCR7. This
expression pattern is consistent with Treg activation and potential to accumulate in vivo at
sites of inflammation, e.g. an organ allograft rather than secondary lymphoid tissue after
infusion. Tracking and resolution of infused immune cells in tissues other than blood and
LN, particularly in living recipients, is however challenging, especially in large animals and
humans. Only limited success has been achieved to date in these species using radio-labeled
cells and with a short follow-up time (30 h) (73). In this study, in the absence of
inflammation, we detected rare/dye-labeled Treg shortly after their infusion in host
peripheral LN. This suggests that these ex vivo-expanded Treg may have limited ability to
migrate to secondary lymphoid tissue. However, much more needs to be learned about the
biodistribution adoptively-transferred Treg. Our future research will determine their ability
to migrate to sites of inflammation, in particular the extent to which they migrate to an organ
allograft.

Overall, our observations demonstrate the retention of a Treg signature similar to
endogenous Treg by ex-vivo expanded auto-Treg following their infusion in a clinically-
relevant NHP model. Foxp3 expression did diminish progressively compared with pre-
infusion levels in these monkeys in the absence of inflammation or allostimulation in vivo. It
will therefore be of interest to ascertain Foxp3 expression by these ex vivo-expanded Treg
following their adoptive transfer in allograft recipients. Our findings also indicate that ex
vivo-expanded, MHC-mismatched non-auto-Treg do not persist as long as auto-Treg in the
peripheral circulation of normal NHP, or as consistently as auto-Treg in non-transplanted 1S
NHP treated with ATG and rapamycin. This may represent a potential limitation to their
potential use as therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

APC(s) antigen-presenting cell(s)

ATG anti-thymocyte globulin

CFSE carboxyfluorescein succinimidyl ester

Foxp3 forkhead box P3

IS immunosuppression/immunosuppressive/immunosuppressed

MFI mean fluorescence intensity

NHP non-human primate

Teff effector T cells

Treg regulatory T cells

TSDR Treg-specific demethylation region

VPD450 violet proliferation dye 450
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Figure 1. Characteristics of expanded cynomolgus monkey Treg and T eff
(A) Expanded Treg (black lines) and Teff (grey shading) were stained for Foxp3, CD25,

CD39, CD45RA, CD62L, CD95, CD127, Bcl-2, Helios, CTLA-4, CCR7 and CXCR3 at the
end of round 3 of expansion. Compared to expanded Teff, expanded Treg showed much
higher expression of Foxp3, Helios, CD39 and CXCR3, and similar high expression of
CD25. Data are representative of 3 experiments. (B) Demethylation status of Foxp3 TSDR
(Treg-specific demethylation region) in fresh and expanded Treg and Teff, assessed at the
end of the 2" and 3" round of expansion. The % TSDR demethylation in each experiment
is shown, as well as the mean % for all experiments in each group (horizontal line). TSDR
demethylation was significantly higher (at least 4-fold) in Treg than in Teff under each
condition. *** p<0.001; *, p<0.05.
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Figure 2. CFSE / VPD450 labeling does not affect the survival of expanded Tregin vitro or in

Vivo

Expanded Treg (round 3) were labeled with CFSE or VPD450. (A) They were then cultured
in the presence of 300 U/ml of IL-2 for an additional day, and apoptosis analysed by staining
with Annexin V and 7-AAD. Unlabeled cells were used as controls. Data are representative
of 3 independent experiments. (B, C) Expanded non-auto Treg were labeled with CFSE or
VPDA450, equal numbers of labeled cells mixed together and infused into an IS monkey
(CM118). At the indicated time points, 1ml blood was tested for the presence of infused
cells and end Teff and end Treg, as described in Figure 2. (B) dot plots and plot of #/ml
blood vs. time post-infusion are shown. (C) MFI of Foxp3, CD25, CD127 in/on infused
CFSE-labeled or VPD450-labeled exogenous Treg were compared with those infon end Teff
and end Treg at the indicated time points.
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Figure 3. Persistence of ex vivo-expanded Treg in peripheral blood of control monkeys
Auto- or non-auto-Treg were labeled with either CFSE or VPD450, respectively, then

infused i.v. into healthy control monkeys. At the days indicated post-Treg infusion, 1ml
blood was tested for the presence of the infused cells and endogenous (end) Teff and Treg
by flow cytometry. Counting beads were added before running flow analysis. Cell numbers
per ml blood were calculated as the number of cell events/number of bead events x total
number of beads added. Duplicate samples were tested at each time-point. (A) Flow
cytometric profiles of CD4-gated PBMC from 3 monkeys showing the percentages of
infused, labeled auto-and non-auto-Treg. Endogenous (unlabeled) CD4* T cells are also
evident (lower left quadrant). (B) Kinetics of the number of infused Treg (auto- and non-
auto-Treg) and endogenous (end) Teff and Treg numbers in the peripheral blood after
labeled Treg infusion in the 3 control monkeys. (C) Kinetics of the ratio of infused (ex) Treg
to endogenous (end) Treg in the peripheral blood after labeled Treg infusion in these
monkeys (n=3). *, The ratio of auto-Treg/end Treg was significantly greater than that of
non-auto-Treg/end Treg, p<0.05.
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Figure 4. Protocol for infusion of Tregin monkeystreated with ATG, tacrolimusand rapamycin
(A) Immunosuppressive (IS) drug regimen and Treg infusion time points (days after last

ATG infusion) in 3 monkeys. (B) Kinetics of host T cell, B cell and NK cell depletion and

recovery.
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Figure 5. Persistence of ex vivo-expanded Treg in peripheral blood of immunosuppressed (1S)
monkeys

Auto- or non-auto-Treg were labeled with either CFSE or VPDA450, respectively and infused
(3.108 t0 3.107/kg) i.v. into 3 1S monkeys. At the days indicated post-Treg infusion, 1ml
blood was tested for the presence of the infused cells and endogenous (end) Teff and Treg
by flow cytometry. Counting beads were added before running flow analysis. Cell numbers
per ml blood were calculated as the number of cell events/number of bead events x total
number of beads added. Duplicate samples were tested at each time-point. (A) Flow
cytometric profiles of CD4-gated PBMC from 3 IS monkeys, showing the percentages of
infused, labeled auto-and non-auto-Treg. Endogenous (unlabeled) CD4* T cells are also
evident (lower left quadrant). Two 1S monkeys were monitored beyond 21 days. (B)
Kinetics of the number of infused Treg (auto- and non-auto-Treg) and endogenous (end)
Teff and Treg numbers in the peripheral blood after labeled Treg infusion in 3 IS monkeys
for 30 min to day 6 and in 2 of these monkeys beyond day 21. (C) Kinetics of the ratio of
infused (ex) Treg to endogenous (end) Treg in the peripheral blood after labeled Treg
infusion in the IS monkeys (n=3).
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Figure 6. Detection of ex vivo-expanded Treg in host lymph nodes after infusion
Ex vivo-expanded auto-and non-auto-Treg were labeled with CFSE or VPD450 before

infusion. On day 1 post-infusion, inguinal LN were dissected and assessed for the presence
of infused Treg. (A) Presence of exogenous Treg shown as dot plots. Expression of CCR?7,
CXCR3 and CD25 (offset histogram) by endogenous (end) Teff, end Treg, and exogenous
auto-Treg in all 4 monkeys examined and non-auto-Treg in 2 of these monkeys. (B) Ratio of
infused (ex) Treg and endogenous (end) Teff (left) or end Treg (right) in 2 control and 2 1S
monkeys. *, P<0.05.
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Figure 7. Expression of Treg signature and activation and tissue-homing markers by ex vivo-

expanded auto-Treg after their infusion

Ex vivo-expanded auto-Treg were labeled with CFSE or VPD450 before infusion.
Expression (mean fluorescence intensity; MFI) of Foxp3, CD25, CD127, CXCR3, CCR7
and CD62L at the times indicated post-Treg infusion is shown as flow histogram overlays
for endogenous (end) Teff (grey solid), end Treg (black line), and exogenous auto-Treg (red
line). Representative histogram overlays and pooled MFI from (A) 3 control monkeys and

(B) 3 IS-monkeys, with 2 IS monkeys beyond day 21, respectively are shown.
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