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Abstract

Early phase clinical trials are evaluating the feasibility, safety and therapeutic potential of ex vivo
expanded regulatory T cells (Treg) in transplantation. A limitation is the paucity of naturally-
occurring Treg numbers in peripheral blood. Hence, protracted ex vivo expansion is required to
obtain sufficient Treg in order to meet target cell doses. Since cytokine administration has been
used successfully to mobilize immune cells to the peripheral blood in experimental and clinical
studies, we hypothesized that granulocyte-macrophage-colony stimulating factor (GM-CSF) and
granulocyte-CSF (G-CSF) administration would enhance Treg percentages in leukapheresis
products of rhesus monkeys. Following combined GM-CSF and G-CSF administration, the
incidence of Treg in peripheral blood and leukapheresis products was elevated significantly, where
approximately 3.7x10%/kg CD4*CD25MFoxp3"i or 6.8x106/kg CD4*CD25MCD127'° Treg can be
collected from individual products. Mobilized Treg expressed a comparable repertoire of surface
markers, chemokine receptors and transcription factors to naive monkey peripheral blood Treg.
Furthermore, when expanded ex vivo, mobilized leukapheresis product and peripheral blood Treg
exhibited similar ability to suppress autologous CD4* and CD8* T cell proliferation. These
observations indicate that leukapheresis products from combined GM-CSF and G-CSF-mobilized
individuals are a comparatively rich source of Treg and may circumvent long-term ex vivo
expansion required for therapeutic application.
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INTRODUCTION

Regulatory T cells (Treg), a rare subset of CD4* T cells, play a crucial role in the
maintenance of self-tolerance,! as well as in the induction and maintenance of tolerance to
organ allografts.? 3 Several clinical trials are currently testing the feasibility, safety and
efficacy of ex vivo expanded Treg (www.clinicaltrials.gov) (supplemental references). The
rarity of naturally-occurring (thymic-derived) Treg represents a major limitation for Treg
therapeutic application. Hence, large-scale production is a prerequisite for Treg therapy in
the clinic. Furthermore, low starting numbers of purified Treg necessitate extended periods
of ex vivo expansion (up to several weeks) to obtain sufficient numbers for adoptive cell
transfer.

Cytokine administration has been used routinely to mobilize immune cells, particularly
hematopoietic stem cells, to the peripheral blood.* 5 Granulocyte-colony stimulating factor
(G-CSF) (= colony stimulating factor [CSF3]) is a hematopoietic growth factor that
modulates the generation and differentiation of the myeloid lineage. Several studies have
demonstrated its immunoregulatory influence in vitro® and in vivo,”- 8 when administered
either alone or in combination with other cytokines. In addition, G-CSF administration is
associated with a tolerant gene signature in T cells® and enhanced incidences of Treg10 in
humans. Similarly, granulocyte-macrophage (GM)-CSF (= CSF2) promotes Treg expansion
in experimental graft-versus-host disease (GVHD)! and autoimmune disorders.11: 12 Under
these conditions, GM-CSF administration promotes the incidence of suppressive Treg, either
directly,13 or indirectly through the induction of regulatory dendritic cells (DCreg).12

Leukapheresis products have been used as a rich source of Treg from non-mobilized
humans.14-16 However, in these studies, extensive ex vivo expansion of isolated Treg was
still required in order to achieve sufficient Treg numbers for therapeutic application. We
hypothesized that combined GM-CSF and G-CSF administration would improve the Treg
yield in leukapheresis products, which in turn may reduce the need for extended periods of
ex vivo expansion. We used a clinically-relevant nonhuman primate (NHP) model to
evaluate the impact of combined GM-CSF and G-CSF administration (compared with either
GM-CSF or G-CSF alone) on the incidence of peripheral blood Treg, and on the phenotype
and function of leukapheresis product Treg, compared with steady-state, naturally-occurring
peripheral blood Treg, in rhesus macaques.

METHODS

Animals

Captive-bred, male Indian juvenile rhesus monkeys (weight 6-8 kg) were obtained from the
NIAID-sponsored NHP colony (Alpha Genesis, Inc., Yemassee, SC). All animal procedures
were performed 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. Environmental enrichment was provided.
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2.2 | Cytokine mobilization

Recombinant human (rh) GM-CSF (Leukine; 10 pg/kg/day), or rh G-CSF (Neupogen; 10
ug/kg/day) were administered by subcutaneous injection. Animals received either rh G-CSF
only for 4 days (n=2), or rh GM-CSF for 4 days followed by rh G-CSF for an additional 4
days (n=2) (Figure 1). In an additional group of animals (n=6), combined GM-CSF and G-
CSF administration was followed by leukapheresis on day 8 (Figure 2), using a dedicated
COBE® Spectra Apheresis System (Lakewood, CO, USA), as described.1’

2.3 | Quantitation of immune cell subsets

Absolute numbers and percentages of total white blood cells (WBC) and lymphocytes were
analyzed at the clinical laboratory of the University of Pittsburgh Medical Center. Rhesus
monkey CD3*, CD4*, CD8*, CD4*CD25"MCD127'° and CD4*CD25MFoxp3" T cell subsets
in peripheral blood and leukapheresis products were assessed by flow cytometry, as
described.18

24| PBMC isolation

Briefly, peripheral blood was diluted with PBS at 1:1 volume ratio, then overlaid (30 ml) on
12 ml Ficoll-Paque Plus (GE Healthcare Life Sciences AB), spun for 20 min at 1500 rpm at
room temperature, and the buffy coat collected. PBMC were treated with red blood cell
(RBC) lysis buffer (150 mM NH4C; 1 mM KHCO3; 0.1 mM NayEDTA) and absolute cell
number and cell viability evaluated with trypan blue. PBMC collected from peripheral blood
and leukapheresis products were cryopreserved (in 70% RPMI-1640; 20% v/v fetal calf
serum; 10% DMSO) until further analysis.

2.5| Isolation and ex vivo expansion of CD4*CD25" Treg

Treg were isolated from stored PBMC using NHP CD4*CD25M cell isolation kits (Miltenyi
Biotech, Auburn, CA), following the manufacturer’s protocol. For ex vivo expansion of
Treg, artificial antigen-presenting cells (aAPC; L-32) that express CD32 (Fc receptor),
CD58 (LFA-3; CD2 binding) and CD80 (kindly provided by Dr. M.K. Levings, University
of British Columbia, Vancouver, Canada) were used to promote polyclonal Treg expansion,
as we have described in NHP . Isolated Treg were cultured on irradiated (80 Gy) and anti-
CD3 monoclonal antibody (mAb)-preloaded L-32 cells at 1:1 ratio in X-VIVO 15 medium
(BioWhittaker, Lonza, Allendale, NJ) supplemented with 10% v/v heat-inactivated human
AB serum in the presence of 2000 U/ml r human IL-2 (R&D Systems, Minneapolis, MN).
Half of the media was changed every 3 days. On day 6, 12, and 18, non-adherent Treg were
harvested and re-stimulated with anti-CD3 mAb-preloaded L-32 cells.

2.6| Treg phenotype analysis

The following fluorochrome-labeled mAbs were used: BUV395-anti-CD3 (clone number
SP34-2), FITC-anti-CD45RA (5H9), PECF594-anti-CTLA4 (BNI3), AF488-anti-GATA3
(L50-823), BUV737-anti-CD8 (SK1), Alexa Fluor®647-Anti-Stat3 (pY705) (4/P-STAT3),
and Alexa Fluor®488 Anti-Stat5 (pY694) (47/Stat5) from BD Biosciences (San Jose, CA).
APCCy7-anti-CD4 (OKT4), PerCP-anti-CD8a (RPA-T8), BV605-anti-CD127 (A019D5),
PE-anti-Helios (22F6), FITC-anti-CXCR3 (G025H7), PETexRed-anti-CCR4 (L291H4), PE-
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anti-CCR7 (G043H7), PETexRed-anti-Thet (4B10), and Brilliant Violet 605™ anti-CD25
(BC96) were from BioLegend (San Diego, CA). PECy7-anti-CD25 (4E3), APC-anti-Foxp3
(PCH101), PE-anti-RORyt (AFKJS-9), eFluor450-Foxp3 (PCH101) were from Invitrogen
(Carlsbad, CA).

Following live/dead staining with Zombie Aqua™ Fixable Viability Kit (BioLegend) at 4°C
for 15 min, cell suspensions were stained with CD3, CD4, CD8, CD25, CD127, CD45RA,
CXCR3, CCR4 and CCR7 Abs at 4°C for 20 min. The cells were then fixed and
permeabilized for 45 min at 4°C using Fixation/Permeabilization buffer (eBioscienceTM;
Invitrogen). Thereafter, intracellular staining was performed for Foxp3, CTLAA4, Helios,
GATAS3, T-bet and RORyt Abs at 4°C for 40 min.

For analysis of pSTAT3 and pSTATS5 expression, after live/dead staining, the cells were
stained with CD3, CD4, CD8, and CD25 Abs at 4°C for 20 min. They were then fixed and
permeabilized using PerFix Reagent Kits (Beckman Coulter Life Sciences, Indianapolis,
IN). After fixation/permeabilization, the cells were stained with Foxp3, pSTAT5 and
pSTAT3 Abs at room temperature for 30 min.

Data were acquired on a LSR FORTESSA (BD Bioscience) and analyzed by Flowjo
software version 10 (TreeStar Inc., Ashland, OR). Relative mean fluorescence intensity
(MFI) was determined by dividing the MFI value of the stained sample with that of the
negative (isotype) control (obtained from unstained T cell subsets; actual MFI values are
shown in supplemental Figure 4).

TSDR methylation analysis

Bisulfite pyrosequencing was performed by EpigenDx, inc. Methylation analysis of the
Treg-specific demethylated region (TSDR) within the Foxp3 locus (-2361 bp to —2253 bp
from ATG) was performed. The methylation status of 8 CpG sites was evaluated. The
samples are 24-days expansion of PBMC-isolated Treg (n=3) and Leukapheresis-isolated
Treg (n=3). Effector CD4*CD25~T cells were used as control (n=2).

Treg suppressive function

Autologous CD2*T cells were isolated from stored rhesus PBMC using CD2 MicroBeads
NHP (Miltenyi) and labeled with 0.625uM CFSE (Invitrogen) for 10min at 37°C, then
stimulated with NHP-specific anti-CD2/CD3/CD28 microbeads (T Cell Activation/
Expansion Kit, NHP, Miltenyi) at a cell:bead ratio of 1:2 for 3 days. Expanded autologous
Treg were labeled with 1 uM Violet Proliferation Dye 450 (VPD450, BD Biosciences) at
37°C for 15 min and then added at the start of cultures at the indicated ratios. The
percentages of divided CD4" and CD8*T cells were calculated by Flowjo software. Percent
suppression was determined as (percent divided T cells without addition of Treg — percent
divided T cells with Treg)/percent divided T cells without addition of Treg x 100%.

Statistical analysis

Differences between means were evaluated using Student’s “t’ test. Statistical analysis was
conducted using the standard formula in Prism GraphPad Software (San Diego, CA).
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3| RESULTS

3.1| Impact of G-CSF, GM-CSF, or combined GM-CSF/G-CSF administration on the
percentage of peripheral blood Treg in rhesus monkeys

The impact of combined GM-CSF/G-CSF administration on the incidence of peripheral
blood Treg, in comparison to either G-CSF alone or GM-CSF alone was evaluated. Two
animals received G-CSF (10 pg/kg/day) for 4 days, and two animals received GM-CSF (10
ug/kg/day) for 4 days followed by G-CSF (10 ug/kg/day) for additional 4 days (Figure 1A).

Following the administration of G-CSF alone, peripheral blood lymphocyte absolute
numbers were increased. Similarly, following the administration of GM-CSF alone,
lymphocyte absolute numbers were increased, and continued to increase after additional 4
days of G-CSF administration (Figure 1B). The percentages of peripheral blood
CD4*CD25NFoxp3 (Figure 1C) and CD4*CD25MCD127'° (Figure 1D) Treg populations
did not increase after the administration of G-CSF alone. In contrast, Treg percentages were
increased after GM-CSF alone, with higher percentages of Treg maintained after an
additional 4 days of G-CSF administration, compared to before GM-CSF administration.

These observations suggest that while GM-CSF administration might be superior to G-CSF
in enhancing the incidence of peripheral blood Treg, G-CSF administration promotes total
peripheral blood lymphocyte numbers. Furthermore, G-CSF administration following GM-
CSF administration enhances peripheral blood Treg percentages in rhesus monkeys.

3.2 | Impact of combined GM-CSF/G-CSF administration on total WBC and lymphocytes
in peripheral blood and the incidence of CD4* and CD8* T cells in leukapheresis products

In response to combined GM-CSF/G-CSF administration (Figure 2A), WBC and absolute
lymphocyte numbers increased significantly in the peripheral blood. WBC increased from
6.1£0.9 x 103 in normal blood to 23+4.5 x 103 cells/pL (p<0.001), while lymphocytes
increased from 2.9+0.5 x 103 to 4.0+0.7 x103 cells/pL (p<0.05) (Figure 2B). However, the
incidences of CD4* and CD8" T cells did not differ significantly before and after GM-
CSF/G-CSF administration (55+4% and 56+6%; 35+5% and 35+6%, respectively) (Figure
2C). Thus, although total WBC and lymphocyte numbers increased significantly in
peripheral blood after GM-CSF/G-CSF administration, the incidences of CD4" and CD8* T
cells in peripheral blood (before GM-CSF/G-CSF) and leukapheresis products (after GM-
CSF/G-CSF) were comparable.

3.3|] Combined GM-CSF/G-CSF administration enhances the incidence and yield of Treg
in leukapheresis products

Before GM-CSF/G-CSF administration, the mean incidence of CD4*CD25"Foxp3M Treg in
normal peripheral blood was 2.6+2.3%. After GM-CSF/G-CSF administration, the mean
incidence of CD4*CD25"Foxp3" Treg in leukapheresis products was 5+3.5% (p<0.01)
(Figure 3A). Since average of 2.5 billion cells were collected in individual whole
leukapheresis, the mean absolute number of CD4*CD25NFoxp3M Treg that can be isolated
from individual leukapheresis product was 26 + 7.3 x 106 (i.e. 3.7 + 1.2 x 10/kg) (Table 1).
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Next, we evaluated CD45RA expression in conjunction with Foxp3 expression on Treg
before and after GM-CSF/G-CSF administration. The percentages of CD45RA™9Foxp3N
cells increased significantly (p<0.01) in the leukapheresis products (after GM-CSF/G-CSF)
compared to peripheral blood (before GM-CSF/G-CSF). Also, the percentages of
CD45RAMIFoxp3!° population increased significantly (p<0.05) in the leukapheresis
products compared to peripheral blood. However, the ratios of the CD45RAM9Foxp3Ni cells
to the CD45RAMIFoxp3'° cells were significantly higher (p<0.01) in the leukapheresis
products compared to PBMC (Figure 3B). This was associated with a significant increase in
the CD4*CD25"Foxp3Ni T cell population relative to the CD4*CD25!°Foxp3!° population
(Supplementary Figure 2).

We also ascertained the incidence of Treg in the leukapheresis products based on CD25 and
CD127 expression, since these are the most commonly-used cell surface markers for Treg
isolation/sorting (Supplementary Figure 3). The mean incidence of CD4*CD25hCD127°
Treg was significantly higher in leukapheresis products after GM-CSF/G-CSF
administration (8.6 £ 3.2%) than normal peripheral blood before GM-CSF/G-CSF
administration (6.7 £ 2.1%) (p<0.05). Hence, the mean absolute number of
CD4*CD25MCD127!° Treg that can be isolated from individual leukapheresis product was
48.1 + 4.6 x106 cells (i.e. 6.8 + 1.0 x 10° cells/kg) (Table 1).

In our experience, up to 1.5 x 10° (0.2 x 106/kg) CD4*CD25"Foxp3i, or 2.8 x 10° (0.4 x
10%/kg) CD4*CD25NMCD127'° Treg can be isolated from peripheral blood of a 7 kg naive
monkey. Accordingly, these data indicate that larger numbers of Treg can be isolated from
GM-CSF/G-CSF-mobilized leukapheresis products on a body weight basis, in comparison to
maximal peripheral blood draws from naive subjects.

Phenotypic analysis of Treg in leukapheresis products following GM-CSF/G-CSF

administration

35|

The phenotype of Treg in leukapheresis products compared with PBMC collected before
GM-CSF/G-CSF administration is shown in Figure 3C. No significant differences were
found in the relative MFI of Foxp3 and CTLA4 expression. However, Helios expression by
Treg was significantly higher after GM-CSF/G-CSF administration (p<0.05). Chemokine
receptor (CCR4, CCR7 and CXCR3) expression was comparable. Also, expression of the
transcription factors T-bet and RORyt, as well as phosphorylated signal transducer and
activator of transcription 3 and 5 (pSTAT3 and pSTAT5) by Treg, was unaffected. However,
the transcription factor GATA3 was minimally reduced after GM-CSF/G-CSF
administration.

These data indicate that, while GM-CSF/G-CSF administration enhances Treg frequency
and numbers, leukapheresis product Treg exhibit a similar phenotype to naturally-occurring
rhesus peripheral blood Treg.

Ex vivo expansion and suppressive function of Treg obtained from GM-CSF/G-CSF-

mobilized leukapheresis products

Next, we assessed the impact of GM-CSF/G-CSF administration on the suppressive function
of peripheral blood Treg. CD4*CD25N Treg were isolated simultaneously using MACS
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from peripheral blood PBMC obtained before and leukapheresis products obtained after
GM-CSF/G-CSF administration (n=3).

Initially, comparable numbers of cells from peripheral blood PBMC and leukapheresis
product were used for CD4*CD25M Treg isolation. After MACS isolation, average of 170 +
70 x 103 Treg were obtained from peripheral blood PBMC, and average of 270 + 30 x 103
Treg were obtained from leukapheresis products. The purity of the isolated Treg was slightly
but not significantly lower before, compared with after GM-CSF/G-CSF administration
(87.9 + 6.6% and 94.9 + 2.3%, respectively) (Figure 4A and Table 2).

Ex vivo expansion of Treg was performed as described in the Materials and Methods and the
suppressive function of the expanded Treg was assessed. After 24 days of expansion, Treg
isolated from peripheral blood and GM-CSF/G-CSF-mobilized leukapheresis products
exhibited comparable fold increases of 434 + 123 x 103 and 331 + 35 x 103, respectively
(Figure 4B and Table 2). Next, we evaluated the phenotype of the expanded Treg. The
expression (relative MFI) of Foxp3, CTLA4 and Helios in leukapheresis product-expanded
Treg was reduced, but not significantly compared to peripheral blood PBMC-expanded Treg.
CCR4, CCRY7 and CXCR3 expression was similar. Expression of the transcription factors T-
bet, RORyt, GATA3, pSTAT3 and pSTAT5 by Treg was also similar (Figure 4C). To assess
the stability of Foxp3 expression, DNA isolated from normal PBMC- and leukapheresis
product-expanded Treg was evaluated for CpG methylation of eight CpG sites in the TSDR
at the Foxp3 locus. CD4*CD25™ T cells obtained at the time of MACS isolation were used
as controls. As shown in Figure 4D, both PMBC- and leukapheresis product-expanded Treg
exhibited low levels of methylation compared to CD4*CD25™ T cells, that displayed high
levels of methylation (Figure 4D).

We then evaluated the suppressive function of the expanded Treg populations (Figure 5).
Autologous T cells were used as responders to assess the suppressive function of the
expanded Treg. Following 3 days of aCD2/CD3/CD28 bead stimulation, peripheral blood
PMBC-expanded and leukapheresis product-expanded Treg suppressed autologous CD4*
(Figure 5A) and CD8™ (Figure 5B) T cell proliferation in a dose-dependent manner.
Furthermore, the extent of suppression of CD4* and CD8* T proliferative responses was
comparable.

DISCUSSION

Clinical application of Treg-based therapeutic approaches is constrained by the paucity of
these cells that can be recovered from peripheral blood. Hence, ex vivo expansion of Treg is
required to obtain sufficient numbers for clinical testing. Studies in rodents have indicated
that peripheral blood Treg can be mobilized following cytokine (G- or GM-CSF) or IL-2-
mAb complex administration,11: 1219 gjther directly, or through mobilization of antigen-
presenting cells with a regulatory phenotype, e.g., DCreg.12 Several human studies have also
documented Treg mobilization into the peripheral blood after cytokine administration. Thus,
low-dose IL-2 administration enhances peripheral blood Treg in patients with type-1
diabetes,20 while in chronic graft-versus-host disease, low-dose IL-2 administration is
associated with enhanced incidences of Treg and amelioration of clinical symptoms.21
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Similarly, G-CSF administration induces Treg, particularly CD4*CD25NCD45RO* Treg
mobilization in healthy volunteers,® likely through the downregulation of bone marrow
CXCL12.22

NHP have proven valuable as critical pre-clinical models for evaluation of promising novel
therapeutic approaches. In rhesus macaques, AMD3100, a CXCR4 antagonist (with or
without G-CSF) administration, has been used to mobilize peripheral blood T cells.?3 In this
latter study, using FDA-approved dosages, AMD3100 was administered either alone, or at
the end of a 5-days course of G-CSF administration, followed by leukapheresis. Two hours
after AMD3100 administration, lymphocyte numbers increased significantly in the
peripheral blood, compared to either G-CSF alone, or combined AMD3100 and G-CSF
administration. Fold increase of absolute numbers of the peripheral blood lymphocyte subset
(including conventional and regulatory T cells) were significantly higher after AMD3100
administration alone, compared to G-CSF alone. In mobilized leukapheresis products,
combined AMD3100 and G-CSF administration was superior to either alone in enhancing
lymphocyte subpopulations. AMD3100 administration alone (or in combination with G-
CSF) enhanced the percentages of Treg in leukapheresis products (up to 3 - 4 fold increase),
compared to G-CSF alone (1 fold increase). However, in this study, the ratios of Treg to
effector T cells were not determined. In cynomolgus monkeys, low-dose IL-2 administration
significantly expands peripheral blood CD4*CD45RA"Foxp3"i activated Treg, with limited
expansion of non-Treg cells. Previously, we have shown?# that an 8-day course of GM-
CSF/G-CSF in rhesus monkeys results in the accumulation of functional myeloid-derived
suppressor cells in leukapheresis products.2® In the current study, we evaluated the impact of
combined GM-CSF and G-CSF administration on the incidences of peripheral blood Treg in
rhesus monkeys, in comparison to either GM-CSF or G-CSF alone. Following GM-CSF (for
four days) and G-CSF administration (for an additional four days), we observed significant
increases in the incidences of peripheral blood CD4*CD25MFoxp3Mi Treg. These increases
were associated with significantly elevated CD4*CD25MFoxp3hi Treg to
CD4*CD25/°Foxp3!° non-Treg ratios. Notably, CD45RA expression has been used to
delineate suppressive from non-suppressive human Treg.2 In that study, human
CD4*CD45RAMIFoxp3M Treg were suppressive in vitro, while CD4*CD45RAMIFoxp3!°
Treg were non-suppressive and comprised cells with Th17 potential. In our study, the ratios
of CD4*CD45RAMIFoxp3hi cells to CD4*CD45RAMIFoxp3'° cells increased significantly
in the leukapheresis products (after combined GM-CSF/G-CSF administration), compared to
the peripheral blood (before combined GM-CSF/G-CSF administration). Of note, the
average number of CD4*CD25NiFoxp3hi Treg that could be isolated from a single mobilized
leukapheresis product was approx. 3.7 x 108/kg. When calculated based on CD25 and
CD127 expression (commonly used for Treg sorting), approx. 6.8 x 106/kg
CD4*CD25MCD127!° Treg could be isolated.

In some reports, prolonged ex vivo Treg expansion has been associated with gradual loss of
Foxp3 expression, as well as a decline in their suppressive function.2’-29 Obtaining
sufficient, naturally-occurring Treg before their ex vivo expansion might reduce the overall
expansion time required to obtain therapeutic target cell numbers. Non-mobilized
leukapheresis products have been used as a source of Treg in humans,* and from which
6-10 x 109 total leukapheresed PBMC can be obtained. Of these, approx. 6% were
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CD4*CD25MCD127!° Treg, corresponding to approx. 1.6 x 108/kg for an average 70kg adult
human (total 114 million Treg). Also, this observation suggests that leukapheresis alone may
not enhance the incidence of peripheral blood Treg. In humans given G-CSF (10 mg/kg/day
for 4 days) followed by leukapheresis, 30 CD4*CD25MNCD127!° Treg constituted < 1% of the
leukapheresis product. However, the authors observed a 1.6-fold increase in the percentage
of Treg in the G-CSF mobilized compared to the non-mobilized leukapheresis products. In
the present study, the percentages of CD4*CD25NiFoxp3hi and CD4*CD25NCD127!° Treg in
peripheral blood in 2 animals increased by 2.6 and 2.1-, and 1.4 and 1.9 folds, respectively,
after combined GM-CSF/G-CSF administration (Figure 1). Meanwhile,
CD4*CD25MCD127!° Treg constituted average of 8.6% of the leukapheresis product after
combined GM-CSF and G-CSF administration (6.8 x 10%/kg) (Table 1). In comparison to
PBMC-expanded Treg, mobilized Treg exhibited a similar phenotype, TSDR demethylation
status and suppressive function to peripheral blood Treg obtained from normal blood (before
GM-CSF/G-CSF administration). However, slightly lower Foxp3 expression by
leukapheresis-expanded Treg (compared to PBMC-expanded Treg) was observed. This
might be due to additional in vivo GM-CSF/G-CSF administration prior to the ex vivo
expansion (for 24 days). With sufficient Treg being obtained from leukapheresis products,
lengthy ex vivo expansion can be avoided.

Our results indicate that, combined GM-CSF and G-CSF administration efficiently enhances
the Treg yield from leukapheresis products in rhesus macaques. Our data further show that
leukapheresis products from GM-CSF/G-CSF-mobilized individuals can be used as a
comparatively rich source for peripheral blood Treg. This may allow acquisition of sufficient
Treg numbers to allow reduction in the time required to obtain sufficient number of
functional Treg for therapeutic application.

Supplementary Material

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

aAPC artificial antigen-presenting cell

G-CSF granulocyte colony-stimulatory factor

GM-CSF granulocyte-macrophage colony-stimulatory factor
NHP Non-human primate

PBMC peripheral blood mononuclear cell

Treg regulatory T cell
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TSDR Treg-specific demethylated region
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FIGURE 1. Impact of G-CSF, GM-CSF, or combined GM-CSF/G-CSF administration on the
percentages of peripheral blood Tregin rhesus monkeys.

(A) Monkeys received subcutaneous injections of either recombinant (r) human G-CSF
(Neupogen 10 pg/kg/day) only for four days (n=2), or r human GM-CSF (Leukine; 10
ug/kg/day) for four days followed by r human G-CSF (Neupogen 10 ug/kg/day) for an
additional four days (n=2). (B) Absolute numbers of lymphocytes in peripheral blood before
and after G-CSF, GM-CSF, or GM-CSF/G-CSF administration. (C) Percentages of
CD4*CD25NFoxp3 Treg in peripheral blood before and after G-CSF, GM-CSF, or GM-
CSF/G-CSF administration. (D) Percentages of CD4*CD25NCD127!° Treg before and after
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G-CSF, GM-CSF, and GM-CSF/G-CSF administration. Peripheral blood samples were
collected before, after G-CSF administration, after GM-CSF administration, and after
combined GM-CSF/G-CSF administration. Top left dot plots indicate isotype (negative)
controls.
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FIGURE 2. Impact of GM-CSF/G-CSF administration on the absolute numbers of WBC and
lymphocytes and theincidences of T cell subsetsin peripheral blood and in leukapheresis
products.

(A) Monkeys received subcutaneous injections of r human GM-CSF (Leukine; 10 pg/kg/day
for four days), followed by r human G-CSF (Neupogen 10 pg/kg/day for an additional four
days). Leukapheresis was performed on day 8. Peripheral blood mononuclear cells (PBMC)
were collected from the peripheral blood and leukapheresis product, respectively, before and
after GM-CSF/G-CSF administration for subsequent Treg analysis. (B) Absolute numbers of
WBC and lymphocytes. Peripheral blood samples were collected before (Pre) and after
(Post) GM-CSF/G-CSF administration (n=6). (C) Percentages of CD4* and CD8* T cells in
normal PBMC (before GM-CSF/G-CSF administration) and leukapheresis products (after
GM-CSF/G-CSF administration) were determined by flow cytometry (n=6). * p<0.05, ***
p<0.001.
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FIGURE 3. Incidence and phenotype of CD4+CD25hiFoxp3hi Tregin peripheral blood before
and in leukapheresis products after GM-CSF/G-CSF administration.

(A) Percentages of CD4*CD25NFoxp3Ni Treg in PBMC and leukapheresis products were
determined by flow cytometry. Dot plots represent data from one animal (upper panel)
representative of six animals. The percentage of CD4*CD25MFoxp3M Treg in all six animals
are shown in the lower panel. (B) Percentages of CD4*CD45RA™3Foxp3!° cells and
CD4*CD45RAMIFoxp3Ni cells (upper panel), and the ratios of CD4*CD45RAMIFoxp3Ni /
CD4*CD45RA™9Foxp3! cells in all six animals (lower panel) are shown. Top left dot plots
indicate isotype (negative) control. (C) Treg-associated markers (Foxp3, CTLA4 and
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Helios), chemokine receptors (CXCR3, CCR4 and CCRY), transcription factors (T-bet,
GATA3 and RORyt) and pSTAT5 and pSTAT3 expression on Treg (n=6). * p<0.05, **
p<0.01. MFI = mean fluorescence intensity (Actual MFI values are shown in supplemental
figure 4).
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FIGURE 4. Isolation, expansion and phenotype of Treg isolated from PBMC beforeand in
leukapheresis products after GM-CSF/G-CSF administration.

(A) Following MACS isolation, the purity of isolated Treg was evaluated. The percentages
of CD4*CD25N Treg (in PBMC and leukapheresis products) were evaluated before and after
MACS isolation. Dot plots are from one animal representative of three animals. (B) Isolated
Treg were expanded ex vivo for 24 days in co-culture with L-cells (upper panels), and the
fold-increase determined (n=3). Percentages of CD4*CD25NFoxp3"i expanded Treg were
evaluated at 24 days by flow cytometry. Left dot plot indicates isotype (negative) control (C)
Expanded Treg were evaluated for expression of Treg-associated markers (Foxp3, CTLA4
and Helios), chemokine receptors (CXCR3, CCR4 and CCR7), transcription factors (T-bet,
GATA3 and RORyt) and pSTAT5 and pSTAT3 expression levels (n=3). MFI = mean
fluorescence intensity. (D) The CpG methylation status of Foxp3 TSDR (Treg-specific
demethylation region) in expanded Treg on day 24. (n=3). CD4*CD25™ effector T cells were
used as controls (n=2). The y axis shows methylation status of 8 CpG sites on average.
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FIGURE 5. Suppressive function of Treg expanded from normal steady state PBM C before and
in leukapheresis products after GM-CSF/G-CSF administration.

Treg were evaluated for their suppressive effect on autologous CD4* (A) and CD8* (B) T
cell proliferative responses following polyclonal stimulation (n=3 monkeys). Autologous
CFSE-labeled responder CD2* T cells were stimulated by a CD2/CD3/CD28-coated
microbeads at a cell:bead ratio of 1:2 for three days in the presence or absence of VPD450-
labeled Treg at the indicated ratios. Percent T cell proliferation was determined by CFSE-
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dilution. Dot plots (upper panels) are from one animal representative of three monkeys.
Graphs (lower panels) depict data from all three animals.
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