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Restimulation After Cryopreservation and
Thawing Preserves the Phenotype and Function of
Expanded Baboon Regulatory T Cells
Joshua Weiner,1 Raimon Duran-Struuck,1 Jonah Zitsman,1 Leo Buhler,2 Hugo Sondermeijer,3

Alicia N. McMurchy,4 Megan K. Levings,4 Megan Sykes,1 and Adam Griesemer1

Background. Regulatory T cells (Treg) are being explored for their tolerance-inducing capabilities. Freezing and banking Treg
for future use makes this strategy more clinically applicable. We aimed to devise an improved method of expanding and cryopre-
serving Treg to maximize yield, purity, and function for use in xenotransplantation.Methods.Baboon peripheral blood mononu-
clear cells were isolated from whole blood. CD4+/CD25hi cells were isolated by flow cytometric sorting and expanded for 26 days
in culture with interleukin (IL)-2, anti-CD3 antibody, artificial antigen presenting cells transfected with human CD58, CD32, and CD80,
and rapamycin with weekly restimulations. Expanded Treg were frozen for 2 months then thawed and cultured for 48 hours in me-
dium plus (1) no additives, (2) IL-2, (3) anti-CD3 antibody, (4) IL-2 + anti-CD3 antibody, and (5) IL-2 + anti-CD3 antibody + L cells.
Phenotype and suppression were assessed after expansion, immediately after thawing, and after culturing.Results.We expanded
purified baboon Treg more than 10,000-fold. Expanded Treg exhibited excellent suppression in functional assays. Cryopreservation
decreased suppressive function without changing phenotype, but increasing amounts of reactivation after thawing produced signif-
icantly better viability and suppressive function with a trend toward greater Treg purity. Conclusions. We produced numbers of
expanded Tregs consistent with clinical use. In contrast to some previous reports, both Treg phenotype and suppressive function
were preserved or even enhanced by increasing amounts of restimulation after thawing. Thus, banking of expanded recipient Tregs
for in vivo infusion should be possible.

(Transplantation Direct 2015;1: e4; doi: 10.1097/TXD.0000000000000511. Published online 6 March 2015.)
Infusion of regulatory T cells (Treg) is a promising new ther-
apy in the field of transplantation.1 In humans, Treg have

been shown to have potential for the prevention of graft-
versus-host disease after allogeneic hematopoietic cell trans-
plantation.2-4 Treg infusion may also play an important role
in preventing rejection or promoting tolerance of trans-
planted solid organs.5 This is supported by in vitro data dem-
onstrating powerful suppression of alloreactive cells using
Treg in mouse,6,7 primate,8,9 and human10 models as well as
pig-to-primate xenogeneic models.11,12
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Although adoptive transfer of freshly sorted Treg has been
shown to have suppressive effects, the number of cells ob-
tained is often limited compared to the dose necessary for
clinical effect.13 However, recent protocols have made possi-
ble massive expansion of Treg, including human Treg.13,14

Expansion protocols vary widely, but all techniques begin
with sorting a purified Treg population either by magnetic
beads or by flow cytometry. These Treg are then expanded
in culture conditions including interleukin (IL)-2 and some
form of T-cell receptor stimulation, whether anti-CD3 anti-
body +/− anti-CD28 antibody or artificial antigen-presenting
cells (APCs). The use of rapamycin also varies between pro-
tocols. All protocols remain experimental, and the only 2
previous reports of baboon (Papio hamadryas) Treg expan-
sion produced approximately 200-fold expansion.11,12 This
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is insufficient for a trial of pig-to-primate Treg therapy using
baboons as the recipients or for clinical trials.

Although umbilical cord blood was the first Treg source
used for expansion in a clinical trial,15 newer protocols have
achieved superior results with peripheral blood, producing
millions of cells that can be cryopreserved, thawed, and in-
fused with good function.14 This technique could therefore
be especially useful for xenotransplantation, in which the
ability to prepare for transplantation between a known donor
and known recipient at a planned time point makes possible
the pre-expansion of donor-specific Treg in large numbers.
These can then be cryopreserved and used when sufficient
numbers have been generated.

However, the idea of cryopreserving Treg is controversial.
Because of decreased viability on thawing, cryopreservation
decreases total cell numbers due to decreased viability rang-
ing from 50% to 80%,15-17 and it is not clear whether cryo-
preserved Treg maintain the same phenotype and function as
fresh cells. Several studies have demonstrated that cryopres-
ervation changes the phenotype of the frozen cells. Elkord
et al18 demonstrated that percentages of CD4+ and CD4+/
CD25+ cells decrease with a statistically significant decrease
in the number of CD4+/Foxp3+ cells in human peripheral
blood mononuclear cells (PBMC) frozen for 3 weeks. Seale
et al19 showed that, in blood from human immunodeficiency
virus–positive subjects, percentages of CD4+ cells staining
positively for CD25 decreased significantly after cryopreser-
vation. Sattui et al20 found that cryopreservation significantly
decreased the percentage of CD4+/CD25+/Foxp3+ cells in
both healthy and human immunodeficiency virus–infected
human subjects. There is also some indication that cryopres-
ervation decreases the suppressive function of Treg, although
this function could be restored by a post-thaw period of re-
stimulation or expansion before cryopreservation.21 Other
reports suggest that neither Treg phenotype14,17,22-24 nor sup-
pressive function14,23 changed significantly after cryopreser-
vation. Moreover, just as stimulation was shown to restore
suppressive function after thawing, a brief (48 hours) restim-
ulation period has been similarly shown to further enhance
Foxp3 phenotype after thawing.22

In light of the possible applications of banked Treg for xe-
notransplantation, which we plan to explore in a preclinical
pig-to-baboonmodel, and given these contradictory findings,
wemodified the Treg expansion protocol developed byLevings
et al5 to optimize baboon Treg expansion. Furthermore, given
the reported improvements in phenotype and function of Treg
on post-thaw restimulation, we investigated the effect of cryo-
preservation on expanded baboon Treg by determining Treg
phenotype and function immediately after thawing as well as
after restimulation under various conditions.

MATERIALS AND METHODS

Growth Medium

Unless otherwise stated,mediumused for this study (“growth
medium”) consisted of RPMI (Gibco, Life Technologies)
85%, fetal calf serum (Gibco, Life Technologies) 10%, “nu-
trient mix” 4%, and 100�GlutaMAX (Gibco, Life Technol-
ogies) 1%. Nutrient mix consisted of penicillin-streptomycin
1000 units/mL (Gibco, Life Technologies) 25%, Sodium
Pyruvate 100 mM (Gibco, Life Technologies, Grand Island,
NY) 25%,MinimumEssentialMedium (MEM)Non-Essential
Amino Acids (NEAA) (Gibco, Life Technologies) 25%, and
100� GlutaMAX (Gibco, Life Technologies) 25%.

PBMC Isolation

Heparinized baboon blood (20 mL for each experiment)
was obtained from theMannheimer Foundation (Homestead,
FL). It was shipped overnight on ice. Blood cells were sepa-
rated from plasma by centrifugation andwere diluted 1:1with
1� phosphate-buffered saline (PBS, Fisher Scientific, Pittsburgh,
PA).Density gradient centrifugation using 60%Percoll (Sigma,
St. Louis, MO) was then used to separate PBMC.

Treg Sorting

Peripheral blood mononuclear cells were placed in staining
media containing90%PBSand10%fetal bovine serum (Gibco,
Life Technologies) with penicillin-streptomycin 1000 units/mL
(Gibco, Life Technologies) at a concentration of 2.5� 108 cells
in 100 μL and stained for 1 hour with allophycocyanin (APC)-
conjugated CD4 (Clone L200) (Beckton, Dickson, and Com-
pany, East Rutherford, NJ) and phycoerythrin (PE)-conjugated
CD25 (CloneBC96) (BioLegend, SanDiego,CA). The cellswere
then washed with sort medium containing 99.5% PBS, 0.5%
fetal bovine serum (FBS), and 1:100 penicillin-streptomycin and
sorted on a BD Influx cell sorter (BDBiosciences, San Jose, CA).
We selected CD4+ lymphocytes that were in the top 1% of
CD25 expression. This cutoff was chosen as it provided high
Treg purity while producing enough Treg to be clinically appli-
cable. We chose not to sort our Treg using CD127 for several
reasons. First, we achieve good results without it (good expan-
sion numbers, excellent suppression, relatively pure phenotype).
Second,we have found inmultiple experimentswith baboon and
cynomolgus monkey cells that CD127 tends to be less useful
for differentiating Treg than it is in humans (data not shown).
Third, we have foundCD127 expression to be even less useful
as a marker for identifying Treg after cells have been frozen.
Finally, we and others have found that gating on CD127-low
cells sometimes permits inclusion of Treg with lower CD25
expression, and these Treg tend to be less stable.25

Treg Expansion

Our protocol used artificial APCs for costimulation, as
first reported by Dr. Levings et al.5 In our case, these were
specifically modified “L cells,” a mouse fibroblast line virally
transfected with the human adhesion molecule CD58 (to bind
CD2on target cells and stabilize the cell-cell interaction), Fc re-
ceptor CD32 (to bind the Fc receptor of the CD3 monoclonal
antibody in culture to provide T-cell receptor stimulation), and
the costimulatory ligand CD80 (obtained fromDr. Levings).26

HumanCD58 andCD80 have been shown to cross-react with
baboon.27,28 Our protocol was further modified to include
pulsed rapamycin (days 0 and 21) based on the results re-
ported by Singh et al,29 and an additional 5 days in culture
with rapamycin was added at the end of the protocol.

Freshly sorted Tregs from 1 of 2 experimental animals used
were placed in 48-well flat-bottom tissue culture-treated plates
(Falcon, Franklin Lakes, NJ) at a concentration of 1 � 105 or
lower. At this and all restimulation time points, we added
IL-2 (200 units/mL), purified anti-CD3 antibody (clone SP34,
200 ng/mL on day 0, 100 ng/mL on subsequent restimulation
days, BD Pharmingen, San Jose, CA), and modified L cells ir-
radiated at 50 Gy at a concentration of 1 � 105 cell/cm2 of
flask area. Rapamycin (Sigma) was added at a concentration
of 100 ng/mL on days 0 and 21. Cells were placed in a 37 °C



FIGURE 1. Expanded Treg lines. Treg expansion in five lines be-
tween 2 animals using the protocol described in this paper. Expan-
sion levels were as high as 10,000-fold.
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incubator with 5% CO2 and 100% humidity and split as
necessary, which was determined by crowded appearance of
cellsandchange inmediumcolor. Interleukin-2andfreshgrowth
medium were added after splitting. Cells were replaced in
6-well flat-bottom tissue culture-treatedplates (Costar,Corning,
NY), 75 cm2 flasks (Falcon), and 150 cm2 flasks (Corning,
Corning, NY) as they reached confluence during expansion.
Restimulations were carried out on days 7, 14, and 21. The
cells were harvested on day 26. Throughout this process, all
reagents contained antibiotics and were sterilely filtered, and
all assays were performed in a level 2 biosafety cabinet. In ad-
dition, we performed screening cultures of all samples to de-
tect any contamination.

PBMC and Treg Cryopreservation and Thawing

Before cryopreservation, cells were resuspended in cold
freezing medium (10% dimethyl sulfoxide, 90% FBS) at a
concentration of 1 to 2 � 106/mL. They were then frozen
to −80 °C at 1°/minute using a propanol-based cell freezer
(Nalgene, Rochester, NY) and stored for 2 months at −80 °C.
At that point, the cells were thawed in a 37 °C water bath
and diluted by dripping growthmedium.The cells werewashed
twice with growth medium before use in assays. Viability of
thawed cells was assessed by counting in Trypan Blue (Gibco,
Life Technologies) diluted 1:1 with PBS.

Post-Thaw Restimulation

The thawed cells were cultured in 5 resting conditions as
follows: medium plus (1) no additives, (2) IL-2 (200 units/mL),
(3) anti-CD3 (100 ng/mL), (4) IL-2 + anti-CD3, and (5) IL-2 +
anti-CD3 + L cells (1 million/well). The 4� 106 freshly thawed
Treg were plated in 3.5mL of media with the appropriate addi-
tives in 1 well of a 6-well plate (Costar) and placed in a 37 °C
incubatorwith 5%CO2and100%humidity for 48 hours. This
experiment was performed on 3 Treg lines. Analysis of 1 line
was performed in triplicate as an internal control to evaluate the
experimental variation within a single line, which was minimal
(data not shown). The mean percentages of each phenotype
from this line were used as comparison with the other 2 lines.

Cell Phenotyping

Phenotypic analysis before and after cryopreservation was
performed for a total of 5 times with 3 different Treg lines (1
line in triplicate, as discussed above). Only the reactivation
conditions containing IL-2 produced enough viable cells for
analysis. Cellswere stained for fluorescence-activated cell sorting
inmediumcontaining95%PBS,5%FBS,and1gsodiumazide/L
(Sigma-Aldrich, St. Louis, MO). The cells were stained with
PerCP-Cy5.5-conjugatedCD3 (clone SP34-2) (BDPharmingen),
BV510-conjugated CD4 (clone L200) (BD Biosciences), APC-
conjugatedCD8 (clone BW135/80) (Miltenyi Biotec, SanDiego,
CA), BV421-conjugated CD25 (clone BC96) (BioLegend),
and PE-conjugated Foxp3 (clone 236A/E7) (eBioscience, San
Diego, CA). The intracellular Foxp3 staining was facilitated
by using a Foxp3 fix/perm buffer set (BioLegend) according to
the manufacturer's protocol. Stained cells were analyzed using
a FACSCanto II Cell Analyzer (BD Biosciences). Results were
analyzed using FlowJo version 9.5.3 (Tree Star, Ashland, OR).

Suppression Assay

Treg were adjusted to a concentration of 2 � 105/mL and
plated in a 96-well plate (Costar) in triplicate at 1 � 104 per
well in 50 μL. These were then serially diluted with growth
medium to a dilution of 1:64. Bulk PBMC from the same an-
imal were then thawed and similarly adjusted to a concentra-
tion of 2 � 105 and plated in the same wells at 1 � 104 per
well in 50 μL. For stimulation, anti-CD3/anti-CD28 beads
(Miltenyi Biotec) were then added in 100 μL/well at a bead:
responder concentration of 1:2. Control wells contained Treg
alone, PBMCalone, PBMCwith beads, and Treg with beads.
The cells were placed in a 37 °C incubator with 5%CO2 and
100%humidity for 4 days, at which point 3H-thymidine was
added at 1 μCi in 50 μL per well. The plate was incubated for
24 hours longer, harvested using a plate washer (TomTec Life
Sciences, Hamden, CT), read on a β counter (PerkinElmer,
Waltham, MA), and analyzed using MicroBeta Windows
Workstation software (PerkinElmer). Percent proliferation
was calculated by dividing the averaged counts per minute
of each triplicate by the averaged counts per minute of the
positive control wells (no Treg). To ensure the validity of
our results (confirmed with multiple linear regression), we
used for analysis only the 2 Treg lines that had full data under
each condition (precryopreservation, freshly thawed, and the
3 restimulation conditions that included IL-2). However, the
results were not substantially different when near-complete
data from the other lines were added to the analysis (results
not shown). Conditions without IL-2 did not produce
enough viable cells to analyze.

Statistics

Statistical analysis and comparisons (analysis of variance
with Tukey post hoc test) were performed using GraphPad
Prism version 5.04 for Windows (GraphPad Software,
San Diego, CA, www.graphpad.com). Multiple linear regres-
sion was performed using STATA (StataCorp. 2013. Stata Sta-
tistical Software: Release 13. College Station, TX: StataCorp
LP). Data in bar and line graphs are expressed as mean ±
standard deviation.

RESULTS

Expansion

Under our standard expansion protocol of 26 days in cul-
ture with IL-2, anti-CD3 antibody, rapamycin, and artificial
APCs transfected with human CD58, CD32, and CD80 with
weekly restimulations (see Methods), we expanded from a
range of 71.5 � 103 to 157 � 103 Treg on day 0 to a range
of 184 � 106 to 772 � 106 Treg on day 26. Figure 1 shows

www.graphpad.com


FIGURE 2. Cell numbers after reactivation. Four million thawed Treg
were plated for 48 hours in each of 5 conditions: media plus (1) no
additives, (2) IL-2, (3) anti-CD3, (4) IL-2 + anti-CD3, and (5) IL-2 +
anti-CD3 + L cells (artificial APCs transfected with human CD58,
CD32, and CD80). Average cell numbers and standard deviation
for each condition after 48 hours are shown. This experiment was
performed 5 times using 3 unique Treg lines. NS: non-significant.
*: P < 0.05 by ANOVA. ANOVA, analysis of variance.
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the expansion curves for five different expanded baboonTreg
lines using our protocol.

To determine the optimal post-thaw restimulation condi-
tions, 4 � 106 thawed cells were plated for 5 different test
conditions for 48 hours: medium plus (1) no additives, (2)
IL-2, (3) anti-CD3, (4) IL-2 + anti-CD3, and (5) IL-2 + anti-
CD3 + L cells (artificial APCs transfected with human CD58,
CD32, and CD80, see Methods). Survival was negligible in
the 2 conditions lacking IL-2 (conditions 1 and 3). The best
survival was in condition 5 (mean 23.25 ± 0.81 � 106 cells)
followed by conditions 4 (1.33 ± 0.43 � 106 cells) and 2
(1.23 ± 0.36� 106 cells) (Figure 2). There was no significant
difference in survival between conditions 2 and 4, but the dif-
ference in survival between condition 5 and the others was
significant (P = 0.009).

Phenotype

There was a trend toward a more pure Treg population af-
ter cryopreservation, thawing, and reactivation. CD4 percent-
age immediately after thawing was 83.6% ± 9.3% (compared
to 78.6% ± 10.0% before cryopreservation) and increased to
87.8% ± 10.4% (condition 2), 93.4% ± 4.3% (condition 4),
and 90.8% ± 3.2% (condition 5). Almost all CD4+ cells were
also CD25+, greater than 98% in all conditions (Figure 3).
FIGURE 3. Phenotypes after cryopreservation. Pooled phenotypes as
stimulation for 48 hours in the 3 conditions that permitted cell survival. Sh
experiments using 3 unique Treg lines. Phenotypic differences are not s
cance for CD4 (P = 0.13) and CD8 (P = 0.059). Gates for CD25 and Fo
The remaining CD3+ cells not expressing CD4 were almost
entirely CD8+, and the trend toward an increased percentage
of CD4+ cells with progressively more restimulation (P =
0.13) corresponded with an even stronger trend toward de-
creased percentage of CD8+ cells (P = 0.059), producing a
more pure Treg phenotype overall. CD8 percentage immedi-
ately after thawing was 9.5% ± 7.6% (compared to 16.5% ±
10.1% before cryopreservation) and decreased to 3.08% ±
4.2% (condition 2), 2.16% ± 2.9% (condition 4), and
1.6% ± 2.0% (condition 5). Notably, however, the percent-
age of CD4+ cells expressing Foxp3 or double-positive for
CD25 and Foxp3 did not vary significantly between condi-
tions (Figure 3).

Suppressive Function

Cryopreservation significantly decreased the suppressive
function of expanded Treg, but function was restored and
even somewhat improved by post-thaw reactivation. Overall
difference in suppression between conditions was calculated
using multiple linear regression controlling for differences in
line and titer. Suppressionwas significantly decreased immedi-
ately after thawing compared to other conditions (P < 0.001)
and significantly greater than other conditions when thawed
cells were maximally restimulated (condition 5, P < 0.001).

This effect was found to be dose-dependent when Tregwere
plated at various titers with autologous PBMC and anti-CD3/
CD28 stimulator beads (Miltenyi Biotec). Higher PBMC pro-
liferation indicates less potent Treg-mediated suppression, and
decreased PBMC proliferation indicates more potent Treg-
mediated suppression. At greater Treg dilutions (1:32 through
1:4), the percent of PBMCproliferationwas significantly greater
in wells with freshly thawed Treg compared to wells with Treg
plated before cryopreservation or after cryopreservation plus re-
activation (P ≤ 0.0001 for all). At 1:32, 1:16, and 1:4 Treg:
PBMC titers, PBMC proliferation was higher in wells with
freshly thawed Treg than in wells with Treg generated under
all other conditions, and at 1:8, it was higher compared to all
conditions except thosewith Treg undergoing the least amount
of post-thaw restimulation (condition 2) (P≤ 0.0001). Thus,
suppressive function is clearly diminished by the cryopreserva-
tion and thawing process.

However, increasing amounts of reactivation after thawing
appeared to restore or even enhance the suppressive function.
In fact, at certain dilutions (1:1 through 1:4 as well as 1:64),
proliferation was even further suppressed in wells with
determined by flow cytometry immediately after thawing and after re-
own are average percentages and standard deviation for 5 separate
tatistically significant (P ≥ 0.05), but there was a trend toward signifi-
xp3 were established using isotype controls.



FIGURE 4. Suppression after cryopreservation. Pooled suppression
data from suppression assays carried out using Treg before freezing,
immediately after thawing, and after restimulation for 48 hours in the
3 conditions that permitted cell survival. Shown are average percent-
ages and standard deviation for responder cell proliferation stimu-
lated by anti-CD3/CD28 beads at various titrations of Treg from 2
different lines. There is a significant difference in suppression under
different conditions at each titer by ANOVA (P = 0.0007 at 1:2, other-
wise P ≤ 0.0001). The specific conditions that differ by Tukey post
hoc analysis are specified above each titer. For post hoc analysis,
*P ≤ 0.05; **P ≤0.01; ***P ≤ 0.001.
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maximally restimulated Treg (condition 5, P < 0.0007 for
all) (Figure 4). At 1:64, 1:4, and 1:1 dilutions, PBMCprolifer-
ation was significantly lower in wells with Treg undergoing
maximal restimulation after thawing (condition 5) than all
others, including fresh Treg before cryopreservation (P <
0.0001), and lower than all except fresh Treg at 1:2 (P =
0.0007). At 1:4, PBMC proliferation was progressively de-
creased (indicating more potent suppression) with increased
reactivation (condition 5 > condition 4 > condition 2 > freshly
thawed), with noncryopreserved Treg as suppressive as those
in condition 4 (P < 0.0001) (Figure 4).
DISCUSSION

Our protocol for expanding baboon Treg, reported herein,
not only produces far greater numbers of Treg than those
previously reported for this species (approximately 50-fold
more) but also compares favorably with other previously re-
ported protocols for expanding human and nonhuman pri-
mate Treg.5,8,10-12,16,29-31 In contrast to some previous reports,
our Treg do not lose their phenotype after cryopreservation, al-
though they do lose suppressive function. However, suppressive
function is restored or even enhanced with increasing amounts
of restimulation after thawing, coinciding with a trend toward
a more pure Treg population. Although increasing amounts of
restimulation did not correlate with Foxp3 expression by CD4+
cells, it led to increased CD4 percentage and decreased CD8
percentage, thereby decreasing contamination and representing
a trend toward a higher percentage of Treg. Thus, our protocol,
at least in this small sample size, produces enough Treg for clin-
ical use and maintains their viability, phenotype, and function
after cryopreservation. These achievements are a necessary
precursor to using baboon Treg in preclinical xenotransplan-
tation models.

In developing our protocol, we adapted from among those
previously published. Almost all involve sorting Treg via flow
cytometry for CD4+/CD25hi ± CD127 low. This is followed
by culturing in media supplemented by nutrients, antibiotics
(penicillin/streptomycin), and 5%or 10% serum. Culture times
vary widely from amatter of days31 tomore than onemonth.14

All culture conditions contain IL-2 (usually at 200-300 inter-
national units (IU) per mL) and either anti-CD3 beads ± anti-
CD28 beads or APCs, whether donor-derived or artificial.
More recently, it has been shown that adding rapamycin to
the culture conditions enhances the suppressive function of
expanded Tregs,29 and there is some evidence that adding
IL-15 to culture conditions augments the effect of rapamycin
in culture and allows the use of lower doses of IL-2.10 Cells
are either split or refed on a specific schedule10 or as needed.8,29

Among these various options, we chose to use rapamycin and
stimulate our Treg with L cells expressing high levels of cos-
timulatory molecules and an Fc receptor. This resulted in ex-
cellent Treg expansion with high purity of CD4+/CD25hi/
FoxP3+ cells. Of the small number of non-Treg cells produced
in our culture, the major population before cryopreservation
was CD8+ T cells, and the percentage of these cells decreased
markedly after thawing and restimulating.

Relevant to the controversy as to whether cryopreservation
causes Treg to lose their characteristic phenotype and function,
our results show that Treg numbers decreased, but surviving
Treg maintained their phenotype after cryopreservation, al-
though their suppressive functionwas significantly decreased.
However, restimulating in the presence of IL-2 for 48 hours
after thawing preserved or even enhanced both phenotypic
purity and suppressive function. This finding remains surpris-
ing given the many ways that cryopreservation can affect
Treg. One main factor is the toxic effect of dimethyl sulfoxide
on Treg and indeed all PBMCs,32 but cryopreservation has
also been shown to cause oxidative stress from free radicals,
cell membrane and structural damage from ice crystals, os-
motic injury, and significant changes in cell metabolism and
membrane channels.16

In fact, it is more difficult to imagine why cryopreserva-
tion does not affect Treg function and phenotype more, es-
pecially given previously reported findings. One possibility is
suggested by the finding that IL-2 production is increased after
cryopreservation compared to fresh cells.33 This could explain
both Treg survival as well as our findings that Treg phenotype
becamemore pure after thawing, although it is not clear if IL-2
production would be similarly increased in a nearly-pure cul-
ture of Treg. Because Treg are partially defined by their expres-
sion of CD25, which is the α chain of the IL-2 receptor,34

increased levels of IL-2 would both promote and favor Treg
survival. Even if IL-2 production is not increased in our cul-
ture, the exogenously added IL-2 might still favor Treg sur-
vival. In the presence of IL-2 but the absence of other
survival signals, such as IL-7 and IL-15, we might expect that
Tregwould have comparatively better survival, especially after
a cellular stressor, such as cryopreservation and thawing that
makes cells more susceptible to apoptosis.35 This could ex-
plain the trend toward increasedCD4 and decreasedCD8 per-
centages and why Treg markers also increased with post-thaw
stimulation in previously published findings.22

This trend toward increased purity of the Treg population
could be responsible for the increased suppression seen after
post-thaw restimulation. It is also possible that Treg purity is
irrelevant and that post-thaw restimulation simply allows Treg
to regain cellular metabolic functions that are lost or impaired
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during cryopreservation. In fact, the survival signal IL-2 alone
was enough to increase suppression, although costimulation
augmented this effect. This is also supported by the lack of sig-
nificant change in the percentage of Foxp3 expression. To the
extent that cryopreservation decreases Treg suppressive func-
tion, it is worth noting that the effect may be even more pro-
nounced in nonexpanded Treg. Peters et al21 found that, while
activation was necessary to restore suppressive function of
purified but nonexpanded Treg after cryopreservation, sup-
pressive function of expanded Treg did not decrease.

Finally, despite repeated rounds of restimulation, our ba-
boon Treg displayed excellent suppressive function.However,
there is evidence that Treg that remain in ex vivo culture for
too long begin losing their characteristic phenotype and func-
tion.36 Similarly, it has been shown that too many restimu-
lations decrease Treg suppressive function despite continued
expression of Foxp3.14 We chose to restimulate for 48 hours
after thawing to allow Treg sufficient time to recover function
after the thawing process. Our entire process involved 4 res-
timulations, including the post-thaw stimulation. These Treg
still maintained robust function at the end of this process,
with 50% suppression seen at greater than 1:16 effector-to-
Treg ratio.

In summary, we have developed a protocol for massive ex-
pansion of baboon Treg to far greater numbers than those
previously described. Moreover, our results show that, al-
though these expanded Treg show a significant decrease in
their suppressive function after cryopreservation, they main-
tain their phenotype, and restimulation after thawing main-
tains or even enhances both. This is likely due to preferential
survival of Treg under these conditions. These results have im-
portant implications for the future use of baboon recipient
Treg in preclinical trials of xenotransplantation and eventual
clinical use by facilitating the ability to create and bank ex-
panded donor-specific Treg lines from the recipient before
transplantation. The lack of correlation between Foxp3 ex-
pression and suppressive function also raises interesting ques-
tions for future research.
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