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Regulatory T cells (Tregs) are a promising therapy for several immune-mediated conditions but
manufacturing a homogeneous and consistent product, especially one that includes
cryopreservation, has been challenging. Discarded pediatric thymuses are an excellent source of
therapeutic Tregs with advantages including cell quantity, homogeneity and stability. Here we
report systematic testing of activation reagents, cell culture media, restimulation timing, and
cryopreservation to develop a good-manufacturing-practice (GMP)-compatible method to expand
and cryopreserve Tregs. By comparing activation reagents, including soluble antibody tetramers,
antibody-conjugated beads and artificial antigen-presenting cells (aAPCs), and different media, we
found that the combination of Dynabeads Treg Xpander and ImmunoCult-XF medium preserved
FOXP3 expression and suppressive function, and resulted in expansion that was comparable to a
single stimulation with aAPCs. Cryopreservation tests revealed a critical timing effect: only cells
cryopreserved 1-3 days, but not >3 days, after restimulation maintained high viability and FOXP3
expression upon thawing. Restimulation timing was a less critical process parameter than the time
between restimulation and cryopreservation. This systematic testing of key variables provides
increased certainty regarding methods for /n vitro expansion and cryopreservation of Tregs. The
ability to cryopreserve expanded Tregs will have broad-ranging applications including enabling
centralized manufacturing and long-term storage of cell products.
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Introduction

Regulatory T cell (Treg) therapy is a promising approach to prevent or treat graft-versus-host
disease (GVHD) following hematopoietic stem cell transplantation, graft rejection following
solid organ transplantation or autoimmune conditions (1). Several Phase | clinical trials have
been completed (2-11) and Phase I/11 clinical trials of Treg therapy are underway (reviewed
in (12)). However, significant obstacles remain to the broad use of Treg-based therapies,
including developing and optimizing manufacturing protocols to generate large numbers of
cells with the desired phenotype and function, while limiting manufacturing complexity and
cost (13).

We have recently shown that discarded pediatric thymuses are a feasible source of clinically-
applicable Tregs, with numerous advantages over blood- or cord blood-derived cells.
Specifically, thymus-derived Tregs are abundant (14), and because in the thymus CD25
expression on CD4*CD8™ T cells exclusively marks Tregs (15), a homogeneous population
of Tregs can be recovered by magnetic bead-based separation of CD25* and CD8™ cells.
Since thymus-derived Tregs are naive and homogenous, they are also resistant to
inflammatory cytokine-induced destabilization (14, 16), making them a promising
autologous cell therapy in children undergoing heart transplantation, or an allogeneic cell
therapy in the setting of other diseases (13). Since ~ 1% of children are born with congenital
heart defects, many of whom require surgery including removal of the thymus (17),
thymuses are routinely discarded. This material could be handled using procedures similar to
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those used to collect pancreases for islet transplantation and then used as a source of
material from which to isolate Tregs.

Multiple protocols have been developed to manufacture Tregs for clinical trials, with
variations in almost all key process parameters, including media, activation reagents, IL-2
concentration, restimulation timing and culture duration (2, 4, 5, 8-11, 18-24). Recently, a
variety of new good-manufacturing-practice (GMP)-compatible reagents to activate T cells
have been released but there are no reported comparisons of the performance of these now
commercially available products. The lack of systematic studies to define critical process
parameters and optimal reagents leads to uncertainty about the best methods to isolate and
expand Tregs for clinical use (13).

Another uncertainty in the Treg manufacturing process is the feasibility of cryopreserving
expanded cells. Some studies reported that cryopreservation reduces Treg quality, resulting
in decreased FOXP3 expression and impaired suppressive capacity (25, 26). Consequently,
to date only a limited number of clinical trials have used cryopreserved Tregs (21, 22, 27).
Using fresh cells as a clinical treatment creates many logistical hurdles: release testing must
be done in a shorter time and there is limited notice of manufacturing failure; there is less
infusion time flexibility to accommodate changes in patient health status; and it is difficult to
quickly produce cells for rapidly progressing diseases such as acute GVHD. Finding ways to
cryopreserve clinical-grade Tregs to be used as an “off-the-shelf” product would overcome
these hurdles, enable centralized manufacturing and allow a single product to be used to
treat multiple patients (28, 29). Indeed, the concept of using “off-the-shelf” allogeneic cells
is seen as the future of cell therapy products.

In order to develop a protocol to manufacture clinical-grade thymus-derived Tregs, we have
comprehensively compared multiple process parameters using GMP-compatible reagents.
We also report on a new protocol to cryopreserve expanded thymus-derived Tregs to enable
their use as an “off-the-shelf” cell therapy product.

Development of clinical-grade thymic Treg isolation protocol

We previously showed that CD257CD8~ Tregs can be isolated from pediatric thymus tissue
using manual dissociation with scissors, complement-mediated lysis to deplete CD8-
expressing cells, and magnetic-bead-based positive selection of CD25" cells (14). To
develop a protocol that would be appropriate for GMP manufacturing, we first tested
alternative methods for thymus tissue processing, seeking a method that minimized manual
steps, ideally in a closed system. Thymuses were collected and processed either using
manual dissociation (with scissors, razor blades or a tissue chopper), or with the
gentleMACS dissociator. The number of live thymocytes per gram thymus released by each
method was compared, revealing that manual dissociation resulted in a significantly higher
thymocyte yield and viability (Figure 1A&B). No differences in the frequency of Tregs
(%CD4+*CD8~CD25* cells) within the isolated thymocytes were observed (Figure 1C).
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To eliminate the need for complement-mediated lysis of CD8* cells, we next tested a
magnetic bead-based separation protocol with two steps: positive selection of CD25* cells
using Releasable RapidSpheres (reagents not currently produced in a GMP format but which
could be validated for use in a clinical setting), followed by negative selection of CD8* cells.
With this method, the median Treg recovery from thymocytes using manual dissociation was
17.0% (range: 1.4-83.9%, n=35) and using the gentleMACS was 14.1% (range: 5.0-45.3%,
n=23) (Figure 1D) with no significant difference in viability (Figure 1E) or yield (data not
shown).

Flow cytometry was used to characterize the purity of the resulting cells, revealing that the
Treg purity (defined as CD25"CD4+CD8™ cells) was significantly higher when they were
isolated from manually-dissociated (median: 94.4%, range: 80.8-99.1%, n=37) versus
gentleMACS-dissociated thymocytes (median: 87.4%, range: 61.7-95.3% n=20) (Figure
1F); however, within the CD25*CD4*CD8™ cell population, FOXP3 expression was slightly
higher in samples processed using the gentleMACS (Figure 1G). These data show that a
two-step, GMP-compatible process for thymic Treg isolation by magnetic selection is
feasible (Figure 1H) and that the advantage of the gentleMACS closed system is outweighed
by the higher yield and viability of thymocytes obtained with manual dissociation.

Comparison of activation reagents for thymic Treg expansion

We previously developed a method to expand thymic Tregs by activation with an artificial
antigen-presenting cell (aAPC)-based system using L cells, a mouse fibroblast cell line
expressing CD58, CD80 and CD32, and loaded with anti-CD3 monoclonal antibodies
(mAbs) (14, 16). Although aAPCs have been used to expand Tregs in a GMP-setting (9, 30),
the increased cost and complexity for a manufacturing process with aAPCs led us to seek a
cell-free alternative. We compared our original aAPC-based protocol with four cell-free
activation reagents (ImmunoCult CD3/CD28 T Cell Activator, ImmunoCult CD3/
CD28/CD2 T Cell Activator, Dynabeads Treg Xpander or T Cell TransAct) to determine
their ability to effectively expand thymic Tregs without loss of FOXP3 expression. We used
ImmunoCult-XF medium for CD3/CD28 and CD3/CD28/CD2 T Cell Activators; X-Vivo 15
with 5% CTS Immune Cell Serum Replacement (SR) for Treg Xpander; and TexMACS with
5% human serum for T Cell TransAct. ImmunoCult-XF medium was used for the aAPC
conditions. On the basis of protocols used in previous studies (14), thymic Tregs were
activated on day 0, restimulated on day 7 then counted and analyzed on day 12 and 15
(Figure 2A). Rapamycin was included in the culture medium from day 0-7 to prevent the
outgrowth of effector T cells during Treg expansion (31, 32).

We found that at both day 12 and 15, the aAPC-based method stimulated the highest fold
expansion, and that among the cell-free reagents, activation with T Cell TransAct resulted in
the lowest expansion(Figure 2B). Whereas thymic Treg viability remained high throughout
culture with the cell-free activation reagents, by day 15 it declined in cultures activated with
aAPCs (Figure 2C). There was a trend towards higher FOXP3 expression in cultures
expanded with Treg Xpander compared to those with the other activation reagents; however,
this did not reach statistical significance (Figure 2D).
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We next compared the phenotypes of the expanded cells, focussing on markers of T cell
differentiation and activation/exhaustion. After 12 days of culture, expression of markers
associated with naive T cells remained high, with the majority of cells expressing CD62L,
CCR7, and CD45RA regardless of the activation condition (Figure 2E). However, after 15
days the naive phenotype became more variable, particularly for CCR7, suggesting that
prolonged culture may affect lymph node homing capacity. In CD8* T cells, expression of
PD-1, LAG-3 and TIM-3 is associated with exhaustion (33) whereas in Tregs this is
associated with suppressive function (34-36). We found that Tregs expanded with cell-free
activation reagents had higher expression of PD-1 and LAG-3 than those expanded with
aAPCs at day 12, with the highest expression on cells expanded with T Cell TransAct
(Figure 2F). Expression of these markers was generally reduced at day 15, suggesting that in
Tregs these markers were likely associated with cell activation rather than exhaustion.

Effect of activation reagents on thymic Treg function

We next compared selected activation reagents for their ability to promote favourable
cytokine production profiles and preserve thymic Treg suppressive function. Cultures
stimulated with T Cell TransAct were excluded due to their low expansion (Figure 2B).
Thymic Tregs expanded as in Figure 2A were stimulated with PMA and ionomycin and
intracellular cytokine expression was analyzed by flow cytometry. As expected, a relatively
low proportion of cells expressed inflammatory cytokines (14, 16), with those activated with
Treg Xpander containing the lowest proportion of cells producing IL-2 (Figure 3A).
Consistent with previous observations, very few cells expressed I1L-10 (14, 16).

To assess the suppressive function of expanded thymic Tregs, we measured expression of
proteins known to be major mediators of human Treg suppression, specifically cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) (37), latency-associated peptide (LAP, the
inactive form of TGF-B) and glycoprotein A repetitions predominant (GARP) (38). Thymic
Tregs expanded with Treg Xpander had higher expression of CTLA-4 than those expanded
with aAPCs (Figure 3B), but expression of LAP and GARP (Figure 3C) and suppressive
function (Figure 3D) were similar among all conditions tested.

Effect of cell culture media on thymic Treg expansion

In Figures 2&3, the activation reagents were tested in different cell culture media, raising the
possibility that some of the observed differences could be due to the media. We selected the
two best-performing cell-free activation reagents (as defined by the highest fold expansion
and FOXP3 expression): Treg Xpander and CD3/CD28/CD2 T Cell Activator, and compared
their effects in four different media. Specifically, cells were expanded in ImmunoCult-XF,
X-Vivo 15 and OpTmizer with serum replacement and ImmunoCult-XF without serum
replacement. As before, the cells were activated at day 0, restimulated on day 7, and then
analyzed on days 12 and 15 (Figure 4A). We found that cells cultured in ImmunoCult-XF
had the highest fold expansion on day 15, and that this was not significantly affected by the
presence or absence of serum replacement (Figure 4B). All media conditions preserved high
cell viability (Figure 4C). Notably, expansion in OpTmizer resulted in significantly lower
expression of FOXP3 with either activation reagent (Figure 4D).
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Analysis of the effects of media on the thymic Treg phenotype revealed no significant
differences in expression of naive cell markers (CD62L, CCR7, CD45RA) at day 12 (Figure
S1B) or 15 (data not shown), with the exception of cells expanded with CD3/CD28/CD2 T
Cell Activator in ImmunoCult-XF which showed higher levels of CD45RA expression but
no difference in CD62L or CCR7. The media conditions also had little effect on markers of
activation on day 12 (Figure S1C) or 15 (data not shown), with the exception of a higher
proportion of cells expressing TIM3 when cultured in X-Vivo 15 with serum replacement.
Similarly, varying the type of medium had little effect on intracellular cytokine production
(Figure S1D), expression of CTLA-4, LAP and GARP (Figure S1IE&F) or suppressive
function. (Figure 4E).

Table 1 summarizes the results of media comparisons using the Treg Xpander or CD3/
CD28/CD2 T Cell Activator. Expanding thymic Tregs in ImmunoCult-XF using Treg
Xpander gave the best combination of fold expansion, viability and FOXP3 expression.

Comparison of thymic Treg expansion with Treg Xpander versus GMP-compatible aAPCs

The selected combination of reagents tested above stimulated ~300 fold expansion of thymic
Tregs over two weeks (Table 1). This fold expansion is substantially lower than the reported
fold expansion for cord blood-derived Tregs using a GMP-validated aAPC system involving
activation with K562 cells expressing CD64 (loaded with anti-CD3 mAbs) and CD86 (these
cells hereafter referred to as KT64/86 aAPCs) (9, 30). We therefore tested if the fold
expansion of thymic Tregs could be increased through activation with KT64/86 aAPCs.
Replicate aliquots of CD25"CD8~ thymic Tregs were expanded and restimulated using the
optimized Treg Xpander-based system in ImmunoCult-XF as described above, or expanded
with KT64/86 aAPCs in a previously-selected medium (X-Vivo 15 with 10% human AB
serum) (30) without restimulation (Figure 5A).

We found that expansion of thymic Tregs after a single activation with KT64/86 aAPCs
median 474-fold; range 338-557, n=3) resulted in a similar expansion as that previously
reported for cord blood-derived Tregs (30). The median expansion after two stimulations
with the Treg Xpander-based protocol was 1199-fold (range: 637-2806, n=3) (Figure 5B),
and both protocols demonstrated similar viability (Figure 5C). Both protocols resulted in
similar FOXP3 expression (Figure 5D), methylation at the Treg-specific demethylation
region (TSDR)(Figure 5E) and suppressive function (Figure 5F&G). Comparison of Tregs
expanded with KT64/86 aAPCs or Treg Xpander revealed similar patterns of differentiation
and homing marker expression, as well as cytokine production(Figure S2A-C). As such, the
remainder of the experiments were performed with Treg Xpander.

Cryopreservation 1-3 days post-restimulation preserves Treg viability, phenotype and

function

In order to facilitate their use as an “off-the-shelf” product, we next sought to optimize the
cryopreservation of thymic Tregs. As we hypothesized that activation state may affect
recovery after cryopreservation, we examined the effect of cryopreserving Tregs at different
time points following restimulation with Treg Xpander (Figure S3A), with and without a
second restimulation before harvest and cryopreservation. We found that after a second
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restimulation at day 14, the cells continued to expand and maintained high viability but
FOXP3 expression began to decline after day 16 (Figure S3B-D). Cell diameter increased
after restimulation at day 14, reaching its peak at day 16 (Figure S3E).

We next tested how the day of cryopreservation relative to the last restimulation affected
Treg recovery post-thaw. Expanded Tregs were cryopreserved at day 14 or 15 (7 or 8 days
post-day 7 restimulation), or restimulated a second time on day 14 and then cryopreserved
on days 15-19 (1-5 days post-restimulation) (Figure S3F). Upon thawing, cells were either
immediately analyzed for recovery, viability and FOXP3 expression, or cultured overnight in
ImmunoCult-XF with IL-2 (without additional TCR stimulation). We found that cell
recovery was significantly higher for cells that were cryopreserved 1 or 2 days following
their last stimulation than at 4 days (/.e. days 15-16 vs. day 18 in Figure S3G). Viability and
FOXP3 expression had a similar trend, decreasing with longer times between restimulation
and cryopreservation. After overnight culture, the effect of the day of cryopreservation was
even more striking: if cells were cryopreserved >3 days following restimulation there was a
dramatic drop in viability, live apoptosis-negative cells and FOXP3 expression (Figure S3H).

Increased expansion when Tregs are restimulated after returning to resting size

In light of the dramatic increase in post-thaw Treg health when cryopreserved shortly after
restimulation, we altered our expansion protocol to allow cryopreservation within 1-3 days
after restimulation. As a second restimulation increases the risk of Treg instability and/or
outgrowth of contaminating non-Tregs (39, 40), and cryopreserving cells 2 days following
restimulation at day 7 would curtail cell yields, we tested extending the length of the first
activation period from 7 to 9 days. Cells restimulated at day 7 were analyzed after 2, 3 or 7
days and those restimulated at day 9 were analyzed after 2, 3 or 5 days (Figure 6A). Cells
restimulated at day 9 reached a significantly higher level of overall expansion (Figure
6B&C) and sustained a higher growth rate following restimulation(Figure 6D) compared to
those restimulated at day 7. It has been reported that allowing T cells to return to resting size
(~8.5um) prior to restimulation maximizes their subsequent expansion (39, 41, 42), and that
if cells are restimulated too early, they likely undergo activation-induced cell death (42, 43).
We found that thymic Tregs returned to resting size by day 9 (Figure 6E), providing an
explanation for the superior expansion of cells restimulated on day 9.

Although cell viability and FOXP3 levels began to decrease 5 days after restimulation
(Figure 6F&G), TSDR methylation levels remained similar (Figure 6H), suggesting that
lower FOXP3 expression is likely the consequence of a decreased activation state (44) rather
than Treg instability.

Thymic Treg cryopreservation timing is a more critical process parameter than
restimulation day

We next investigated the impact of cryopreservation timing on cells restimulated at day 9.
Cells were restimulated at day 9, then cryopreserved after 2, 3 or 5 days. Consistent with
Figure S3, we found that higher Treg viability and FOXP3 expression were obtained when
cells were cryopreserved shortly after restimulation. If they were cryopreserved >3 days
after restimulation, there was a significant drop in recovery, viability and FOXP3 expression
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(Figure 7A&B). These declines were even greater after the thawed cells were cultured
overnight, with viability and FOXP3 expression dropping well below what would be
acceptable for a therapeutic product (Figure 7C&D). Consistent with their low viability and
FOXP3 expression, thymic Tregs cryopreserved >3 days post-restimulation were also
significantly less potent at suppressing the proliferation of CD8+ T cells (Figure 7E). In
summary, we observed that cells cryopreserved 2 days following restimulation had the
highest viability and FOXP3 expression upon thawing.

To investigate if the effect of cryopreservation timing was specific to thymic Tregs or more
broadly applicable, the experiments were repeated with naive peripheral blood-derived Tregs
(CD4*CD25*CD127-CD45RA*) and Tconv (CD4*CD25-CD127*CD45RA"). Cells were
activated and restimulated at day 9 with Treg Xpander (for Tregs) or Dynabeads Human T-
Expander (for Tconvs), then cryopreserved 2, 3 or 5 days following restimulation (Figure
S4A-D). Analysis of cells post thawing revealed results that were consistent with Figure 7.
Specifically, naive peripheral blood-derived Tregs cryopreserved 2 or 3 days after
restimulation had higher viability and FOXP3 expression than those cryopreserved at day 5
(Figure S4E). These findings were even more pronounced after culturing the thawed cells
overnight (Figure S4F). Notably, we did not observe a large increase in TSDR methylation
post cryopreservation (Figure S4G), suggesting that loss of FOXP3 expression was likely
more related to cell viability than lineage instability. This conclusion is further supported by
the finding that inflammatory cytokine production did not change significantly between cells
cryopreserved at different days, although there was a slight increase in the production of
IL-2 by FOXP3~ cells in thymic Tregs cryopreserved 5 days following restimulation (Figure
S4H).

To ask if the decrease in viability and FOXP3 expression was functionally relevant, the
suppressive function of the thawed cells was tested, revealing that for both thymic and naive
peripheral blood Tregs, cells cryopreserved at day 5 were substantially less able to suppress
the proliferation of CD8+ T cells in comparison to those cryopreserved 2-3 days following
restimulation (Figure S5A). Consistent with their lower suppressive function, Tregs
cryopreseved 5 days following restimulation also had a lower proportion of FOXP3* cells
expressing CTLA-4, LAP and/or GARP (Figure S5B).

Finally, we tested whether the length of the first activation period could be extended longer
than 9 days by measuring the expansion, viability and phenotype of cells restimulated at
days 9-14 (Figure 8A). In each case, cells were analyzed 2 days following restimulation. For
each restimulation day tested, thymic Treg numbers doubled 2 days following restimulation
(Figure 8B). Cells restimulated on days 11-14 reached higher levels of overall expansion
than those restimulated on day 9; however, this difference was only reached significance for
the cultures restimulated on day 14(Figure 8C). Viability, FOXP3 expression and TSDR
methylation were similar for the restimulation days tested (Figures 8D—F). FOXP3
expression decreased from day 7 to the day of restimulation, but increased following
restimulation on all days (shown in Figure S6 for cells restimulated on day 11).

In parallel, cells were cryopreserved 2 days following each day of restimulation. These cells
were thawed and tested immediately or after overnight culture. There was a trend towards
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lower viability for cells restimulated on days 13—-14 compared to day 9(Figures 8G&H). At
thaw, there was a trend towards higher FOXP3 expression for cells restimulated on days 13—
14 compared to day 9; however, FOXP3 expression was similar between conditions after
overnight culture (Figures 8H&I). Overall, the differences between cells restimulated on
different days were far less than those seen in Figure 7. Thus, the cryopreservation timing
relative to the restimulation day is a much more critical process parameter than the day of
restimulation.

Discussion

Here we report the first comprehensive testing of activation reagents, media, restimulation
timing and cryopreservation conditions to optimize a GMP-compatible manufacturing
protocol for Tregs isolated from discarded pediatric thymuses. We found large differences
between the types of activation reagents and media, with the combination of Dynabeads
Treg Xpander and ImmunoCult-XF medium resulting in the most efficient expansion of cells
which retained high FOXP3 expression and suppressive capacity. Allowing cells to return to
resting size (~8.5um) prior to restimulation resulted in greater expansion following
restimulation and the timing of cryopreservation had a major effect on cell viability, FOXP3
expression and suppressive function. Only cells cryopreserved 1-3 days following
restimulation retained phenotypic and functional properties that would be acceptable for a
clinical grade cell product upon thawing. These data have significant implications for the
development of more feasible and cost-effective approaches to manufacture Tregs for
clinical use.

Manual tissue dissociation and magnetic selection resulted in a Treg product with high
(median of 94%) purity, as judged by CD25 and CD8 expression. Notably, as CD25
expression precedes that of FOXP3 in human Treg development (45), ~20% of the isolated
CD25" cells did not express FOXP3 directly after isolation; however, its expression was
strongly upregulated after TCR activation. An advantage of thymic Tregs, is that magnetic-
bead-based selection alone was sufficient to achieve a high purity cell product, without the
additional need for GMP-grade flow cytometric sorting.

We found that the maximum fold expansion for thymic Tregs was less than that which has
been previously reported for Tregs isolated from peripheral or cord blood (22, 30, 39). In
comparison to Tregs from peripheral blood, the difference in expansion likely relates to the
relative purity of the cultures and/or the state of T cell maturation. Unless peripheral blood
Tregs are sorted as CD45RA* cells, they contain a significant proportion of activated, non-
regulatory T cells (14, 47, 48), which have a higher expansion potential. Indeed, as
mentioned above, some of the isolated CD25™" cells were still undergoing differentiation and
did not yet express FOXP3. This immaturity of the thymus-derived Tregs may underlie their
lower expansion potential (16).

The type of activation reagent and media used had surprisingly large effects on Treg
expansion potential and phenotype. Similar findings have been reported in other studies; for
example, activation with KT64/86 aAPCs promotes higher expansion than antibody-
conjugated beads (30, 39), and differences in expansion have been observed for beads from
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different suppliers (42). These differences are likely related to the strength of stimulation/
costimulation provided by each reagent and the format in which the signals are provided
(soluble antibodies, beads, cells, etc.). Many commercially available activation reagents are
designed for Tconv rather than Tregs, and since Tregs are thought to experience stronger
TCR stimulation than Tconv during development (49), the two cell types may require a
different strength of stimulation for optimal expansion /in vitro. As both activation reagents
and media composition are proprietary, it is difficult to know the exact mechanism driving
the differences observed here. However, these data clearly show that testing of activation
reagents and media from a variety of manufacturers is warranted.

Similar to other reports, we found that expression of FOXP3 waxed and waned over the
course of cell expansion (39, 50). These data raise the question of whether lower FOXP3
expression is the result of activation state, impending cell death and/or loss of Treg stability.
FOXP3 expression in Tregs is known to vary with activation state, with higher expression
shortly following activation/restimulation (50). FOXP3 expression is also known to decline
in cell populations with low viability, such as after cryopreservation (25). We have
previously shown that thymus-derived Tregs are stable, even when exposed to inflammatory
cytokines (16), consistent with the findings reported here that despite variation in FOXP3
expression during expansion, expanded thymic Tregs maintained a demethylated TSDR and
did not produce IL-2. Although there was a trend to a higher proportion of IL-2* cells in
Tregs cryopreserved 5 days following restimulation, the effect on viability was much more
pronounced, suggesting that the low FOXP3 expression and suppressive function of these
cells is likely mostly related to the high proportion of dead/dying cells.

We found that expanded Tregs cryopreserved 1-3 days following restimulation survived
cryopreservation much better than those cryopreserved >3 days following restimulation.
Tregs are known to be sensitive to cryopreservation, with many cells in the early stages of
apoptosis at the time of thaw (25), although their phenotype and suppressive function can be
rescued by restimulation (25, 26). The impact of cryopreservation on different cell types is
influenced by many variables including metabolic state, membrane permeability, and
sensitivity to stresses such as osmotic shock, toxicity and cold shock (51), all of which make
cells susceptible to apoptosis and necrosis. Activation state has also been shown to affect the
ability of T cells to recover from cryopreservation (52), but to the best of our knowledge, the
critical effect of timing post-T cell stimulation on the success of cryopreservation has not
been previously described. Further studies are required to determine the underlying
mechanism for this effect which may be influenced by factors such as metabolism, speed of
ice crystallization, cell composition and/or cell size. A limitation of our study is that cells
were cryopreserved using Mr. Frosty freezing containers for all cryopreservation
experiments. While these containers provide a rate of cooling near 1°C/min, the cooling rate
is less controlled than with controlled rate freezers.

In summary, we comprehensively tested protocols to isolate, expand and cryopreserve
thymus-derived Tregs. This work will enable large numbers of Tregs to be produced and
cryopreserved for cell therapy applications. The ability to effectively cryopreserve expanded
Tregs is step towards the development of these cells as an “off-the-shelf” cell therapy
product.
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Methods

Study approval.

Human research was approved by the University of British Columbia (UBC) Research
Ethics Board (H17-01490 and H18-02553) and the University of Alberta Human Research
Ethics Board (Pro00001408).

Cell isolation.

Thymus tissue was collected during infant cardiac surgery at British Columbia Children’s
Hospital or University of Alberta Stollery Children’s Hospital. Tissue was dissociated in
RPMI medium (Thermo Fisher Scientific) with 10% heat-inactivated fetal bovine serum
(FBS) (VWR), 1% GlutaMAX (Thermo Fisher Scientific) and 1% penicillin/streptomycin
(P/S) (Thermo Fisher Scientific) or ImmunoCult-XF T cell Expansion Medium
(ImmunoCult-XF) (STEMCELL Technologies) with 1% P/S by manual dissociation using
scissors, razor blades or Mcllwain tissue chopper (Campden Instruments Ltd.) or by using
the gentleMACS Dissociator (Miltenyi Biotec). CD25*CD8™ thymic Tregs were isolated by
CD25 positive selection using Releasable RapidSpheres, followed by CD8 depletion
according to manufacturer’s instructions (STEMCELL Technologies). CD25"CD8™ thymic
Tconvs were isolated from the CD25™ fraction by CD8 depletion followed by CD3 positive
selection using EasySep Human CD3 Positive Selection Kit (STEMCELL Technologies).
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Lymphoprep (STEMCELL Technologies).

Isolated thymic Tregs and Tconv were cryopreserved prior to expansion. Cells expanded to
generate data for Figures 2—4 were cryopreserved in FBS with 10% DMSO. Cells expanded
to generate data for Figure 5 were cryopreserved in human serum (HS) (Wisent Bioproducts)
with 10% DMSO. Cells expanded to generate data for Figures 6-8 were cryopreserved in
either FBS with 10% DMSO or CryoStor 10 (CS10) (STEMCELL Technologies). In data
not shown, viability and recovery did not differ between these two types of freezing media.

For naive peripheral blood Tregs, CD4*CD25* cells were pre-enriched using RosetteSep
Human CD4* T Cell Enrichment Cocktail (STEMCELL Technologies) and CD25
Microbeads 11 (Miltenyi Biotec), then sorted as CD4*CD25*CD127-CD45RAN Tregs (BD
FACSAriall). Naive peripheral blood Tconv were sorted as CD4*CD25~CD127*CD45RAN
from the CD25~ fraction.

Cell expansion.

For cell-free expansion, thawed thymic Tregs were activated with ImmunoCult Human CD3/
CD28 T Cell Activator, ImmunoCult Human CD3/CD28/CD2 T Cell Activator (both
STEMCELL Technologies), CTS Dynabeads Treg Xpander (Treg Xpander) (Thermo Fisher
Scientific) at a 4:1 bead to cell ratio, or T cell TransAct (Miltenyi Biotec). Tregs were
cultured as indicated in ImmunoCult-XF with 1% P/S, with or without 5% CTS Immune
Cell Serum Replacement, X-Vivo 15 (Lonza) with 5% CTS Immune Cell Serum
Replacement (Thermo Fisher Scientific), 1% P/S and phenol red, TexMACS Medium
(Miltenyi Biotec) with 5% human serum (Wisent Bioproducts) and 1% P/S, or OpTmizer T
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Cell Expansion Media (Thermo Fisher Scientific) with 5% CTS Immune Cell Serum
Replacement, 1% GlutaMAX and 1% P/S. Thymic Tconv were activated with ImmunoCult
Human CD3/CD28/CD2 T Cell Activator and cultured in ImmunoCult-XF with 1% P/S.
Naive peripheral blood Tregs were activated with Treg Xpander at a 4:1 bead to cell ratio
and cultured in ImmunoCult-XF with 1% P/S. Naive peripheral blood Tconv were activated
with Dynabeads Human T-Expander at a 3:1 bead to cell ratio and cultured in ImmunoCult-
XF with 1% P/S. 100ng/mL rapamycin (Sigma Aldrich) was added to Treg cultures from
day 0-7. Recombinant human (rh) IL-2 (Proleukin) (Tregs: 10001U/mL, Tconv: 1001U/mL)
was added from day 0. Cells were seeded at 0.5x10%/mL in 96-well or 24-well plates with
the concentration maintained at 0.5x108 cells/mL and media/additives refreshed every 2-3
days. Cells were restimulated as indicated. For cultures with Treg Xpander or Dynabeads
Human T-Expander, a 1:1 bead to cell ratio was used for restimulation.

aAPC-based stimulation.

In some cases, cells were activated with irradiated (75 Gy) L cells preloaded with 100ng/mL
anti-CD3 mAb (OKT3, UBC AbLab) at a 1:1 ratio (aAPCs : Tregs) (14) and cultured as
indicated in ImmunoCult-XF with 1% P/S. 100ng/mL rapamycin was added from day 0-7
and 10001U/mL IL-2 was added from day 0. Cell concentration was maintained at 0.5x10°
cells/mL with media/additives refreshed every 2-3 days. Cells were restimulated as
indicated. Alternatively, cells were activated with irradiated (100 Gy) K562 cells transduced
to express CD64 and CD86 (KT64/86) that had been pre-loaded with 1pg/mL anti-CD3
(OKT3, Miltenyi Biotec) at a 1:1 ratio. Tregs were cultured in X-Vivo 15 with 10% heat
inactivated human AB serum (Valley Biomedical), L-glutamine (Invitrogen) and N-
acetylcysteine (American Regent). 3001U/mL recombinant human IL-2 (Proleukin) was
added at day 2. Cell concentration was maintained at 0.25x10%/mL from day 0-11,
0.5x108/mL from days 12-15 with media/additives refreshed every 2-3 days (30).

Cryopreservation of expanded thymic Tregs:

Expanded cells were resuspended at 4x108/mL in CS10. Cells were aliquoted into cryotubes
(0.5-1mL per tube) which were transferred to a Mr. Frosty Freezing Container (Thermo
Fisher Scientific) and placed at —80°C overnight. Once frozen, cryopreserved cells were
stored in liquid nitrogen for 1-4 weeks. Cells were thawed by placing cryovials in a 37°C
water bath until just melted. RPMI medium with 10% heat inactivated FCS, 1% GlutaMAX
and 1% P/S was used as thawing medium. 1mL of warmed thawing medium was added
dropwise to each cryovial, then the cell suspension was transferred to a Falcon tube
containing an additional 9mL of warmed thawing medium. Thawed cells were washed once
with PBS, then resuspended in ImmunoCult-XF with 1% P/S. For overnight culture after
thawing, cells were seeded at 1x108/mL and cultures were supplemented with 1L-2 (Tregs:
10001U/mL, Tconv: 1001U/mL).

Flow cytometry and cytokine analysis.

Surface markers and fixable viability dye (FVD, Thermo Fisher Scientific) were stained in
PBS or Brilliant Stain Buffer (BD Biosciences). Cells were fixed and intracellular staining
was done using the FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific). For intracellular cytokine staining, expanded Tregs were activated for 4 hours
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using phorbol myristate acetate (PMA, 10 or 2 ng/mL), lonomycin (500 or 750 ng/mL) and
10 ug/mL brefeldin A prior to staining. Data were acquired on a BD LSRII, BD
LSRFortessa X-20 or Beckman Coulter CytoFLEX. Analysis was done using FlowJo
version 10.

DNA isolation and Treg-specific demethylation region (TSDR) analysis.

The EZ DNA Methylation-Direct Kit (Zymo Research) was used to isolate DNA from
frozen cell pellets and to perform disulfite conversion according to manufacturer’s
instructions. The TSDR region was PCR amplified using AllTaq PCR core kit (QIAGEN).
PCR products were analyzed with the PyroMark Q96 MD pyrosequencing system
(QIAGEN) and results were calculated with Pyro-CpG software (Biotage).

In vitro suppression assays.

PBMCs and Tregs were labeled with cell proliferation dye or CFSE (Thermo Fisher
Scientific). Cells were mixed at indicated ratios, stimulated with anti-CD3/CD28 beads
(Dynabeads, Thermo Fisher Scientific) at a 1:8 or 1:16 bead to cell ratio or anti-CD3 beads
(Invitrogen) at 1:1 ratio and cultured in X-Vivo 15 supplemented with 5 or 10% human
serum, 1% GlutaMAX, 1% P/S, and/or L-glutamine and N-acetylcysteine at 37°C for 4
days. Percentage of suppression was calculated using division index (DI) as 100-
[DI(sample)/Dl(positive control)]*100. PBMCs stimulated with anti-CD3/CD28 beads
without Tregs served as positive controls.

Apoptosis assay:

Cell viability was determined using Abcam’s blue, green, red Apoptosis/Necrosis Assay Kit
according to the manufacturer’s instructions. Staining was performed in Assay Buffer for 30
min at room temperature. The volume was topped up using Assay Buffer after staining. Live
apoptosis negative cells were defined as CytoCalcein Violet 450 positive, Apopxin Green
negative.

Statistical analyses.

Statistical tests used are indicated in the Figure legends and were performed using Graphpad
Prism 8. P values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APC antigen presenting cell

CFSE Carboxyfluorescein succinimidy! ester
CPD cell proliferation dye

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
GARP glycoprotein A repetitions predominant
GMP good manufacturing practice

GVHD graft-versus-host disease

LAP latency-associated peptide

PMA phorbol myristate acetate

SR serum replacement

Tconv conventional T cell

TCR T cell receptor

TSDR Treg-specific demethylation region
Treg regulatory T cell
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Figure 1: Isolation of thymic Treg using a two-step magnetic-bead-based selection process.
Pediatric thymuses discarded from cardiac surgery were collected and processed within 24

hours into a single cell suspension using either manual dissociation or the gentleMACS
tissue dissociator. (A) Yield of thymocytes (TCs) per gram of tissue, (B) viability of isolated
thymocytes and (C) frequency of CD25*CD4*CD8™ cells within total live thymocytes. A
two-step magnetic cell selection process with positive selection for CD25 followed by
negative selection for CD8 was used to isolate Tregs from thymocytes. (D) Recovery of
Tregs, defined as the number of CD25*CD4*CD8™ cells isolated relative to the number of
CD25*CD4*CD8" cells within the starting population of thymocytes. (E) Viability and (F)
purity, defined as %CD25*CD4*CD8" cells, of isolated cells. (G) Proportion of FOXP3*
cells within the %CD25*CD4*CD8™ population. (H) Schematic diagram of cell isolation
process with representative flow cytometry data for thymocytes and isolated Tregs. Each
symbol represents an individual subject, bars indicate median + interquartile range; n=27-39
for manual and n=20-26 for gentleMACS tissue dissociator processing. *P< 0.05, **P<
0.01, ***P < 0.001, ****P < (0.0001 as determined by a Mann-Whitney test.
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Figure 2: Comparison of cell-free activation reagents for thymic Treg expansion.
Isolated thymic Tregs were expanded and restimulated with the indicated type of activation

reagent as indicated in (A). After 12 or 15 days in culture, (B) fold expansion, (C) viability
and (D) FOXP3 expression, measured using flow cytometry, were determined. Flow
cytometry was also used to quantify expression of markers of (E) T cell differentiation (F)
or activation. Within each group, each symbol represents cells from a different subject and
bars indicate median + interquartile range. n=5-6 for L cell-based aAPCs + anti-CD3 mAbs,
n=6-7 for CD3/CD28 T Cell Activator, n=13-14 for CD3/CD28/CD2 T Cell Activator,
n=5-6 for Dynabeads Treg Xpander, and n=4-5 for T Cell TransAct, all tested in 9-10
experiments. *£< 0.05, **P< 0.01, ***P < 0.001 as determined by a (B-C) two-way
ANOVA with Tukey’s multiple comparisons test to compare expansion or viability between
conditions on each day or (E-F) Kruskal-Wallis test with Dunn’s multiple comparisons test
to compare expression for each protein among conditions.
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Figure 3: Function of thymic Tregs expanded with cell-free activation reagents.
Isolated thymic Tregs were expanded with the indicated type of activation reagent and

analyzed by flow cytometry after 12 or 15 days. Expression of (A) intracellular cytokines in
Treg (CD4+FOXP3+) and Tconv after 4 hours of activation with PMA, ionomycin and
brefeldin A, (B) CTLA-4 or (C) LAP and GARP after 24 hours of activation with anti-CD3/
CD28 beads at a 1:16 bead to cell ratio. (D) After 15 days of expansion, thymic Tregs were
cocultured with cell proliferation dye (CPD)-labeled PBMC at the indicated ratios and
stimulated with a 1:16 ratio of anti-CD3/CD28 beads for 4 days. Suppression of CD8* T
cells within PBMC was determined by division index. For A-C, within each group, each
symbol represents cells from a different subject and bars indicate median + interquartile
range. For D, median % interquartile range is shown. n=4-6 for L cell aAPCs + anti-CD3
mAbs, n=4-6 for CD3/CD28 T Cell Activator, n=4-14 for CD3/CD28/CD2 T Cell
Activator, n=2—-6 for Dynabeads Treg Xpander, and n=3-4 for Tconv all tested in 4-9
individual experiments. *£ < 0.05, **£ < 0.01 as determined by a (A) Kruskal-Wallis test
with Dunn’s multiple comparisons test to compare expression for each cytokine among
activation reagents or (B) two-way ANOVA with Tukey’s multiple comparisons test to
compare CTLA-4 expression between conditions on each day.
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Figure 4: Effect of cell culture media on thymic Treg expansion.
Isolated thymic Tregs were expanded and restimulated with Dynabeads Treg Xpander or

CD3/CD28/CD2 T Cell Activator in different types of media as indicated in (A). After 12 or
15 days, cells were analyzed for (B) fold expansion, (C) viability and (D) FOXP3
expression. (E) After 15 days of expansion, thymic Tregs were cocultured with CPD-labeled
PBMC at the indicated ratios and stimulated 1:16 with anti-CD3/CD28 beads for 4 days.
Suppression of CD8* T cells within PBMC was determined by division index. For B-D,
within each group, each symbol represents cells from a different subject and bars indicate
median + interquartile range. For E, median * interquartile range is shown. n=6-8 for
ImmunoCult, n=4-7 for ImmunoCult + serum replacement (SR), n=4-5 for X-Vivo + SR,
and n=2-5 for OpTmizer + SR tested in 4-5 experiments. *£< 0.05, **P< 0.01, ***P<
0.001 as determined by a two-way ANOVA with Tukey’s multiple comparisons test to
compare expansion or FOXP3 expression between conditions on each day.
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Figure 5: Thymic Treg expansion with KT64/86 aAPCs.
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Replicate aliquots of thymic Tregs were expanded using KT64/86 aAPCs or Treg Xpander
as indicated in (A). (B) Cells were counted to determine fold expansion. After 15 days, cells
were analyzed for (C) viability and (D) FOXP3 expression. (E) TSDR analysis of ex vivo
and expanded thymic Tregs and Tconv; all data are from males and the average methylation
for 7 CpGs within the TSDR is shown. (F-G) Expanded thymic Tregs were cocultured with
CPD-labeled (F) or CFSE-labeled (G) PBMC at the indicated ratios and stimulated at 1:8
with anti-CD3/CD28 beads or (F) 1:1 with anti-CD3 beads (G) for 4 days. Suppression of
CD8™ T cells within PBMC was determined by division index. Within each group, each
symbol represents cells from a different subject and matched subjects are shown with the

same symbol. n=3 from 1-3 experiments.
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Figure 6: Effect of restimulation time on thymic Treg expansion.
Thymic Tregs were activated and restimulated with Dynabeads Treg Xpander as indicated

(A). (B) Fold expansion of thymic Tregs restimulated on day 7 or day 9. Arrows indicate the
day cells were restimulated. (C) Fold expansion was measured 2, 3 or 7 days following
restimulation at day 7 (day 9, 10 or 14), or 2, 3 or 5 days following restimulation at day 9
(day 11, 12 or 14). (D) Growth rate of thymic Tregs restimulated on day 7 or day 9,
calculated from cell concentration over the course of culture. (E) Mean diameter of thymic
Tregs restimulated on day 7 or day 9 over the course of culture. Arrows indicate the day
cells were restimulated. (F) FOXP3 expression and (G) viability were measured 2, 3 or 7
days following restimulation at day 7, or 2, 3 or 5 days following restimulation at day 9.
Flow cytometry plots are shown for a representative donor. (H) TSDR analysis of ex vivo
and expanded thymic Tregs and Tconv. Average data from male and female donors shown is
the average methylation for 7 CpGs within the TSDR. Each symbol represents cells from a
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different subject; data points from the same subject are linked. n=4 from 2 experiments. *P <
0.05, **P<0.01, ***P< 0.001, ****P < 0.0001 as determined by a (B,D,E) repeated
measures two-way ANOVA with Sidak’s multiple comparisons test to compare between
cells restimulated on day 7 or day 9 on each day, or (C,F,G) Friedman test with Dunn’s
multiple comparison test.
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Helios

Figure 7: Cryopreservation of thymic Tregs following restimulation on day 9.
Isolated thymic Tregs were expanded with Dynabeads Treg Xpander and cryopreserved 2, 3

or 5 days following restimulation on day 9. (A) Recovery (defined as the number of live
apoptosis negative cells thawed relative to the number of live cells cryopreserved), viability
(measured by acridine orange/propidium iodide staining and apoptosis assay) and (B)
FOXP3 expression for cells upon thawing. (C) Fold expansion, viability (measured by
acridine orange/propidium iodide staining and apoptosis assay) and (D) FOXP3 expression
for cryopreserved cells after thawing and overnight culture with IL-2. (E) After thawing and
overnight culture, thymic Tregs were cocultured with CPD-labeled PBMC at the indicated
ratios and stimulated 1:16 with anti-CD3/CD28 beads for 4 days. Suppression of CD8* T
cells within PBMC was determined by division index. Each symbol represents the mean of 3
technical replicates of cryopreserved cells from a different subject; data points from the
same subject are linked. For E, median = interquartile range of subjects is shown. n=4 from
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2 experiments. *£ < 0.05 as determined by a (A-D) Friedman test with Dunn’s multiple
comparison test or (E) Friedman test with Dunn’s multiple comparison test to compare total
area under each curve (AUC). Statistics on graph are for AUC of 2 days since restimulation
relative to 5 days since restimulation.
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restimulation. (B) Fold expansion of thymic Tregs restimulated on day 9-14. The day in the
legend refers to the day cells were restimulated. (C) Fold expansion, (D) viability and (E)
FOXP3 expression measured 2 days following restimulation. (F) TSDR analysis of ex vivo
and expanded thymic Tregs and Tconv. Average data from male and female donors shown is
the average methylation for 7 CpGs within the TSDR. (G) Recovery (defined as the number
of live apoptosis negative cells thawed relative to the number of live cells cryopreserved),
viability (measured by acridine orange/propidium iodide staining and apoptosis assay) and

FOXP3 expression for cryopreserved thymic Tregs shown at thaw. (H) Fold expansion,

viability (measured by acridine orange/propidium iodide staining and apoptosis assay) and
FOXP3 expression for cryopreserved thymic Tregs after thawing and overnight culture with
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IL-2. (1) Flow cytometry plots are shown for a representative donor. For B-F, each symbol
represents cells from a different subject and matched subjects are linked. For G-H, each
symbol represents the mean of 3 technical replicates of cryopreserved cells from a different
subject and matched subjects are linked. n=5 from 3 experiments. *P< 0.05, **P< 0.01,
*** P < 0.001 as determined by a Friedman test with Dunn’s multiple comparison test to
compare each restimulation day to day 9.
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