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Abstract
Addition of rapamycin to cultures of expanding natural CD4+CD25+Foxp3+ T regulatory cells
(Tregs) helps maintain their suppressive activity, but the underlying mechanism is unclear. Pim 2 is
a serine/threonine kinase that can confer rapamycin resistance. Unexpectedly, pim 2 was found to
be constitutively expressed in freshly isolated, resting Tregs, but not in CD4+CD25− T effector cells.
Introduction of Foxp3, but not Foxp3Δ2, into effector T cells induced pim 2 expression and conferred
preferential expansion in the presence of rapamycin, indicating that Foxp3 can regulate pim 2
expression. Finally, we determined there is a positive correlation between Treg expansion and Foxp3
expression in the presence of rapamycin. Together, these results indicate that Tregs are programmed
to be resistant to rapamycin, providing further rationale for why this immunosuppressive drug should
be used in conjunction with expanded Tregs.

INTRODUCTION
The ability of natural CD4+CD25+Foxp3+ T regulatory cells (Tregs) to suppress immune
responses has generated interest in harnessing their therapeutic power to treat autoimmune
disease and enable transplants (1,2). Successful therapeutic application of Tregs will likely
require significant ex vivo expansion. The inability to isolate pure Treg populations coupled
with their relative ex vivo proliferative disadvantage has made expansion of functional Tregs
isolated from peripheral blood problematic (1). A considerable breakthrough occurred when
Roncarolo and colleagues observed that addition of rapamycin to expanding murine Treg
cultures significantly and consistently increased the yield of Foxp3 expressing cells with
suppressive activity (3). Similar findings have been described in human Treg culture systems.
Furthermore, in vivo administration of rapamycin preferentially preserves Treg function
(4-6).

The mechanism by which rapamycin maintains the suppressive activity of expanding Tregs is
unclear. One study demonstrated that Tregs were resistant to rapamycin-induced apoptosis and
thus selectively expanded in the presence of rapamycin (7) while another study suggested that
rapamycin induced a transient Treg phenotype in T effector cells (8). Resolving this
controversy has important clinical implications. If rapamycin only temporally endows T
effector cells with regulatory activity, as the latter study suggests, then its clinical utility is
questionable. In contrast, if rapamycin does preferentially select for Tregs at the expense of
effector cells, then it would be an important component of Treg culture systems for adoptive
T cell therapy.
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Pim 2 is a transciptionally regulated serine/threonine kinase discovered as a proviral integration
site for the Moloney Murine Leukemia virus (9,10). Functionally, pim 2 has considerable
overlap with Akt, and by extension, mTOR. Akt and pim 2 share many common downstream
targets including Bad and 4E Binding Protein-1 (11). In effector lymphocytes, pim 2 expression
is tightly regulated by cytokine induced JAK/STAT pathways and its expression rapidly
disappears upon cytokine removal (12). In murine lymphocytes and cell lines, pim 2 can
mediate resistance to rapamycin (13). Here, we show that pim 2 is regulated in a fundamentally
different way in Tregs. Foxp3, the master regulator of Tregs, induces pim 2 expression in Tregs.
This permits constitutive pim 2 expression in resting Tregs, conferring a replicative advantage
in cultures containing rapamycin. These results argue that natural, Foxp3 expressing T cells
are indeed selected for in the presence of rapamycin and thus the use of rapamycin in expanding
Treg cultures is a promising way to enable adoptive Treg cell therapy.

MATERIALS AND METHODS
Cell isolation, artificial APC preparation cell expansion, and cell stimulation

Primary human CD4+ T cells from healthy donors were purified by negative selection as
previously described (14). Tregs were purified by CD25+ or CD127-CD25+ selection using
magnetic beads as per manufacturer suggestions (Miltenyi Biotech). CD4 T cells were
expanded with αCD3/αCD28 Ab coated beads (15) or by co-culture with irradiated, αCD3 Ab
loaded, lentiviral vector transduced K562 aAPCs expressing CD64 and CD86 as described
previously (16). T cells were cultured in the presence of rhIL-2 (300 U/ml, Chiron) and, where
indicated, rapamycin (100 ng/ml, Calbiochem). To determine relative cell expansion the
numbers of cells at the end of culture was divided by the number of cells that initiated the
culture. 50 ng of phorbol 12-myristate 13-acetate (PMA) (Sigma) and 500 ng of Ionomycin
(Calbiochem) were added to the cells prior to performing intracellular cytokine staining.

Flow Cytometric analysis
Surface staining for CD4 and CD25 (BD Pharmingen) was performed according to
manufacturer's recommendations. Intracellular staining for Foxp3 was performed using the
FOXP3 Fix/Perm kit (Biolegend) and for IL-2 (BD Pharmingen) was performed using the
Caltag Fix&Perm kit (Invitrogen) as per the manufacturer's recommendations. All flow
cytometry was analyzed uisng FACSCalibur (BD Biosciences) and FlowJo software (Tree
Star).

RNA extraction and RT-PCR
RNA was purified, reverse transcribed, amplified and analyzed as previously described (14)
using the ABI Prism 7900HT (Applied Biosystems). Primers and probes to detect 28 S
ribosomal RNA and pim 2 were designed using Primer Express software (Applied Biosystems)
and are available upon request.

Cell lysis, SDS-PAGE, and Western blotting
Cell lysis, electrophoresis and immunoblotting were performed as described previously (15).
Anti human pim 2 (C-20) and anti human actin (I-19) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA)

Production of lentiviral vectors and transduction of CD4+CD25− T cells
GFP, YFP 2A Foxp3 and YFP 2A Foxp3Δ2 were cloned upstream of the EF-1a promoter in a
previously described lentiviral vector (15) so that all transduced cell populations could be
detected by FL1. The 2A sequence used to allow co-expression of YFP and Foxp3 was
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GSGEGRGSLLTCGDVEENPGP. High titer vector was used to transduce T cells as
previously described (15).

RESULTS AND DISCUSSION
Natural, Foxp3-expressing Tregs Constitutively Express Pim 2

Pim 2 expression confers rapamycin resistance to murine T cells (14). We first confirmed that
human pim 2 also confers rapamycin resistance. To do this, we transduced primary human
CD4 T cells with a lentiviral vector expressing pim 2 and noted that pim 2 promoted the
expansion of CD4 T cells in the presence and absence of rapamycin (data not shown), making
it an attractive target to study in Tregs. Studies have shown that addition of rapamycin at the
initiation of a Treg culture preserves the suppressive function of the expanded cells (3,5,8).
This suggests that if pim 2 confers rapamycin resistance in Tregs, it should be expressed in
resting Tregs. To investigate this, we purified Tregs and conventional T cells from freshly
isolated leukaphersis products and examined the populations for pim 2 mRNA and protein
expression. Measurement of Foxp3 expression by flow cytometry confirmed that we successful
enriched for Tregs (Fig. 1A). Surprisingly, pim 2 mRNA (Fig. 1B) and protein (Fig. 1C) were
readily found in the CD4+CD25+ T cells, and virtually undetectable in the CD4+CD25−
population. This was unexpected, because both pim 2 mRNA and protein are highly labile
(12), making it well suited for its role as an environmental sensor. Indeed, the first insights into
pim 2 function were revealed in a DNA microarray screen searching for transcripts acutely
regulated by cytokine withdrawal (12). Further studies demonstrated that multiple cytokines
and growth factors can induce pim 2 expression via JAK/STAT signaling pathways (11,17).
In fact, pim 2 expression has not been described in primary cells in the absence of growth
factors and cytokines. Given the number of microarrays used to find differences between
conventional and Tregs, it is surprising that pim 2 expression in these cells is not more widely
appreciated. One study did observe that resting Tregs express ∼2 fold more pim 2 than resting
CD4+CD25− T cells (18) whereas other studies that compared murine Tregs with effector
CD4+ T cells did not observe any differences (19,20). Our data suggests that there is a cytokine-
independent pathway to induce pim 2 expression in Tregs. Alternatively, these results could
reflect differences in how Tregs and T effectors respond to minute levels of cytokine or antigen
stimulation.

Foxp3 but not Foxp3Δ2 Expression Induces Pim 2 and Confers Rapamycin Resistance
Foxp3 expression is the hallmark of Tregs and ectopic expression in CD4+ T effector cells
results in repression of IL-2 production and upregulation of Treg cell surface markers, including
CTLA-4, GITR, and CD25(21). One striking difference between human and murine Tregs is
the approximately equal expression of full length and a truncated, exon 2 deleted form of Foxp3
(Foxp3Δ2) in human cells. To date, the functional significance of Foxp3Δ2 has not been
elucidated. One study suggested that co-expression of both isoforms slightly increases
suppressive activity (21), but the mechanism underlying this observation remains unclear.
Thus, we investigated whether both Foxp3 isoforms induced pim 2 in human CD4 T cells.
CD4+ CD25− T cells were activated with CD3/28 coated beads and transduced with GFP,
YFP-2A-Foxp3 or YFP-2A-Foxp3Δ2 expression vectors (Figs. 2A, 2B). Since suppression of
IL-2 production is indicative of Foxp3 activity (22), we measured IL-2 production by Foxp3
or Foxp3Δ2–expressing cells (Fig. 2C). Upon stimulation with PMA and ionomycin, 60% of
untransduced cells produced IL-2. Thus, the ratio of IL-2 producing to IL-2 non-producing
cells was 1.5. This ratio was inverted in both Foxp3 and Foxp3Δ2-expressing cells (0.43 and
0.47, respectively). Additionally, both Foxp3 and Foxp3Δ2-expressing cells inhibited IL-2
production from non-transduced cells in the same culture (0.48 and 0.28, respectively), as
previously reported (21). These data suggests that our Foxp3 and Foxp3Δ2 expression vectors
are produce functional Foxp3 isoforms.

Basu et al. Page 3

J Immunol. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Next, we examined the ability of both Foxp3 isoforms to induce pim 2 in human CD4+ T cells.
We observed that Foxp3, but not Foxp3Δ2, can induce pim 2 in CD4+CD25− T cells (Fig. 2D).
To demonstrate that Foxp3 expression leads to preferential T cell expansion in the presence of
rapamycin, we transduced primary human CD4+ CD25− T cells with Foxp3, Foxp3Δ2 or
control GFP expression vectors as described above. After three days of expansion, we split the
cultures so that the cells were expanded either in the presence or absence of rapamycin for an
additional 14 days. In the absence of rapamycin, both Foxp3 and Foxp3Δ2 expressing cells
were at a replicative disadvantage relative to their untransduced counterparts and were diluted
out (Fig. 2E). Foxp3-transduced cells expanded in the presence of rapamycin were enriched
in these cultures. In contrast, Foxp3Δ2-expressing cells were not enriched in the presence of
rapamycin and were equally diluted out as they were in the absence of rapamycin. We did not
observe induction of Foxp3 expression in GFP-transduced control cells (data not shown),
suggesting that rapamycin selects for Foxp3 expressing cells rather than inducing Foxp3
expression. These data demonstrate that both Foxp3 isoforms can suppress proliferation of
primary human CD4+ CD25− T cells. However, only the full length Foxp3 isoform induces
pim 2 expression allowing for preferential expansion in the presence of rapamycin.

Foxp3 interacts with multiple partners, including both NFAT (23) and Runx1(24), suggesting
that the molecular mechanism by which it regulates pim 2 expression is likely to be complex.
However, recent data addressing the differential effects of mTOR inhibition on Tregs and
effector cells may provide some clues(6). These studies illustrate that Treg activation leads to
prolonged STAT5 phosphorylation rather than PI3K/AKT/mTOR activation as compared to
CD4+CD25− T cells. Since STAT5 phosphorylation can also induce pim 2 expression (25),
this might be one mechanism by which Tregs upregulate pim 2. While providing some insight,
this propensity of Tregs to activate STAT5 does not fully explain constitutive pim 2 expression.
Nor does it fully delineate the relationship between Foxp3, STAT5 and pim 2.

Treg expansion in the presence of rapamycin correlates with Foxp3 expression
Our data up to this point confirm previous work that forced Foxp3 overexpression hinders the
expansion of T cells (21). More importantly, our results indicate that in the presence of
rapamycin, Foxp3 expression aids in the expansion of T cells by upregulating pim 2. Thus, we
predicted that the degree of expansion of freshly isolated natural Tregs would positively
correlate with Foxp3 expression if cultured with rapamycin. Similarly, in the absence of
rapamycin, we would expect the opposite to hold true. To test this, we expanded enriched Treg
cells (40-80% Foxp3 positive) isolated from healthy donors using a previously described K562
cell-based artificial antigen presenting cell (aAPC). These KT64 86 aAPCs express CD64 to
load an anti-CD3 agonist antibody and CD86 to engage CD28 (16). Enriched Tregs from nine
donors were expanded by anti-CD3 loaded KT64 86 cells at a 2:1 ratio (Treg:aAPC) in the
absence of rapamycin. Tregs from the same nine donors plus an additional six (15 total) were
similarly expanded in the presence of rapamycin. Both groups were cultured for 14-20 days,
after which regression analysis was performed to determine correlation between Foxp3
expression and relative expansion. Representative data for one donor are shown in Fig. 3A, B.
Here, we observed enrichment for Foxp3 positive cells in the presence of rapamycin and
dilution of Foxp3 positive cells in the absence of rapamycin. It is important to emphasize that
Tregs are not immune to all of the effects of rapamycin nor do they expand as well as effector
cells ex vivo (Fig. 3B). Rather, Tregs, because of their Foxp3 mediated pim 2 expression, are
less sensitive to the immunosuppressive effects of rapamycin and preferentially expand in the
presence of rapamycin. Additionally, as others have shown (3-5,7), Tregs expanded for
extended periods in the presence of rapamycin retain suppressive ability whereas Tregs grown
in its absence lose suppressive function (data not shown). In rapamycin containing Treg
cultures, we observed a positive correlation (R=.438) between Foxp3 expression and the degree
of expansion (Fig. 3C). Similarly, Tregs cultured without rapamycin exhibited a negative
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correlation (R=.349) between Foxp3 expression and the magnitude of expansion (Fig. 3D).
Taken together, these studies illustrate that pim 2 expression by Tregs grants a growth
advantage in the presence of rapamycin. These data also strengthens the argument for the use
of combination therapies employing both rapamycin and Tregs to suppress unwanted immune
responses.

In summary, pim 2 is constitutively expressed in Tregs in a Foxp3 dependent manner and this
expression allows for a selective growth advantage in the presence of rapamycin. These data
further demonstrate that only full length Foxp3 protein can induce pim 2, while the equally
expressed Foxp3Δ2 is unable to do so. Thus, it is reasonable to conclude that factors that interact
with exon 2 in Foxp3 are necessary to induce pim 2 expression. Our data demonstrate that
functional Tregs are indeed selected for by rapamycin. Furthermore, employing rapamycin for
the selective ex vivo expansion of Tregs for adoptive T cell immunotherapy is an attractive
strategy.
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Figure 1. Natural, Foxp3 expressing Tregs Constitutively Express Pim 2
A. Diagram of Foxp3 expression vectorsFreshly purified CD4+CD25+ Tregs (left panel) and
CD4+CD25− T effector cells (right panel) were stained with anti-Foxp3 Ab (shaded
histograms) or an isotype control Ab (open histograms) and analyzed by flow cytometry. B.
28S RNA-normalized mRNA levels of pim 2 were measured from freshly isolated
CD4+CD25+ and CD4+CD25− T lymphocyte populations as determined by quantitative RT-
PCR analysis. The data plotted as the mean ± SD of triplicate determinations from an individual
donor. C. Western blot detection of pim 2 and actin (loading control) from freshly isolated
CD4+CD25+ and CD4+CD25− T cell populations shown in A. Lysates correspond to 5 × 105

cell equivalents. Data is representative of 3 independent experiments.
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Figure 2. Foxp3, but not Foxp3Δ2 Expression, Induces Pim 2 and Confers Rapamycin Resistance
A. Diagram of constructs used in this study. B. CD4+CD25− T cells were activated with CD3/
CD28 Ab coated beads and transduced with lentiviral vectors expressing either YFP-2A-Foxp3
or YFP-2A-Foxp3Δ2. The correlation between Foxp3 and YFP expression was determined by
flow cytometry. C. YFP-2A-Foxp3, YFP-2A-Foxp3Δ2 and untransduced CD4+CD25− T cells
were re-stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml) for 4 hours and
intracellular IL-2 expression was detected by flow cytometry. D. 28S-normalized mRNA levels
of pim 2 from either YFP-2A-Foxp3, YFP-2A-Foxp3Δ2, or GFP transduced CD4+CD25− T
cells shown in A. was determined by quantitative RT-PCR analysis. The cells were harvested
17 days after transduction. The data are plotted as the mean ± SD of triplicate determinations
from one donor. E. CD4+CD25− T cells were activated with CD3/CD28 Ab coated beads and
transduced with lentiviral vectors expressing YFP-2A-Foxp3, YFP-2A-Foxp3Δ2 or GFP. 3
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days post-transduction the percentage of transduced cells was determined and half the culture
was placed in rapamycin (100 ng/ml) containing medium. After an additional 7 (middle panels)
or 14 (bottom panels) days of culture, the percentage of transduced cells was measured by flow
cytometry. Data is representative of 3 independent experiments.
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Figure 3. Natural T regulatory cell expansion in the presence of rapamycin correlates with Foxp3
expression
A. Tregs were enriched by CD25 selection and stained for Foxp3 pre- and post-expansion with
irradiated, anti-CD3 Ab loaded KT64 CD86 aAPCs. B. Overall relative expansion of T cells
from day 0 to day 20 in the presence or absence of rapamycin (100ng/ml). A. and B. are from
the same experiment and are representative of data collected using 9 different donors. C.
Enriched Tregs were expanded with rapamycin (100 ng/ml) and the percentage of Foxp3
expressing cells at the end of culture was determined by flow cytometry. Data are compiled
from 15 independent experiments. D. Enriched Tregs were expanded without rapamycin and
the percentage of Foxp3 expressing cells at the end of culture was determined by flow
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cytometry. Data are compiled from 9 independent experiments. Correlation between Foxp3
expression and relative cell expansion was determined by nonlinear regression analysis.
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