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Abstract

Reciprocal differentiation of immunosuppressive CD4*CD25*FoxP3* T regulatory cells (Tregs) and
proinflammatory IL-17-producing cells (Th17) from naive CD4 cells is contingent upon the cytokine
environment. Using MACS-purified CD4 cells, we found that rapamycin and cyclosporine A (CsA)
potently inhibited the TGFp and IL-6-induced generation of IL-17-producing cells. Intriguingly,
rapamycin promoted, while CsA markedly inhibited, TGFB-mediated generation of Tregs. The
aforementioned effects of rapamycin and CsA were also observed for Flow-sorted CD4+CD25—- T
cells, indicating that the effect of these two immunosuppressive agents was based on their action on
de novo generation of Tregs and Th17 cells from naive CD4 cells. Our observation suggests a distinct
mode of immunosuppressive action and tolerance induction by rapamycin and CsA. The capacity of
rapamycin to generate immunosuppressive Tregs and to suppress differentiation of pathogenic Th17
cells furthers our understanding of the basis for the therapeutic immunosuppressive effects of
rapamycin in patients with autoimmune diseases and allo-transplantation reactions.
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Introduction

Recent compelling evidence demonstrated that IL-17-producing T lymphocytes comprise
proinflammatory T helper cells, termed Th17 cells, that are major contributors to autoimmune
disease (1). In contrast, CD4*CD25"FoxP3* T regulatory cells (Tregs) actively restrain the
inflammatory response, suppress development of autoimmune diseases and dampen a wide
spectrum of immune responses (2,3). Furthermore, Th17 contributes to the transplant rejection
while Tregs exhibit protective effects (4). Intriguingly, pathogenic Th17 and
immunosuppressive Tregs from naive CD4 cells are reciprocally induced, contingent upon the
presence of either IL-6 or IL-2, respectively, in the presence of transforming growth factor-
beta (TGFB) (5-7). Thus, the impact on the reciprocal differentiation of Tregs and Th17 cells
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of pharmacological agents may represent an underlying basis of their immunoregulatory
actions. Indeed, we reported that pertussis toxin (PTx), an immunological adjuvant commonly
used to induce experimental autoimmune diseases, is able to promote the generation of Th17
cells while suppressing differentiation of Tregs (8,9). On the other hand, it was reported that
retinoic acid, an immunosuppressive vitamin A metabolite, has the capacity to promote the
generation of Tregs while suppressing differentiation of Th17 cells (10).

Rapamycin is an immunosuppressive drug used to counter autoimmunity and to prevent acute
graft rejection in human (11). It is increasingly evident that promotion of Treg activity
contributes to the tolerance induced by this compound. For example, Battaglia and colleagues
reported that rapamycin selectively expands naturally occurring murine Tregs in vitro (12).
Furthermore, Battaglia and Strauss reported rapamycin also selectively promotes expansion of
functional human Tregs, while depleting human CD4+CD25— T effector cells (13,14). Loenen
et al found that rapamycin, but not CsA, permits thymic generation and peripheral preservation
of mouse Tregs (15). However, the effect of rapamycin on the reciprocal differentiation of
Tregs and Th17 cells remains unknown. In this study, we compared the effects of rapamycin
with CsA on in vitro TGFp-mediated differentiation of Tregs and TGFp/IL-6-induced
generation of Th17 cells.

Materials and Methods

Mice and reagents

Female wild type C57BL/6 mice, 8 to 12 wk old, were provided by Animal Production Area
of the NCI (Frederick, MD). NCI-Frederick is accredited by AAALAC International and
follows the Public Health Service Policy for the Care and Use of Laboratory Animals. Animal
care was provided in accordance with the procedures outlined in the “Guide for Care and Use
of Laboratory Animals” (National Research Council; 1996; National Academy Press;
Washington, D.C.). Antibodies purchased from BD Pharmingen (San Diego, CA) consisted of
FITC-anti-CD4 (GK1.5), PE-anti-CD25 (PC61), PE-anti-IL-17 (TC11-18H10), purified anti-
CD3 (145-2C11) and purified anti-CD28 (35.71). PE anti-mouse/rat Foxp3 Staining Set
(FIJK-16s) was purchased from eBioscience (San Diego, CA). Recombinant mouse IL-6 was
purchased from PeproTech (Rocky Hill, NJ). RhnTGFB1 was from R&D Systems (Minneapolis,
MN). Rapamycin and cyclosporine A were purchased from Sigma (St. Louis, MO).

Purification of cells

CD4" cells were purified using Mouse CD4 (L3T4) microbeads and LS column (Miltenyi
Biotec Inc., Auburn, CA). CD4*CD25 cells were purified from lymph node (inguinal, axillary
and mesenteric regions) and splenic cells using FACSAria cell sorter (BD Biosciences,
Mountain View, CA), yielding a purity of ~98% of CD4*CD25 cells.

In vitro cell activation

Purified CD4 cells or CD4*CD25~ T cells (2.5x10° cells/well) were cultured in a 24-well plate,
stimulated with plate-bound anti CDS Ab (5 png/ml) and soluble anti CD28 Ab (2 pg/ml) for 3
days in the presence of TGFp (2 ng/ml), with or without IL-6 (10 ng/ml). Rapamycin and CsA
were added to the wells at the desired concentrations.

Flow Cytometry

After blocking Fc receptors, cells were incubated with appropriately diluted antibodies. For
intracellular IL-17 staining, the cells were stimulated with PMA (20 ng/ml, Sigma, St.Louis,
MO) and ionomycin (1 pM, Sigma) for 5 h in the presence of GolgiPlug (BD Pharmingen).
The cells were then fixed and permeabilized with Cytofix/Cytoperm (BD Pharmingen) and
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stained with relevant antibodies. Samples were acquired on a FACSort (BD Biosciences,
Mountain View, CA) and data analysis was conducted using CellQuest software (BD
Biosciences). Expression of IL-17 or FoxP3 was analyzed by gating on homogenous level of
CD4+ cells.

Statistical analysis

Results

Comparisons of data were analyzed by two-tailed Student’s t test using Graphpad Prism 4.0.

Unfractionated CD4 cells mimic naive CD4 cells in the reciprocal generation of Tregs and

Th17 cellls

Upon activation, naive CD4 cells are converted to Foxp3-expressing cells provided TGFp is
present. IL-6 inhibits TGFB-mediated generation of FoxP3+ cells and instead induces
differentiation of IL-17-producing cells (5-7). This in vitro reciprocal differentiation of Treg
and Th17 provides a novel means of investigating the impact of pharmacological agents on the
polarization of the immune response in immunosuppressive or proinflammatory direction.
However, purification of naive CD4 cells requires special reagents or a flow sorter and it is
difficult to obtain large number of naive CD4 cells. Thus we explored the use of unfractionated
CDA4 cells instead of purified naive CD4 cells for the initial study or large-scale screening of
the effect of cytokine/pharmacological agents, on the reciprocal differentiation of Tregs and
Th17 cells. Consequently, MACS-purified CD4 cells were stimulated with plate-bound anti
CD3 Ab, soluble anti CD28 Ab and TGF, in the presence or absence of IL-6. FOXP3 expression
was analyzed 72 hours later. The remaining cells were re-stimulated with PMA/ionomycin and
analyzed for cytoplasmic expression of IL-17. Although TGFp alone failed to induce the
expression of 1L-17 (0.4%), TGFp plus IL-6 resulted in a substantial IL-17 expression by CD4
cells (5.8%, Fig 1A). Freshly isolated CD4 cells only contained ~10% of FoxP3+ cells (data
not shown). After 72 hour treatment with TGFp, the proportion of FoxP3+ cells increased to
51.6% which was decreased to 31.6% by addition of IL-6 (Fig 2A). Therefore, unfractionated
CDA4 cells exhibited the same response as naive CD4 cells to TGFp or TGFp plus IL-6 in the
reciprocal generation of FoxP3+ cells or Th17 cells.

Both rapamycin and CsA are potent inhibitors of Th17 cell generation

Rapamycin,

We next used unfractionated CD4 cells to examine the effect of rapamycin, by comparison
with CsA, on the differentiation of Th17 and Tregs. At a similar concentration usually used by
other in vitro studies (12,13,15,16), rapamycin at 10 ng/ml resulted in the reduction of TGFp/
IL-6-stimulated CD4+ IL-17-producing cells from 5.8% to 2.8%. Similarly, CsA (10 nM) also
markedly inhibited the generation of IL-17-producing cells to 1.2%. The inhibitory action of
rapamycin and CsA was dose-dependent in a concentration range of 1~100 ng/ml and 1~100
nM, respectively (p<0.05, Fig 1B-C). Thus, both rapamycin and CsA potently inhibited the
generation of Th17 cells.

but not CsA, promotes the generation of FoxP3+ cells

Although rapamycin potently inhibited the generation of IL-17 producing cells, this compound
(10 ng/ml) concomitantly also enhanced TGFp-induced generation of FoxP3+ cells by 25%
(p>0.05, Fig 2A). This effect of rapamycin was not markedly enhanced by increasing the dose,
possibly the dose range of rapamycin (1~100 ng/ml) used in this study had already reached the
maximal Treg inducing effect. On the contrary, CsA at 10 nM completely inhibited TGFp-
induced generation of FoxP3+ cells, resulting in even lower than the background levels (~10%)
of FoxP3+ cells in CD4 cells (Fig 2A). The inhibitory action of CsA was dose-dependent in a
concentration range of 1~100 nM (p<0.05, Fig 2C).
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The effects of rapamycin and CsA on the reciprocal differentiation of Tregs and Th17 cells
from naive CD4 cells

Unfractionated CD4 cells contain ~10% of FoxP3+ cells which have the potential to be
expanded by rapamycin (13). To further clarify that the effects of rapamycin was based on its
action on de novo generation of Treg and Th17 cells from naive CD4 cells, flow-sorted
CD4*CD25 T cells were used.

In the presence of TGFB and IL-6, 7.1% of CD4+CD25— cells produced IL-17 which were
reduced by rapamycin (10 ng/ml) to 4.8% and reduced by CsA (10 nM) to 1.9%. Freshly
isolated CD4+CD25— T cells contained less than 2% FoxP3+ cells (data not shown). After
treatment with TGFp, the proportion of FoxP3+ cells was increased to 42.8%. TGFp-induced
expression of FoxP3+ cells was further enhanced by rapamycin (10 ng/ml) to 54.5% and was
markedly inhibited by CsA (10 nM) to 5.3% (Fig 3B). Thus, rapamycin and CsA directly
affected the de novo generation of Th17 and Tregs from naive CD4 cells.

Discussion

In this study, we demonstrate that unfractionated CD4 cells can be used instead of naive CD4
cells for initial study or large-scale screening of pharmacological intervention on reciprocal
differentiation of Tregs and Th17 cells. Furthermore, we found that rapamycin, but not CsA,
promoted de novo generation of Tregs while potently inhibiting the differentiation of Th17
cells. During the preparation of this manuscript, Gao and colleagues reported that rapamycin,
but not CsA, had the capacity to promote de novo generation of alloantigen-specific Tregs as
demonstrated by a series of elegant in vitro as well as in vivo studies (16). Our data thus support
and extend this report.

Both rapamycin and CsA are potent immunosuppressive agents and are currently used to
improve the outcome of transplantation (11,17). CsA inhibits the activity of calcineurin, which
leads to a decreased phosphorylation of the nuclear factor of activated T cells (NFTA) and thus
impairs translocation of NFTA from cytoplasm to the nucleus, resulting in the inhibition of
IL-2 transcription (17). IL-2 plays a non-redundant role in TGFpB-induced FoxP3 expression
from naive CD4 cells (2,18). However, rapamycin binds to a protein kinase, called mammalian
target of rapamycin, and blocks cell growth and proliferation in response to IL-2 (11).
Therefore, deprivation of IL-2 production by CsA can be proposed to explain its capacity to
suppress FoxP3 induction. In Tregs, the effects of IL-2 are mediated by activation of the Janus
kinase/STAT pathway, whereas rapamycin-sensitive downstream targets of phosphatidyl-
inositol 3-kinase are not activated (19). Therefore, Coenen et al suggested that (15) rapamycin
does not affect the IL-2-dependent peripheral survival of Tregs. Our data also suggest that
rapamycin does not block I1L-2 signaling leading to the de novo generation of Tregs from naive
CDA4 cells because TGFB-induced expression of FoxP3 was not inhibited by this compound.
It must be pointed out that even though rapamycin has the capacity to permit TGFB-mediated
generation of Tregs as shown in this report and others (16), the absolute number of Tregs
produced may be compromised by rapamycin (1~100 ng/ml). This is supported by FACS
analysis showing scatter properties of the cells treated with rapamycin suggestive of their lesser
activation in response to plate-bound CD3 and soluble CD28 Abs (data not shown). In addition,
CD4 expression by some cells was reduced by rapamycin treatment. It has been reported that
rapamycin has the capacity to preserve activation-induced cell death (AICS) (16). Those cells
may represent dead or dying cells (and thus were gated out in the analysis) resulting from anti
CD3 and anti CD28 Abs stimulation. Thus, determining the optimal regimen whereby
rapamycin promotes the conversion of CD4 cells to Tregs without concomitant cytotoxicity
will be important.
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Although promoting TGFp-mediated generation of Tregs, rapamycin simultaneously inhibited
TGFp/IL-6-mediated differentiation of Th17 cells. IL-6 is a crucial cytokine for the generation
of Th17 cells (5-7) and rapamycin has been reported to inhibit IL-6 signal transduction (20).
Indeed, we also observed that rapamycin was able, at least partially, to abrogate the usual
reduction of TGFp-mediated FoxPS expression by IL-6 (data not shown). Thus, blockade of
IL-6 biological activity may contribute to the inhibitory effect of rapamycin on the generation
of Th17 cells.

Our observation that rapamycin promoted differentiation of Tregs and inhibited generation of
Th17 cells, while CsA inhibited differentiation of both Tregs and Th17 cells, suggests a distinct
mode of immunosuppressive action by rapamycin and CsA. Our data provides an additional
mechanistic basis for the reported capacity of rapamycin to induce tolerance (21). The capacity
of rapamycin to promote the generation of immunosuppressive Tregs and to suppress the
differentiation of pathogenic Th17 cells furthers our understanding of the basis for the
therapeutic immunosuppressive effects of rapamycin on patients with autoimmune diseases
and allo-transplantation reactions.
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Fig 1.

The effects of rapamycin and CsA on TGFp/IL-6-mediated generation of I1L-17-producing
cells from CD4 cells. CD4 cells were isolated from normal C57BL/6 mouse LNs and spleen
by MACS. (A) The cells were stimulated with plate-bound anti CD3 Ab and soluble anti CD28
Ab, in the presence of TGFB, or TGFp plus IL-6, or TGFf plus IL-6 plus rapamycin (Rapa, 10
ng/ml), or TGFB plus IL-6 plus CsA (10 nM). 72 hours later, intracellular expression of I1L-17
was analyzed by gating on CD4 cells. The data shown are representative of at least 3 separate
experiments with similar results. (B—C) CD4 cells were stimulated as in (A) with TGFp plus
IL-6 and increasing concentration of rapamycin (1~100 ng/ml, B) or CsA (1~100 nM, C). 72
h later the intracellular expression of 1L-17 was analyzed by gating on CD4 cells. The data
represent the mean percentage of positive cells + SEM, which are summarized from 3 to 4
separate experiments. * p<0.05, as compared with medium control.
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Fig 2.

The effects of rapamycin and CsA on TGFp-mediated generation of FoxP3+ cells from CD4
cells. CD4 cells were isolated from normal C57BL/6 mouse LNs and spleen by MACS. (A)
The cells were stimulated with plate-bound anti CD3 Ab and soluble anti CD28 Ab, in the
presence of TGF, or TGFp plus IL-6, or TGF plus rapamycin (Rapa, 10 ng/ml), or TGFp
plus CsA (10 nM). The data shown are representative of at least 3 separate experiments with
similar results. (B—C) CD4 cells were stimulated as in (A) with TGFf and increasing
concentration of rapamycin (1~100 ng/ml, B) or CsA (1~100 nM, C). 72 hours later,
intracellular expression of FoxP3 was analyzed by gating on CD4 cells. The data shows the
mean percentage of positive cells £ SEM, which are summarized from 3 to 4 separate
experiments. * p<0.05, as compared with medium control.
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Fig 3.

The effects of rapamycin and CsA on generation of FoxP3+ cells and IL-17-producing cells
from CD4+CD25- cells. CD4+CD25— cells were isolated from normal C57BL/6 mouse LNs
and spleen by flow cytometry. (A) The cells were stimulated with plate-bound anti CD3 Ab
and soluble anti CD28 Ab, in the presence of TGFp, or TGFp plus IL-6, or TGFp plus IL-6
plus rapamycin (Rapa, 10 ng/ml), or TGFp plus IL-6 plus CsA (10 nM). (B) in the parallel
experiments, the cells were stimulated with plate-bound anti CD3 Ab and soluble anti CD28
Ab, in the presence of TGFB, or TGFp plus IL-6, or TGFp plus IL-6 plus rapamycin (Rapa, 10
ng/ml), or TGF plus IL-6 plus CsA (10 nM). 72 hours later, intracellular expression of FoxP3
or IL-17 was determined by FACS. Analysis was gated on CD4 cells. The data shown are
representative of at least 3 separate experiments with similar results.
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