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ABSTRACT
We previously identified an indole-3-propanamide derivative, 3-[1-
(4-chlorobenzyl)indol-3-yl]-N-(pyridin-4-yl)propanamide (AD412),
as a potential immunosuppressive agent. Here, we document
that AD412 inhibited the proliferative response of CD3/CD28-
stimulated human T cells without inhibiting their interleukin 2
(IL-2) production and also inhibited the proliferation of CTL-L2
cells in response to IL-2. These results prompted us to analyze
the effect of our compound on the three main signaling path-
ways coupled to the IL-2 receptor. We provide evidence that
AD412 inhibited the JAK1/3-dependent phosphorylations of
Akt, STAT5a/b, and ERK1/2 in IL-2-stimulated CTL-L2 cells. In
contrast, AD412 had little effect on the JAK1/2-dependent INF-
�-induced phosphorylation of STAT1 in U266 cells. This sug-
gested a preferential inhibition of JAK3 over JAK1 or JAK 2

activities by AD412 that was confirmed by in vitro kinase assays
with purified JAK2 and JAK3 kinases. In addition, we provide
evidence that the inhibition of IL-2 response by AD412 was not
due to inhibition of IL-2R� up-regulation because neither
AD412 nor JAK3 inhibitors described previously [4-[(3-bromo-
4-hydroxyphenyl)amino]-6,7-dimethoxyquinazoline (WHI-P154)
and �-cyano-(3,4-dihydroxy)-N-benzylcinnamid (AG-490)] sig-
nificantly inhibited IL-2-induced IL-2R� overexpression. Finally,
we further document the immunosuppressive activity of AD412
in vivo by showing that its administration per os significantly
prolonged heart allograft graft survival. This molecule may thus
represent an interesting lead compound to develop new immu-
nosuppressive agents in the field of transplantation and auto-
immune diseases.

The efficacy of immunosuppression after allograft trans-
plantation is limited by a variety of side effects that endanger
long-term graft survival (Hariharan, 2003; Boots et al., 2004;
Sulanc et al., 2005). The main reason for drug-induced tox-
icities is the widespread distribution of their biochemical
target. Therefore, inhibiting targets exclusively expressed in
lymphocytes should diminish collateral toxicities. For this
purpose, intense screening efforts have been performed to

characterize novel lymphoid-specific immunosuppressive
drugs.

The first pharmacological approach consists in interrupt-
ing the signal 1 (T-cell receptor-dependent) activation cas-
cade in lymphocytes that triggers the transition from the G0

to the G1 phase of the cell cycle. The development of antag-
onists of lymphocyte cell kinase (lck), whose expression is
restricted to T and NK cells, yielded encouraging results with
the characterization of A-420983 (Waegell et al., 2002) and
more recently second generation lck antagonists, A-770041
and derivatives (Burchat et al., 2006; Abbott et al., 2007).

The second strategy consists in blocking the costimulatory
signal 2 that allows full T-lymphocyte activation. In this
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respect, clinical trials of costimulation blockade in renal
transplantation with betalacept (LEA29Y), the second-gen-
eration fusion protein CTLA4-Ig, gave encouraging results
(Larsen et al., 2005).

The first two activation signals 1 and 2 will induce signal
3, i.e., the action of lymphokines on their specific receptors.
Thus, immunosuppression can also be achieved by inhibiting
signal 3 as exemplified by sirolimus (Rapamycin) or its ana-
logs that block the mTOR complex 1 (TORC1) activated by
interleukin-2 receptor (IL-2R) activation (Wullschleger et al.,
2006). Activation of mTOR critically depends on the activa-
tion of Janus protein tyrosine kinases (JAKs), which are
associated with the intracellular portions of many cytokines
and growth factor receptors. In the case of IL-2, binding of
this cytokine to its multimeric high-affinity receptor recruits
and activates the IL-2R�-associated JAK1 and the common
�-chain-associated JAK3, resulting in activation of STAT5
and in the initiation of PI3K/Akt and ERK1/2 signaling path-
ways (Gaffen, 2001). JAK3 is a particularly attractive target
because, unlike other JAK family members that are wide-
spread, JAK3 expression is restricted to hematopoietic cells
(Borie et al., 2004; Papageorgiou and Wikman, 2004). In
addition, human or mice genetically deficient in JAK3 dis-
play a severe combined immunodeficiency phenotype (Rus-
sell et al., 1995; Baird et al., 1998). A number of inhibitors of
JAK3 have already been described, such as prodigiosin
PNU156804 (Mortellaro et al., 1999), dimethoxyquinazolines
WHI-P131 and WHI-P154 (Sudbeck and Uckun, 1999), the
tyrphostin AG-490 (Kirken et al., 1999; Wang et al., 1999), or
more recently, CP-690,550 (Changelian et al., 2003), the
Mannich base NC1153 (Stepkowski et al., 2005), a natural
flavonoid compound, and Kaempferol (Cortes et al., 2007)
and other synthesis compounds (Clark et al., 2007).

Our laboratory has previously reported novel immunosup-
pressive derivatives acting on signal 1 or 2 (Sabourin et al.,
2004; Carbonnelle et al., 2005). More recently, we described
the synthesis and immunosuppressive potential of synthetic
N-pyridinyl(methyl)indol-3-ylpropanamide compounds (Car-
bonnelle et al., 2007) (Fig. 1) that inhibited the proliferative
response to IL-2. In the present study, we provide evidence
that the representative compound of this series, AD412, ex-
erts its immunosuppressive activity by inhibiting IL-2-in-
duced JAK3 activation. Moreover, we demonstrate the in
vivo immunosuppressive potential of our compound by
showing that it significantly prolonged rat heart allograft
survival.

Materials and Methods
Drugs, mAbs, and Reagents. AD412, JAK inhibitor I, WHI-

P154 (Calbiochem, Pessac, France) and AG-490 were solubilized in
dimethyl sulfoxide. Cyclosporin (CsA) (Tocris Bioscience, Illkirch,
France) was dissolved in absolute ethanol containing 2% Tween 80.
IL-2 was obtained from Chiron (Amsterdam, The Netherlands) and
IFN-� from tebu-bio (Paris, France). Antibodies against total and
phosphorylated Akt (Ser 473), GSK3, STAT5a/b, ERK1/2, and
STAT1 were purchased from Cell Signaling Technology (Ozyme, St.
Quentin-Yvelines, France). Fluorescein isothiocyanate anti-mouse
CD25 mAb was purchased from BioLegend (Ozyme, St. Quentin-
Yvelines, France).

Cell Isolation and Culture. PBMCs were isolated from healthy
donors by Ficoll-Hypaque gradient centrifugation and resuspended
in RPMI medium (Sigma-Aldrich, St. Quentin Fallavier, France)
with 1% L-glutamine (Sigma-Aldrich) and 10% heat-inactivated fetal
calf serum (Sigma-Aldrich) referred to as complete medium. CTL-L2
murine cells were maintained in complete medium supplemented
with IL-2 (50 IU/ml) and 2-mercaptoethanol (50 �M). The U266
myeloma cell line was maintained in complete medium.

Proliferation Assays. Freshly isolated PBMC (60 � 103/well)
were stimulated with biotinylated anti-CD3 and/or anti-CD28 mAbs
precoated on streptavidin microbeads M280 (20 � 103/well) (Invitro-
gen, Carlsbad, CA) with or without AD412 (30 �M or 90 �M).
Proliferation was assessed in sextuplicate after 72 h of culture.
CTL-L2 (5 � 103/ well) were washed and incubated with a range of
IL-2 concentrations (0–125 IU/ml) with or without AD412 (3–30 �M)
or rapamycin (50 nM). Proliferation was assessed in triplicate after
18 h of culture by thymidine uptake.

Detection of IL-2. Levels of IL-2 in supernatants of PBMC cul-
tures stimulated for 48 h with anti-CD3 and anti-CD28 beads were
quantified by use of ELISA kits (eBioscience, Montrouge, France)
according to the manufacturer’s instructions.

Expression of IL-2R. CD25 surface expression on CTL-L2 cells
was induced by IL-2 stimulation (25 IU/ml). Cells were cultured for
18 h with or without inhibitors, stained with fluorescein isothiocya-
nate-conjugated anti-mouse CD25 mAb and analyzed with a FACS-
Calibur (BD Biosciences, San Jose, CA). Dead cells were excluded on
the basis of topro-3-iodide staining.

Western Blot Analysis. CTL-L2 cells (10 � 106) were incubated
with AD412 (90, 30, or 10 �M) and IL-2 (100 IU/ml), washed and
starved of IL-2 for 8 h, and stimulated for 0.5 h or 1 h by IL-2 with
or without AD412. U266 myeloma cells (10 � 106) were incubated
with AD412 (90, 30, or 10 �M) and INF-� (500 IU/ml) for 0.5 h. After
culture, cell pellets were treated with lysis buffer (10 mM Tris, pH
7.5, 150 mM NaCl, 5 mM EDTA, pH8, 0.5% Nonidet P-40, 5 mM
NaF, 2 mM, NaVO4, 25 mM �-glycerophosphate, and protease inhib-
itor mixture) and clarified by centrifugation. Proteins were sepa-
rated on 12% SDS-polyacrylamide gel electrophoresis gels and trans-
ferred to polyvinylidene difluoride membranes (Sigma-Aldrich).
Immunostaining was performed with indicated mAbs at 1:1000 over-
night at 4°C followed by an anti-rabbit IgG horseradish peroxidase-
conjugated secondary Ab (1:2000). Proteins were visualized by en-
hanced chemiluminescence.

Kinase Activity Assay. Recombinant JAK2 and JAK3 activities
(Invitrogen) was measured with The Omnia kinase Assay (Invitro-
gen) that uses an enhanced fluorophore (Sox) incorporated into a
substrate Tyr peptide. Phosphorylation of the peptide substrate by
JAK results in an increase in fluorescence measured at 485 nm.
Kinase activities were assayed by use of 10 �M Tyr peptide 7 in the
presence or not of AD412 (3–90 �M) or WHI-P154 (30 �M). Fluores-
cence intensities were measured every 30 s with a fluorimeter (Fluo-
roskan; Thermo Fisher Scientific, Waltham, MA).

Heart Allograft Transplantation. Eight- to 12-week-old male
LEW.1W (RT1.u) rats were used as heart donors, and LEW.1A
(RT1.a) rats were used as recipients. Heterotopic cardiac transplan-
tations were performed as described by Ono and Lindsey (1969).Fig. 1. Chemical structure of AD412.
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These congenic strains were purchased from the Centre d’élevage
Janvier (Laval, France) and maintained according to European and
Institutional guidelines. Lewis 1A recipients were treated daily per
os for 21 days with 60 mg/kg AD412, starting the day before the
graft. Grafts were evaluated daily for function by palpation through
the abdominal wall, and rejection was defined as the day of cessation
of heartbeat.

Statistical Analysis. Results are expressed as mean � S.D. All
results were compared by use of either analysis of variance analysis
followed by Dunnett’s post-tests when samples passed the normality
test or the nonparametric Kruskal-Wallis test followed by Dunn’s
post tests when they did not. A �2 analysis was performed to compare
graft survival curves.

Results
Effect of AD412 on T-Cell Activation. Fresh PBMCs

from healthy donors were stimulated with microbeads pre-
coated with anti-CD3 and anti-CD28 mAb. The effect of
AD412 at two concentrations (30 �M or 90 �M) on the pro-
liferative response of T lymphocytes was evaluated at 72 h by
tritiated thymidine incorporation with CsA (0.5 �M) as a
positive control. Cell viability after incubation with AD412 or
CsA for 72 h was above 95% in all experiments. Results are
presented in Fig. 2A and showed that our product signifi-
cantly inhibited lymphocyte proliferation (40,229 � 3783
cpm for untreated stimulated PBMC versus 16,876 � 1237
cpm, p � 0.01, and versus 24,715 � 1845 cpm, p � 0.01 for
stimulated PBMCs treated with 90 �M and 30 �M AD412,
respectively).

Next, supernatants of each culture well of CD3/CD28-stim-
ulated PBMCs were collected at 48 h, and IL-2 concentra-
tions were measured by ELISA. As shown in Fig. 2B, CD3/
CD28 stimulation of PBMC induced a significant increase in
IL-2 production (507.9 � 67.7 versus 20.3 � 11.4 pg/ml, p �
0.001 for stimulated versus unstimulated PBMCs, respec-
tively) whereas treatment with CsA significantly inhibited
IL-2 secretion after stimulation (507.9 � 67.7 pg/ml versus
30.2 � 14.4 pg/ml, p � 0.001, for untreated versus CsA-
treated PBMCs, respectively). In contrast, treatment with
AD412 did not significantly alter IL-2 secretion (530.5 �
120.8 pg/ml at 90 �M and 514.7 � 88.6 pg/ml at 30 �M).

Because IL-2 production was not inhibited by AD412, we
tested whether our compound inhibited the response to IL-2.
For this purpose, we assessed the proliferative response to
IL-2 of the murine IL-2-dependent CTL-L2 line in the pres-

ence of AD412. As shown in Fig. 2C, AD412 significantly
inhibited proliferation of CTL-L2 in a dose-dependent man-
ner. This inhibition was total at 30 �M (98% of inhibition),
partial but still significant at 10 �M (25%), and disappeared
at 3 �M. In this experiment, rapamycin at 50 nM, used as a
positive control, completely inhibited IL-2-dependent prolif-
eration of CTL-L2 (Fig. 2C). Because IL-2 response was sig-
nificantly inhibited by our compound, we investigated which
activation pathways downstream of the IL-2R were inhibited
by AD412.

AD412 Inhibited IL-2 Receptor-Dependent Path-
ways. To analyze the effect of our compound on the pathways
activated by IL-2 (i.e., PI3K/Akt, JAK/STAT, and ERK1/2)
(Gaffen, 2001), we studied its effect on the phosphorylation
patterns induced by IL-2R activation in the CTL-L2 line. We
first examined the effect of AD412 on the phosphorylation
status of Akt on Ser473, which is critical for its activation. As
shown in a representative experiment (Fig. 3A, left), phos-
phorylated Akt was very low in cells starved of IL-2 for 8 h
(first lane), whereas exposure to IL-2 for 0.5 h or 1 h induced
significant phosphorylation of Akt (second and fourth lanes).
Treatment of cells with 90 �M AD412 during IL-2 stimula-
tion significantly inhibited phosphorylation of Akt without
affecting the total amount of Akt. To confirm the inhibition of
Akt activation, we tested the effect of our compound on the
phosphorylation status of GSK3, a known Akt substrate. We
observed a strong inhibition of GSK3 phosphorylation by
AD412 at 90 �M (Fig. 3A) after 0.5 and 1 h of IL-2 stimula-
tion. These observations were confirmed in three distinct
experiments as shown on the right side of Fig. 3.

We next tested the effect of our compound on STAT5a/b
phosphorylation. Starved cells showed a total loss of phos-
phorylation of STAT5a/b (Fig. 3B, first lane), whereas stim-
ulation of cells with IL-2 for 0.5 h or 1 h strongly induced
STAT5a/b phosphorylation (Fig. 3B). Treatment of cells with
AD412 at 90 �M during IL-2 stimulation strongly inhibited
STAT5a/b phosphorylation at 30 min, but much less after 1 h
in three distinct experiments (Fig. 3B, right). As shown in
Fig. 4A, this inhibition of STAT5 phosphorylation by AD412
was dose-dependent.

Finally, we tested the effect of our compound on the phos-
phorylation status of ERK1/2 (Fig. 3C). Similarly to Akt,
IL-2-starved cells showed little activation of ERK1/2 as
shown by the absence of ERK1/2 phosphorylation (first lane).

Fig. 2. Effect of AD412 on PBMC or CTL-L2 activation. A, human PBMCs were incubated with or without (unstim. PBMC) microbeads coated with
anti-CD3/CD28 mAb (stimulated PBMC) in the presence or not of CsA or AD412. Proliferation was evaluated at 72 h by [3H]thymidine uptake. Mean �
S.D. of three independent experiments. B, IL-2 production of the same PBMCs was measured by ELISA in supernatants after 48 h of stimulation.
Mean � S.D. of three independent experiments. C, murine CTL-L2 were stimulated for 18 h with a range of IL-2 concentrations either alone (E) or
with 3.3 �M (Œ), 10 �M (f) or 30 �M (}) of AD412 or with 50 nM rapamycin (crosses). Mean � S.D. of three independent experiments. ���, p � 0.001;
��, p � 0.01 by analysis of variance and Dunnett’s post test comparing to untreated stimulated cells.
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However, activation of ERK phosphorylation by IL-2 was
delayed compared with Akt or STAT5a/b phosphorylation.
Indeed, ERK phosphorylation was detectable at 0.5 h, but
reached its maximum only after 1 h of stimulation. Treat-
ment of CTL-L2 cells with AD412 during IL-2 stimulation
had two opposite effects on ERK phosphorylation: it strongly
enhanced ERK1/2 phosphorylation at 0.5 h, but inhibited
this phosphorylation after 1 h in three experiments (Fig. 3C).

AD412 Had Little Effect on INF-�-Induced STAT1
Phosphorylation. Because our compound AD412 inhibited
the three pathways linked to the IL-2R, we reasoned that it

probably inhibited kinases located upstream of these path-
ways. We thus focused on the Janus Kinases (JAK), in par-
ticular, JAK1 and JAK3 that are associated with the IL-2R.
To delineate which of the two IL-2R-associated JAKs was
inhibited by our compound, we analyzed the effect of AD412
on a cytokine stimulation model known to be independent of
JAK3. In this respect, the recruitment and phosphorylation
of STAT1 induced by INF-� in lymphoid cells has been shown
to depend on JAK1 and JAK2 activation (Ramana et al.,
2002). Because stimulation of CTL-L2 cells with murine
INF-� induced no detectable phosphorylation of STAT1, we

Fig. 3. Effect of AD412 on IL-2-induced phosphorylations. CTL-L2 cells (10 � 106) were washed and starved of IL-2 for 8 h, and then stimulated for
0.5 h or 1 h by IL-2 (100 IU/ml) in the presence or not of AD412. A, Western blot analyses of cell lysates were performed with antibodies to phospho-Akt,
phospho-GSK3, or total Akt as first antibodies followed by anti-rabbit IgG horseradish peroxidase-conjugated secondary Ab and revealed by
chemiluminescence. Left, a representative experiment; right, the densitometric blot analyses of phosphorylated Akt, phosphorylated GSK3, and total
Akt from three experiments, expressed in arbitrary units as mean � S.D. B, same as in A, with primary antibodies specific for phospho-STAT5a/b or
total STAT5a/b. C, same as in A, with primary antibodies specific for phospho-ERK1/2 or total ERK1/2.
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used the U266 myeloma cell line (Wong et al., 2002) to
explore the JAK1/2-dependent phosphorylation of STAT1. As
shown on Fig. 4B, a 30-min stimulation of U266 cells with
INF-� was enough to induce a strong phosphorylation of
STAT1 (second lane). In these conditions, addition of AD412
at 90 �M resulted in a very weak inhibition of STAT1 phos-
phorylation, whereas lower doses of 30 and 10 �M had no
effect (Fig. 4B). Longer incubations of U266 (2 and 24 h) with
INF-� in the presence of AD412 showed no inhibition of
STAT1 phosphorylation either (not shown). Thus, AD412 did
not significantly inhibit JAK1 or JAK2 activation. This
strongly suggested that JAK3 is the major target of AD412
after activation of the IL-2 receptor.

AD412 Inhibited JAK3 Activity in Vitro. To validate
the hypothesis that JAK3 is a target of AD412, we assayed
our derivative on purified JAK3 kinase. We performed in
vitro kinase experiments using a fluorescent peptide sub-
strate in the presence of increasing concentrations of AD412
(3–90 �M) or WHI-P154 used as positive control. As shown
on Fig. 5A, AD412 inhibited JAK3 kinase activity in a dose-
dependent manner. At 90 �M, AD412 induced a major inhi-
bition of JAK3 activity (81 � 4.2%, calculated at the kinetic
plateau from three independent experiments) that decreased
to 36 � 4.1% at 30 �M and was still detectable at 10 �M. At
30 �M, WHI-P154 showed a 23 � 4% inhibition of JAK3.

Next, we examined the effect of AD412 on JAK2, the clos-
est homolog of JAK3. Data are presented in Fig. 5B. At 90
�M, AD412 induced a 29 � 2.6% inhibition that disappeared
at 30 �M, whereas WHI-P154 at 30 �M still inhibited JAK2
(16.5 � 3.2%). Taken together, these data thus demonstrated
that AD412 inhibited JAK3 much better than JAK2 in agree-
ment with our biochemical analyses of the JAK-dependent
pathways.

AD412 Did Not Strongly Inhibit IL-2-Induced IL-2R�
Expression. One of the effect of IL-2 binding to its high-
affinity receptor is the up-regulation of IL-2R	 (CD25) ex-
pression (Waldmann, 1989). Therefore, we tested the effect of
AD412 on the IL-2-dependent up-regulation of CD25 in the
CTL-L2 cell line. As shown in Fig. 6, IL-2 stimulation of
starved CTL-L2 for 18 h induced significant CD25 up-regu-
lation as assessed by the increase in the geometric mean
fluorescence intensity (MFI of 26.1 � 6.0 for IL-2-starved
CTL-L2 versus MFI of 115.6 � 8.2 for IL-2-stimulated cells,
p � 0.01) (Fig. 6). Treatment with AD412 during IL-2 stim-
ulation induced no significant decrease in CD25 expression
(MFI of 99.0 � 20.3 at 90 �M and 105.6 � 25.0 at 30 �M
AD412 versus MFI of 115.6 � 8.2 for IL-2-stimulated un-

treated cells, p 
 0.05). Likewise, the JAK3 inhibitor WHI-
P154 at 15 �M induced a moderate but not significant de-
crease in IL-2R expression (MFI of 75.3 � 7.6 versus 115.6 �
8.2, p 
 0.05) that disappeared at 5 �M (MFI, 105.7 � 14.3).
The other JAK3 inhibitor, AG-490 at both doses induced a
slight increase in IL-2R expression that was not significant
(MFI of 132.0 � 24.1 at 90 �M and 139.3 � 18.2 at 30 �M
versus 115.6 � 8.2, p 
 0.05). In marked contrast, treatment
of CTL-L2 cells with JAK I, known to inhibit JAK1, 2, and 3
(Thompson et al., 2002) significantly inhibited IL-2-induced
CD25 up-regulation (MFI of 27.6 � 7.7 at 0.6 �M and MFI of
25.4 � 7.8 at 0.2 �M versus 115.6 � 8.2 for IL-2-stimulated
untreated cells; p � 0.05 and p � 0.01, respectively) (Fig. 6).

Immunosuppressive Effects of AD412 in Vivo. To
evaluate the immunosuppressive potential of our compound
in vivo, we tested the effect of AD412 therapy on allograft
survival. We used the previously described model of LEW.1W
heart allograft into a LEW.1A recipient (Chiffoleau et al.,
2002) in which we chose to treat all animals for 21 days with
60 mg/kg per os AD412, starting the day before the graft. In
Fig. 7 is shown the graft survival curves in five untreated
rats and in eight AD412-treated rats. The median survival of
untreated rats was 7 days in accordance with previous re-
ports, whereas AD412-treated rats showed a median graft
survival of 23.5 days, p � 0.001. These data further con-
firmed the immunosuppressive effect of AD412 in vivo.

Discussion
There is a pressing need for the development of novel

immunosuppressants that selectively inhibit signal 3 path-
ways of immune response, to block clonal expansion of T
lymphocytes without affecting other cells. In the present
study, we describe such a compound, AD412, that inhibits
the proliferative response to IL-2 without affecting IL-2 pro-
duction. We provide evidence that all three pathways acti-
vated by the binding of IL-2 to its receptor, i.e., the JAK/
STAT, ERK1/2, and PI3K/Akt pathways were inhibited by
AD412 at 90 �M, a dose that induced total inhibition of
CTL-L2 proliferation. However, we could demonstrate differ-
ences in the intensities and/or kinetics of these inhibitions by
AD412. For Akt, a partial inhibition of phosphorylation was
observed after 30 min that was maintained after 1 h. This
partial inhibition of phosphorylation was yet sufficient to
significantly decrease kinase activity as shown by the strong
inhibition of GSK3 phosphorylation observed at both time
points. Because GSK3 is mainly involved in the negative

Fig. 4. Dose-dependent effect of AD412 on IL-2-induced STAT5 phosphorylation and on INF-�-induced STAT1 phosphorylation. A, IL-2-starved
CTL-L2 cells were stimulated for 30 min with IL-2 (100 UI/ml) with or without ranging concentrations of AD412, and Western blot analyses were
performed as in B with antibodies against total STAT5 or phospho-STAT5. B, U266 myeloma cells were incubated with INF-� (500 IU/ml) in the
presence or not of ranging concentrations of AD412 for 30 min. Western blot analyses of cell lysates were performed with antibodies to phospho-STAT1
or total STAT1. One representative experiment of two experiments performed is presented in each of A and B.
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regulation of cell-cycle entry and because its phosphorylation
by Akt is inhibitory (Jope and Johnson, 2004), we hypothe-
size that inhibition of GSK3 phosphorylation by AD412 con-
tributes in a major part to its antiproliferative effect. Con-
cerning STAT5a/b, our data showed that AD412 induced a
significant, yet short-lasting inhibition of phosphorylation
because inhibition was more pronounced at 30 min than at

1 h. This may also contribute to the inhibition of CTL-L2
proliferation by AD412, because STAT5a/b are involved in
T-cell proliferation, either directly (Moriggl et al., 1999) or
through IL-2R	 up-regulation as discussed below.

In the case of ERK1/2, AD412 induced an up-regulation of
its phosphorylation at 30 min followed by a strong inhibition
at 1 h. These opposite effects could be explained by the
existing cross-talk between the PI3K/Akt and the Raf/MEK/
ERK pathways. In fact, Akt phosphorylates Raf at a highly
conserved serine residue in its regulatory domain resulting
in an inhibition of this protein and thus an inhibition of the
Raf/MEK/ERK pathway (Zimmermann and Moelling, 1999).
We reason that, in a first phase, AD412 indirectly stimulated
ERK1/2 phosphorylation by inhibiting Akt-dependent Raf
phosphorylation but, later on, exerted a direct inhibition of
Raf activation through inhibition of IL-2R tyrosine phosphor-
ylation. The resulting inhibition of ERK1/2 activation should
also contribute to the antiproliferative effect of AD412, be-
cause these kinases are critically involved in cell prolifera-
tion (Seger and Krebs, 1995).

Overall, these experiments revealed that our compound
down-regulated all three pathways triggered by IL-2R and so
provided indirect evidence that it inhibited kinase(s) located
upstream of these cascades. In our case, two Janus kinases
could be considered, the IL-2R�-associated JAK1 and the
common �-chain-associated JAK3, which are both recruited
after binding of IL-2 to its multimeric high-affinity receptor
(Gaffen, 2001). To delineate which JAK was targeted by
AD412, we tested the effect of our compound on the JAK1/
JAK2-dependent phosphorylation of STAT1 induced by
INF-� (Ramana et al., 2002). The very weak effect of AD412
on INF-�-induced STAT1 phosphorylation suggested that our
compound preferentially inhibited JAK3. Our in vitro kinase
experiments confirmed that AD412 could significantly in-
hibit JAK3 activity while showing only minor inhibition of
JAK2.

Considering that the JAK/STAT pathway has been shown
to be critical for IL-2-induced up-regulation of IL-2R	 (CD25)
(Lin and Leonard, 2000), we reckoned that AD412 may in-
hibit this up-regulation, an effect which could contribute to
its immunosuppressive activity. However, neither AD412 nor
the JAK3 inhibitor WHI-P154 induced any significant inhi-
bition of CD25 up-regulation, whereas AG-490, a JAK2 and
JAK3 inhibitor (Wang et al., 1999), showed a tendency to

Fig. 5. Effect of AD412 on JAK3 and JAK2
kinase activity. Kinetic analyses of JAK3
(A) and JAK2 (B) kinase activity were per-
formed in the absence (F) or in the pres-
ence of increasing concentrations of AD412
(3 �M, ; 10 �M, ‚; 30 �M, E; and 90 �M,
�), or WHI-P154 at 30 �M f. Results are
presented as relative fluorescence units
versus time. Data are from one represen-
tative experiment of four experiments
performed.

Fig. 6. Effect of AD412 and several JAK inhibitors on IL-2R	 expression.
CD25 surface expression on CTL-L2 cells was induced by IL-2 stimula-
tion in the presence or not of various inhibitors and analyzed by flow
cytometry. Bars represent geometric mean fluorescence intensities �
S.D. Number of experiments are indicated. ��, p � 0.01 and �, p � 0.05
comparing each group to IL-2-stimulated untreated CTL-L2 cells (black
bar) by the Kruskal-Wallis test with Dunn’s post-test.

Fig. 7. Effect of AD412 on heart allograft survival. Heterotopic allografts
were performed as described under Materials and Methods and evaluated
daily for function by palpation through the abdominal wall. Rats were
treated orally with AD412 at 60 mg/kg for 21 days starting 24 h before the
graft. Rejection was defined as cessation of heartbeat and expressed in
days. p � 0.0002, �2.
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increase IL-2R expression that did not reach statistical sig-
nificance. Thus, the inhibition of IL-2 responses by AD412
was not caused by IL-2R down-regulation.

In marked contrast, the pan JAK inhibitor JAK I totally
abrogated IL-2R up-regulation. Altogether, our data strongly
suggest that JAK1, but not JAK3, activation was crucial for
IL-2-induced IL-2R up-regulation in CTL-L2 cells, in agree-
ment with the previous report by Farrar’s group on the
IL-2-dependent D10 cell line (Wang et al., 1999).

JAK3 inhibitors have been shown to be efficient immuno-
suppressive drugs in animal models (Sudbeck and Uckun,
1999; Changelian et al., 2003; Stepkowski et al., 2005) and
are considered for clinical use (Yabu and Vincenti, 2007).
However, the strict JAK3 specificity of a number of inhibi-
tors, including WHI-P154, has been questioned recently
(Changelian et al., 2008), and, thus, AD412 will have to be
tested on a panel of kinases to ascertain its JAK3 selectivity.

Nonetheless, our in vivo data on the effect of AD412 on
heart allograft rejection clearly demonstrated a significant
prolongation of graft survival during treatment. However,
rejection occurred shortly after treatment interruption, thus
suggesting that AD412 did not favor tolerance induction.
These data were very similar to those obtained with CsA in
the same model where rejection was prevented during CsA
administration, but occurred shortly after the end of treat-
ment (Pr. J. P. Soulillou, personal communication).

In conclusion, the present study provides evidence that
AD412 decreased IL-2-induced proliferation by inhibiting
JAK3 in T lymphocytes, and, thus, AD412 represents a prom-
ising lead compound to develop new immunosuppressive
drugs that could be used alone or in combination with cal-
cineurin inhibitors to prevent allograft rejection and autoim-
mune diseases.
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