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The Mannich Base NC1153 Promotes Long-Term Allograft
Survival and Spares the Recipient from Multiple Toxicities1

Stanislaw M. Stepkowski,* Judy Kao,† Mou-Er Wang,* Neelam Tejpal,* Hemangshu Podder,*
Lucrezia Furian,* Jonathan Dimmock,‡ Amitabh Jha,‡ Umashankar Das,‡ Barry D. Kahan,*
and Robert A. Kirken2†

JAK3 is a cytoplasmic tyrosine kinase with limited tissue expression but is readily found in activated T cells. Patients lacking JAK3
are immune compromised, suggesting that JAK3 represents a therapeutic target for immunosuppression. Herein, we show that a
Mannich base, NC1153, blocked IL-2-induced activation of JAK3 and its downstream substrates STAT5a/b more effectively than
activation of the closely related prolactin-induced JAK2 or TNF-�-driven NF-�B. In addition, NC1153 failed to inhibit several
other enzymes, including growth factor receptor tyrosine kinases, Src family members, and serine/threonine protein kinases.
Although NC1153 inhibited proliferation of normal human T cells challenged with IL-2, IL-4, or IL-7, it did not block T cells void
of JAK3. In vivo, a 14-day oral therapy with NC1153 significantly extended survival of MHC/non-MHC mismatched rat kidney
allografts, whereas a 90-day therapy induced transplantation tolerance (>200 days). Although NC1153 acted synergistically with
cyclosporin A (CsA) to prolong allograft survival, it was not nephrotoxic, myelotoxic, or lipotoxic and did not increase CsA-
induced nephrotoxicity. In contrast to CsA, NC1153 was not metabolized by cytochrome P450 3A4. Thus, NC1153 prolongs
allograft survival without several toxic effects associated with current immunosuppressive drugs. The Journal of Immunology,
2005, 175: 4236–4246.

D espite improvement in organ allograft survivals, the ef-
ficacy of modern immunosuppression is marred by a va-
riety of side effects contributing to functional graft de-

terioration (1, 2). The main reason for drug-induced toxicities is
the ubiquitous expression of the target molecules and the conse-
quent widespread uncoupling of tissue homeostasis (3, 4). For ex-
ample, the serine/threonine phosphatase calcineurin (CaN)3 is ex-
pressed in a variety of cell types, including neurons, cardiac and
skeletal muscles, and lymphoid tissue (5, 6). Consequently, im-
munosuppressants that target CaN, cyclosporin A (CsA) and ta-
crolimus, cause toxicities affecting renal, neural, and hepatic tis-
sues (7, 8). Similarly, sirolimus (SRL) blocks mammalian target of
rapamycin (mTOR), a molecule critical for controlling nutrient and
growth factor-induced cell growth and differentiation (9, 10). Ex-
perimental models have shown a complex pharmacokinetic and
pharmacodynamic interaction between SRL and CsA with potent

therapeutic, but also toxic, synergism (11, 12). Detailed pharma-
cokinetic analysis have showed that SRL elevated CsA levels in
kidneys and in other tissues more than in the bloodstream (13).
Modeling in salt-depleted rats revealed that SRL worsened CsA-
induced nephrotoxicity and vice versa; CsA increased two SRL-
mediated toxicities: myelodepression and hypercholesterolemia
(14). Double-blinded clinical trails confirmed improved therapeu-
tic efficacy by SRL-CsA combinations to prevent allograft rejec-
tion (synergism) but also revealed their unique side effects,
namely, thrombocytopenia, hypercholesterolemia, and hypertri-
glyceridemia (1). Indeed, targeting molecules exclusively ex-
pressed in lymphocytes should eliminate these toxicities, yet main-
tain therapeutic potency and synergism when used in combination
with other agents.

Selective targets may be identified among molecules important
for T cell activation. Full T cell activation requires the three se-
quential and threshold-limiting signals (15): signal 1 delivered by
alloantigen engagement of a specific TCR followed by signal 2
delivered by a B7/CD28 interaction that induces production of
IL-2 and other T cell growth factors (TCGF), such as IL-4, IL-7,
IL-9, and IL-15 (16, 17). Both CsA and tacrolimus disrupt CaN
phosphatase activity required for dephosphorylation of NFAT,
leading to its translocation to the nucleus and binding to the dis-
crete DNA binding elements of TCGFs (16, 17). Although signals
1 and 2 initiate production of TCGFs, signal 3 delivered through
the TCGF-specific cytokine receptors promotes T cell clonal ex-
pansion via G1-S transition (18). Many TCGFs share a common
�-chain (�c), which associates with an affinity-conferring �-chain
for each cytokine and occasionally with a shared �-chain (IL-2 and
IL-15) to deliver intracellular signals initiating T cell proliferation
and differentiation (19). For example, IL-2 binding through the
high-affinity IL-2R�/IL-2R�/IL-2R�c recruits and activates the
IL-2R�-associated JAK1 and �c-associated JAK3 (20, 21). Auto-
activation of these enzymes promotes Tyr phosphorylation of IL-
2R�-chain, attracting other signaling elements, including STAT5a
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and STAT5b (22). After docking through SH2 domains to selected
receptor phosphotyrosines, STAT5a/b are tyrosine- and serine-
phosphorylated and dissociate from their receptors (23). Formed
dimers translocate to the nucleus, binding to the promoter sites on
multiple genes that control cell growth and differentiation (24).

Given the aforementioned limitations of SRL, JAK3 has been
explored as a unique target to block T cell signaling of TCGFs
through the �c pathway (25–27). Indeed, JAK3 is primarily ex-
pressed in T, B, and NK cells and is critical for T cell development
and function (28, 29). Humans or mice genetically deficient of
JAK3 or �c manifest a SCID phenotype (30). Published work has
already suggested (28, 29) that the JAK3-inactivating compounds
derived from tyrphostin AG490 (25), prodigiosin PNU156804
(26), dimethoxyquinazoline JANEX-1 (31), and CP-690,550 (27)
extend allograft survival. However, undesirable effects on JAK2, a
closely related kinase that is widely used by many cell types, may
impair the clinical application of JAK3 inhibitors lacking speci-
ficity. In fact, AG490 displayed similar effects on both kinases,
whereas PNU156804 was slightly more effective toward JAK3
than JAK2 (25, 26). Similarly, although CP-690,550 caused no
apparent metabolic abnormalities, CP-690,550 treatment of cyno-
molgus monkeys was associated with anemia, most likely related
to JAK2 inhibition (27). Although efficacy of a new JAK3 inhib-
itor to prevent allograft rejection is paramount, drug selectivity to
JAK3 over JAK2 may predetermine its improvement over standard
immunosuppressants.

The present study examined the therapeutic efficacy and toxicity
profiles of a putative immunosuppressant. A Mannich base com-
pound, NC1153, preferentially inhibited JAK3 as opposed to sev-
eral other kinases. More importantly, NC1153 alone prolonged
kidney allograft survival and could induce transplantation toler-
ance. The combination of NC1153 with CsA displayed therapeutic
synergism. However, NC1153 was neither nephrotoxic nor af-
fected hematopoiesis and lipid metabolism. We also showed that
NC1153 is not metabolized by the cytochrome P450 3A4 isoform,
the primary metabolizing enzyme of CsA and SRL (32, 33). There-
fore, we postulate that NC1153 may provide very unique clinical
benefits for transplant patients that can be extended to other T
cell-mediated diseases.

Materials and Methods
Cell culture and treatment

The rat T cell line Nb2-11c, developed by Dr. P. Gout (Department of
Cancer Endocrinology, British Columbia Cancer Agency, Vancouver, Can-
ada), was grown in RPMI 1640 with 10% FCS (catalog no. 1020-90; Se-
rologicals), 2 mM L-glutamine, 5 mM HEPES, pH 7.3, and penicillin-
streptomycin (50 IU/ml and 50 �g/ml, respectively), at 37°C-5% CO2.
Freshly explanted normal human lymphocytes purified by isocentrifugation
(Ficoll; EM Science) were PHA activated for 72 h as previously described
(34). Cells were rested and treated with varying concentrations of NC1153
as described in the figure legends. All cells were then stimulated, as de-
scribed in the legends, with recombinant human IL-2 (Hoffman-LaRoche),
TNF-� (PeproTech), or ovine prolactin (PRL) supplied by the National
Hormone and Pituitary Program, National Institute of Diabetes and Diges-
tive and Kidney Diseases. Cell pellets were frozen at �70°C. NC1153 was
prepared as previously described (35).

Flow cytometry

T lymphocytes were purified via a negative T cell isolation kit (Dynal
Biotech) and subsequently activated with PHA for 72 h and then treated
without or with 50 �M NC1153 for 16 h; cells were then stained with
BD Pharmingen reagents, including PE-labeled mouse anti-human IL-
2R� (catalog no. 555-432), PE-conjugated mouse anti-human IL2R�
(catalog no. 554-525), and PE-labeled mouse anti-human �c (catalog no.
555-898) Abs. Cell staining and FACScan were performed as previously
described (36).

Proliferation assays

Quiescent human T cells or Jurkat cells (5.0 � 104/well) were plated in
flat-bottom, 96-well microtiter plates in 200 �l of quiescent medium con-
taining RPMI 1640 and 1% FCS in the absence or presence of 1 nM IL-2,
IL-4, or IL-7 or PRL. Next, cells were treated for 16 h with NC1153 and
then pulsed for 4 h with [3H]thymidine (0.5 �Ci/200 �l) and harvested
onto fiberglass filters and analyzed by liquid scintillation counting as pre-
viously described (34).

Solubilization of membrane proteins, immunoprecipitation, and
Western blot analysis

Frozen cell pellets were thawed on ice and solubilized in a lysis buffer (108

cells/ml) as previously described (34). For human lymphocytes, superna-
tants were incubated rotating end over end for 2 h at 4°C with either 5
�l/ml polyclonal rabbit antisera raised against peptides derived from the
unique COOH termini of JAK3 (aa 1104–1124), as well as JAK2 (catalog
no. 06-255), phosphotyrosine (catalog no. 16-101), or Shc Ab (catalog no.
06-203; Upstate Biotechnology) and C termini of human STAT5a (aa 775–
794) or STAT5b (aa 777–787) Ab (37). Proteins bound to Abs were cap-
tured by incubation for 30 min with protein A-Sepharose beads (Pharmacia
Biotech), sedimented for purification, and eluted by boiling in SDS sample
buffer (38). For phosphor-MAPK assays, 25 �g of total cell lysate were
dissociated in SDS sample buffer and separated on 10% (all others on
7.5%) SDS-PAGE under reducing conditions. Proteins were transferred to
polyvinylidene difluoride (catalog no. 1PVH 00010, Immobilon; Millipore)
as reported (38). Western blot analysis was performed with polyclonal Ab
(pAb) to phospho-p44/42 MAPK (catalog no. 9101; Cell Signaling Tech-
nology), and blots were reprobed with pan-ERK mAb (catalog no. E17120;
BD Pharmingen) after diluting 1/1000 in blocking buffer (26).

EMSA

Nuclear extracts from cytokine-treated human T cells were isolated as re-
ported earlier (37). For EMSA analyses (39), 1 �g of 32P-labeled oligo-
nucleotide corresponding to the �-casein promoter (5�-agatttctaggaat
tcaatcc-3�) or NF-�B DNA binding element (5�-agttgagggggactttccag-3�)
was labeled with [32P]dATP (fill-in reaction) and then incubated with nu-
clear extracted protein. In some experiments, a supershift was performed
by preincubating 5 �g of nuclear extracted protein with 1 �l of either
normal rabbit serum or specific rabbit antisera raised against peptides de-
rived from the unique C termini of STAT5a or N terminus for STAT5a and
STAT5b (Advantex Bioreagents) (26). Complexes were separated on poly-
acrylamide gels (5%), dried, and exposed to x-ray film (Kodak) as previ-
ously described (34).

Tyrosine kinase assay

JAK3 autokinase assays were performed by immunopurifying human
JAK3 from T cells that were washed three times with lysis buffer followed
by a single wash with kinase buffer containing 25 mM HEPES, pH 7.3,
0.1% Triton X-100, 100 mM NaCl, 10 mM MgCl2, 3 mM MnCl2, and 200
�M sodium orthovanadate. Isotope-free tyrosine kinase reactions were ini-
tiated by the addition of 100 �M unlabeled ATP and allowed to incubate
at 37°C for 15 min in the presence of NC1153 (40). The reactions were
quenched by washing the protein A-Sepharose beads with lysis buffer and
eluting bound material by boiling in SDS-sample buffer for 4 min and
resolved by 7.5% SDS-PAGE. Anti-phosphotyrosine immunoblotting was
performed as described above. Quantitations of tyrosine-phosphorylated
JAK3 and total JAK3 reblots were assessed using an Expression 633 scan-
ner (Epson; Hewlett-Packard), and densitometry of bands was standardized
against background. Normalized phosphorylation was calculated by divid-
ing the absorbance ratio of phosphorylated-JAK3/total-JAK3 from vehicle
or NC1153-treated samples. Analysis of NC1153 effects on other growth
factor receptors, Src family members, and protein kinases A and C were
performed according to the Upstate Biotechnology Cell Signaling Solu-
tions and Kinase Profiler. All NC1153 inhibitory kinase reactions were
initiated in the presence of 100 �M ATP and normalized to vehicle. Values
are presented as the percentage of mean (n � 2) of control (without drug)
and SD, which is reported as the range/�2.

Measurement of P450 activity

Effect of NC1153 on different P450 isoforms (3A4, 2D6, 2C19, 1A2, 2C8,
and 2C9) were tested using the previously described method (41). Positive
controls with selective substrates were used to monitor P450 3A4 (keto-
conazole), P450 2D6 (quinidine), P450 2C19 (tranylcypromine), P450 1A2
(puratyline), P450 2C8 (quercetin), and P450 2C9 (sulfaphenazole) con-
version to substrate. Pooled human microsomes (BD Biosciences) were
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assayed with known P450-selective substrates and competition by escalat-
ing concentrations (�8 to �4 log M concentration) of NC1153. Data are
plotted as percent inhibition of P450 isoform activity with a competitive
substrate without or with NC1153 � 100.

Rat kidney and spleen transplants

ACI (WF; RT1a) and Lewis (RT1l) rats (160–200 g) obtained from Harlan
Sprague Dawley were cared for according to the guidelines of the Univer-
sity of Texas Animal Welfare Committee. Rats were housed in light- and
temperature-controlled quarters and given chow and water ad libitum. Or-
thotopic kidney transplantation was performed using a standard microsur-
gical technique of end-to-side anastomoses to recipient aorta and vena cava
(39). The cold ischemia times were �30 min. Graft survival time was
defined as the last survival day of bilaterally nephrectomized recipients.
Recipients remained untreated or were treated with NC1153 alone by daily
i.v. injections (2.5–20 mg/kg) for 7 days or by daily oral gavage for 7 days
(20–160 mg/kg) or 14 days (40–240 mg/kg); combined therapy comprised
7-day oral gavage with NC1153 (20–160 mg/kg) and/or 3-day oral gavage
with CsA (2.5–20 mg/kg). Some recipients were treated with 160 mg/kg
NC1153 for 14 days and thereafter three times a week for up to 90 days
with 160 or 240 mg/kg NC1153. The results, presented as mean survival
time (MST) � SD, were assessed for statistical significance by Gehan’s
survival test. In addition, the interaction between NC1153 and CsA was
evaluated by the median effect analysis (42, 43). Combination index (CI)
value of �1 suggests synergistic, �1 antagonistic, or �1 additive inter-
actions (43). Spleen transplantation was performed by a previously de-
scribed method (25). Irradiated (750 rad) Lewis rat spleen allografts were
transplanted to ACI recipients that remained untreated or were treated with
160 mg/kg NC1153 for 7 days.

Histopathological evaluation

At day 7 posttransplant, kidney allografts derived from recipients receiv-
ing drug treatment were diced, and pieces were placed in Bouin’s fixative
(Poly Scientific R&D), sectioned, and stained with H&E as described
earlier (44).

Toxicity study

After a 7-day conditioning period on low-salt chow, rats (n � 5 or 6) were
randomly assigned to treatment for 28 days with p.o. 160 or 240 mg/kg
NC1153 alone, 10 mg/kg CsA alone, 1.6 mg/kg SRL alone, or NC1153-
CsA or CsA-SRL combinations. In addition, there was an untreated control
group (six rats) fed a low-salt diet. At day 28, the animals were placed in
metabolic cages for 24-h urine collections. Blood samples were used for
serum hematocrit and hemoglobin, as well as creatinine, total cholesterol,
and high-density lipoprotein (HDL)- and low-density lipoprotein (LDL)-
cholesterol determinations. Creatinine clearance values were calculated
based on urinary (milligrams per milliliter) and plasma creatinine concen-
trations (milligrams per milliliter). Results are presented as mean values �
SD, and statistical significance was compared; p � 0.05 was considered as
significant.

The kidney sections, stained with progressive H&E, were evaluated us-
ing a semiquantitative five-grade scale for tubular and glomerular changes:
0, none; 1	, �5%; 2	, 6–25%; 3	, 26–50%; and 4	, �50%. A similar
scale was used for vascular changes: 0, none; 1	, minimal; 2	, mild; 3	,
moderate; and 4	, severe. The right femurs sectioned and stained with
H&E were estimated as the percentage of the marrow space occupied by
cellular as opposed to adipose tissue elements. The average number of
megakaryocytes in four high-power fields was used to estimate platelet
formation.

Results
Selection of NC1153 based on inhibition of TCGF-induced
proliferation

Based on its role in T cell function and its limited tissue distribu-
tion, JAK3 represents a unique therapeutic target. Although we
had identified two agents with JAK3 inhibitory activity (AG490
and PNU156804), we sought to identify inhibitors with greater
selectivity (25, 26). Therefore, we expanded our search through the
repository of the National Cancer Institute (NCI) Drug Discovery
Database Program, which comprises thousands of small molecules
(45). Agents that displayed a high correlation coefficient (�0.6) to
our “seed” compound, tyrphostin AG490, were assessed for their

ability to block proliferation of quiescent PHA-activated human
lymphocytes in response to IL-2. Of nine selected compounds,
NC1153 potently inhibited IL-2-induced T cell proliferation (Fig.
1A). To exclude any direct effects on the IL-2R, we found that
NC1153 had no impact on the expression of all three IL-2 receptor
chains (�, �, and �c; Fig. 1B) by FACS analysis. To determine
whether NC1153 may preferentially target JAK3-containing lym-
phocytes, JAK3-deficient Jurkat T cells or JAK3-containing PHA-
primed human PBLs made quiescent were pretreated with ascend-
ing concentrations of NC1153 in the presence of IL-2 and then
assayed for [3H]thymidine incorporation. NC1153 almost com-
pletely abolished uptake of radiolabeled thymidine at 10 �M (IC50

of 
2.5 �M) in contrast to its effect on Jurkat T cells void of JAK3
(Fig. 1C). To further support the notion that NC1153 events are not
limited to IL-2, but may preferentially inhibit JAK3, the afore-
mentioned human lymphocytes were similarly assayed in the pres-
ence of increasing concentration of NC1153 and stimulated with
IL-4 or IL-7 �c cytokines. Indeed, [3H]thymidine incorporation
was reduced in a dose-dependent manner by NC1153 (0.01–25
�M) regardless of the JAK3-activating cytokine used (Fig. 1D).
IL-2 stimulation of other responsive cell lines (e.g., YT, Nb2, and
CTLL-2) was similarly inhibited compared with negatively iso-
lated human T cells (data not shown).

NC1153 disrupts IL-2-induced autophosphorylation of JAK3 and
its substrates

Previous work has documented that IL-2, IL-4, or IL-13 stimulated
the catalytic activity of JAK3 with unlabeled ATP and anti-
phosphotyrosine immunoblotting (38, 46, 47), with these sites hav-
ing been mapped to Tyr980 and Tyr981 (48). To validate that JAK3
is a viable target for NC1153, immunopurified JAK3 enzyme was
isolated from PHA-activated PBLs that had been challenged with
IL-2 (100 nM) for 1 min. Next, JAK3 was exposed to ascending
concentrations of NC1153 (0–50 �M) and 100 �M unlabeled
ATP. When reactions were stopped by addition of SDS-PAGE
sample buffer, the experimental samples were probed for Tyr phos-
phorylation (top blot, Fig. 2A) and then reprobed for total JAK3
protein (bottom blot, Fig. 2A). Following densitometric analysis of
JAK3 Tyr phosphorylation normalized to the total protein, a 50%
reduction in IL-2-mediated kinase activity was observed at �2.5–
5.0 �M (Fig. 2A) (49, 50). These results suggest that blockade of
TCGF-driven proliferation in the presence of NC1153 (Fig. 1)
could be mediated in part via JAK3.

To monitor identical events in intact cells, IL-2-responsive YT
cells were cultured with ascending concentrations of NC1153 (0–
100 �M) for 3 h and challenged with 100 nM IL-2. Next, cell
lysates were immunoprecipitated with Abs for JAK3, STAT5a, or
STAT5b and Western blotted with anti-phosphotyrosine mAb
(Fig. 2B). NC1153 caused a concentration-dependent loss of Tyr
phosphorylation of JAK3 with similar IC50 of 2.5 �M (Fig. 2B, top
panel). Because catalytically active JAK3 is required for IL-2-
driven Tyr phosphorylation of STAT5a/b (38), both substrates
STAT5a (Fig. 2B, middle panel) and STAT5b (Fig. 2B, bottom
panel) also showed reduced Tyr phosphorylation in IL-2-stimu-
lated YT cells cultured with NC1153. The same blots were reblot-
ted with Abs for total JAK3, STAT5a, or STAT5b protein to verify
equal loading (Fig. 2B). In addition, IL-2-engaged T cells also
initiate activation of the Shc/Ras/Raf/MAPK pathway via the
adapter protein Shc, which binds to phosphorylated Tyr338 of
the IL-2R �-chain (51, 52). To evaluate whether NC1153 disrupts
this event, YT cells were treated with vehicle alone or with as-
cending concentrations of NC1153 and examined for Shc activa-
tion. Total cell lysates immunoprecipitated with anti-Shc pAb were
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separated on 10% SDS-PAGE and Western blotted with anti-
phosphotyrosine Abs that likely recognize activated Tyr239, Tyr240,
and Tyr317 sites on this adapter molecule (53, 54). As shown in
Fig. 2C, Tyr phosphorylation of Shc was inhibited in a dose-de-
pendent manner (lanes f–i). To examine ERK1/2 that are down-
stream counterparts of Shc, the same cell lysates were separated on
10% SDS-PAGE and blotted with phospho-ERK1/2 pAbs that rec-
ognize phosphoactivated The202 and Tyr204 sites on both enzymes.
Activation of ERK1 and ERK2 was inhibited at 5–10 �M NC1153
(lanes f–i). Because two additional experiments confirmed the loss
of active Shc and ERK1/2 proteins observed at similar NC1153
concentrations and reblotting with total Shc and ERK1/2 protein
verified equivalent loading, NC1153 blocks IL-2-driven Shc and
ERK1/2 (p44/42) activity. Thus, NC1153 subsequently disrupts
MAPK activation in intact IL-2-activated T cells.

NC1153 fails to block activation of other effector molecules

To further demonstrate selectivity, we assessed NC1153 for its
ability to selectively inhibit JAK3/STAT5 activation compared
with multiple non-JAK3 signaling molecules. Because JAK-regu-
lated STAT5a/b Tyr/Ser phosphorylation is required for dimeriza-
tion, nuclear translocation, and gene transcription of STAT5a/b
(55), we tested whether NC1153 ablates IL-2-induced STAT5/
DNA binding activity (Fig. 3A, top panel). Protein nuclear extracts
(5 �g/well) from 10 to 100 �M NC1153-treated PHA-activated T
cells were mixed with a 32P-labeled �-casein probe corresponding
to the STAT5a/b DNA binding element. In contrast to untreated
cells, equivalent amounts of protein (5 �g/well) obtained from
NC1153-treated T cells displayed greatly reduced STAT5a/b
DNA-binding efficiency (Fig. 3A, lanes c–f). Furthermore, the
STAT5-DNA binding complexes were verified by super shifting
with STAT5a/b pAb (not shown). Because STAT5a/b is critical for
IL-2-mediated cell cycle progression (18), we conclude that the
loss of IL-2-inducible T cell proliferation is caused, at least in part,
by the disruption of STAT5a/b activation. The same cells were
stimulated with TNF-� (50 nM) for 10 min to monitor NF-�B
activation (Fig. 3A, bottom panel). TNF-� induced binding of p50/
p65 NF-�B components to a 32P-labeled probe, which was not
affected even at 100 �M NC1153 (lanes c–f) compared with un-
treated controls (lanes a and b). These experiments confirmed that
NC1153 selectively blocks IL-2-mediated DNA binding of
STAT5a/b without affecting DNA binding of NF-�B activated by
TNF-�. Thus, from the NCI screen, NC1153 inhibited �c-cytokine
signaling, whereas the remaining NCI compounds failed to display
this high degree of selectivity.

Next, we examined NC1153 effects on JAK2, the closest ho-
mologue of JAK3 (50% identity), which is critical for hemopoietic
development. Indeed, JAK2 is recruited by receptors for erythro-
poietin, CSF, G-CSF, and thrombopoietin (56–58). A recent study
revealed that a JAK3 inhibitor (CP-690,550) blocked in vitro
JAK2 activity at low concentrations (20–325 nM) but in vivo
caused anemia in cynomolgus monkeys, as documented by de-
creased blood hematocrit and hemoglobin levels (27). To exclude
similar effects of NC1153, we used the rat T cell line (Nb2-11c),
which responds to PRL that activates JAK2 (59). Nb2-11c cells
were treated with ascending concentrations of NC1153 (1–100
�M) and then challenged with PRL for 10 min. As shown from
representative data in Fig. 3B, 100 �M NC1153 failed to signifi-
cantly affect Tyr phosphorylation of JAK2. A similar study using
the IL-3-dependent pro-B cell line Ba/F3 revealed similar results
with NC1153, failing to affect IL-3 activation of JAK2 and STAT5
(data not shown). Nonetheless, NC1153-mediated blockade of
JAK3 vs JAK2 normalized data suggests NC1153 preferentially

FIGURE 1. NC1153 inhibits �c-induced proliferation of T cells. A, Hu-
man PHA-activated PBLs (5.0 � 104 cells/well) were rested overnight and
rechallenged with IL-2 (1 nM) without or with 50 �M NCI compounds
(ordinate) or vehicle (DMSO) for 16 h at 37°C. Cells were then pulsed with
[3H]thymidine (0.5 �Ci/200 �l) for 4 h, with incorporated radiolabeled
probe plotted on the abscissa. Inset, Structure and chemical composition of
NC1153. B, PHA-activated PBL were treated with 50 �M NC1153 as in A,
and expressions of IL-2R�, IL-2R�, and �c were measured using FACS. C,
Jurkat T cells or PHA-activated human PBLs were challenged in the pres-
ence of 1 nM IL-2 with ascending concentrations of NC1153. D, PHA-
activated human PBLs were stimulated in the presence of 1 nM IL-2, IL4,
or IL7 with ascending concentrations of NC1153. DNA synthesis in C and
D was measured as described in A. Uptake of radiolabeled probe is plotted
on the abscissa and expressed as “% inhibition” of vehicle alone-treated
cells in the presence of corresponding cytokine. Each point was run in
triplicate.
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inhibits JAK3 (Fig. 3C). Finally, selectivity of NC1153 was further
documented by using assays for multiple kinases (Fig. 3D). In-
deed, 50 �M NC1153 failed to affect several kinases, including
growth factor receptor Tyr kinases (fibroblast growth factor recep-
tor 3 and platelet-derived growth factor receptor �), src family
members (Src, Fyn, Lck, Yes, and Zap70), and serine/threonine
protein kinases (protein kinase C� and protein kinase A). These
results suggest that NC1153 selectively inhibits �c-cytokines
driven by activation of JAK3, without affecting several related
signaling molecules.

In vivo NC1153 prolongs kidney allograft survival and is
synergistic with CsA

Untreated ACI (RT1a) recipients rejected Lewis (RT1l) kidney al-
lografts at a MST of 8.8 � 0.5 days (Fig. 4A). In contrast, a dose-
dependent extension in survival of the MHC/non-MHC-mis-
matched allografts was observed after a 7-day therapy. In
particular, orally delivered NC1153 doses (20–160 mg/kg) pro-
duced similar results as i.v. delivered 8-fold lower NC1153 doses
(2.5–20 mg/kg). For example, because an oral dose of 80 mg/kg or
an i.v. dose of 10 mg/kg extended the survival to 18.8 � 1.1 days
and 18.6 � 5.3 days, respectively, oral bioavailability was calcu-
lated at 12.5% (Fig. 4A). Similarly, a 14-day oral course with 40–
240 mg/kg NC1153 produced dose-dependent effects with a 240
mg/kg dose producing a MST of 50.6 � 14.3 days (Fig. 4B). When
a 14-day daily course of 160 mg/kg NC1153 was extended with
three times per week treatments for up to 90 days, most of recip-
ients (75%) displayed graft survivals beyond 200 days. An addi-
tional extended 90-day therapy with 240 mg/kg produced long-
term acceptance of kidney allografts in all recipients (Fig. 4C).
Because long-surviving recipients accepted donor-type LEW
(�100 days; n � 3) and rejected third-party Buffalo (RT1b) heart
allografts, these results suggest development of transplantation
tolerance.

To examine a pharmacological interaction between NC1153 and
CsA, recipients of kidney allografts were treated for 3 days with
CsA (2.5–20 mg/kg) and for 7 days with NC1153 (20–160 mg/kg;
Fig. 4D). Different ratios of CsA and NC1153 were used to deter-
mine the most effective dosing as evaluated by the median effect
analysis to yield the CI values (CI �1 indicates synergy; CI � 1,
additively; and CI �1, antagonism). Overall, the combination of
NC1153 and CsA displayed potent synergism with CI values of
0.3–0.5. The lowest CI value occurred at NC1153-to-CsA dose
ratio of 2:1 (CI � 0.3) and the highest at 16:1 (CI � 0.51). These
results demonstrate that NC115 blocks allograft rejection, induces
transplantation tolerance, and is synergistic with CsA to prolong
allograft survival.

We also examined the mechanism of in vivo inhibition using a
model of spleen allograft transplantation (25). Because untreated
ACI rats acutely rejected irradiated LEW spleen allografts within
10 days, we could harvest a large number (�50 � 106) of highly
sensitized graft-infiltrating cells (GICs) on day 7 postgrafting (Fig.

FIGURE 2. NC1153 inhibits IL-2-induced activation of JAK3 and its
substrates. A, Anti-phosphotyrosine (PY) immunoblot of PHA-activated T
cells stimulated for 10 min with (	) or without (�) 100 nM IL2 for 1 min
and then immunoprecipitated with anti-JAK3 Abs. Next, immunopurified
JAK3 was directly treated for 15 min on ice with ascending concentrations
of NC1153 (0–50 �M). The mixture was then incubated for 20 min at
37°C in the absence (�) or presence (	) of 100 �M unlabeled ATP in
kinase buffer, and reaction was allowed to proceed. JAK3 was separated on
7.5% SDS-PAGE, transferred to membrane, and blotted with anti-PY Ab
(�PY). Anti-JAK3 immunoblot (�JAK3; top panel) verified equivalent
loading of enzyme. Densitometric analysis of Tyr phosphorylated JAK3
was normalized against total JAK3 obtained from the blots is shown in the
top panel as normalized Tyr phosphorylation in arbitrary units (AU) plot-
ted on the abscissa, whereas treatments are indicated on the ordinate. B, YT
cells challenged without (�) or with (	) IL-2 (10 min) in the presence of

different concentrations (0–100 �M) of NC1153; lysates were then immu-
noprecipitated (IP) with Abs to JAK3, STAT5a, or STAT5b and Western
blotted (WB) with anti-phosphotyrosine (�PY) mAb. All blots were re-
probed with corresponding Ab to verify equal protein loading. C, YT cells
challenged without (�) or with (	) IL-2 (10 min) in the presence of as-
cending concentrations (0–100 �M) of NC1153 were immunoprecipitated
with anti-Shc Abs and Western blotted with anti-phosphotyrosine Ab,
whereas total cell lysates (25 �g/lane) were blotted with phospho-ERK1/2
Ab. Both blots were reprobed for total protein (indicated beneath respective
phosphoblots) to verify equivalent protein loading.

4240 NC1153 PROMOTES ALLOGRAFT SURVIVAL

 on A
pril 11, 2012

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/


5A). Treatment with 160 mg/kg NC1153 prevented rejection, as
documented by reduced number of GICs (�20 � 106). When
equivalent numbers of GICs (50 � 106) were challenged for 10
min with IL-2, untreated recipient cells showed activation and nu-

clear translocation of STAT5 (Fig. 5B, lane d) that was inhibited
(Fig. 5B, lane i) within NC1153-treated recipients (Fig. 5B). Thus,
inhibition of signal 3 signaling by NC1153 may reduce clonal
expansion of alloreactive T cells and their consequent activities.

FIGURE 3. NC1153 fails to inhibit several effector molecules. A, Quiescent human PHA-stimulated PBLs were pretreated with ascending concentrations
of NC1153 (0–100 �M) for 2.5 h and then stimulated without (�) or with (	) either 100 nM IL-2 (top panel) or 50 nM TNF-� (bottom panel). Next,
nuclear extracts corresponding to 5 �g of protein were incubated with 32P-labeled oligonucleotide probe corresponding to the PRL-response element of the
�-casein gene promoter (top panel, lanes a–f) or NF-�� DNA binding element (bottom panel, lanes a–f) or appropriate cold competing probe (lane g) and
subjected to EMSA analysis. Migrational location STAT5a/b DNA complexes or p50/p65 complexes are indicated by arrow on the left. B, Nb2 cells were
pretreated with ascending concentrations of NC1153, as described in Fig. 2, and stimulated without (�; lane a) or with (	) 100 nM PRL (lanes b–i) for
10 min at 37°C. Cell lysates were immunoprecipitated (IP) with JAK2 or STAT5a Abs (as depicted) and Western blotted (WB) with anti-phosphotyrosine
(�PY) Ab. The same blots were stripped and Western blotted with anti-JAK2 or STAT5a Ab to confirm equal protein loading. C, Densitometric analysis
of JAK3 (Fig. 2B) or JAK2 (Fig. 3B) phosphorylated/nonphosphorylated with normalized data plotted on the abscissa for each concentration of NC1153
or vehicle (ordinate). D, Various kinases were pretreated with 10 or 50 �M NC1153 and subjected to kinase activity assays as described in Materials and
Methods. Each kinase (ordinate) was measured for catalytic activity plotted as the percentage of control indicated on the abscissa.

FIGURE 4. In vivo effects of
NC1153 on kidney allograft survival.
A, ACI recipients of Lewis kidney al-
lografts were treated for 7 days with
different doses of NC1153 delivered
by i.v. or by oral gavage. B, ACI re-
cipients of Lewis kidney allografts
were treated for 14 days with differ-
ent doses of NC1153 delivered by
oral gavage. C, ACI recipients of
Lewis kidney allografts were treated
for 14 days with 160 mg/kg NC1153
and thereafter three times a week for
up to 90 days with 160 or 240 mg/kg
NC1153. D, ACI recipients of Lewis
kidney allografts were treated by oral
gavage for 7 days with different doses
of NC1153 and/or CsA. d, Day. For
additional information, see Materials
and Methods.
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NC1153 does not display nephrotoxicity, myelosuppression, and
lipotoxicity

We have evaluated the potential toxicities produced by NC1153
alone compared with those produced by CsA or SRL alone. In
addition, the potential interactive toxicities between the NC1153-
CsA vs SRL-CsA combinations also were evaluated. Our previous
work in the salt-depleted rats revealed that SRL alone caused my-
elosuppression and lipotoxicity, whereas the SRL/CsA combina-
tion significantly aggravated CsA-induced nephrotoxicity (14).
Our present results documented that a 28-day daily oral adminis-
tration of NC1153 (160 or 240 mg/kg) did not produce renal dys-
function or lipotoxicity (Fig. 6A, a–f). Both serum creatinine and
creatinine clearance confirmed that the addition of SRL to CsA
significantly increased CsA-induced nephrotoxicity (Fig. 6A, a and
b). In contradistinction, addition of 160 or 240 mg/kg NC1153 to
the same CsA protocol had no impact on CsA-induced nephrotox-
icity (Fig. 6A, a and b). As shown in Fig. 6B, these results were
confirmed by histological examination; NC1153 (a) or SRL (b)
monotherapy caused no changes in kidneys, whereas CsA alone
caused increased glomerular cellularity accompanied by modest
(�25%) thickening of vessels, focal tubular dilation, and signifi-
cantly increased interstitial fibrosis (c). A combination of SRL-
CsA caused more pronounced damage, with severe tubular damage
and thickening of the walls of small arterioles (�75%) and
perivascular infiltrates than that observed in the CsA group (Fig.
6Bd). In contrast, rats exposed to combined NC1153-CsA therapy
displayed identical changes to those observed in CsA alone group

(Fig. 6Be). Furthermore, although NC1153 did not affect lipid me-
tabolism, SRL increased levels of total cholesterol (Fig. 6Ac), se-
rum LDL-cholesterol (Fig. 6Ae), and serum HDL-cholesterol (Fig.
6Af). Therapy with CsA, SRL, NC1153, CsA-SRL, or CsA-
NC1153 had no effect on blood hematocrit (Fig. 6Ag) and hemo-
globin (Fig. 6Ah) levels. Furthermore, although NC1153 alone did
not alter femoral bone marrow cellularity (Fig. 6Ca), SRL alone
produced mild myelosuppression (Fig. 6Cb), as evidenced by his-
tological examination. Again, two-drug CsA-SRL therapy signif-
icantly worsened cellularity (Fig. 6Cd), whereas NC1153-CsA
combination showed no changes (Fig. 6Ce). Thus, targeting of
JAK3 via NC1153 has no traditional side effects produced by cur-
rent immunosuppressants and does not potentiate toxicities asso-
ciated with CsA when used in combination. Most importantly,
NC1153 produces no effects on hematopoiesis, supporting the no-
tion for lack of in vivo JAK2 inhibition.

Oral bioavailability and intestinal drug absorption is often mod-
ified by drug-metabolizing enzymes (60). The most prevalent me-
tabolizing enzyme for CsA and SRL is cytochrome P450 3A4 (3).
Therefore, we examined whether activity of P450 3A4 and other
P450 isomers modify NC1153 (Fig. 7). Our results showed that
NC1153 did not affect the metabolic activity of four cytochrome
P450 isomers for their well-characterized control substrate (3A4,
1A2, 2C8, and 2C9; Fig. 7, A–D), but did compete for substrate of
two other P450 isomers (2D6 and 2C19; Fig. 7, E and F). These
results indicate that NC1153 is not competing with CsA for the
P450 3A4 enzyme. Overall, our results suggest that NC1153 is not

FIGURE 5. NC1153 blocks IL-2-inducible STAT5 DNA binding in vivo of splenocytes isolated from Lewis to ACI spleen transplants. A, Schematic
representation of Lewis to ACI irradiated spleen transplants treated with vehicle (top) or 7-day course with NC1153 (bottom). B, Spleens were harvested
on day 7 from vehicle- or NC1153-treated animals, and splenocytes were isolated, resuspended in medium (RPMI 1640), and then stimulated for 10 min
at 37°C in the absence (�) or presence (	) of 100 nM IL-2. Nuclear extracts were then prepared for naive (lanes a and b), vehicle-treated (lanes c and
g), or NC1153-treated (160 mg/kg p.o.) animals (lanes h–l) and incubated with a 32P-labeled probe corresponding to the �-casein gene promoter (lanes a–l).
STAT5 complexes were supershifted with antisera specific to dimerize the hetero-STAT5a/b complex to STAT5a (lanes e and j) or STAT5a/b N terminus
(N-term; lanes f and k) or normal rabbit serum (NRS; lanes g and l). Migrational location of nonsupershifted (without Ab) STAT5a/b DNA complexes are
indicated by an arrow on the left. A representative gel from each sample treatment set is shown (n � 3).
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toxic compared with CsA or SRL and is metabolically cleared via
a distinct cytochrome P450 enzymes.

Discussion
One fundamental problem with current immunosuppressants is the
promiscuous expression of their target molecules. JAK3 has the
distinct advantage of being almost exclusively expressed in T, B,
and NK cells. Our present results demonstrate that a Mannich base,
NC1153, inhibits TCGF-induced T cell growth (IC50 
2.5 �M;
Fig. 1C) likely by selectively disrupting at least JAK3-dependent
effector molecules (Fig. 2). Consequently, NC1153 blocks activa-
tion of JAK3 substrates, including STAT5a and STAT5b, as as-
sessed by phosphotyrosine Western blots (Fig. 2B) and their DNA
binding activity (Fig. 3A), but also their subsequent downstream
effectors, Shc, Ser/Thr kinases, p44/ERK1, and p42/ERK2 (Fig.
2C). Although NC1153 was equally effective in blocking T cell
proliferation by IL-2, IL-4, or IL-7 (Fig. 1C), the drug did not
appear to inhibit several effectors, including NF-�B and several
distinct kinases (Fig. 3).

In vivo therapy with NC1153 reduced GICs’ response to IL-2-
dependent signals (Fig. 5B). Extended treatment with NC1153
alone resulted in permanent acceptance of kidney allografts (Fig.

4C), whereas a short-term combination of NC1153/CsA therapy
produced synergistic effects (CI � 0.3–0.5; Fig. 4D). Thus,
NC1153 may represent a new class of selective JAK3 inhibitors
compared with AG490 (25), PNU156804 (26), or CP-690,550 (27)
and others. Our in vivo results documented that NC1153 uncouples
T cell activity without causing major toxic effects over this mea-
sured time period that include nephrotoxicity, myelodepression,
and lipotoxicity (Fig. 6).

Presently used CaN (CsA and FK506) and mTOR (SRL and
everolimus) inhibitors target molecules that are ubiquitously ex-
pressed, thereby producing many side effects. Indeed, CaN inhib-
itors produce nephrotoxicity, neurotoxicity, and diabetogenicity
(3, 4). Although the exact mechanism of CsA-induced nephrotox-
icity is not fully understood, multiple components show significant
changes such as increased vascular resistance, causing reduced re-
nal blood flow (61, 62), elevated reactive free radicals causing
oxidative stress (63, 64), as well as up-regulated expression of
TGF-� (65), vasoconstrictive stimuli, angiotensin II receptors (66),
and NO synthases (67), all potential contributors to the kidney
malfunction. Furthermore, CsA was reported to promote Fas-me-
diated apoptosis of cultured renal tubular cells in vitro (68), an
effect that was blocked by peptide inhibitors of caspases 3, 8, and

FIGURE 6. NC1153 lacks in vivo toxicities displayed by CsA or SRL. A, Rats were fed a low-salt diet 7 days before therapy and during 28-day therapy
with 160 or 240 mg/kg NC1153 alone, 10 mg/kg CsA alone, 1.6 mg/kg SRL alone, or at the same doses of CsA/SRL or CsA/NC1153 combinations;
following 24-h urine collection, blood samples were collected at day 28; serum creatinine and creatinine clearances, as well as serum cholesterol,
triglycerides, LDL-cholesterol (LDL-ch), and HDL-cholesterol (HDL-ch) were measured as plotted on the abscissa. Kidneys (B) and femoral bones (C)
harvested at day 28 from therapeutic groups were H&E stained and evaluated for morphology. For additional details, see Materials and Methods.
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9 (69). Thus, vasoconstriction and increased apoptosis are likely
responsible for CsA-induced nephrotoxicity. Moreover, mTOR in-
hibition by SRL ablates cytokine-mediated growth not only in T
and B cells but also in many other cells, resulting in myelosup-
pression and hyperlipidemias (12, 14, 70, 71).

Simultaneous disruption of two distinct T cell signaling path-
ways holds the potential for synergistic inhibitory effects. The
most dramatic proof of this concept is provided by the two-drug
interaction analysis. Indeed, the addition of NC1153 to CsA pro-
duced a synergistic therapeutic effect by extending the survival of
kidney allografts, as documented by CI values of 0.3–0.5 (Fig. 4).
Most importantly, when NC1153 was combined with CsA, it did
not aggravate CsA-induced nephrotoxicity. In contrast, SRL/CsA
combination was synergistic for therapeutic (CI � 0.3–0.6) (12)
and nephrotoxic effects (14). The present experiments confirmed
that CsA alone is nephrotoxic, whereas SRL alone is lipotoxic, and
that the two-drug combination worsened nephrotoxicity. Previ-
ously published studies revealed that both CsA and SRL are me-
tabolized by the P450 3A4 and that this predisposition contributes
to their toxicities (3). In our present results, NC1153 is not likely
to be a substrate of P450 3A4 (Fig. 7), and this may explain the
lack of interaction between two drugs in CsA-induced toxicity.
These experiments further support the model that blockade of
JAK3 in conjunction with signal 1 can yield synergistic therapeutic
qualities without toxic side effects.

Several studies have already revealed that the JAK3 Tyr kinase
is essential for the function of T cells (28, 29). Only retroviral
introduction of JAK3 into JAK3-deficient mice restored normal T
cell development (72) as the JAK3/STAT5a/b signaling cascade
likely regulates “survival” genes in mature T cells (49, 73). As
presented herein, NC1153 abolished IL-2-driven T cell prolifera-
tion by inhibition of JAK3-mediated autokinase activity and likely
STAT5a/b-mediated T cell survival regulated by several TCGFs.
Our present in vivo results suggest that blockade of JAK3 prevents
allograft rejection but may also have implication within donor-
specific transplantation tolerance (Fig. 4C), as confirmed by the
acceptance of donor-type heart allografts and rejection of third-
party heart allografts. Although different protocols induce toler-

ance in rats, it is suggested that IL-2-mediated signaling is neces-
sary for generation of regulatory T cells to maintain the tolerant
state (74). Our ongoing studies suggest that purified T cells from
tolerant recipients transferred tolerance to irradiated recipients;
hence, JAK3 inhibition by NC1153 does not necessarily prevent
generation of regulatory T cells (S. M. Stepkowski and R. A.
Kirken, unpublished observation). Whether this event might be
due to alloreactive T cell depletion is yet unknown. However, in
vitro exposure of lymphocytes to NC1153 (�24 h) did induce T
cell death, as measured by TUNEL assays (data not shown). This
pattern of apoptosis, although more protracted, occurred following
antisense specific depletion of “survival factors” STAT5a/b in
lymphoid cells (73). This evidence further supports the model that
JAK3/STAT5a/b can protect activated T cells against cell death.
An ongoing study is underway to address these issues.

In conclusion, NC1153 selectively disrupts �c-cytokine path-
ways and JAK3 kinase activity as opposed to a limited pool of
other kinases, which should not be considered an exhaustive study.
NC1153 prevents allograft rejection and can induce transplantation
tolerance. The combination of NC1153 and CsA produces thera-
peutic synergism to protect kidney allograft survival. Moreover,
NC1153 lack toxicities associated with CsA and SRL alone or in
combination. Thus, NC1153 may represent a novel class of mol-
ecules with potential for clinical immunosuppression without tox-
icities associated with currently used agents.
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