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Introduction

Summary

NVP-AEB071 (AEB, sotrastaurin), an oral inhibitor of protein kinase C (PKC),
effectively blocks T-cell activation. The immunosuppressive effects of oral AEB
were demonstrated in a rat local graft versus host (GvH) reaction and rat car-
diac transplantation models. T-cell activation was suppressed by 95% in blood
from AEB-treated rats, with a positive correlation between T-cell inhibition
and AEB blood concentration. In GvH studies, AEB inhibited lymph node
swelling dose-dependently (3-30 mg/kg). BN and DA cardiac allografts were
acutely rejected within 6-10 days post-transplantation in untreated LEW rats.
AEB at 10 and 30 mg/kg b.i.d. prolonged BN graft survival to a mean survival
time of 15 and >28 days, and DA grafts to 6.5 and 17.5 days, respectively. In
the DA to LEW model, combining a nonefficacious dose of AEB (10 mg/kg
b.i.d.) with a nonefficacious dose of cyclosporine, everolimus or FTY720 led to
prolonged median survival times (26 days, >68 days and >68 days, respec-
tively). Pharmacokinetic monitoring excluded drug—drug interactions, suggest-
ing synergy. In conclusion, these studies are the first to demonstrate that AEB
prolongs rat heart allograft survival safely as monotherapy and in combination
with nonefficacious doses of cyclosporine, everolimus or FTY720. Thus, AEB
may have the potential to offer an alternative to calcineurin inhibitor-based
therapies.

immunosuppressants with an improved therapeutic index
and a novel mode of action offering different efficacy/or

Current anti-rejection drugs exert potent immunosup-
pressive effects thereby increasing graft and patient sur-
vival. At the same time, however, they can induce severe
side effects. For example, T-cell-suppressive calcineurin
inhibitors can lead to nephrotoxicity, hypertension and
dyslipidemias [1,2]. To reduce these limitations but
potentiate their immunosuppression, calcineurin inhibi-
tors are often combined with drugs exerting different
mechanisms of action. An alternative strategy to improve
the long-term clinical outcome is the search for new
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side effect profiles. New low molecular weight inhibitors
of early T-cell activation are of particular interest as they
may have the potential to replace calcineurin inhibitors.
T-cells are key mediators in the process of allograft
rejection and consequently, represent an important
immunosuppressive target [3]. For T-cells to become
effector lymphocytes, however, they must undergo com-
plex activation cascades triggered by alloantigen binding
to T-cell receptors in combination with co-stimulation
signals involving a number of intracellular signaling
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proteins such as Lck, ZAP70, LAT, Vavl, protein kinase
C (PKC) kinases, and transcription factors including
NFAT and NFxB [4].

Our research has focused on the PKC family of serine/
threonine kinases. These comprise:

1 the conventional PKCs (o, B and ) which are acti-
vated by diacylglycerol (DAG), phosphatidylserine and
calcium ions;

2 the novel PKC isoforms (5, € n and 0) that are cal-
cium ion-insensitive; and

3 the atypical PKCs (VA and ) that require neither
DAG nor calcium [5].

The potential immunomodulatory roles of PKC isoen-
zymes have been addressed previously in cellular sys-
tems and experimental animal models including
knockout mice [6-16]. At least three PKC isoforms (o,
B, 0) have been shown to be critical for T- and B-cell
activation [17,18]. PKCa is up-regulated during early
T-cell activation, and PKCo-knockout mice show a pro-
nounced reduction in IFNy production [19]. PKCP
knockout mice are immunodeficient due to reduced
humoral and cellular responses [20]. Mature T-cells
from PKCO knockout mice show impaired TCR-depen-
dent early T-cell activation, consistent with the involve-
ment of PKCO in the IL-2 pathway and its role in
immunological synapse formation [21-23]. Subsequently,
it has been demonstrated that PKCO-knockout mice are
markedly less susceptible to antigen-induced arthritis,
with CD4" T-cells from PKC6-knockout mice expressing
lower levels of Thl cytokines [16]. These, and a num-
ber of other studies into the effects of PKC isoforms,
suggest that PKC inhibition may form the basis for new
therapeutic options that interfere with early T-cell acti-
vation and thus control inappropriate immune
responses.

Compared to current immunosuppressive strategies
[24], the inhibition of PKC isoforms by low molecular
weight compounds [25] is attractive because of the
involvement of certain PKC isoforms in early T- and
B-cell signaling [10-13,18,21,23,26]. We have embarked
on a large synthesis program of low molecular weight
PKC inhibitors, testing their target specificity and thera-
peutic potential using in vitro and in vivo immunological
assays. The novel T-cell suppressant NVP-AEB071 (AEB,
INN: sotrastaurin; STN) is a potent oral inhibitor of clas-
sical and novel PKC isoforms that blocks early T-cell acti-
vation [27].

We report here the efficacy of AEB in a rat graft versus
host (GvH) model and in two rat models of cardiac allo-
graft rejection in which AEB was administered alone or in
combination with standard immunosuppressant agents.
The relation between AEB pharmacokinetics and pharma-
codynamic effects was also characterized in vivo.

Weckbecker et al.

Materials and methods

Animals

For the GvH experiments, male Wistar/F rats and
(Wistar x Fisher) F1 rats were used (Iffa Credo, L’Arbre-
sle, France). For transplantation studies, inbred male
Brown-Norway (BN, RT1" haplotype), Dark-Agouti (DA,
RT1* haplotype) and Lewis rats (LEW, RT1' haplotype) of
approximately 200-280g body weight were used (Harlan
Olac, AD Zeist, the Netherlands). LEW rats acted as
recipients throughout, while BN or DA rats served as
donors for allogeneic transplantation. These donor—recipi-
ent combinations represent major histocompatibility
complex (MHC) mismatches which are moderate for the
BN-to-LEW and strong for DA-to-LEW strain combina-
tion. Rats were housed with free access to water and stan-
dard chow and were allowed to adapt to the local
environment for at least 1 week before any procedures.
Handling and care were in compliance with the Swiss
Federal law for animal protection.

Whole blood ex vivo stimulation and flow cytometry
analysis

For ex vivo pharmacodynamic analyses, blood from AEB-
treated male Lewis rats was collected in Eppendorf tubes
precoated with sodium heparin (B. Braun, Melsungen,
Germany; 5000 IU/ml), to obtain 100 U/ml final concen-
tration. Per sample, 100 pl rat blood was plated out and
activated with 10 pl of PMA/aCD28 mAb at a final con-
centration of PMA of 50 ng/ml and aCD28 mAb of 1 pg/
ml [28]. Cultures were set up in duplicates. Control sam-
ples were left unstimulated. The final sample volume was
adjusted with medium to 195 pl, and one hour after acti-
vation, 5 pl brefeldin A was added to a final concentra-
tion of 10 pg/ml. As medium served DMEM high glucose
(Animed cat# 1-26F01-I) supplemented with 100 U/ml
penicillin, 100 mg/ml streptomycin, 2 mm L-glutamine,
50 mg/ml dextran 40 and 5% FCS (Fetaclone I, Gibco
#10270-106). All components were mixed thoroughly and
plates were incubated at 37 °C, 5% CO, for further 16 h.
Then samples were washed with CellWash (BD Bioscienc-
es, San Jose, CA, USA) and cells re-suspended in the
remaining 100 pl buffer.

For detection of intracellular and surface markers, cells
were permeabilized and nonspecific binding of antibody
was blocked by incubation with heat-aggregated mouse
IgG. Fluorescent-labeled antibodies in wash buffer were
then added and incubated for 30 min in the dark. All
antibodies were obtained from BD Biosciences. Samples
were stained with APC-labeled anti-rat CD3 mAb and
PE-Cy5 (CyChrome)-labeled anti-rat CD4 mAb to
allow gating of T-cells and the CD4" subpopulation in
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fluorescent-activated cell sorting (FACS) analysis. In addi-
tion, samples were incubated with fluorescein isothiocya-
nate (FITC)-conjugated mouse anti-rat CD25. Cells were
fixed and data was acquired on a FACScalibur flow
cytometer (BD Biosciences) using Cellquest Plus software.
Lymphocytes were gated in the FSC/SSC dot plot accord-
ing to size and granularity, and further analyzed for
expression of CD3, CD4 and the activation marker CD25.
Data were calculated from dot plots or histograms as per-
centage of cells positively stained for CD25 in the CD4"
CD3" subpopulation.

Pharmacokinetic analysis

AEB was administered to LEW rats orally or intrave-
nously (n =3 in each case) for pharmacokinetic analysis
and blood was collected at 2, 6 and 24 h postadministra-
tion. Drug concentrations were determined using reversed
phase micro-HPLC coupled to a mass spectrometer (LC/
MS) for detection. The lower limit of quantification was
5 ng/ml.

Local GvH reaction (Popliteal lymph node assay)

This GvH model was described previously [29]. Briefly,
20 million spleen cells from male donor Wistar/F rats
were injected into the right footpads of recipient male
(Wistar X Fisher) F1 rats on day 1. Rats received AEB at
oral doses of 3, 10 and 30 mg/kg twice daily (b.i.d.) or
once daily (q.d.) in 5 ml/kg vehicle from day 1 to day 5.
On day 8, recipients were sacrificed by CO, inhalation,
the right and left popliteal lymph nodes removed and
weighed. The weight difference between the right and left
lymph node indicates the strength of the GvH reaction.
Five rats were used per treatment group. Control groups
were given vehicle alone.

Heterotopic vascular heart allotransplantation

Heterotopic cardiac transplantation was performed as
described previously [30]. Briefly, the cooled and heparin-
ized donor heart was removed following ligation of all
vessels except the ascending aorta and the right pulmo-
nary artery. These vessels were then anastomosed end-to-
side to the recipient’s abdominal aorta and inferior vena
cava. After release of the clamps, the heart started to beat
within less than 2 min. Graft function was assessed daily
by palpation for ventricular contraction. Hearts in which
ventricular motion had ceased were considered rejected,
which was confirmed subsequently by histology. Body
weight was monitored regularly.

Recipient rats received the following treatments: vehi-
cle, AEB (10 mg/kg and 30 mg/kg p.o., b.i.d.), cyclo-
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sporine (2.5 mg/kg p.o., q.d.), everolimus (0.3 mg/kg
p.o.,, q.d.) or FTY720 (0.1 mg/kg p.o., q.d.), all as
monotherapy, or AEB071 (10 mg/kg p.o., b.id.) in
combination with cyclosporine (2.5 mg/kg p.o., q.d.),
everolimus (0.3 mg/kg p.o., q.d.) or FTY720 (0.1 mg/kg
p.o., q.d.). AEB was mixed in D(+)-glucose and dis-
solved in polyethylenglycol 400, 100 mm HCl and dis-
tilled water before administration. Micro-emulsion
preconcentrates of cyclosporine (Neoral®) and everoli-
mus (Novartis Pharma AG, Basel, Switzerland) were
diluted with distilled water and administered orally.
FTY720 (Novartis Pharma AG, Basel, Switzerland) was
dissolved in distilled water and also given orally. All
treatments were performed by oral gavage using
rat-feeding needles. All monotherapy treatments were
performed using a volume of 3 ml/kg, whereas the
combination treatments consisted in twice 2 ml/kg
given one after the other, with AEB always applied
first. Treatments started immediately after transplanta-
tion, with the exception of FTY720 treatments initiated
at 1 day pretransplant. The experiments were termi-
nated at rejection or at predefined termination points.
For ethical reasons (3R-compliance), most of the
treatment groups were limited to n = 5-7. An increase
in group size up to 10 was allowed to take into con-
sideration a high degree of variability in the results.
This was the case for the evaluation of the dose-related
AEB monotherapy treatments in the DA-to-LEW
model.

For histological examination, cardiac allografts were
fixed in 10% buffered formalin, processed according to
standard procedures and embedded in paraffin. Tissue
blocks were cut to 3-pm sections that underwent staining
with hematoxylin and eosin (H&E) and trichrome. The
degree of acute cardiac rejection was scored according to
Stewart [31]: OR, no rejection; 1R, mild; 2R, moderate;
3R, severe. In addition, the grade of cardiac allograft vas-
culopathy (CAV) was scored: 0, no CAV; 1, mild (<25%
lumen occlusion); 2, moderate (26-50% occlusion); 3,
severe (>50% occlusion).

Statistical analysis

In the GvH studies, data from different treatment
groups were assessed for statistical significance by two-
way ANOVA. Transplantation survival analysis was per-
formed using Systat Version 10.2, SPSS Inc., Chicago,
IL, USA. Since the duration of the experiment was
restricted such that graft survival could not be moni-
tored up to rejection time, Kaplan—Meier survival analy-
sis was applied and the log-rank test was used for
comparisons between two survival curves. The level of
significance was set at P < 0.05.
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Results

Pharmacokinetics and pharmacodynamics of AEB
Following intravenous administration (n = 3), the plasma
half-life of AEB in LEW rats was 3.2 h and drug clearance
was 3070 ml/h/kg (Table 1). Importantly, tissue distribu-
tion studies in rats revealed that AEB was distributed
preferentially to lymphatic tissues. Area under the curve
(AUCQC) for the first 24 h after oral administration of AEB
30 mg/kg was 31 pg/gh (spleen), 21 pg/g’h (mesenteric
lymph nodes), 13 pg/gh (thymus) and 1.9 pg/gh
(blood). Pharmacokinetic analysis after intravenous and
oral (n = 3) administration indicated an oral bioavailabil-
ity of 34%, compatible with oral administration for
in vivo testing.

The effect of AEB on T-cell activation was addressed by
ex vivo stimulation of diluted blood from Lewis rats trea-
ted with vehicle or a single oral dose of AEB (10 or
30 mg/kg). Blood lymphocytes were stimulated via direct
PKC activation using phorbol-12-myristate-13-acteate
(PMA) without additional Ca®*ionophores. To increase
specificity of the activation for T lymphocytes an activat-
ing anti-CD28 antibody was used in combination with
PMA (PMA/aCD28). Activation was visualized by assess-
ing the expression of CD25 (IL-2R) on CD4" CD3*
T-cells by flow cytometry. With AEB 10 mg/kg, CD25
expression was inhibited by about 75% at 2 h post-treat-
ment with full recovery at 6 h (Fig. 1a). At the higher
dose of AEB (30 mg/kg) almost complete inhibition of
CD25 expression was achieved at 2 h, with >60% inhibi-
tion remaining 6 h after administration (Fig. 1b). Blood
levels were time-dependent and correlated positively with
inhibition of CD25 expression (Fig. 1b). AEB did not
have a discernable effect on the numbers or relative pro-
portions of lymphocyte subpopulations. The dose- and
time-dependent pharmacodynamic effects of oral AEB
10 mg/kg and 30 mg/kg indicated that both doses were
suitable for further profiling in rats.

Table 1. Pharmacokinetic parameters of AEB in rats after administra-
tion of a single oral or intravenous dose. Levels were measured in
whole blood by LC/MS.

Oral administration

Dose (mg/kg) 20
Cinax (ng/ml) 623
Tmax () 0.5
AUC (ng/g-h) 2209
Intravenous administration

Dose 5
AUC (ng/g-h) 1629
ty, E (h) 3.2
Clearance (ml/h/kg) 3070
Oral biocavailability (%) 34

Weckbecker et al.

Rat GvH model

In the GvH model, oral AEB strongly inhibited the allo-
antigen-driven weight increase of draining popliteal
lymph nodes in a dose-dependent manner (Fig. 2). This
inhibition was highly significant for all doses 3, 10, and
30 mg/kg when administered twice daily (b.i.d.), and also
for single daily doses (q.d.) of 10 and 30 mg/kg. Thus,
AEB is a potent inhibitor of the allogeneic response in
the rat GvH model.

Effect of AEB monotherapy on rat cardiac allograft sur-
vival

In vehicle-treated recipient rats (n = 5), BN grafts were
acutely rejected on days 7 and 8 (Fig. 3a). Oral AEB at
10 mg/kg and 30 mg/kg b.i.d. showed a dose-dependent
immunosuppressive effect (Table 2) leading to pronounced
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Figure 1 Dose- and time-dependent inhibition of CD25 and correla-
tion with AEB exposure. (a) Four rats received a single oral dose of
AEB 10 mg/kg (circles) or 30 mg/kg (squares). Blood was sampled
after 2, 6 and 24 h and whole blood was activated with PMA/anti-
CD28 mAb. Expression of CD25 by CD3* CD4* cells was determined
by multicolor FACS analysis. Data show % inhibition of CD25 expres-
sion compared to vehicle-treated control. (b) Four rats received a sin-
gle oral dose of AEB 30 mg/kg. Blood was sampled and activated as
in (a). At the same time, blood exposure of AEB was determined.
Data show % inhibition of CD25 expression compared to vehicle-
treated control (squares, solid line) and AEB blood concentration
(triangles, dotted line).
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Figure 2 AEB dose-response study in the rat local GvH model. Spleen
cells (2 x 107) from Wistar/F donor rats were injected into the right
foot pads of (Fisher344xWistar/F) F1 recipient rats. From the day of
injection (day 1) until day 4, oral AEB was administered twice daily
(b.i.d.) or once daily (g.d.). Popliteal lymph nodes were removed and
weighed on day 8. Data are differences in weight of right and left
lymph nodes. Bars represent mean + SD of five rats per group. Num-
bers underneath connected bar graphs indicate P values obtained by
two-way anova (Bonferroni correction for multiple comparisons con-
firmed significant differences).

prolongation of heart allograft survival. The median sur-
vival time (MST) of BN-to-LEW allografts was 15 days
(range 10-17 days) with AEB 10 mg/kg b.i.d. (n = 7) and
>28 days with AEB 30 mg/kg b.i.d. (n = 5). Histological
examination revealed moderate to severe acute cellular
rejection (Grades 2R-3R) in all cases, indicating that graft
rejection was ongoing at time of necropsy (Fig. 3b).
Using the stringent DA-to-LEW strain combination, allo-
grafts were rejected in vehicle-treated recipient rats on
days 6-10 (MST 6 days) post-transplant (n = 8). Treat-
ment with oral AEB 10 mg/kg and 30 mg/kg b.i.d.
(n =10 each) resulted in MST of 6.5 days (range 6—
8 days) and 17.5 days (range 11-28 days), respectively
(Table 2). Histological examination revealed severe rejec-
tion (Grade 3R) and moderate to severe rejection (Grades
2R-3R), respectively. Thus, in two major MHC-
mismatched rat models of allotransplantation, oral AEB
monotherapy at 30 mg/kg b.i.d. prolonged cardiac allo-
graft survival with statistical significance.

Effect of AEB combination therapy on rat cardiac
allograft survival

Cyclosporine, everolimus and FTY720 were titrated in
pilot transplantation experiments to define suboptimal
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(i.e. nonefficacious) doses for combination therapy with
AEB (data not shown). Here, in DA-to-LEW transplants,
cyclosporine at the suboptimal dose of 2.5 mg/kg q.d.
prolonged cardiac allograft survival to a MST of 11 days
(n = 6). Everolimus 0.3 mg/kg q.d. or FTY720 0.1 mg/kg
q.d. both failed to affect graft survival times at these doses
(MST 7 days and 7.5 days, respectively) (Table 2). Severe
acute rejection was confirmed histologically in all animals.

The combination of a low dose of AEB (10 mg/kg
b.i.d.), previously shown to be ineffective as monotherapy
in the DA-to-LEW strain combination, with cyclosporine
at 2.5 mg/kg q.d. prolonged MST to 26.5 days (range 16
to >50 days, n = 6). Severe acute rejection (Grade 3R)
without signs of chronic allograft vasculopathy was
observed in all animals at the end of the treatment period
(Fig. 3c). AEB 10 mg/kg b.i.d. in combination with ever-
olimus 0.3 mg/kg q.d. resulted in prolonged allograft sur-
vival of MST >69 days (range 36 to >100 days, n = 6). A
similar prolongation (MST >69 days, range 11 to
>100 days, n = 6) was observed for AEB 10 mg/kg b.i.d.
combined with FTY720 0.1 mg/kg q.d. (Table 2). All
grafts rejected before day 100 showed histologically-
confirmed severe acute rejection (Grade3R). Grafts of
recipient rats that were terminated on day 100 for sched-
uled necropsy (n =3 each from the everolimus and
FTY720 combination group) showed mild to moderate
acute interstitial rejection (Grades 1R-2R) and mild to
severe chronic allograft vasculopathy in five out of six
animals (CAV 1-3, Fig. 3d).

All animals in whom the allograft survived beyond the
first week gained body weight during the evaluation per-
iod. In terms of hematological parameters, rats receiving
FTY720 alone or in combination with AEB showed the
well-documented decrease in peripheral lymphocytes.
AEB at 10 and 30 mg/kg b.i.d. alone and in combination
with cyclosporine or everolimus also resulted in a slight
decrease in peripheral lymphocyte counts. No relevant
changes in blood chemistry (serum creatinine, alkaline
phosphatase, alanine aminotransferase and aspartate ami-
notransferase) were observed with any treatment regimen.

Pharmacokinetics of AEB during combination therapy

Pharmacokinetic analysis of blood from transplanted rats
showed that AEB 10 mg/kg resulted in an AUC of
1281 ng/ml'h (n = 10). Co-administration of cyclospor-
ine, everolimus and FTY720 induced a small to moderate
decrease in AEB exposure compared to AEB monotherapy
(Fig. 4). Slight increases in cyclosporine and everolimus
blood levels were observed during combination treatment
with AEB, but there was no marked change in the con-
centration of FIY720 or its active metabolite FTY720-
phosphate compared to FI'Y720 monotherapy.
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Figure 3 Histology of the transplanted heart. (a) Severe acute rejection (grade 3R) with intimal arteritis and multifocal interstitial hemorrhage in
vehicle-treated animal in BN-to-Lew model, 8 days post-tx (H&E). (b) Moderate acute cellular rejection (grade 2R) in AEB 30 mg/kg b.i.d.-treated
animal in BN-to-Lew model, 28 days post-tx (H&E). Multifocal mononuclear cell infiltration with myocyte damage was visible. (c) Severe acute
cellular rejection (grade 3R) in AEB 10 mg/kg b.i.d. and cyclosporine 2.5 mg/kg/day-treated animal in DA-to-Lew model, 50 days post-tx (H&E).
Diffuse mononuclear cell infiltration with vasculitis and disruption of normal architecture was visible. (d) Mild acute cellular rejection (grade 1R)
and severe chronic allograft vasculopathy (arrow) with nearly complete intramural arterial occlusion in AEB 10 mg/kg b.i.d. and FTY720 0.1 mg/
kg/day-treated animal in DA-to-Lew model, 100 days post-tx (H&E).

Table 2. Effect of oral AEB alone and when combined with oral cyclosporine, everolimus or FTY720 on survival of heart allograft.

Graft Median
Strain Dose Dose survival survival Acute cellular
combinations  Treatment (mg/kg b.i.d.) (mg/kg g.d.) (days) time (days) rejection scores
BN-to-LEW Control 0 7,7,7,8 8 7 3R, 3R, 3R, 3R, 3R
AEB 10 10, 11, 15, 15, 16, 16, 17, 15* 3R, 3R, 3R, 3R, 3R, 3R, 3R
AEB 30 >28, >28, >28, >28, >28 >28* 3R, 2R, 2R, 2R, 2R
DA-to-LEW Control 0 6,6,6,6,6,7,7,10 6 3R, 3R, 3R, 3R, 3R, 3R, 3R, 3R
AEB 10 6,6,6,6,6,7,7,7,7,8 6.5 3R, 3R, 3R, 3R, 3R, 3R,
3R, 3R, 3R, 3R
AEB 30 11, 14,15, 16, 17, 18, 17.5* 3R, 3R, 3R, 3R, 3R, 3R,
18, 20, 23, >28 3R, 3R, 3R, 2R
Cyclosporine 2.5 7,9,9 13,14, 14 11 3R, 3R, 3R, 3R, 3R, 3R
AEB + cyclosporine 10 2.5 16, 17, 26, 27, 28, >50 26.5* 3R, 3R, 3R, 3R, 3R, 2R
Everolimus 0.3 7,7,7,7,8,8, 7 3R, 3R, 3R, 3R, 3R, 3R
AEB + everolimus 10 0.3 36, 37, 37, >100, >100, >100 >68.5* 3R, 3R, 3R, 3Rf, 2Rt, 1Rt
FTY720 0.1 7,7,7,8 8,8 7.5 3R, 3R, 3R, 3R, 3R, 3R
AEB + FTY720 10 0.1 11, 26, 37, >100, >100, 100 >68.5* 3R, 3R, 3R, 3R, 1Rt, 3R

*P < 0.01 versus Control.
tChronic allograft vasculopathy present.
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Discussion

The potent PKC inhibitor AEB was selected from a large
series of maleimide-type kinase inhibitors generated as
part of a systematic chemical optimization program [27].
Comprehensive in vitro studies using isolated enzymes
and various cellular systems have demonstrated AEB to
be a highly selective inhibitor of the immunologically rel-
evant PKC isoforms o, 3, and 0 [27]. In the current study
we investigated:

1 the pharmacokinetics of AEB in relation to its inhibi-
tory effects on the ex vivo activation of T cells; and

2 the immunosuppressive activity of AEB in rodent
models of graft versus host reaction and solid organ
transplantation.

Early pharmacokinetic studies in rats demonstrated that
AEB is orally bioavailable and distributes preferentially to
lymphatic tissues. A low molecular weight immunosup-
pressant that is orally available and acts through a novel
mode of action has the potential to expand the range of
drugs currently used to manage allograft rejection and
possibly autoimmune diseases. The distribution properties
of maleimide-type PKC inhibitors formed part of the
selection criteria when identifying candidate inhibitors for
further profiling. The observation that oral administration
of efficacious AEB doses resulted in high drug concentra-
tions in both the spleen and lymph nodes supported the
decision to undertake additional in vivo testing since high
local drug levels in lymphatic tissue may contribute to
efficacy. The role of high lymphatic levels of AEB war-
rants further investigations in other species, particularly
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large animals, to form the basis for modeling drug distri-
bution patterns in man.

Expression of the T-cell activation marker CD25, moni-
tored with the goal to predict efficacious doses of AEB in
rat transplant models, was found to be inhibited in a
dose- and time-dependent manner by AEB. The oral dose
of AEB (30 mg/kg b.i.d.) almost completely prevented
up-regulation of CD25 on peripheral T cells and was
therefore predicted to exert relevant immunosuppressive
effects in rat models. The pharmacodynamic profiles of
AEB also demonstrate that a single oral dose of AEB can
lead to sustained but reversible immunosuppression.
Further studies are ongoing to test the effects of AEB on
a range of other immune cell markers in animal models.
This will support the potential for use of T-cell activation
markers as clinical biomarkers of pharmacodynamic
changes induced by AEB.

The pharmacokinetic and pharmacodynamic properties
observed with AEB (Fig. 1) are consistent with its potent
inhibition of the local parent-to-F1 GvH reaction in the
rat. This mechanistic model of allogeneic immune
responses is based on donor allogeneic T-cell interaction
with host B-cells, leading to a swelling of local lymph
nodes [29]. Inhibition of early T-cell activation by AEB
[27] can explain the observed reduction in popliteal
lymph node swelling. This inhibition was efficacious and
dose-dependent for both the once-daily and twice-daily
dosing regimen. The exception was the lowest dose
(3 mg/kg), which was only efficacious when administered
twice daily, indicating that AEB 3 mg/kg q.d. is inade-
quate to maintain continuous immunosuppressive blood
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levels. Thus, beyond a certain threshold dose level once
daily oral dosing of AEB may be sufficient to achieve a
therapeutic effect. Conventional immunosuppressive
drugs such as cyclosporine have previously been shown
to be highly active in rat GvH [24,29]. The marked
activity of oral AEB in the rat GvH model (Fig. 2)
suggests that AEB has the potential to interfere with
immune responses and thereby prevent graft rejection.
Furthermore, efficacy in this model provides a hint that
AEB may be useful in autoimmune diseases where T-cell-
mediated pathology is dominant. In fact, recent clinical
studies demonstrated activity of AEB in the treatment of
psoriasis [32].

Oral AEB monotherapy was efficacious in rat solid
organ transplantation at doses found to be active in the
pharmacokinetic/ pharmacodynamic and GvH studies.
Based on heartbeat as functional readout the study shows
that oral AEB at a dose of 30 mg/kg prevented rejection
of BN cardiac allografts in LEW recipient rats over the
28-day treatment period; a less pronounced suppression
of allograft rejection was obtained in the more stringent
DA-to-LEW strain combination. Histologically confirmed
rejection in grafts that were collected at the predeter-
mined endpoint of the observation period indicates that
this monotherapy regimen did not provide a full protec-
tion against graft rejection over the entire treatment per-
iod. This is in line with the findings from the
pharmacokinetic/pharmacodynamic and GvH models, in
which this dose achieved a marked but incomplete inhibi-
tory effect. However, treatment with AEB in combination
with cyclosporine, everolimus or FTY720, using sub-ther-
apeutic doses of each combination drug, led to a marked
increase of allograft survival times. The most pronounced
effects were observed in the everolimus and FTY720 com-
bination groups, with median survival times of >69 days.

To explore the type of drug interaction governing these
combinations, drug levels were monitored at the time of
graft rejection or at the point of reaching the predefined
endpoint of the study (day 100). In all drug combinations
tested, the blood levels of AEB dropped to 53-73% of
monotherapy levels while the blood level of all other
drugs increased slightly compared to single-agent treat-
ments. While further pharmacokinetic studies are needed,
based on these data it is unlikely that the slight rise in
blood levels of FTY720 (FTY720-P) and everolimus in
combination with AEB contributes significantly to the
nine- to 10-fold increase in cardiac allograft survival.
Importantly, in the DA-to-LEW strain combination, ever-
olimus monotherapy at a three-fold higher dose of 1 mg/
kg has been shown previously at our center to produce
inferior allograft survival to that obtained with everolimus
0.3 mg/kg together with AEB, despite the fact that everol-
imus AUC at 1 mg/kg was twice as high as in the combi-
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nation arm (data not shown). Thus, the data suggest a
synergistic pharmacodynamic effect rather than a phar-
macokinetic interaction of AEB in combination with
FTY720 and everolimus.

The immunosuppressive effects of AEB described here
in rodent mechanistic and transplantation models are
mediated through inhibition of classical and novel PKC
isoforms as demonstrated in biochemical and cellular
studies published elsewhere [27]. The PKC isoforms
known to contribute to T-cell activation, namely PKCa,
PKCB and PKCO [10-13,18,21,23,26] are all potently
inhibited by AEB. The further profiling of AEB in batter-
ies of tyrosine, lipid and Ser/Thr kinases showed no
relevant inhibitory activity of AEB outside the PKC family
[27]. Further studies should address whether specific
inhibition of a certain PKC isoform or the broad inhibi-
tion of several PKC isoforms is triggering the immuno-
suppressive effects observed in vivo. Moreover, it is
possible that the relative contribution of PKC isoform
inhibition may differ between models. In view of the
broad expression profile of PKCs and their regulatory role
in cell activation, growth, differentiation and apoptosis,
cytoskeletal functions and gene expression, it is of note
that AEB was very well tolerated in the in vivo models
described for the entire observation period of up to
100 days post-transplant.

In conclusion, the studies reported here suggest a ther-
apeutic potential of the potent pan PKC inhibitor AEB
for the treatment of various T-cell-dependent conditions
including transplant rejection.
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