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Abstract

The mechanistic/mammalian target of rapamycin (mTOR) is inhibited clinically to suppress T cell
function and prevent allograft rejection. mTOR is the kinase subunit of two mTOR-containing
complexes, mTOR complex (MTORC) 1 and 2. Although mTORCL1 is inhibited by the macrolide
immunosuppressant rapamycin (RAPA), its efficacy may be limited by its inability to block
mTORC1 completely and its limited effect on mMTORC2. Adenosine triphosphate (ATP)-
competitive mTOR inhibitors are an emerging class of mTOR inhibitors that compete with ATP at
the mTOR active site and inhibit any mTOR-containing complex. Since this class of compounds
has not been investigated for their immunosuppressive potential, our goal was to determine the
influence of a prototypic ATP-competitive mTOR inhibitor on allograft survival. AZD8055
proved to be a potent suppressor of T cell proliferation. Moreover, a short, 10-day course of the
agent successfully prolonged murine MHC-mismatched, vascularized heart transplant survival.
This therapeutic effect was associated with increased graft-infiltrating regulatory T cells and
reduced CD4" and CD8* T cell IFN-vy production. These studies establish for the first time, that
ATP-competitive mTOR inhibition can prolong organ allograft survival and warrant further
investigation of this next generation mTOR inhibitors.

Introduction

The mechanistic/mammalian target of rapamycin (mTOR) is a ubiquitously expressed
serine/threonine kinase of the phosphatidylinositol 3-kinase (P13K)-like kinase superfamily.
It plays an important role in immune regulation (1, 2) and is targeted clinically by rapamycin
(RAPA) and its analogues to suppress rejection following organ transplantation (3). Two
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signaling complexes, mTOR complex (MTORC) 1 and mTORC2, utilize mTOR as their
catalytic subunit. Both complexes contain the protein subunits mammalian lethal with
SEC13 protein 8 (mMLST8) and DEP domain-containing mTOR-interacting protein
(DEPTOR), while mTORC1 is distinct in incorporating regulatory-associated protein of
mTOR (raptor) and proline rich AKT substrate of 40 kDa (PRAS40). Alternatively,
mTORC?2 uniquely includes the RAPA-insensitive companion of mTOR (rictor),
mammalian stress-activated protein kinase-interacting protein 1 (mSIN1) and protein
observed with rictor (Protor) (1, 4). RAPA is an allosteric, incomplete inhibitor of mMTORC1
(5, 6) that does not affect mTORC2 directly, except in a small number of cell lines after
prolonged exposure (7, 8). The immune function of mMTORC2 and the impact of its
inhibition in transplantation are unknown.

Recently-described adenosine triphosphate (ATP)-competitive mTOR inhibitors block the
catalytic function of mTOR, resulting in inhibition of both mTOR-containing complexes (5,
9, 10). These inhibitors have facilitated investigation of the function of RAPA-resistant
mTOR in non-immune cells. This has revealed, surprisingly, that in addition to mTORC2,
there are RAPA-resistant functions of mTORC1, such as cell proliferation and cap-
dependent protein translation, that are not inhibited completely by RAPA (5, 9). We have
demonstrated recently that RAPA-resistant mTORCL1 regulates dendritic cell (DC) B7
homologue-1 (B7-H1=programmed death-1 ligand 1; CD274) expression, and that RAPA-
resistant mTOR negatively regulates DC expression of IL-10, resulting in B7-H1-mediated
enhanced ability to induce regulatory T cells (Treg) (11). However, others have shown that
knockdown of rictor, a required component of mMTORC?2, results in DC with enhanced pro-
inflammatory cytokine secretion following lipopolysaccharide stimulation (12). Conditional
genetic ablation of rictor in T cells impairs their ability to differentiate into T helper type-1
(Th1) and Th2 (13) or Th2 cells (14). These findings demonstrate that RAPA-resistant
mMTORC1 and mTORC?2 are critical in the regulation of immune cell function.

Despite the emerging role of RAPA-resistant mTOR in innate and adaptive immune cell
function, neither the influence of ATP-competitive mTOR inhibitors on T cells nor the
immunosuppressive (IS) potential of these agents has been investigated. Thus, we
investigated the efficacy of these inhibitors in @ mouse model of cardiac transplantation.
AZD8055 (Figure 1) is a prototypic, orally-available, ATP-competitive mTOR kinase
inhibitor, that suppresses phosphorylation of the mTORC1 substrates p70S6K and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), as well as phosphorylation of the
mMTORC?2 substrate AKT (S473). Herein, we demonstrate that ATP-competitive mTOR
inhibition with AZD8055 is more efficacious than mTORC1 inhibition by RAPA in
blocking T cell proliferation in vitro. While in vivo, AZD8055 exhibited a shorter half-life
than RAPA, it significantly prolonged mouse vascularized cardiac allograft survival, which
correlated with increased graft-infiltrating Treg and reduced type-1 cytokine production by
splenic CD4* and CD8™" T cells. These findings establish that ATP-competitive mTOR
inhibitors are viable IS agents in experimental organ transplantation. Further studies
regarding their immunomodulatory properties, efficacy in preventing graft rejection and
pharmacokinetics are warranted.

Am J Transplant. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roshorough et al. Page 3

Materials and Methods

Animals

8-12 week old male C57BL/6 (B6; H2KP) or BALB/c (H2K%) mice were purchased from
The Jackson Laboratory. Experiments were performed under an institutional animal care and
use committee-approved protocol and in accordance with the NIH guide for the Care and
Use of Laboratory Animals.

AZD8055 and rapamycin
AZD8055 (5-{2,4-Bis[(39)-3-methylmorpholin-4-yl]pyrido[2,3-d]pyrimidin-7-yl}-2-
methoxy-phenyl) methanol (Figure 1) was prepared for in vitro studies as a 10 mM stock
solution in dimethyl sulphoxide (DMSQ) and added at the concentration indicated for the
duration of cell cultures. For in vivo administration, the AZD8055 solution was diluted in
PBS with 0.02% Tween 80 and 0.26% polyethylene glycol as a carrier. Rapamycin (LC
Laboratories) was dissolved in ethanol and further diluted in the above carrier. The final
concentration of DMSO or ethanol did not exceed 0.05%.

T cell isolation and anti-CD3/CD28 bead stimulation

CD3™* T cells were isolated by negative selection and labeled with carboxyfluorescein
succinimidyl ester (CFSE; Invitrogen). T cells (1x10°) were stimulated with CD3/CD28 T-
Activator Dynabeads (2.5%10%; Gibco) for 5 days.

Histology

Heart allografts were fixed in 10% v/v neutral buffered formalin, paraffin-embedded,
sectioned, and stained with hematoxylin and eosin. Additionally, sections were assessed by
standard immunohistochemical staining for forkhead box P3 (Foxp3; eBioscience, Clone
FJK-16s). Whole slide images of stained specimens were generated by scanning with a
Mirax MIDI (3D Histech, Budapest, Hungary). Digital images were captured using
Panoramic Viewer (Version 1.14; 3D Histech). 10x images were captured using an AxioStar
Plus microscope (Zeiss) with a digital camera (AxioCam INC, Zeiss). Foxp3* cells were
quantified by counting positive cells within 2-3 fields per heart.

Flow cytometry

Cell surface and intracellular staining was performed as described (11, 15). A LSR Il or LSR
Fortessa flow cytometer (BD Bioscience) was used to acquire samples. Data were analyzed
using FlowJo 8.8.6 (Tree Star).

Semi-quantitative PCR

Total RNA was isolated, reverse transcribed and amplified as described (16). Foxp3 forward
primer; CACCTATGCCACCCTTATCC; Foxp3 reverse primer:
CGAACATGCGAGTAAACCAA,; B-actin forward primer:
AGAGGGAAATCGTGCGTGAC; B-actin reverse primer:
CAATAGTGATGACCTGGCCGT.
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Splenocyte restimulation

Following red blood cell lysis, splenocytes were stimulated with phorbol-12-myristate-13-
acetate (PMA; 1 mg/ml) and ionomycin (1 mg/ml) for 3.5h at 37°C. GolgiPlug (1 pl/ml; BD
Bioscience) was added for the final 3h of culture before staining for flow cytometry.

Vascularized heart transplantation

BALBI/c to B6 heterotopic heart transplants were performed as described (17). Recipients
were treated with a 10-day course of either RAPA (2 mg/kg loading dose and 1 mg/kg/d
intraperitoneally [i.p.] maintenance dose) or AZD8055 (10 mg/kg twice daily i.p.). Graft
survival was monitored by abdominal palpation; rejection was determined by complete
cessation of cardiac contraction and confirmed histologically. Alternatively, recipients were
euthanized on day 10-11, 20 or 80 post-transplant for immune monitoring and graft
histology.

Pharmacokinetic analyses

Statistics

Results

Plasma levels of AZD8055 and whole blood levels of RAPA were determined by high-
performance liquid chromatography/mass spectrometry, after minor modifications of
published procedures (10, 18).

Results are expressed as means + 1 standard deviation (SD). Unpaired, two-tailed Student’s
‘t” tests were used to determine the significance of differences between means. Log-rank
tests were used to establish the significance of differences between survival curves
(GraphPad Prism).

AZD8055 reveals RAPA-resistant inhibition of CD4* and CD8* T cell proliferation

Previous studies have demonstrated that mouse embryonic fibroblast proliferation is
inhibited to a greater degree by ATP-competitive dual mTOR inhibitors than by RAPA (5,
9). We sought to determine if the ATP-competitive mTOR inhibitor, AZD8055, could
similarly suppress T cell proliferation more potently than RAPA. Although RAPA was a
more potent inhibitor of CD4* and CD8™ T cell proliferation at concentrations less than
(approximately) 30 nM, AZD8055 surpassed the ability of RAPA to inhibit T cell
proliferation at concentrations = 200 nM (Figure 2). While AZD8055 exerted a dose-related
inhibitory effect, RAPA caused similar degrees of inhibition of T cell proliferation at all
concentrations tested between 1.95 nM and 1000 nM (Figure 2). These concentrations are
relevant to in vivo levels after AZD8055 administration (10 mg/kg) both orally, where free
plasma drug concentrations reached 500 nM (10), and intraperitoneally, where we found
total plasma drug levels of = 200 nM (Figure 3).

Pharmacokinetics of AZD8055 and RAPA

AZDB8055 has been reported to have a short half-life of approximately 2h in mice following
its oral administration (10), whereas a half-life of 6.4h has been reported for RAPA after i.v.
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administration in B6 mice (19). Based on this information, AZD8055 was administered
twice daily and RAPA was administered once a day. We determined the total plasma drug
concentrations of AZD8055 and whole blood concentrations of RAPA at various times after
i.p. administration of 10 mg/kg AZD8055 or 1 mg/kg RAPA, respectively. Concentrations
of each drug over time are shown in Figure 3. A pronounced distribution phase was evident
in the AZD8055 plasma concentration time profile. Both drugs were absorbed fairly rapidly,
reaching peak concentrations in about 0.25h. Various pharmacokinetic parameters are
shown in Table 1. The plasma concentration of total AZD8055 fell to 200 nM 8h after its
i.p. administration, a concentration at which AZD8055 was superior to RAPA in inhibiting
T cell proliferation in vitro (Figure 2). In spite of the fact that RAPA was administered once
a day, its blood concentrations remained above 10 nM at 24 h after a single dose (Figure 3),
which corresponds to its therapeutic concentrations in solid organ transplant patients.

ATP-competitive mTOR inhibition prolongs fully MHC-mismatched mouse cardiac allograft

survival

Having observed that ATP-competitive mTOR inhibition suppressed T cell proliferation
(Figure 2), we next sought to determine whether AZD8055 could inhibit organ allograft
rejection. The regimen selected for administering AZD8055 or RAPA i.p. (Figure 4A) was
designed to achieve a similar duration of treatment around the peak of acute allograft
rejection in the BALB/c to B6 cardiac allograft model, while maintaining a 10 day treatment
regimen for both inhibitors. Using this regimen, both AZD8055 and RAPA prolonged
allograft survival significantly (p<0.001; median graft survival times: AZD8055 28 days,
RAPA 68 days [Figure 4B]). There was no significant difference between the graft survival
times of the AZD8055 and RAPA groups (p=0.26). Twenty and fifty percent of the
recipients receiving AZD8055 and RAPA, respectively, demonstrated long-term graft
survival (>80 days). Histologic analysis of grafts from mice that did not receive IS revealed
severe cellular rejection and myocardial destruction by days 10-11, whereas transplants
from mice given AZD8055 or RAPA euthanized at this time showed a comparatively mild
mononuclear cell infiltrate (Figure 4C). Grafts that survived > 80 days showed leukocytic
infiltration by plasmacytic and mononuclear cells, thickening of the vascular intima and
lumen reduction, indicating chronic rejection. Allografts from RAPA-treated mice showed
more abundant areas with normal myocardial fibers than those from mice given AZD8055.
These results were in agreement with better graft-beating quality detected in RAPA- versus
AZD8055-treated mice (data not shown). Graft-infiltrating Foxp3* Treg were enhanced 7—
10 fold by AZD8055 or RAPA (Figure 4D-E), and increased Foxp3 mRNA expression was
detected in allografts of mice treated with AZD8055 or RAPA, with RAPA being superior to
AZD8055 (Figure 4F). No adverse effects of AZD8055 on renal function were observed
after 10 days of treatment (serum creatinine levels: 0.2 mg/dl; n=4), in agreement with
safety and tolerability reports for AZD8055 in cancer patients (20, 21). In addition, no
differences were found in wound healing between the three groups of transplanted mice.

AZDB8055 transiently reduces effector T cell differentiation following cardiac
transplantation

We next determined the influence of AZD8055 on T cell polarization and cytokine
production following transplantation. Splenocytes were restimulated ex vivo with PMA and
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ionomycin, 10-11 days after transplantation, to determine their cytokine-producing ability
by flow cytometry (Figure 5). Transplant recipients that did not receive IS showed enhanced
(approximately 2-fold) CD8* T cell interferon (IFN)y production compared with normal,
non-transplanted controls that was inhibited completely by AZD8055 or RAPA treatment
(Figure 5A-B). Enhanced IFNy production by CD4* T cells was inhibited by AZD8055,
reaching the same levels as in naive mice, however RAPA showed more effective inhibition
(Figure 5C-D). We further investigated this difference between RAPA and AZD8055,
repeating and extending cytokine measurements in mice with surviving grafts at days 20 and
80 post-transplant. Mice treated with AZD8055 showed a higher percentage of IFN-
producing CD4* and CD8" T cells compared with animals given RAPA, and also
comparatively higher incidences of IL-17*, IL-10* and Foxp3*™ CD4" T cells at day 20 post-
transplant (Figure 5E). These differences were not sustained 80 days post-transplant (Figure
5E). Together, the findings suggest that AZD8055 is able to reduce T cell IFNy production
in heart graft recipients, although at the drug doses selected, this inhibition of effector T cell
cytokine production is not as long-lasting as in RAPA-treated hosts.

Discussion

We demonstrate that the prototypic ATP-competitive dual mTOR inhibitor AZD8055
suppresses mouse CD4* and CD8" T cell proliferation in vitro to a greater extent than the
mTORC1 inhibitor RAPA at concentrations equal to or exceeding approximately 200 nM.
These data extend previous findings in non-immune cells showing that RAPA inhibits
mTORC1-mediated cell proliferation (5, 9) incompletely. Our findings suggest that ATP-
competitive mTOR inhibitors have potential to suppress alloreactive T cell responses in
Vvivo, in transplantation and other immune-mediated inflammatory disorders, more potently
than RAPA and its analogues at physiologic levels. Notably, small organic molecules can
engage multiple important cell receptors and systems, including aryl hydrocarbon receptors,
heme oxygenase-1 and multiple drug resistance protein, and possibly Toll-like and NOD-
like receptors. It is, however, beyond the scope of this brief report to assay and control for
these functions.

The total plasma concentrations of AZD8055 observed in this study are higher than those
reported for free concentrations of AZD8055 following its oral administration (10). This can
partially be explained by the fact that approximately 95% of AZD8055 in plasma is bound to
plasma protein (Dr. A.D. McCormick, Astrazeneca, UK, personal communication). In
addition, differences in the bioavailability of AZD8055 after i.p. administration (this study)
and oral administration (10), can also account for the differences in the concentrations
observed.

We tested the ability of AZD8055 to inhibit graft rejection in a fully MHC-mismatched
mouse cardiac transplant model. To our knowledge, this is the first report that an ATP-
competitive mTOR inhibitor can suppress allograft rejection. Despite its short half-life ((10)
and Figure 3), a 10-day course of AZD8055 prolonged graft survival significantly and
promoted long-term (>80 day) graft survival in 20% of recipients. Although this duration of
survival was achieved with a larger dose (10 mg/kg/12h) compared to that required for a
similar effect of RAPA (1 mg/kg/day), these data indicate that ATP-competitive mTOR
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inhibitors are a novel class of mTOR-inhibiting IS agents. No adverse effects of AZD055 on
either renal function or wound healing were observed. AZD8055 demonstrated similar
immunomodulatory effects to RAPA by increasing graft-infiltrating and splenic Foxp3*
Treg and inhibiting T cell cytokine (IFNy) production, although Thl and Th17 effector T
cell cytokine production was higher with AZD8055 on post-transplant day 20. This
difference may be related to the shorter half-life of AZD8055 compared with RAPA,
combined with the lower concentration of RAPA required to inhibit T cell proliferation. The
significance of higher IL-10-producing CD4" T cells in the AZD8055-treated group
compared with the RAPA group on day 20 is unclear.

The field of transplantation may benefit from the current intense research interest in ATP-
competitive mTOR inhibitors in cancer pharmacology. AZD8055 has entered Phase |
clinical trials for advanced solid malignancies or lymphomas, where its half-life in humans
following oral dosing has been reported as approximately 2h (20, 21). Due to the rapid
metabolism of AZD8055 by human hepatocytes (22) (and presumably by mouse
hepatocytes), AZD8055 has been modified to improve its pharmacokinetics, resulting in the
candidate compound AZD2014 (22, 23), which has now entered Phase | trials in clinical
oncology. Thus, it is likely that improved pharmacokinetics and pharmacodynamics of these
next generation ATP-competitive mTOR inhibitors may also enhance their utility in
transplantation.

In summary, we demonstrate that the ATP-competitive mTOR inhibitor AZD8055 prolongs
organ allograft survival (proof of concept), promotes Treg infiltration of the graft and
inhibits T cell proinflammatory cytokine production (IFNy) following transplantation. We
expect that future generations of ATP-competitive mTOR inhibitors with improved
pharmacokinetics will demonstrate increased potency in transplantation. Moreover, it will be
important to determine whether ATP-competitive mTOR inhibitors have distinct
immunomodulatory properties compared to RAPA in vivo, as has been seen using
conditional mMTORC1 or mTORC2 knockout mice and ATP-competitive mTOR inhibitors in
vitro. In this regard, it is of interest that abrogation of chronic rejection in a rat heart
allograft model involves modulation of both mTORC1 and mTORC?2 pathways (24). Further
studies evaluating this novel class of mTOR inhibitor in transplantation are clearly
warranted.
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B6 C57BL/6
CFSE carboxyfluorescein succinimidyl ester
DC dendritic cell
Foxp3 forkhead box P3
IS immunosuppressive
mTOR mechanistic/mammalian target of rapamycin
mTORC mTOR complex
PMA phorbol-12-myristate-13-acetate
RAPA rapamycin
Th T helper cell
Treg regulatory T cell
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Figure 1. Structure of AZD8055
The chemical structure of the ATP-competitive mTOR kinase inhibitor (5-{2,4-Bis[(39)-3-

methylmorpholin-4-yl]pyrido[2,3-d]pyrimidin-7-yl}-2-methoxyphenyl) methanol
(AZD8055), compared with that of rapamycin.
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Figure 2. ATP-competitive mTOR inhibition suppresses T cell proliferation at physiologic levels

to agreater degreethan that of RAPA

B6 CD3* T cells were stimulated with CD3/CD28 T-Activator Dynabeads for 5 days in the
presence of increasing concentrations of RAPA or AZD8055 added at the start of culture.
(A) CD4* or (B) CD8™ T cell proliferation was determined by CFSE dilution and calculated
as percent suppression by the indicated mTOR inhibitor compared to T cells stimulated in
the absence of inhibitor. * p<0.05 versus the same concentration of RAPA or AZD8055 for

n=3-4 experiments per data point.
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Figure 3. Pharmacokinetics of AZD8055 and rapamycin (RAPA)
Plasma total drug concentrations of AZD8055 and whole blood concentrations of RAPA

after i.p. administration of 10 mg/kg and 1 mg/kg, respectively. Plasma was collected from
15 min after drug administration. Concentrations are plotted against time after drug
administration. Data are means = 1SD obtained from 3 mice at each time point.
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Figure 4. AZD8055 prolongs allogr aft survival and enhances graft-infiltrating Treg
(A) The protocol for AZD8055 or RAPA administration following heart transplantation is

depicted graphically. (B) B6 recipients of BALB/c heterotopic heart grafts were treated with
AZD8055 (10 mg/kg twice daily i.p. from day 2-day 11) or RAPA (2 mg/kg loading dose on
day 0 followed by 1 mg/kg/day i.p. from day 1-9) and allograft survival determined. The
numbers of mice per group are shown in parentheses. (C) H&E staining of cardiac allografts
was performed on day 10-11 following transplantation; bar indicates 200 pm. n=3 mice per
group. (D) Foxp3* cells in the allograft were identified by immunoperoxidase staining; bar
indicates 100 um and (E) quantified. (F) Foxp3 message in the allografts was determined by
PCR. ns = not significant; * p<0.05; *** p<0.001 compared with the control group (no
immunosuppression [IS]).
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Figure 5. AZD8055 inhibits T cell IFNy production at day 10 post-transplant
Splenocytes were restimulated with PMA and ionomycin on day 10-11 post-transplant and

intracellular cytokine production assessed by flow cytometry. (A, B) CD8* and (C, D) CD4*
T cell production of IFNy is depicted and quantified. (E) IFNy production by CD4* and
CD8* T cells, and IL-17%, Foxp3™* and IL-10* CD4* T cells were quantified on days 10, 20
and 80 post-transplant. * p<0.05; *** p<0.001. n=4 mice per group. IS=immunosuppression.
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Table 1

Pharmacokinetic parameters of AZD8055 and Rapamycin

Parameter AZD8055 Rapamycin
Disposition rate constant 0.205h! 0.141h7t
Half life (T1/2) 34h 49h

AUC 0-infinity 26.2ug/ml/h - 1.93ug/ml/h
Apparent Clearance (CL/F”) 7.6 ml/h 8.64 mi/h
Apparent volume of distribution 37 ml 74 ml

*
F, fraction that is bioavailable
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