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Effect of mMTORC1/mTORC2 inhibition on T cell function:
potential role in graft-versus-host disease control
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Graft-versus-host disease (GvHD) remains the leading cause
of morbidity and mortality following allogeneic haematopoi-
etic stem-cell transplantation (allo-HSCT). Despite current
pharmacological prophylaxis using calcineurin inhibitor-
based regimens, grades II-IV acute GvHD and chronic
GvHD still develop in up to 50% and 70% of related and
unrelated transplantations, respectively (Abouelnasr et al,
2013). Therefore, new strategies to prevent and treat GvHD
are needed. In recent years, sirolimus has been increasingly
used as a GvHD prophylaxis agent, showing encouraging
results, especially in combination with tacrolimus (Abouel-
nasr et al, 2013). Perez-Simén et al (2013) have reported that
the sirolimus/tacrolimus combination achieved a lower inci-
dence of chronic GvHD compared to the standard prophy-
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Summary

The mechanistic target of rapamycin (mTOR) pathway is crucial for the
activation and function of T cells, which play an essential role in the devel-
opment of graft-versus-host disease (GvHD). Despite its partial ability to
block mTOR pathway, the mTORCI inhibitor rapamycin has shown
encouraging results in the control of GvHD. Therefore, we considered that
simultaneous targeting of both mTORCI and mTORC2 complexes could
exert a more potent inhibition of T cell activation and, thus, could have
utility in GvHD control. To assess this assumption, we have used the dual
mTORC1/mTORC?2 inhibitors CC214-1 and CC214-2. In vitro studies con-
firmed the superior ability of CC214-1 versus rapamycin to block mTORC1
and mTORC2 activity and to reduce T cell proliferation. Both drugs
induced a similar decrease in Th1/Th2 cytokine secretion, but CC214-1 was
more efficient in inhibiting naive T cell activation and the expression of T-
cell activation markers. In addition, CC214-1 induced specific tolerance
against alloantigens, while preserving anti-cytomegalovirus response.
Finally, in a mouse model of GvHD, the administration of CC214-2 signifi-
cantly improved mice survival and decreased GvHD-induced damages. In
conclusion, the current study shows, for the first time, the immunosup-
pressive ability of CC214-1 on T lymphocytes and illustrates the role of
CC214-2 in the allogeneic transplantation setting as a possible GVvHD pro-

phylaxis agent.
Keywords: graft versus host disease, T cell, mTOR inhibitors.

lactic regimen of ciclosporin/mycophenolate  mofetil.
However, the incidence of both chronic GvHD and acute
GVHD remained elevated (Perez-Simon et al, 2013).
Sirolimus (rapamycin) is an inhibitor of the kinase mam-
malian target of rapamycin (mTOR, also termed mechanistic
target of rapamycin, MTOR), a critical regulator of cell growth,
proliferation, differentiation, metabolism, motility and sur-
vival (Wullschleger et al, 2006). In T cells, which have an
essential role in GvHD development, stimulation of T-cell
receptor, costimulatory molecules, such as CD28, and cytokine
receptors (e.g. interleukin 2 receptor, IL2R) leads to the activa-
tion of mMTOR (Waickman & Powell, 2012). Therefore, mTOR
inhibition by rapamycin prevents T cell activation and prolif-

eration (Powell et al, 1999). However, mTOR exists in two
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distinct complexes: mTORC1 and mTORC2. mTORCI regu-
lates diverse cellular processes, including transcription, ribo-
some biogenesis and protein synthesis through its targets S6
kinase (S6K) and eukaryotic initiation factor 4E (eIF4E) bind-
ing protein 1 (4E-BPI, also termed EIF4EBP1) (Wullschleger
et al, 2006). mTORC2 phosphorylates targets such as AKT on
S473, a critical regulatory site required for maximal AKT
kinase activity, and it is thought to mediate cell proliferation
and survival (Sparks & Guertin, 2010). Rapamycin inhibits
mTORCI, whereas its effects on mTORC2 are variable and
generally require prolonged treatment (Sarbassov et al, 2006).
Thus, rapamycin can allow phosphorylation of mTORC?2 tar-
gets, which could lead to induction of survival and prolifera-
tion. Moreover, the effectiveness of rapamycin may be limited
due to the inhibition of mTORCI-dependent negative feed-
back loops (Wan et al, 2007; Rodrik-Outmezguine et al, 2011)
and to the resistance of 4E-BP1 phosphorylation to long-term
rapamycin treatment (Choo et al, 2008). All these data show
that rapamycin partially blocks mTOR kinase activity. There-
fore, we hypothesized that a more potent mTOR inhibitor
could more effectively block this pathway in T cells and further
reduce the incidence of GVHD.

CC214-1 and CC214-2 (Celgene Corporation, San Diego,
CA, USA) are novel molecules with demonstrated antineo-
plastic activity on several tumour cell types (Gini et al, 2013;
Mortensen et al, 2013; Chen et al, 2014b; Demosthenous
et al, 2015). Both CC214-1 (in vitro use) and CC214-2
(in vivo use) are highly selective ATP-competitive dual
mTOR inhibitors (Gini et al, 2013). The ability of CC214-1
and CC214-2 to inhibit both mTORCI1 and mTORC2 com-
plexes has been shown on tumour cell lines where RPS6 and
4E-BP1 phosphorylation (markers of mTORCI activity) and
AKT $473 phosphorylation (marker of mTORC2 activity)
were inhibited (Gini et al, 2013; Mortensen et al, 2013; Chen
et al, 2014b; Demosthenous et al, 2015).

The current study evaluated the effect of CC214-1 on T cell
activation in vitro and the potential utility of CC214-2 in
GvHD prophylaxis in vivo. We confirmed that CC214-1
reduces cytokine secretion and inhibits, more effectively than
rapamycin, T cell proliferation and expression of IL2Ro and
cytotoxic molecules. In addition, CC214-1 induces tolerance of
alloreactive T cells while preserving immune response against
pathogens. Finally, we confirmed in a murine model of GVHD
that CC214-2 significantly improves survival of treated mice
compared to untreated mice, although, at the tested doses,
rapamycin administration provides more benefit than CC214-
2. Our results establish the basis for further research on the
utility of dual mTOR inhibitors for the control of GVHD.

Methods

Drugs and chemicals

CC214-1 and CC214-2 were kindly provided by Celgene Cor-
poration (San Diego, CA, USA) and rapamycin was pur-
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chased from Sigma-Aldrich (St. Louis, MO, USA). For
in vitro studies, CC214-1 and rapamycin were reconstituted
to 10 mmol/l in dimethyl sulphoxide and stored frozen at
—20°C until use. For in vivo assays, CC214-2 was daily for-
mulated as a suspension in ultrapure water with 0-5% (p/v)
carboxymethylcellulose (CMC; Sigma-Aldrich) and 0-25% (v/
v) Tween 80 (Sigma-Aldrich) and a stock solution of 10 mg/
ml rapamycin was prepared in ethanol, stored at —20°C and
diluted in the vehicle solution (0-2% CMC with 0-25%
Tween 80 in ultrapure water) before administration.

Cell isolation and culture

Peripheral blood mononuclear cells (PBMCs) were obtained
from buffy coats of volunteer healthy donors, provided
by the Centro de Hemoterapia y Hemodonacion de Castilla
y Leén (CHEMCYL). Written informed consents were
obtained from all donors in accordance with the Declaration
of Helsinki. PBMCs were isolated by density gradient cen-
trifugation using Ficoll-Paque solution (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden).

For Western blot analysis, cells were allowed to adhere to
tissue culture T75 Flasks (Corning, NY, USA) overnight at
37°C. Non-adherent cells were collected to obtain a T-cell
enriched PBMC population. For cell cycle, apoptosis and
cytokine secretion assays, T cells were purified from PBMCs
by immunomagnetic depletion of non-T cells using the Pan
T Cell Isolation Kit (Miltenyi Biotec., Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. The
purity of isolated populations was routinely >95%.

PBMCs or isolated T cells were seeded in well plates
(CELLSTAR®, Greiner Bio-One, Frickenhausen, Germany) at
a density of 1 x 10° cells/ml in RPMI 1640 medium supple-
mented with 2 mmol/l r-glutamine, 100 u/ml penicillin,
100 pg/ml streptomycin (all from Gibco-Invitrogen, Paisley,
UK) and 10% human AB serum (Sigma-Aldrich) under dif-
ferent culture conditions: in the absence of stimulus or stim-
ulated with plate-bound anti-CD3 (5 pg/ml) and soluble
anti-CD28 (2-5 pg/ml) monoclonal antibodies (mAbs) (BD
Biosciences, San Jose, CA, USA).

MTT assays

The inhibitory effect of rapamycin and CC214-1 on stimulated
T cells was first analysed using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich)
colourimetric assay. For that purpose, 10° cells/well were
stimulated, in triplicate, with anti-CD3/anti-CD28 mAbs in
96-well plates, in the absence or presence of increasing doses
(0-10 pmol/l) of rapamycin and CC214-1. After 5 d, 10 pl/
well of 0-5 mg/ml MTT were added and, after 2-h incubation
at 37°C, formazan crystals were solubilized with 100 pl of 10%
sodium dodecyl sulphate (SDS; Merck Millipore, Darmstadt,
Alemania) — 0-01 N HCI (Panreac, Barcelona, Spain). Absor-
bance at 570 nm was measured using a Tecan Ultra Evolution
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plate reader (TECAN, Minnedorff, Switzerland) with the
XFlour4 software (TECAN).

Western blot analysis

T-cell enriched PBMCs (5 x 10°)/well were seeded in 6-well
plates and cultured in the presence or in the absence of anti-
CD3/anti-CD28 mAbs and different concentrations of rapa-
mycin or CC214-1 (0-10 pmol/l). After 48 h, cells were lysed
and 30-70 pg of protein were subjected to SDS-polyacryla-
mide gel electrophoresis (SDS-PAGE) and blotted onto
polyvinylidenedifluoride membrane (Millipore, Bedford, MA,
USA). Membranes were incubated with the following
antibodies (from Cell Signaling Thechnology®, Leiden,
Netherlands): phospho-AKT (p-AKT) (T308 and S473), total
AKT, p-4E-BP1 (T37/46), total-4E-BP1, p-p70S6K (T389),
total-p70S6K, p-RPS6 (S235/236), total-RPS6 or caspase 3;
antibodies to GAPDH (Cell Signaling Thechnology®) and
calnexin (Enzo® Life Science, Plymouth Meeting, PA, USA)
were used as protein loading controls. Anti-rabbit conjugated
to horseradish peroxidase (GE Healthcare, Buckinghamshire,
UK) was used as secondary antibody and bands were visual-
ized using Amersham ECL Western Blotting Detection
Reagents (GE Healthcare).

Proliferation assays

T cell proliferation was analysed by flow cytometry. Briefly,
PBMCs were stained with PKH-67 green fluorescent dye
using PKH67 Green Fluorescent Cell Linker Mini Kit
(Sigma-Aldrich) according to manufacturer’s instructions.
2 x 10° unstimulated or anti-CD3/anti-CD28 stimulated
PKH-stained cells were seeded in 96-well plates with differ-
ent concentrations of the drugs (0-10 pmol/l). After 5 d
cells were collected, stained with 7-amino-actinomycin D
(7AAD) and anti-CD3-allophycocyanin (APC) and acquired
in a FACSCalibur flow cytometer (BD Biosciences)
using the CellQuest software program (BD Biosciences).
The percentage of proliferating T cells (CD3* PKH'") was
calculated using the Infinicyt software (Cytognos, Sala-
manca, Spain).

Cell cycle analysis

After 4 d of culture in the presence of different concentra-
tions of rapamycin or CC214-1 (0-10 umol/l), unstimu-
lated or stimulated isolated T cells were stained with
propidium iodide, using the CycleTEST™ PLUS DNA
Reagent Kit (BD Biosciences) according to manufacturer’s
instructions. A minimum of 20 000 events was acquired
on a FACSCalibur flow cytometer using the CellQuest
software program. The distribution of cells along the cell-
cycle phases was analysed using ModFit LTTM Macintosh
program (Verity Software House, Inc., Topsham, ME,
USA).
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Apoptosis assessment

After 2 d of culture in the presence of different concentra-
tions of the compounds (0-10 pmol/l), unstimulated or
stimulated isolated T cells were stained with Annexin V-phy-
coerythrin (PE) using the PE Annexin V Apoptosis Detection
Kit I (BD Pharmingen™, San Diego, CA, USA) according to
the manufacturer’s instructions. Cells were acquired on a
FACSCalibur flow cytometer using the CellQuest software
program and the percentage of annexin V-PE T cells was cal-
culated using the Infinicyt software.

Cytokine assays

2 x 10’ isolated T cells were cultured in 96-well plates and
stimulated with anti-CD3/anti-CD28 mAbs for 48 h in the
presence of several concentrations of rapamycin or CC214-1
(0-10 pmol/l). Then, concentration of different cytokines
(IL2, IFN-vy, TNF-o, IL4, IL10 and IL6) in culture supernatants
was measured using the Human Th1/Th2 Cytokine Cytometric
Bead Array (CBA) kit (BD Biosciences), according to manufac-
turer’s instructions. Samples were acquired on a FACSCalibur
flow cytometer and analysed using BD CBA software.

Immunophenotypic analysis

2 x 10° unstimulated or anti-CD3/anti-CD28 stimulated
PBMCs/well were seeded in 96-well plates and treated with dif-
ferent concentrations of rapamycin or CC214-1 (0-10 pmol/l).
After 48 h, cells were stained with the following combination
of mAbs: anti-CD45RA-fluorescein isothiocyanate (FITC)/
anti-IFN-y-PE/anti-CD8-peridinin  chlorophyll-cyanin ~ 5.5
(PerCP-Cy5.5)/anti-CD25-PE-Cy7/anti-Granzyme B-Alexa
Fluor® 647/anti-CD4-APC-Alexa Fluor® 750/anti-CD27-Bril-
lant Violet 421/anti-CD3-Brillant Violet 510. For intracellular
staining of IFN-y and Granzyme B, brefeldin A (10 pg/ml) was
added for the last 4 h prior to acquisition and the IntraStain
Kit (Dako Cytomation, Glostrup, Denmark) was used. Data
acquisition was performed on a FACSCanto flow cytometer
(BD) using the FACS DIVA software program (BD Biosciences,
San Jose, CA, USA) and analysed using the Infinicyt software.

Enzyme-Linked ImmunoSpot assays

3 x 10° PBMCs from cytomegalovirus (CMV)-positive
donors (responder cells) were seeded in 48-well plates and
stimulated with irradiated (25 Gy) PBMCs from a second
donor (allogeneic target cells) in a 2:1 ratio. Different doses
of rapamycin or CC214-1 (0-10 pumol/l) were added. After
96 h, responder cells were collected and cultured, in the
absence of drugs, in an IFN-y Enzyme-Linked ImmunoSpot
(ELISPOT) plate (Mabtech, Nacka Strand, Sweeden): (i) in
the absence of stimulation (control), (ii) re-stimulated with
the same allogeneic cells of the primary culture or (iii) re-sti-
mulated with CMV pp65 recombinant protein (CMV-pp65;
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Miltenyi Biotec). After 36 h, ELISPOT was performed, fol-
lowing the manufacturer’s instructions. Spots corresponding
to IEN-y secreting cells were quantified using an Immuno-
spot ELISPOT reader (CTL, Aale, Germany) and the Image
Acquisition 4.5 and Shortcut to Immunospot 3 software. The
frequency of IFN-y producing cells was determined by sub-
tracting the background spots in the unstimulated (control)
wells from the number of spots counted in the correspond-
ing allogeneic or CMV-pp65 re-stimulated wells. These values
were normalized with respect to those obtained from the
samples pre-stimulated in the absence of drugs (0 pmol/l)
and restimulated with allogeneic cells or CMV-pp65, respec-
tively, considered as 100%.

Mouse model of acute GvHD

Female recipient Balb/c (H2d) and male donor C57BL/6]
(H2b) mice (12 weeks of age) were purchased from Har-
lan Laboratory (Carshalton, UK). Animal work was approved
by the Ethical Committee of the University of Salamanca.

Balb/c mice received total body irradiation (8-5 Gy in two
fractions) from a Cs"*” source and then an intravenous injec-
tion of 10 x 10° C57BL/6 bone marrow cells without (BM
group) or with 5 x 10° splenocytes. Mice receiving spleno-
cytes were either untreated (GvHD group) or treated orally
with rapamycin 1-5 mg/kg/d (GvHD+rapamycin group) or
CC214-2 20 mg/kg/d (GvHD+CC214-2 group), from day +1
to day +60 post-transplantation. Four experiments were per-
formed with at least 2 mice per group. Control mice, which
received irradiation without cell support (Total Body Irradia-
tion, TBI group), were also included.

Assessment of GvHD

All Balb/c mice were monitored daily for survival and for the
following clinical signs of GvHD: weight loss, posture
(hunching), activity, fur texture and skin integrity. Each
parameter received a score of 0 (normal), 1 (mild to moder-
ate) or 2 (severe) and a clinical GvHD index was generated
subsequently by summation of the five criteria scores (0-10),

Table I. Histological criteria for graft-versus-host disease score.
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as previously described (Cooke et al, 1996). All moribund
mice were humanely killed.

Acute GvHD was also assessed by histopathological analy-
sis of the small and large bowels, liver and skin. For that
purpose, one animal of each group was killed in the third
week after transplantation and once treatment was com-
pleted. Tissues were fixed in 10% neutral-buffered formalin
(Sigma-Aldrich), embedded in paraffin, sectioned, slide
mounted and stained with haematoxylin and eosin (H&E)
(both from Merck KGaA, Darmstadt, Germany). Slides were
examined by a pathologist in a blinded fashion. A scoring
system was used to determine the degree of GvHD in small
and large intestine, skin and liver. Details of the scoring sys-
tem are summarized in Table 1.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
20 (IBM Corp., Armonk, NY, USA). Differences between dif-
ferent doses of the drugs were analysed by the Kruskal-Wallis
multiple comparison Z value test. Pairwise comparisons were
performed using the Mann—Whitney test with Bonferroni
correction. Survival curves were plotted using Kaplan—Meier
estimates and a Log-Rank test was used to compare survival
rates. Statistical significance in all tests was concluded for
values of P < 0-05.

Results

Rapamycin and CC214-1 exert a dose-dependent
inhibitory effect on stimulated T-cells

Initially, the range of concentrations at which the drugs exert
an inhibitory effect on human primary T cells was evaluated.
For that purpose, colourimetric MTT assays, which provide
an estimate of cell viability/proliferation, were performed in
samples of anti-CD3/anti-CD28 stimulated PBMCs cultured
in the presence of a wide range of concentrations (0—
10 pmol/l) of rapamycin and CC214-1. Both inhibitors
exerted a dose-dependent effect (Fig S1). At high doses both

Score  Skin Liver Large and small intestine
0 Normal Normal Normal
0-5 Focal mild portal lymphoid infiltrate Occasional or rare necrotic cells in glands or crypts

Basal vacuolar change

2 Dyskeratotic cells in the epidermis
and/or follicle, dermal lymphocytic
infiltrate

3 Fusion of basilar vacuoles to form

clefts and microvesicles and regeneration

4 Separation of epidermis from dermis Widespread injury and destruction

of bile ducts

Focal bile duct invasion or cellular injury

Multiple foci of bile duct injury

Widespread mild portal lymphoid infiltrate  Isolated apoptotic epithelial cells, without crypt loss

Individual crypt loss. Regeneration changes

Contiguous area of multiple crypt loss

Extensive crypt dropout with denudation of
epithelium
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drugs induced similar inhibition, although rapamycin was
more efficient than CC214-1 at low concentrations.

Rapamycin and CC214-1 block phosphorylation of
mTOR target proteins

The effect of rapamycin and CC214-1 on the phosphoryla-
tion of mTOR pathway proteins in stimulated T cells was
analysed. Protein phosphorylation increased after stimulation
in the absence of drug (Fig 1). Both mTOR inhibitors
induced a decrease in the phosphorylation of mTORCI
downstream targets 4E-BP1, p70S6K (S6K) and RPS6,
although CC214-1 blocked 4E-BP1 phosphorylation more
efficiently than rapamycin. Moreover, there was a reduction
not only in 4E-BP1 and RPS6 phosphorylation, but also in
their expression. On the other hand, only CC214-1 reduced
the phosphorylation of the mTORC2 target AKT S473,
whereas rapamycin increased it. Regarding the phosphoryla-
tion of AKT on T308, mediated by the mTOR upstream

Stimulation: - anti-CD3/anti-CD28

Inhibitors: - - Rapamycin CC2141

Concentration (uM):

0-005 05 10 05 1 10

p-AKT-T308
AKT
Calnexin
p-AKT-S473
AKT

GAPDH

p-4E-BP1
4E-BP1
GAPDH
p-p70S6K

p70S6K [}
GAPDH

P-RPS6
RPS6

GAPDH

Fig 1. Effect of rapamycin and CC214-1 on PI3K/Akt/mTOR path-
way protein phosphorylation. Western blot analysis of phosphoryla-
tion and expression of PI3K/AKT/mTOR pathway proteins in
stimulated T-cells enriched peripheral blood mononuclear cells for
48 h with anti-CD3 and anti-CD28 monoclonal antibodies, in the
presence of different concentrations of rapamycin and CC214-1. At
least three independent experiments were performed.
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kinase PI3K, none of the drugs induced a decrease; more-
over, an increase was observed.

Rapamycin and CC214-1 inhibit T cell proliferation due
to cell cycle arrest but not to induction of apoptosis

Rapamycin and CC214-1 was shown to induce a dose-depen-
dent decrease in T-cell proliferation (Fig 2A). Although the
effect of rapamycin was more potent at low doses, higher
doses of CC214-1 caused greater inhibition.

In order to determine whether the reduction of prolifera-
tion was related to cell cycle arrest or apoptosis, both analy-
ses were performed. As shown in Fig 2B, the percentage of
cells in synthesis and G2/Mitosis phases significantly
decreased in the presence of the drugs. By contrast, none of
the mTOR inhibitors induced significant apoptosis in both
resting and activated T cells (Fig 3A-B). Accordingly, the
amount of cleaved (activated) caspase 3 in stimulated treated
cells did not increase with respect to stimulated untreated
cells and, moreover, high doses of CC214-1 caused a decrease
in activated caspase 3 (Fig 3C).

Rapamycin and CC214-1 diminish Th1/Th2 cytokine
production and granzyme B expression

To assess the effect of mTOR inhibitors on the ability of T
cells to acquire effector functions, we analysed the capacity
of treated T cells to produce activation-related molecules,
such as cytokines or the cytotoxic molecule granzyme B, and
the expression level of CD25 (also termed IL2Ral, IL2RA).

Cytokine analysis showed that both drugs induced a simi-
lar dose-dependent decrease in IL2, IFN-y, TNF-a, IL4, IL10
and IL6 secretion (Fig 4).

Regarding CD25 expression, rapamycin barely reduced the
percentage of CD25" cells, whereas high doses of CC214-1
caused a more pronounced decrease, significant in CD8" T
lymphocytes (Fig 5). However, rapamycin did decrease CD25
median fluorescence intensity (MFI) (Fig S2). The percentage
of granzyme B and IFN-y expressing cells was diminished by
both inhibitors, although this reduction was statistically sig-
nificant only in the case of CC214-1 (Fig 5).

In addition, T cells were classified into five subsets based
on the expression of CD27 and CD45RA: early effector (Tgg;
CD45RATCD27"#") | naive (CD45RATCD27"), central mem-
ory (Tcys CD45RA™CD27%), effector memory (Tpps
CD45RA™CD277) and effector/TEMRA (effector/terminally
differentiated effector memory CD45RA*Y  cells;  Tg/rs
CD45RACD277) T cells. The percentage and activation state
of the different T cell subsets after treatment with both inhi-
bitors were analysed.

After T cell stimulation in the absence of drugs, a popula-
tion of Tgg cells emerged among both CD4" and CD8" T cell
subsets, but this population decreased with the addition of
rapamycin and, especially, of CC214-1. On the contrary,
stimulation induced a decrease in the percentage of naive

© 2016 John Wiley & Sons Ltd
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Fig 2. Effect of rapamycin and CC214-1 on T E 15 O Untreated
cell proliferation. 'Penpheral blood monony- S @ Rapamycin
clear cells (A) or isolated T cells (B) were stim- ¢ 10
ulated in the presence of different ) @ CC214-1
concentrations of rapamycin or CC214-1. (A) e 5
Percentage of T cells that had undergone one e é
or more cell divisions (CD3" PKH""). (B) o p = 0:001 ] - ﬁ

Percentage of T cells in synthesis and G2/Mito-
sis (S-G2/M) phases. Six independent experi-
ments were performed. *P < 0-05.

cells that was strongly reversed by the addition of CC214-1,
but poorly modified by rapamycin (Fig 6).

The percentage of Tcy cells among CD4" cells was also
reduced as a consequence of stimulation and increased again
with the addition of both drugs (data not shown).

Regarding Tgy and Tg/p cells, the percentage of these subsets
changed slightly in the presence of the drugs (data not shown).

The expression of CD25, IFN-y and granzyme B was also
evaluated in the different CD4" and CD8" T cell maturation
subsets. The effect of the drugs on these subpopulations was
similar to that observed on the general CD4" and CD8" pop-
ulations (Figs S3—4). As an exception, the percentage of gran-
zyme B expressing cells among Tg/r cells remained high in
the presence of the inhibitors. However, MFI analysis showed
that the treatment reduced granzyme B expression (Fig S5).

Rapamycin and CC214-1 enable induction of alloreactive
T cell anergy while preserving immune response against
pathogens

To assess if the inhibitors can induce specific tolerance to

alloantigens, PBMCs were stimulated, in the presence of

© 2016 John Wiley & Sons Ltd
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0 0-0010-005 0-01 05 10 0
Concentration of rapamycin [uM]

01 05 1 5 10
Concentration of CC214-1 [uM]

rapamycin or CC214-1, with allogeneic PBMCs and subse-
quently, in the absence of drugs, with these allogeneic cells
or with CMV-pp65 protein.

In samples re-stimulated with allogeneic cells, the percent-
age of IFN-vy secreting cells diminished among treated cells
with respect to untreated control, especially in samples cul-
tured with 10 pmol/l CC214-1. By contrast, in samples re-
stimulated with CMV-pp65, IFN-y secreting cells increased
or barely decreased in the presence of both inhibitors com-
pared to the untreated control (Fig 7). These results confirm
that both drugs, especially CC214-1, induced tolerization
against alloantigens, while preserving anti-CMV response.

Rapamycin and CC214-2 improve survival and clinical
state in a murine model of GvHD

Finally, the utility of CC214-2 in GvHD prophylaxis in a
mouse model was analysed.

As shown in Fig 8A, CC214-2 treatment significantly
increased survival compared to untreated mice (P = 0-022).
However, the best results were achieved with rapamycin
(100% survival at 60 d post-transplantation).
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CC214-2 treatment did not reduce the weight loss suffered
by mice as a consequence of transplantation, except in mice
surviving beyond day 60 post-transplantation (Fig 8B—C). By
contrast, weight was greatly improved in rapamycin-treated
mice (Fig 8B). Similarly, CC214-2 slightly improved GvHD-
related signs, except in those mice surviving beyond day 60
post-transplantation (Fig 8D-E), in which GvHD signs were
substantially milder than in untreated mice. Once more,
rapamycin treatment greatly ameliorated GvHD-related signs
(Fig 8D).

To evaluate GvHD target organ damage, histopathological
analysis of skin, liver and intestines were performed in the
third week post-transplantation and after the treatment was
completed. Only untreated mice showed significant cuta-
neous GVHD signs on the skin (Fig 9A). Large bowel samples
also demonstrated a protective effect both of CC214-2 and
rapamycin on colon GvHD development (Fig 9B). However,
both untreated and treated mice showed lymphocytic infiltra-
tion in periportal areas, although it was less pronounced in
mice receiving rapamycin (Fig 9C). Regarding the small
intestine, neither untreated nor treated mice showed signifi-
cant GvHD pathology (data not shown).

Discussion

Despite the many advances that have reduced the incidence
of severe GVHD and its associated mortality, GvHD contin-
ues to be a major limitation to successful allo-HSCT. In
recent years, the clinical use of rapamycin has shown promis-
ing results but the high relapse rate and incidence of GvHD
remain challenging (Abouelnasr et al, 2013; Perez-Simon
et al, 2013). The immunosuppressive activity of rapamycin
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cin or CC214-1. Data pooled from four inde-
pendent experiments. (C) Western blot analysis
of cleaved caspase 3 in T-cell enriched periph-
eral blood mononuclear cells. Results represen-
tative from three independent experiments.

relies on its ability to target the mTOR pathway, which is
critical for the activation and function of T lymphocytes, key
players in GvHD development. As rapamycin incompletely
blocks the mTOR pathway (Wan et al, 2007; Choo et al,
2008; Julien et al, 2010; Rodrik-Outmezguine et al, 2011), we
hypothesized that a more potent mTOR inhibitor could fur-
ther reduce alloreactive T cell activation and, therefore,
decrease the incidence of GvHD. Thus, the aim of the pre-
sent work was to evaluate, in comparison with rapamycin,
the efficacy of the dual mTORCI/mTORC2 inhibitors
CC214-1 and CC214-2 in human primary T cell inhibition
and in a murine model of GvHD, respectively.

With this aim, the ability of CC214-1 to inhibit mTORCI1
and mTORC2 activity in human T cells was first assessed.
We confirmed, as shown in other cell types (Gini et al, 2013;
Chen et al, 2014b; Demosthenous et al, 2015), that CC214-1
effectively blocked the phosphorylation of downstream tar-
gets of both mTORC1 (S6K, RPS6 and 4E-BP1) and
mTORC2 (AKT S473). Regarding rapamycin, our results are
in accordance with previous reports showing that, while
rapamycin inhibits phosphorylation of S6K and RPS6, it has
a modest effect on 4E-BP1 phosphorylation (Choo et al,
2008; Feldman et al, 2009; Thoreen et al, 2009). Other
authors have found similar differences in mTOR downstream
target phosphorylation between rapamycin and dual
mTORC1/mTORC?2 inhibitors (Feldman et al, 2009; Thoreen
et al, 2009).

On the other hand, not only phosphorylation but also
expression of both RPS6 and 4E-BP1 was reduced upon
mTOR inhibition. It has been shown that the synthesis of
ribosomal proteins, such as RPS6, is tightly linked to cell
cycle progression and remains low during the G, phase (Nos-

© 2016 John Wiley & Sons Ltd
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rati et al, 2014), as observed in resting T cells. Thus, it is
probable that the antiproliferative effect induced by mTOR
inhibitors impairs the expression of RPS6. Regarding 4E-
BP1, its expression is negatively regulated by ERK pathway.
It has been shown that mTORCI inhibition relieves the
break that S6K exerts on PI3K-RAS signalling (Carracedo
et al, 2008), increasing RAS/RAF/MEK/ERK pathway activity.
Therefore, the reduced 4E-BP1 expression caused by rapamy-
cin and CC214-1 could be due to an increase in the activity
of ERK as a consequence of mTORCI inhibition.

With respect to mTORC2 activity, rapamycin did not
reduce phosphorylation of its target AKT S473. Rapamycin
does not bind mTOR when forming the mTORC2 complex
and thus can allow phosphorylation of targets such as AKT
S473 (Sarbassov et al, 2005). Although high doses or pro-
longed exposure allow rapamycin binding to free mTOR
and prevent de novo mTORC2 assembly and activity (Sar-
bassov et al, 2006; Tomasoni et al, 2011), only a few unin-
hibited mTORC2 complexes could be sufficient to
phosphorylate AKT (Sparks & Guertin, 2010). Furthermore,

© 2016 John Wiley & Sons Ltd
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Inhibitor concentration TuM1

as previously shown (Sun et al, 2005), we have observed that
rapamycin is able to increase p-AKT S473 levels. In this
sense, it has been reported that S6K, downstream of
mTORCI, directly phosphorylates mTORC2, reducing its
ability to phosphorylate Akt S473 (Julien et al, 2010). Thus,
inhibition of mTORCI relieves this negative feedback of S6K
on mTORC2, presumably inducing an increase of AKT S473
phosphorylation. In addition, mechanisms of feedback inhi-
bition exerted by mTORCI and downstream targets on PI3K
signalling have been described (Wan et al, 2007) and recent
evidence suggests that PI3K signalling directly mediates
mTORC2 activity (Gan et al, 2011). Thus, the loss of the
inhibitory feedback on PI3K upon rapamycin inhibition of
mTORCI could contribute to an increased activation of
mTORC2 and the subsequent AKT S473 phosphorylation.
Moreover, the inhibition of mTORCI exerted by both rapa-
mycin and CC214-1 may result in an enhanced PI3K sig-
nalling, reflected in increased AKT T308 phosphorylation
(Rodrik-Outmezguine et al, 2011), as observed at some drug
concentrations.
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Collectively, protein phosphorylation analysis confirms
that rapamycin exerts a weaker inhibition on mTOR sig-
nalling than CC214-1. Accordingly, although the inhibitory
effect of rapamycin on T cell proliferation was evident at low
doses, CC214-1 was more effective at high concentrations.
Probably, rapamycin-resistant phosphorylation of 4E-BP1
and mTORC2 targets, which drive the synthesis and activity
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Inhibitor concentration [uM]

experiments. *P < 0-05 with respect to stimu-
lated untreated samples (0 pmol/l).

of cell cycle-related proteins (Manning & Cantley, 2007;
Barnhart et al, 2008), help to maintain higher proliferation
than CC214-1 treatment.

On the other hand, mTOR inhibitors did not induce
apoptosis in T cells. Moreover, the highest dose of CC214-1
decreased the amount of cleaved caspase 3 in stimulated cells
compared to untreated cells. Given that cleavage of caspase-3

© 2016 John Wiley & Sons Ltd
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occurs in activated T lymphocytes in the absence of apopto-
sis, as a part of the T-cell activation process (Alam et al,
1999), inhibition of T cell activation could be inducing this
decrease in caspase-3 cleavage.

However, as AKT has a critical role in promoting cell sur-
vival (Manning & Cantley, 2007), we would expect that
CC214-1 induced the increase in apoptosis by inhibiting
AKT S473 phosphorylation. It is possible that phosphoryla-
tion on T308 is sufficient to maintain AKT-induced survival.
The observation that rapamycin does not induce apoptosis is
less surprising, as it allows AKT phosphorylation. In fact,
although rapamycin has been shown to induce T cell apopto-
sis in some conditions (Li et al, 1999), resistance of rapamy-
cin-treated T lymphocytes to cell death has also been
reported (Slavik et al, 2004; Mariotti et al, 2008; Amarnath
et al, 2010), associated to the regulation of expression of
anti- and pro-apoptotic proteins (Mariotti et al, 2008; Amar-
nath et al, 2010).

Regarding expression of T cell activation markers, CC214-
1 induced a decrease in the percentage of CD25" T cells,
whereas rapamycin hardly reduced it. In accordance, it has
been described that in T cells the activity of the principal
activator of CD25 transcription, NF-kB (Algarte et al, 1995),
is dependent on protein kinase C (PKC), downstream of
mTORC2 (Sparks & Guertin, 2010). Both drugs decreased
the expression of granzyme B and IFN-vy, which is dependent
on the mTORC1/mTORC2 regulated transcription factors T-
bet and EOMES (Pearce et al, 2003; Glimcher et al, 2004;
Rao et al, 2010). in line with this, it has been previously
shown that rapamycin inhibits IFN-y and granzyme B
expression (Blazar et al, 1998; Nikolaeva et al, 2006; Rao
et al, 2010; Tomasoni et al, 2011), and, therefore, cytotoxic
activity (Makrigiannis & Hoskin, 1997; Blazar et al, 1998).
Here, we have shown that a more effective inhibition of
mTOR signalling translates into lower expression of these
molecules.

Cytokine secretion assays confirmed that IFN-y produc-
tion was more affected by CC214-1 than by rapamycin.

© 2016 John Wiley & Sons Ltd
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However, the rest of cytokines tested similarly reduced with
high doses of both inhibitors. Rapamycin-induced inhibition
of Thl and Th2 cytokine secretion have been previously
described (Chen et al, 2014a) and is logical, as mTOR regu-
lates the activity of T-bet and GATA3, the transcription fac-
tors that drive Thl and Th2 differentiation, respectively (Lee
et al, 2010; Delgoffe et al, 2011; Tomasoni et al, 2011).

T cells can be classified into different maturation stages,
according to the expression pattern of CD27 and CD45RA:
Tgg, naive, Tey, Tem and Tgr (Tomiyama et al, 2004). The
contribution of these subsets of donor T cells to the patho-
genesis of GVHD has been studied, highlighting the role of
the naive T cell in GvHD induction (Juchem et al, 2011),
due to their wide TCR repertoire and to their ability to
migrate to lymphatic nodes, proliferate and differentiate to
effector and memory T cells upon stimulation (Juchem et al,
2011).

Our results showed that CC214-1 inhibited naive T cell
activation more effectively than rapamycin, as indicated by
the reduction in the percentage of Tgg cells, which arise from
naive T cells after stimulation (Obar & Lefrancois, 2010).
Furthermore, decreased CD25, IFN-y and granzyme B
expression in both naive and Tgg cells was more pronounced
in CC214-1 treated cells.

GVvHD prophylactic strategies are associated with a high
risk of infections by pathogens, such as CMV (van Burik
et al, 2007). Thus, a good GvHD prophylactic strategy
should, ideally, induce tolerance of alloreactive T cells while
maintaining an adequate immune response against patho-
gens. Given that rapamycin administration after allo-HSCT
has been associated with a lower incidence of GvHD
(Abouelnasr et al, 2013) and a reduced CMV reactivation
(Marty et al, 2007), we hypothesized that administration of
mTOR kinase inhibitors could generate tolerance of alloreac-
tive T cells but preserve lymphocyte reactivity against other
antigens. ELISPOT assays confirmed that treatment with
mTOR inhibitors during allogeneic PBMC stimulation
decreased the capacity to produce IFN-y upon allogeneic
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restimulation, but maintained, and even increased, the ability
to respond to CMV stimulation. This result could be related
to the observed protective effect of sirolimus-based GvHD
prophylaxis regimens on CMV reactivation (Marty et al,
2007). In addition, despite its immunosuppressive properties,
rapamycin exhibits immunostimulatory effects on virus and
vaccine-induced memory CD8" T-cell differentiation and
activity (Araki et al, 2009). In our short-term cultures, differ-
entiation of naive/early effectors to memory T cells is
improbable. Thus, the intensification of pre-existing CMV-
specific memory T cell response as a consequence of the
incubation with the inhibitors should be presumably occur-
ring. Strikingly, in flow cytometric assays, the treatment with
mTOR inhibitors did not enhance, but diminished memory
T cell activation, including IFN-y production. It should be
noted that polyclonal stimulation with anti-CD3/anti-CD28
antibodies was performed in these studies, so all the cells
were stimulated at the time of drug administration. However,
in ELISPOT assays, only allogeneic cells were stimulated in
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more than 60 d post-transplantation.
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the presence of the inhibitors. It is probable that mTOR
inhibition exerts an immunosuppressive effect only on cells
that are stimulated in the presence of the drugs, but an
immunostimulatory effect on unstimulated T cells. In fact, in
the in vivo studies, where rapamycin improved the genera-
tion of memory CD8" T cells, rapamycin was administrated
prior to vaccination/infection or several days later (Araki
et al, 2009; Turner et al, 2011).

Therefore, we postulate that the administration of mTOR
inhibitors at the time of stimulation has an immunosuppres-
sive effect, whereas the administration pre- or post-stimula-
tion strengthens memory immune response.

In vitro results, showing that CC214-1 inhibits T cell acti-
vation more efficiently than rapamycin, encouraged us to
evaluate the potential utility of CC214-2 in GvHD prophy-
laxis. Administration of CC214-2 significantly improved mice
survival and ameliorated GvHD signs. Moreover, histopatho-
logical analysis showed limited GvHD-associated damage in
target organs. However, rapamycin provided better results. It

© 2016 John Wiley & Sons Ltd
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is probable that the more potent blockade of mTOR exerted
by CC214-2 could be determining a toxic effect, as the
mTOR pathway is essential for many vital cellular processes.
In fact, treatment with mTOR inhibitors has been associated
with certain adverse effects, such as metabolic disorders,
defects in haematopoiesis and damage of several organs
(Kaplan ef al, 2014). Moreover, inhibition of the PI3K/
mTOR pathway in mice has been reported to induce weight
loss, associated with a lower food intake (Wang et al, 2014).
Further studies evaluating different doses/schedules of
administration are warranted in order to reduce CC214-2
toxicity.

On the other hand, dual mTOR inhibitors have been
reported to show a higher antitumoural effect than rapamy-
cin (Zhou & Huang, 2012), which could represent an advan-
tage for reducing the incidence of relapse after
transplantation. Moreover, as mTOR inhibition has been
shown to have a beneficial effect in the prevention and treat-
ment of post-transplant lymphoproliferative disorder (Cullis
et al, 2006; Pascual, 2007; Ferreira et al, 2015), the blockade
of both mTORC complexes could provide superior anti-pro-
liferative benefit compared to mTORCI targeting, as sug-
gested by the results of Furukawa et al (2013). Likewise, we
should consider the effect of CC214 compounds on the Treg
population, whose potential role in controlling GvHD has
been described (Hess, 2006). In this regard, several studies
have suggested that the generation/expansion of Tregs is

© 2016 John Wiley & Sons Ltd
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more effective when both mTORC complexes are inhibited
(Lee et al, 2010; Delgoffe et al, 2011).

In summary, we have shown for the first time that
CC214-1 exerts an immunosuppressive effect on stimulated
T cells and induces tolerance in alloreactive T cells while pre-
serving immune response against pathogens. In addition, we
have demonstrated that CC214-2 reduces GvHD mortality in
an animal model. These results support the potential utility
of dual mTORC1/mTORC?2 inhibitors in the context of allo-
HSCT.
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