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Tuberous sclerosis complex (TSC) is a familial tumor disorder for which there is no effective medical therapy. Disease-causing
mutations in the TSC/ or TSC2 gene lead to increased mammalian target of rapamycin (mTOR) kinase activity in the conserved
mTOR signaling pathway, which regulates nutrient uptake, cell growth, and protein translation. The normal function of TSC/
and TSC2 gene products is to form a complex that reduces mTOR kinase activity. Thus, mTOR kinase inhibition may be a
useful targeted therapeutic approach. Elevated interferon-gamma (IFN-vy) expression is associated with decreased severity of
kidney tumors in TSC patients and mouse models; therefore, IFN-y also has therapeutic potential. We studied cohorts of
Tsc2™/~ mice and a novel mouse model of Tsc2-null tumors in order to evaluate the efficacy of targeted therapy for TSC. We
found that treatment with either an mTOR kinase inhibitor (CCI-779, a rapamycin analog) or with IFN-y reduced the severity
of TSC-related disease without significant toxicity. These results constitute definitive preclinical data that justify proceeding

with clinical trials using these agents in selected patients with TSC and related disorders.

INTRODUCTION

Tuberous sclerosis complex (‘T'SC) is an autoso-
mal-dominant tumor disorder that can affect mul-
tiple organs, including the kidneys, brain, heart,
and lungs (Gomez et al., 1999; Online Mendelian
Inheritance in Man, 2003b). The incidence of TSC
is 1:6,000, and an estimated 1-2 million individuals
are affected worldwide (National Tuberous Sclero-
sis Association, 1994). Sporadic pulmonary lym-
phangioleiomyomatosis (I.LAM; Sullivan, 1998; On-
line Mendelian Inheritance in Man, 2003a) is a
progressive pulmonary disorder that is genetically
related to T'SC because somatic mutations in 7:8C/
or 78C2 have been identified in abnormal lung
tissue from LLAM patients (Carsillo et al., 2000).
Renal manifestations in 'T'SC and LLAM patients
are significant because 60%—-80% of TSC patients
and 40%-50% of LLAM patients develop kidney
angiomyolipomas (tumors consisting of abnormal
blood vessels, smooth-muscle cells, and fat cells;
Sullivan, 1998; Gomez et al., 1999). T'SC patients
also can have a number of other medical problems,
including epilepsy, cognitive impairment, behav-
ioral problems, brain lesions (tubers and/or sub-
ependymal nodules), skin tumors (facial angiofi-
bromas), cardiac tumors (thabdomyomas), kidney
cysts, renal cell cancer, and pulmonary abnormali-
ties including LAM (Gomez et al., 1999; Dabora et
al., 2001; Franz et al., 2001).
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It is known that the 78C7 and 7SC2 gene prod-
ucts, hamartin and tuberin, form a complex that
inhibits mammalian target of rapamycin (mTOR)
kinase activity in a conserved cellular signaling
pathway (the mTOR pathway) that regulates nu-
trient uptake, cell growth, and protein translation
(Consortium, 1993; van Slegtenhorst et al., 1997;
Gao and Pan, 2001; Potter et al., 2001). A schematic
diagram of the mTOR pathway is shown in Fig-
ure la. Key proteins in this pathway include
PI3kinase, Akt, TSC1/TSC2, Rheb, mTOR,
p70S6kinase (S6K), S6 ribosomal subunit (S6), and
4E-BP1. TSC?2 is negatively regulated by Akt via
phosphorylation (Manning et al., 2002; Potter et al.,
2002). More recently, it has been shown that under
low-energy conditions, 'T'SC2 is activated by LKB1
(a serine/threonine kinase tumor suppressor that is
mutated in Peutz—Jeghers syndrome) through
AMP-dependent protein kinase (Inoki et al.,
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2003b; Corradetti et al., 2004). Inhibition of mTOR
kinase occurs because tuberin is a G'T'Pase-activat-
ing protein for Rheb, a small G'T'Pase that regulates
m'T'OR kinase activity (Garami et al., 2003; Inoki et
al., 2003a; Saucedo et al., 2003; Stocker et al., 2003;
Zhang et al., 2003b). When hamartin and tuberin
are normal, the Rheb-GDP form is favored, and
mTOR kinase activity is relatively low. When ei-
ther hamartin or tuberin is defective, the Rheb-
GTP form is favored, and mTOR kinase activity
increases, resulting in hyperphosphorylation of the
downstream targets S6K, S6, and 4E-BP1 (Fig. 1b).
Rapamycin (also known as sirolimus) is an mTOR
kinase inhibitor that is an approved drug (Rapam-
une”; Wyeth-Ayerst) for immunosuppression after
organ transplantation. Because rapamycin has been
shown to normalize dysregulated mTOR signaling
in cells that lack normal hamartin or tuberin (Fig.
1c), mTOR kinase inhibition may be a useful ap-
proach to systemic therapy for 'T'SC and/or LAM
(Gao and Pan, 2001; Goncharova et al., 2002; Inoki
et al., 2002; Kwiatkowski et al., 2002; Manning et
al., 2002; Potter et al., 2002). In a cohort of T'SC
patients, we observed a decreased frequency of
kidney angiomyolipomas in the presence of a high-
expressing  interferon-gamma  (IFN-y) allele
(Dabora et al., 2002), so IFN-vy also may be a useful
therapeutic agent for T'SC and/or LAM. In addi-
tion, a dramatic reduction in the frequency of kid-
ney tumors was reported in 75¢2"/" mice with
clevated endogenous IFN-y compared with
T5¢2™'~ mice with normal (low) levels of IFN-y
(Hino et al., 2002).

Although several important studies investigated
the utility of rapamycin in rodent models of T'SC,
these investigations were limited to the evaluation
of biochemical end points of unclear clinical signif-
icance in only a small number of animals after
short-term treatment (Kenerson et al., 2002; El
Hashemite et al., 2003a). These studies, along with
in vitro data, provided justification for the recent
initiation of the first single-institution trial of the
use of rapamycin in T'SC and LAM patients. Be-
cause the final results of this trial are not yet avail-
able and there is significant interest in implement-
ing multicenter clinical trials for patients with T'SC
and LLAM, we sought to accomplish definitive pre-
clinical studies of rapamycin use, which would
have the potential to influence and accelerate the
initiation of such clinical trials. Here, we report the
results of the effects of treatment with a rapamycin
analog (CCI-779) or murine IFN-y on cohorts of
T5¢2™'~ mice and on a novel mouse model of 75s¢2-
null tumors.

MATERIALS AND METHODS

Tsc2*'~ Mice and MR Imaging

T5¢2™~ mice, which are heterozygous for dele-
tion of exons 1-2, have been described previously
(Onda et al., 1999). MR imaging was done using
T'2-weighted imaging with sectioning through the
kidneys at 0.75-mm intervals. MR images were
read by 3 blinded observers (S.D., Y.S., and K.S.)
who independently determined the number of cys-
tadenomas per kidney in each MR scan. The av-
erage of the 3 readings of each scan was used for
the statistical analyses.

Quantitation of Kidney Cystadenomas in
Tsc2*'~ Mice by Necropsy and Histopathology

T'he number of kidney cystadenomas per kidney
was determined at necropsy by examination of the
surface of the kidneys under a dissecting micro-
scope. For quantitative histopathologic analysis,
each kidney was fixed and sliced at 1-mm intervals.
The slices were then arranged sequentially for par-
affin embedding, sectioning, and staining with he-
matoxylin and eosin (H&E). Slides were coded,
and all cystadenomas were counted in a represen-
tative 6-pm section from each 1-mm kidney slice
by an observer (L..L..) who was blinded to the
treatment group. At the time of analysis, we ob-
served that kidney sections were incomplete for
4 mice (of 68), which, therefore, were excluded
from the quantitative histopathologic analysis. Cys-
tadenomas that extended into more than one 1-mm
slice were counted only once. Although kidney
lesions easily can be divided into four subcatego-
ries (pure cysts, cystic lesions with papillary projec-
tions, cystic lesions filled with adenomatous
growth, and solid adenomas), in this article, we use
the term cystadenomas to mean this entire spectrum
of kidney lesions as previously described (Onda et
al., 1999).

Liver Hemangioma Grading in Tsc2*'~ Mice

Liver hemangiomas were graded on a scale from
0 to 4, with 0 = no tumor; 1 = microscopic tumor
only; 2 = tumor involving a single liver lobe; 3 =
multiple lobes involved, with small tumors; and
4 = muldple lobes with large tumors. At necropsy,
livers were examined and given a grade of 0 or 2—4.
A single cross section of each liver lobe was stained
with H&E and examined under the microscope to
confirm the presence of liver hemangiomas in ani-
mals that had been graded 2—-4. An animal graded
0 at necropsy was upgraded to 1 if at least one
microscopic liver hemangioma was observed.
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Figure |. Schematic diagram of the mTOR sig-
naling pathway.
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Cell Lines, In Vitro Studies, and Genotyping

To isolate the NT'C/T2null cell line, the subcu-
taneous tissue of a nude mouse was injected with a
parent 110/T2null mouse embryo fibroblast (MEF)
cell line derived from a T5¢2~'~, Trp53~'~ mouse
embryo, and the tumor cells were recultured. The
parent T5¢2~'~, Trp53~'~ MEF cell line, described
previously, is known to have defective mTOR sig-
naling (Zhang et al., 2003a). The 77p53 '~ back-
ground is required because the 752/~ genotype is
embryonic lethal, and 752/~ MEFs that are
Trp53*"* tend to senesce and thus do not grow in
culture. The NTC/T2null cell line rapidly and
consistently produced TSC-related tumors in nude
mice (7 of 8 untreated mice injected with 1.5 mil-
lion cells developed measurable tumors between
days 18 and 29, and 1 of 8 developed ascites and
died on day 26). The control Tse2™'*, Trp537'~
MEFs (118/T2wt), described previously (Zhang et
al., 2003a), also consistently produced tumors in
nude mice (8 of 8 untreated mice injected with
2.4 million cells developed measurable tumor be-
tween days 11 and 13). All cells were grown in
DMEM with 10% fetal calf serum in 5% CO,, and
serum deprivation was done for 48 hr. 75¢2 geno-
typing was described previously (Onda et al,
1999). Rapamycin was obtained from Sigma-
Aldrich, Inc. (St. Louis, MO); CCI-779 was ob-
tained from Wyeth Pharmaceuticals (Madison, NJ);
and murine [FN-y was purchased from R&D Sys-
tems, Inc. (Minneapolis, MN).

Induction of Subcutaneous Tumors in Nude Mice

Nude mice (strain CD-1nuBR, 8-9 weeks old)
were obtained from Charles River Laboratories,
Inc. (Wilmington, MA). For the 752/~ tumors,
16 nude mice were injected with 1.5 million N'T'C/
T2null cells on day 0. For the control Zsc2*'*
tumors, 16 nude mice were injected with 2.4 mil-
lion 118/T2wt cells on day 0. This higher dose was
used so that 75¢2"/" control tumors would form
with a similar time course as that of the 752/~
tumors. Cells were injected subcutaneously on the
dorsal flank of 9- to 10-week-old nude mice, and
tumors were measured with calipers 3 times a
week. Tumor volume was calculated according to
the formula L. X W X W X 0.5 (Torrance et al.,
2001). All tumor-bearing animals were euthanized
according to institutional animal care guidelines on
the basis of tumor size or presence of an open
ulcer. Nude mice bearing 752/~ tumors were
euthanized when tumor volumes were 4,000—
10,000 mm?® (days 32—49 for the untreated group);

mice bearing 7s¢2*'" tumors were euthanized at a
lower tumor volume (2000—4000 mm>; days 43-62)
because open ulcers tended to develop in these
mice. Tumor tissue was harvested for histopatho-
logic analysis, and tumor lysates were prepared for
immunoblot analysis.

Treatment of Mice with CCI-779 and IFN-y

The 752"~ mice were treated for 12 weeks
(from 40 to 52 weeks old) with 4 mg/kg of CCI-779
administered by intraperitoneal (IP) injection
3 umes per week. This dose and schedule were
selected on the basis of pharmacokinetics and
doses of rapamycin approved for immunosuppres-
sion after organ transplantation (Mahalati and Ka-
han, 2001) as well as consideration of the dosing of
CCI-779 used in human clinical trials and rodent
studies (Hidalgo and Rowinsky, 2000; Neshat et
al., 2001; Podsypanina et al., 2001; Yu et al., 2001;
Shi et al., 2002). We selected a short course of
CCI-779 treatment (12 weeks) because there is
some biochemical evidence of a response to short
courses of rapamycin in T'SC rodent models (Ken-
erson et al., 2002; E1 Hashemite et al., 2003). A
30 mg/ml stock solution of CCI-779 was made in
ethanol (stored at 20°C for up to 1 week), diluted to
0.6 mg/ml in vehicle (0.25% PEG, 0.25% Tween-
20), and used within 24 hr.

The 752%™ mice were treated with murine
IFN-y for 44 weeks (from 8 to 52 weeks old) at a
dose of 20,000 units (2.4 pg) IP 3 times per week.
T'his dose was selected because it was well toler-
ated and had shown biological activity in a mouse
model of chronic granulomatous disease (Jackson
et al., 2001). We selected a longer duration for the
IFN-vy treatment because data on both mice and
humans suggested that IFN-y may be useful for
preventing the development of T'SC-related kid-
ney tumors (Dabora et al., 2002; Hino et al., 2002).
Murine IFN-y was diluted to 100,000 units/ml in
PBS containing 0.1% mouse serum albumin
(Sigma-Aldrich, Inc., St. Louis, MO), stored at 4°C,
and administered within 24 hr.

All experiments were done according to animal
protocols approved by our institutional animal pro-
tocol review committee and were compliant with
federal, local, and institutional guidelines on the
care of experimental animals. We did not observe
significant toxicity from treatment with either CCI-
779 or IFN-y at the doses used in this study. All
animals were checked 3 times per week, and their
general behavior was monitored. 752"/~ mice
were weighed weekly, and at the time of scheduled
necropsy, there were no significant differences
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(untreated average weight = 26.9 £ 3.1 g, CCI-
779-treated average weight = 27.6 £ 4.0 g, IFN-
vy-treated average weight = 27.2 = 3.1 g). Our
study sample comprised a total of 68 75¢2*/~ mice
and 32 nude mice, and although 4 premature
deaths occurred (3 of these mice were untreated),
these did not cluster in either the CCI-779 or the
IFN-v treatment group and thus were not attrib-
uted to drug toxicity. In the 75¢2"/~ three-arm trial,
animals in all treatment groups appeared healthy
until the scheduled necropsy when the animals
were 52 weeks old, except for one animal in the
untreated group that died prematurely.

In the nude mouse investigations, there were
two untreated mice from the 75¢2~' study that
died early, including one animal that died on day
32 with a small (32 mm®) tumor and another that
showed clinical evidence of ascites several days
prior to its death on day 26. These two animals
were excluded from all analyses in order to avoid
bias toward treatment with CCI-779 or IFN-y.
There was one 7s5¢2*/* tumor—bearing nude
mouse in the CCI-779 group that died on day 54
with a small tumor (320 mm?®). Although this ani-
mal was included in the survival and tumor growth
analyses, the results would not have changed sig-
nificantly if it had been excluded. This death was
not attributed to CCI-779 treatment because this
was the only premature death in 36 mice treated
with the same dose of CCI-779. There were no
premature deaths in the IFN-y-treated animals,
but there was one IFN-y-treated 7s5¢2*'~ mouse
that developed unilateral hydronephrosis.

Immunoblot Analyses, Immunohistochemistry for
pS6, and Microscopy

Immunoblot analyses of tumor tissue and cul-
tured cell lysates were performed as described pre-
viously (Kwiatkowski et al., 2002), and protein was
detected by chemiluminescence (Pierce, Rockford,
IL). For immunohistochemistry, kidney and tumor
tissue was fixed, paraffin-embedded, and sectioned
using standard methods, and unstained slides were
pretreated with 20 pg/ml proteinase K. The pri-
mary antibody, anti-pS6-Ser235/236 (Cell Signaling
Technology, Beverly, MA), was used at a 1:75 di-
lution. Immunoperoxidase staining was done using
the Rabbit Immunocruz staining system, and nu-
clei were counterstained with Gill’s formulation #2
hematoxylin. We obtained anti-T'sc2, HRP-conju-
gated secondary antibodies, and the Rabbit Immu-
nocruz staining system from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antiactin, proteinase K,
and Gill’s formulation #2 hematoxylin were ob-

tained from Sigma-Aldrich, Inc. (St. Louis, MO).
Anti-S6 antibody was synthesized by Sigma Geno-
sys (The Woodlands, TX) by the immunization of
rabbits with a synthetic peptide corresponding
to the C-terminal 14-amino-acid residues of hu-
man S6.

Immunohistochemistry for pS6 expression in
the kidney cystadenomas of the 752"/~ mice
was scored by a blinded observer (L.L.) as
strongly positive, weakly positive, or negative.
All positives were grouped together for statistical
analyses. In tumors that were induced in nude
mice, pS6 expression was scored in nonnecrotic
areas by two blinded observers (S.D. and L.L.)
and graded on a scale from 0 to 3 (0 = no staining
and 3 = strong staining). The average score from
the two blinded observers was used for statistical
analyses. Microscopy was done with a Nikon
Eclipse TE 2000-E microscope using a 10X
objective equipped with an Insight SPOT
color camera (Micro Video Instruments, Inc.,
Avon, MA).

Statistical Analysis

Statview software (version 5.0) was used for all
statistical analyses, and P < 0.05 was considered to
indicate significance. The Fisher test was used for
categorical variables, the 7 test was used for quan-
titative variables, and Mantel-Cox log-rank analy-
sis for survival data. Following institutional guide-
lines for the care of experimental animals, all
tumor-bearing mice with large or ulcerated tumors
were euthanized; thus, the time of death for sur-
vival analysis was equivalent to the time of eutha-
nasia because of severity of the tumor.

RESULTS

Treatment with CCI-779 or IFN-y Decreased
Severity of Kidney Cystadenomas in Tsc2*'~ Mice

To evaluate the utility of CCI-779 or IFN-y for
treating 'I'SC renal disease, we used Tsc2t'™ mice
for a three-arm preclinical study with an untreated
control arm, a CCI-779 treatment arm, and an
IFN-y treatment arm. We used conventional
Ts¢2™'™ mice (Onda et al., 1999) because they de-
velop renal cystadenomas at high frequency by age
12 months and are a good model for the kidney
angiomyolipomas that frequently develop in TSC
and LAM patients. Because the 752"/~ colony is a
mixed strain (129/Sv]ae-C57/BL6), sex-matched
littermates were used as controls to avoid bias re-
sulting from strain variation. Severity of kidney
disease was assessed by three methods for quanti-
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Figure 2. Magnetic resonance (MR) images of kidney cystadenomas in an untreated |2-month-
old Tsc2*'~ mouse. The animal was sacrificed for analysis shortly after the MR scan. (e) Anterior
views of coronal sections with major organs labeled. (a—i) Contiguous 0.75-mm-thick slices from
anterior (a) to posterior (i). The kidney cystadenoma lesions appear hyperintense on the MR image
relative to the surrounding tissue. (h) Several cystadenomas labeled with arrowheads. (j) Anterior
view of the right kidney. Cystadenomas |-3 correspond to the numbered lesions in the MR images
shown in (a) and (c).
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Figure 3. Treatment of Tsc2*/~ mice with CCI-
779 or IFN-y reduced severity of kidney cystade-
nomas and liver hemangiomas. The group treated
with CCI-779 received 4 mg/kg by IP injection 3
times per week for 12 weeks (from 40 to 52 weeks
old). The group treated with murine IFN-vy received
20,000 units IP 3 times per week for 44 weeks
(from 8 to 52 weeks old). Severity of kidney disease
was quantitated using three methods: magnetic res-
onance imaging (MRI), necropsy observation
(GROSS), and quantitative histopathologic analysis
(HISTOPATH). Data from the treatment groups
are shown in (a) bar graph and (b) table format. (c)
Average grade of liver hemangioma was reduced
with CCI-779 or IFN-vy treatment. (d) Histogram of
liver hemangioma grades showing reduced fre-
quency of grade 0 tumors in the untreated cohort
and the absence of higher-grade tumors (grades 3
and 4) in the CCI-779 and IFN-y groups.
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tating the number of cystadenomas per kidney: (1)
magnetic resonance (MR) imaging (Fig. 2 a-1), (2)
gross kidney tumor counts (Fig. 2j), and (3) quan-
titative histopathology. Severity of disease was de-
termined in all animals when they were 52 weeks
of age because of the age-dependent development
of kidney cystadenomas. To validate the utility of
MR imaging for quantitating severity of disease, all
MR images were obtained within 2 weeks of nec-
ropsy and histopathologic analysis. We observed a
significantly higher burden of kidney cystadeno-
mas per kidney in the untreated control group than
in either the CCI-779 treatment group or the
IFN-y treatment group (Fig. 3a, b).

Treatment with CCI-779 or IFN-y Decreased
Severity of Liver Hemangiomas in Tsc2"'~ Mice

Liver hemangiomas also develop in 752"/~
mice (Onda et al., 1999), although at a lower fre-
quency than kidney cystadenomas. These liver tu-
mors have histologic similarities to the smooth-
muscle proliferation that occurs in the lungs of
LLAM patients (Kwiatkowski et al., 2002) and thus
may be a useful animal model for LAM. We com-
pared the severity of liver hemangiomas in the
untreated 752"/~ cohort versus the two treatment
groups (CCI-779 and IFN-vy). Liver tumors were
graded on a scale from 0 to 4, and, consistent with
the kidney results, we observed a higher burden of
liver hemangiomas in the untreated control group
than in either treatment group (Fig. 3c, d).

Treatment of Nude Mice Bearing Tsc2~'~ Tumors
with CCI-779 or IFN-y Reduced Tumor Growth
and Improved Survival

Although the conventional 75¢2™/~ mouse is a
good model for TSC renal disease and a useful

model for pulmonary LAM, a disadvantage is that
kidney and liver pathology are age-dependent, so
using this model for preclinical studies is a slow
process. We therefore developed a nude mouse
model for TSC-related tumors by isolating a
T5c2™'~, Trp53~'~ MEF cell line (NTC/T2null)
that forms tumors rapidly (within 3—4 weeks) and
consistently in nude mice. Tumors that develop
from the N'T'C/T2null cells are a good model for
T'SC-related tumors because T'SC is a tumor-sup-
pressor gene disorder, and ILOH occurred in many
of the tumors from TSC patients that have been
analyzed previously (Henske et al., 1996; Henske
et al., 1997; Niida et al., 2001).

We investigated the effects of treating nude
mice bearing 752~ tumors with CCI-779 or
IFN-vy as single agents (Fig. 4). A cohort of 16 nude
mice was injected with N'T'C/T2null cells on day 0
and observed without intervention until day 18,
when 4 mice started treatment with CCI-779, 4
mice started treatment with murine IFN-vy, and the
remaining 8 mice were observed without treatment
intervention. In the untreated group, all mice de-
veloped measurable tumors between days 18 and
29, and euthanasia of the animals was required
between days 32 and 49 because the tumors were
large. Mice in the CCI-779 and IFN-y treatment
groups also developed measurable tumors, but
there was significantly improved survival and re-
duced tumor growth compared with that in the
untreated controls (Fig. 4a, b). To evaluate
whether the observed treatment effects were spe-
cific for Tsc2~'~-derived tumors, we did a similar
control experiment using a Tsc2™'*, Trp537/~
MEF cell line (118/T2wt) and found a slight im-
provement in survival and a small reduction in the

Figure 4. Improved survival and decreased tumor growth from
treatment with CCI-779 and IFN-y in model of nude mice with Tsc2 ™/~
tumors. (a—b) Cohort of 16 nude mice was injected with 1.5 million
NTC/T2null cells on day 0 and observed without intervention until day
18, when treatment of 4 mice with CCI-779 (4 mg/kg IP 3 times per
week), color-coded blue, and 4 mice with murine IFN-y (20,000 units IP
3 times per week), color-coded red, was begun; the remaining mice
continued to be untreated (color-coded green). Tumors were mea-
sured 3 times per week, and mice were euthanized if their tumors
became large (4,000-10,000 mm®) or they developed open ulcers. (a)
Kaplan—Meier survival curves of the treatment groups. Mantel-Cox
log-rank analysis showed a significant improvement in survival of both
the CCI-779 (P = 0.014) and IFN-y (P = 0.042) groups compared with
the untreated (control) group. (b) Plot of average tumor volume versus
day (to day 32) for the treatment groups. The average tumor volume in
the untreated group was |6-fold greater than in both the CCI-779
(3,366 = 976 mm’ vs. 216 = 216 mm’, P = 0.034) and the IFN-y
(193 = 137 mm>, P = 0.032) groups on day 32, when it was necessary
to euthanize 3 untreated animals because their tumors were large.
(c—d) For the control experiments, Tsc2™'* tumors were generated by

injection of a cohort of 16 nude mice with 2.4 million | 18/T2wt cells on
day 0. This slightly higher cell dose enabled the Tsc2*™’* tumors to
develop at a rate similar to that of the Tsc2 ™/~ tumors. Animals were
observed without intervention until day |18, when treatment of 4 mice
with CCI-779 (4 mg/kg IP 3 times per week) and 4 mice with murine
IFN-y (20,000 units IP 3 times per week) was begun, with the remaining
8 mice remaining untreated, and mice were euthanized if their tumors
became large (4,000-10,000 mm°) or they developed open ulcers. (c)
Kaplan—Meier survival curves of the treatment groups. Mantel-Cox
log-rank analysis showed a significant difference between the CCI-779-
treated and the untreated (control) groups (P = 0.019), but not be-
tween the IFN-y-treated and the untreated groups (P = 0.15). (d) Plot
of average tumor volume versus day (up to day 43) for the indicated
treatment groups. The average tumor volume in the untreated group
was 4.3-fold higher than that in the CCI-779 group (1,942 + 500 mm?
vs. 451 = 276 mm>, P = 0.0003) and only slightly (1.3-fold) higher than
in the IFN-y group (1,435 = 574 mm?, P = 0.14). (e) All the data
described in this figure in table format (‘average volumes determined
until day 32 in the Tsc2 ™/~ cohort and until day 43 in the Tsc2*/*
cohort).
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[Group NoRx | | CCI-779 |
N (mice) 7 |1 w L.
Total Cystadenomas ] 53 17 |
PS6 positivie cystadenomas 87 B 5

% pS6 positive B8% | 66% | 29%
P value (vs. untreated) 0.002 <0.0001

Figure 5.
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tumor growth only in the CCI-779 group, not in the
IFN-vy group (Fig. 4c, d).

Both CCI-779 and IFN-y showed measurable
antitumor activity in our nude-mouse model of
Tsc2”'~ tumors, but with some differences be-
tween the two treatment groups. In nude mice
bearing Tsc2~'~ tumors, median survival increased
by 109% with CCI-779 treatment (33 days un-
treated vs. 69 days CCI-779-treated), and there was
a 16-fold reduction in tumor growth. Although
CCI-779 also improved survival and decreased tu-
mor growth in the 75¢2"/* tumors, this change was
much less dramatic because median survival in-
creased by only 22% (50 days untreated vs. 61 days
CCI-779-treated) and tumor growth showed only a
4.3-fold reduction. These results confirm that CCI-
779 has general antitumor effects (Hidalgo and
Rowinsky, 2000; Neshat et al., 2001; Podsypanina
et al., 2001; Yu et al., 2001; Shi et al., 2002) and
demonstrate the enhanced sensitivity of 72/~
tumors to CGCI-779.

The antitumor effects on 752/~ tumors of
IFN-y treatment appear to be more specific than
those of CCI-779. Treatment with IFN-y signifi-
cantly increased survival and decreased tumor
growth in nude mice bearing 752/~ tumors but
not in 752" tumors (Fig. 4e). Median survival
increased by 51% with IFN-y treatment (33 days
untreated vs. 50 days IFN-y-treated), and tumor
growth showed a 16-fold reduction. Although im-
proved survival was less striking in the IFN-y-
treated group than in the CCI-779-treated group,
the effect of these two agents on tumor growth was
similar.

Effects of Treatment on mTOR Signaling in
Kidney Cystadenomas and Tsc2~'~ Tumors

We evaluated mT'OR signaling in kidney cysta-
denomas from untreated, CCI-779-treated, and
IFN-vy-treated 75¢2*/~ mice by using immunohis-
tochemistry. We examined phosphorylated S6
(pS6) levels because eclevated pS6 is a useful
marker for the increased mTOR kinase activity
that occurs in cells and tissues with defective
hamartin or tuberin (Fig. 1b). We observed prom-
inent pS6 staining in nearly all kidney cystadeno-

mas from untreated 752"/~ mice (Fig. 5a). In
contrast, pS6 staining was reduced in many cysta-
denomas from 75¢2"'~ mice treated with CCI-779
(Fig. 5b) or with IFN-vy (Fig. 5¢). We quantitated
these results (Fig. 5d) and found a lower frequency
of pS6-positive kidney cystadenomas in both the
CCI-779 (29%, P < 0.0001) and the IFN-y (66%,
P = 0.002) group compared with the untreated
control group (88%).

We used both immunoblot analysis and immu-
nohistochemistry to investigate mT'OR signaling in
tumors from the TSC nude mouse model
(Figs. 5e—h and 6). We first verified that the N'TC/
T2null cell line used to induce 75¢2~/~ tumors in
nude mice has aberrant mT'OR signaling, as dem-
onstrated by the high level of pS6 (Fig. 6a, lane 2)
compared with that in the control 75¢2™/" cell line
(Fig. 6a, lane 1). We also observed that a similar
dose-dependent reduction in pS6 occurs when
NTC/T2null cells in culture are treated with rapa-
mycin or CCI-779 (for 4 hr), demonstrating the
biological equivalence of these agents (Fig. 6a,
lanes 3—8). In contrast, treatment of cultured N'T'C/
T2null cells with IFN-y did not reduce pS6 levels
(Fig. 6a, lanes 9-10). Both immunohistochemistry
and immunoblot analysis of tumor samples from
untreated nude mice showed high pS6 levels in
tumors derived from 75¢2~'~ cells [Figs. 5¢ and 6b
(lane 4)] and low pS6 levels in tumors derived from
Tse2™™ cells [Figs. 5h and 6b (lane 3)].

Treatment of nude mice bearing 75¢2~/~ tu-
mors with CCI-779 dramatically reduced pS6
levels in the tumors [Figs. 5f and 6b (lane 5)].
Although treatment with IFN-vy also reduced
pS6 levels in T5¢2~/~ tumors, the reduction was
modest and not statistically significant [Figs. 5g,
6b (lane 6), and 6¢]. We quantified pS6 immuno-
histochemistry (Fig. 6¢, bottom) by scoring each
tumor on a scale from 0 to 3, with 3 being the
most intense staining. We quantified the immu-
noblot results by testing 2-3 lysates from every
tumor sample in each group (Fig. 6¢, top). The
dramatic reduction in pS6 levels with CCI-779
treatment is consistent with a direct effect on the
m'T'OR signaling pathway.

Figure 5. Immunohistochemical analysis of mTOR signaling in tu-
mors from TSC mouse models. The brown stain (immunoperoxidase)
indicates pSé positive, the blue stain (hematoxylin counterstain) pSé
negative. (a) Kidney cystadenoma staining psé positive from an un-
treated Tsc2*/~ mouse. (b) Reduced pSé staining of a kidney cystade-
noma from a CCI-779-treated Tsc2*/~ mouse. (c) Reduced pSé staining
in a kidney cystadenoma from an IFN-y-treated Tsc2*/~ mouse. (d)
Summary of pSé immunohistochemistry analysis showing reduced fre-

quency of pSé-positive kidney cystadenomas in CCI-779-treated (29%,
P < 0.0001) and IFN-y-treated (66%, P = 0.002) Tsc2*'~ mice com-
pared with untreated Tsc2*/~ mice (88%). (e) Tsc2™’~ tumor staining
pSé6 positive from an untreated nude mouse. (f) Reduced pSé staining in
aTsc2™/~ tumor from a nude mouse treated with CCI-779. (g) Reduced
pS6 staining in a Tsc2 ™/~ tumor from a nude mouse treated with IFN-y.
(h) Reduced pSé staining in a Tsc2*'* tumor from an untreated nude
mouse.
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Figure 6. Immunoblot analysis of pSé levels. (a) Elevated pSé levels Tsc2*'* cells (lane 3). Decreased pSé was observed in Tsc2~/~ tumors
from nude mice treated with CCI-779 (lane 5) as well as with those

were observed in NTC/T2null cells in culture and were normalized by
treatment in vitro (for 4 hr) with either rapamycin or CCI-779 in a
dose-dependent manner. NTC/T2null cells were treated with CCI-779,
rapamycin, or IFN-y at the indicated concentrations (lanes 3-10).
Untreated controls are shown in lane | (Tsc2™'* cells) and lane 2
(Tsc2™'~ cells). Total S6, actin, and Tsc2 immunoblot results are also
shown. (b) In untreated nude mice, elevated pSé levels were observed
in tumors derived from Tsc2 '~ cells (lane 4) but not in tumors from

treated with IFN-vy, but the latter finding was more variable and was not
observed in the Tsc2™'~ tumor shown in lane 6. Lanes | and 2 are
control lanes, from the 118/T2wt (lane |) and NTC/T2null (lane 2) cell
lines. Total S6 was similar in all tumor and cell lysate samples; actin is
shown as a protein-loading control. (c) Summary of immunoblot (top)
and immunohistochemistry (bottom) results from nude mouse tumors.
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DISCUSSION

Our finding that both CCI-779 and IFN-y, when
used as single agents, can reduce the severity of
kidney cystadenomas in 75:2%/~ mice has direct
relevance for the treatment of kidney angiomyoli-
pomas in TSC and LLAM patients. We measured
the severity of kidney disease by using standard
methods (necropsy and quantitative histopathol-
ogy) as well as MR imaging of the kidneys in these
animals. Depending on the method used, there was
a 62%-92% reduction in the number of cystadeno-
mas per kidney in 75¢2%'~ mice treated with CCI-
779 and a 43%—-67% reduction in the number of
cystadenomas per kidney in 75¢2%'~ mice treated
with IFN-y compared with that in an untreated
control group. The liver hemangioma results were
consistent and may be relevant to the treatment of
pulmonary LAM.

The nude mouse model we describe is an im-
portant new animal model for T'SC because it will
permit higher-throughput in vivo screening of
drugs that may be effective for the treatment of a
variety of T'SC lesions. We have demonstrated that
treatment with either CCI-779 or IFN-y reduced
tumor growth and prolonged survival in this TSC
mouse model. A similar model was used to dem-
onstrate that rapamycin treatment reduced tumor
growth in nude mice bearing tumors from a 7sc2-
deficient cell line derived from a 75:2%/~ mouse
kidney tumor (Kobayashi et al., 2003).

Similar to the findings in kidney angiomyoli-
poma tissue from T'SC patients (El-Hashemite et
al., 2003b) and other cells/tissues that lack normal
hamartin or tuberin (Gao and Pan, 2001; Goncha-
rova et al., 2002; Inoki et al., 2002; Kwiatkowski et
al., 2002; Manning et al., 2002; Potter et al., 2002;
Zhang et al., 2003a), we observed lack of mTOR
inhibition in kidney cystadenomas from untreated
T5¢2™'~ mice and in tumors that developed in nude
mice from 7s¢27'~ cells. Both immunohistochem-
istry and immunoblot analyses demonstrated a dra-
matic normalization of mT'OR signaling with CCI-
779 treatment and a modest normalization of
mTOR signaling with IFN-y treatment. Although
CCI-779 and rapamycin are direct inhibitors of
mTOR kinase, the mechanism by which IFN-y
reduces pS6 levels is not clear. It is likely that the
mechanism by which IFN-y affects mTOR signal-
ing is indirect because the decrease in pS6 in tu-
mors from IFN-y-treated TSC mouse models was
modest and a reduction of pS6 was not observed in
cultured 7527/~ cells treated with IFN-y. Al-
though abnormalities in IFN-y signaling have been

observed in tumors and cells lacking the 7s¢/ or
Tsc¢2 gene (El-Hashemite et al., 2004), the mecha-
nism by which IFN-y reduces the severity of TSC
tumors is the subject of ongoing studies. Potential
mechanisms of IFN-y action include induction of
apoptosis (El-Hashemite et al., 2004) and regula-
tion of the cell cycle (Lee and Dabora, unpub-
lished observations).

Although we have emphasized the efficacy of
both CCI-779 and IFN-y as single agents com-
pared with the untreated control group, it is also
interesting to compare the CCI-779 treatment
group to the IFN-y treatment group. In 7sc2*/~
mice, when disease severity was measured by his-
topathology analysis or MR imaging, CCI-779 ap-
peared to be more effective than IFN-y (P < 0.05).
When severity was measured by necropsy results,
no significant difference between the groups was
found. Because the duration of CCI-779 treatment
was shorter than that of IFN-y treatment, disease
was less severe in the CCI-779 group (by MR
imaging and histopathology), and normalization of
aberrant mT'OR signaling with CCI-779 treatment
was dramatic, it appears that CCI-779 (or rapamy-
cin) is the best first-choice agent for testing in
clinical trials, but that IFN-v is an important alter-
native. It is also important to consider that the
combination of CCI-779 and IFN-y may have syn-
ergistic effects with nonoverlapping toxicity pro-
files. This will be investigated further as well.

T'SC is an excellent model disease for demon-
strating the utility of developing targeted therapeu-
tic approaches and using genetically engineered
mouse models to investigate promising new strat-
egies for treating human diseases. In addition to
the significant clinical implications of this work for
the treatment of 'T'SC, LAM, and related disorders,
we have demonstrated the utility of MR image
analysis for evaluating severity of disecase in a
mouse model of human tumors. This is the first
report of MR image analysis in this T'SC animal
model, and the consistent results between MR
imaging findings and standard methods (gross and
histopathology) have validated the utility of MR
imaging for assessing the severity of kidney dis-
case. Because MR imaging is noninvasive, it will be
useful for following kidney disease over time in
future preclinical studies.

We have demonstrated that targeted therapy
with an m'T'OR kinase inhibitor, based on the
mTOR signaling defect in T'SC, dramatically de-
creased the severity of disease in T'SC mouse mod-
els. IFN-vy has been identified as a modifier of T'SC
kidney disease, and a decrease in disease severity
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in T'SC mouse models treated with exogenous mu-
rine IFN-y also was demonstrated. This finding
provides validation for developing treatment strat-
egies based on genetic modifiers. These data pro-
vide important preclinical evidence to justify pro-
ceeding with well-designed clinical trials to test the
efficacy of mTOR kinase inhibitors and IFN-y in
selected patients with T'SC and/or LAM. The chal-
lenge that remains is to translate these findings
safely and efficiently into clinically relevant im-
provements in the care of patients with TSC,
LLAM, and related disorders.
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