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A B S T R A C T

Purpose
Positron emission tomography (PET) with [18F]fluorodeoxyglucose (FDG-PET) has increasingly
been used to evaluate the efficacy of anticancer agents. We investigated the role of FDG-PET as
a predictive marker for response to mammalian target of rapamycin (mTOR) inhibition in advanced
solid tumor patients and in murine xenograft models.

Patients and Methods
Thirty-four rapamycin-treated patients with assessable baseline and treatment FDG-PET and
computed tomography scans were analyzed from two clinical trials. Clinical response was
evaluated according to Response Evaluation Criteria in Solid Tumors, and FDG-PET response was
evaluated by quantitative changes and European Organisation for Research and Treatment of
Cancer (EORTC) criteria. Six murine xenograft tumor models were treated with temsirolimus.
Small animal FDG-PET scans were performed at baseline and during treatment. The tumors were
analyzed for the expression of pAkt and GLUT1.

Results
Fifty percent of patients with increased FDG-PET uptake and 46% with decreased uptake had
progressive disease (PD). No objective response was observed. By EORTC criteria, the sensitivity
of progressive metabolic disease on FDG-PET in predicting PD was 19%. Preclinical studies
demonstrated similar findings, and FDG-PET response correlated with pAkt activation and plasma
membrane GLUT1 expression.

Conclusion
FDG-PET is not predictive of proliferative response to mTOR inhibitor therapy in both clinical and
preclinical studies. Our findings suggest that mTOR inhibitors suppress the formation of mTORC2
complex, resulting in the inhibition of Akt and glycolysis independent of proliferation in a subset of
tumors. Changes in FDG-PET may be a pharmacodynamic marker for Akt activation during mTOR
inhibitor therapy. FDG-PET may be used to identify patients with persistent Akt activation
following mTOR inhibitor therapy.

J Clin Oncol 27:2697-2704. © 2009 by American Society of Clinical Oncology

INTRODUCTION

The ability to predict response to chemotherapy is a
cornerstone in individualized cancer therapy. Positron
emission tomography (PET) with [18F]fluorodeoxy-
glucose (FDG-PET) evaluates cancer cell glycolysis
(Warburg effect) as a surrogate for tumor response,
and early changes in FDG-PET signal were found to
predict imatinib response in gastrointestinal stro-
mal tumor (GIST).1-4 This discovery led to much
interest in using FDG-PET as predictive marker of
response in the development of novel targeted anti-
cancer agents, including inhibitors of the mamma-
lian target of rapamycin (mTOR) protein.5

The Akt-mTOR pathway is perturbed in a
number of human cancers as a result of aberrant
events such as PTEN loss, Akt amplification, activat-
ing mutations of tuberous sclerosis complex, or con-
stitutive activation of upstream kinases including
epidermal growth factor receptor.6 Interruption of
the pathway achieves antiproliferative, antisurvival,
antiangiogenic, and proapoptotic effects in preclin-
ical studies.7-14 Inhibitors of mTOR protein, such as
temsirolimus (Torisel; Wyeth, Madison, NJ), im-
proved the survival of patients with clear cell renal
cell carcinoma and validated the pathway as a ratio-
nal cancer target.15 However, the benefit of mTOR
inhibitors varies between different tumor types and
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patient populations. Hence, there is a need for predictive biomarkers
to better select the patient population most likely to benefit from
mTOR inhibitor therapy. FDG-PET had been suggested as a nonin-
vasive pharmacodynamic marker for target inhibition during mTOR
inhibitor therapy in renal cell carcinoma.16

In this study, we initially hypothesized that FDG-PET response is
predictive of clinical tumor response to mTOR inhibitor therapy.
However, this hypothesis was refuted by the data from clinical trials at
our institution showing that FDG-PET response was not predictive of
tumor response to rapamycin, an mTOR inhibitor, in patients with
advanced solid tumors. We attempted to study this matter further,
confirming the phenomenon in murine tumor xenograft models, and
investigated further the underlying relationship between the glycolytic
and Akt/mTOR pathways.

PATIENTS AND METHODS

Patients, Clinical Study Design, and Treatment Plan

Clinical data and FDG-PET and computed tomography (CT) studies of
patients with advanced or metastatic solid tumors treated with rapamycin in
two clinical trials were collated. The utility of FDG-PET imaging as a predictive
biomarker for clinical response to rapamycin was an objective for both trials.
Patients were enrolled from a phase I study of rapamycin in refractory ad-
vanced solid tumor patients and a phase II trial of rapamycin in patients with
gemcitabine-refractory advanced pancreatic adenocarcinoma. The results for
the phase I trial were published separately, and enrollment for the phase II trial
continues.17 Rapamycin was administered orally once a day at a flat dose of 5
mg in the phase II trial and at a dose range from 2 to 9 mg in the phase I trial.
The maximum-tolerated dose of rapamycin in the phase I study was deter-
mined to be 6 mg orally daily on a continuous basis. Each cycle is 28 days. Both
clinical studies were approved by the institutional review board, and patients
provided written informed consent before enrollment. Other eligibility criteria
include age � 18 years, measurable disease, Eastern Cooperative Oncology
Group performance status � 1, life expectancy of 12 weeks or longer, and
adequate bone marrow, hepatic, and renal function. Patients who received
chemotherapy or investigational drug within 1 month before the start of
rapamycin therapy were not eligible. The patients were evaluated every 8 weeks
for tumor response or earlier if disease progression was suspected clinically.
Clinical FDG-PET/CT images were obtained before the start of the study
regimen and after one cycle of therapy or at disease progression. Tumor
response was reported per Response Evaluation Criteria in Solid Tumors
(RECIST) criteria.18 Time to progression (TTP) was defined as the time
interval from study registration to disease progression.

Clinical FDG-PET Imaging

FDG tracer was obtained commercially (PETNet Solutions, Malvern,
PA) for clinical and preclinical PET imaging. FDG-PET and CT imaging were
performed with a PET/CT scanner (Discovery LS; GE Medical Systems,
Waukesha, WI) before any treatment and during treatment. Patients were
fasted for 6 hours or longer before imaging; 10 to 20 mCi of FDG were injected
intravenously, and images were obtained 50 to 70 minutes after injection.
Analysis was performed by standardized uptake value (SUV) of a 1-cm
tumor area with maximal signal after visual analysis of the gross tumor and
corrected for lean body mass (SUVmax). Up to five target lesions per patient
were identified. Changes in the SUVmax during treatment (�SUVmax) were
determined by the following equation: (post-treatment SUVmax – baseline
SUVmax)/baseline SUVmax, expressed in percentage. The �SUVmax for all
target lesions were averaged (m�SUVmax) and reported per the 1999 European
Organisation for Research and Treatment of Cancer recommendations.19

Preclinical Tumor Models and Treatment Plan

Six subcutaneous tumor xenograft models were developed. Four tumor
models were from resected human pancreatic adenocarcinoma specimens

(Panc420, Panc194, Panc294, and Panc140), and two were from pancreatic
cancer cell lines (Panc1 and BxPC3); these were obtained from American
Tissue Culture Collection (Manassas, VA). Six-week-old female athymic nude
mice were obtained from Harlan Laboratory (Indianapolis, IN). The method-
ology of developing subcutaneous nude mice tumor xenograft models from
resected pancreatic cancer specimens was described previously.20 For the can-
cer cell line models, 5 � 106 cells in 100 �L Matrigel (BD Biosciences, Bedford,
MA) was injected subcutaneously into the flanks of the nude mice. All animal
protocols were approved by the Johns Hopkins University Animal Use and
Care Committee and in accordance with the guidelines of the American
Association of Laboratory Animal Care.

Temsirolimus was provided by Wyeth Research (Colleville, PA). Tem-
sirolimus is a synthetic ester of rapamycin with comparable preclinical anti-
neoplastic effects as rapamycin.21 Therefore, no differences in drug action were
expected between the two. Rapamycin is administered by oral gavages,
whereas temsirolimus, which has better water solubility, can be administered
intraperitoneally, ensuring more reliable drug delivery in in vivo studies.

The subcutaneous tumors were allowed to grow to a size of approxi-
mately 200 �L before being randomly assigned to receive vehicle intraperito-
neally daily or temsirolimus 20 mg/kg/d intraperitoneally for 2 weeks. Tumor
growth was monitored by caliper measurement and reported as the treated-
to-control (T/C) ratio, which was derived as follows for each xenograft model
after 2 weeks: (volume of treated tumors – volume of control tumors)/volume
of control tumors. The tumors were stored as fresh frozen and paraffin-
embedded specimens after harvest. FDG-PET images were obtained before the
start of therapy and after 1 week of therapy.

Preclinical FDG-PET Imaging

Preclinical PET images were obtained with eXplore VISTA Pre-Clinical
PET scanner (GE Medical Systems, Waukesha, WI). CT scans were performed
using X-SPECT (Gamma Medica-Ideas, Northridge, CA) to correlate with
PET images. The mice were fasted overnight and anesthetized with inhaled
isoflurane. Fasting blood glucose level was obtained before FDG administra-
tion. Approximately 350 �Ci of FDG was injected in the lateral tail vein, and
residual dose in the syringe was noted to derive the actual injected dose. PET
scans of the tumor-bearing mice were performed 1 hour after FDG injection.
We previously validated that maximal tumor FDG uptake occurred 1 hour
after injection by dynamic PET scan. The PET images were digitalized and
analyzed with ImageJ (version 1.39u; National Institutes of Health, Bethesda,
MD) and AMIDE (version 0.91; Andrea Loening, Stanford University,
Stanford, CA).

For quantitative analysis, regions of interest (ROIs) were manually
placed over the subcutaneous tumor xenografts. The FDG signal intensity for
each voxel within the ROI was registered as counts, and the top one percentile
of voxels are averaged and reported as maximum counts for the ROI (MaxC).
The MaxC for each ROI is then corrected for the injected dose of FDG, mouse
body weight, blood glucose level, and time lapsed between injection and
scanning to obtain the SUVmax value for the ROI. The changes in FDG uptake
for each tumor after treatment was reported as �SUVmax, which is determined
by the following equation: (SUVmax after 1 week – SUVmax at baseline)/
SUVmax at baseline. The change in FDG uptake for each treatment group was
obtained by averaging �SUVmax of the tumors within the group and reported
as �SUVmax(av) � SEM. The �SUVmax(av) of the temsirolimus-treated group
was normalized to the vehicle-treated group for comparison between xeno-
graft models. FDG uptake in mediastinum acted as control for each image.

Immunohistochemistry

Five-micrometer formalin-fixed paraffin sections were used for immu-
nohistochemical staining according to manufacturer’s instructions. GLUT1
(ab652; Abcam, Cambridge, MA) staining was performed using citrate-steam
recovery. Percentage of cell membrane (0% to 100%) positive for each tumor
section was scored.

Western Blot

Whole cell lysates from the tumor xenografts treated with vehicle and
temsirolimus were prepared in cell lysis buffer (50 mmol/L Tris-HCl, pH
7.4; 150 mmol/L NaCl; 0.5% NP-40; 1 mmol/L phenylmethyl sulfonyl
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fluoride; 1 mmol/L DTT; 20 mmol/L �-glycerol phosphate; 20 mmol/L
NaF; and 1 mmol/L NaVO3). Protein (100 �g) was resolved on 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto a nitrocellulose membrane. The membrane was blocked with 5%
milk in 20 mmol/L Tris-HCl (pH 7.5), 500 mmol/L NaCl, and 0.5%
Tween-20 (TBST) at room temperature for 1 hour. After incubating with
primary antibodies in 5% bovine serum albumin in TBST overnight at 4°C,
the membrane was washed with TBST for 15 minutes, incubated with
horseradish peroxidase– conjugated secondary antibody for 1 hour at
room temperature, and detected by enhanced chemiluminescence system.

Statistical Analysis

Data from the studies were summarized descriptively and analyzed by
simple statistics. The relationship between variables was determined by Pear-
son’s correlation coefficient. The t test was used to compare two groups, and
P � .05 was considered significant.

RESULTS

FDG-PET Response Is Not Predictive of Tumor

Response and TTP to mTOR Inhibitor Therapy in

Human Patients

A total of 34 patients with assessable FDG-PET studies from both
clinical trials were included in the analysis. The patients were enrolled
between February 2005 and May 2007. The tumor types for these
patients included pancreatic adenocarcinoma, sarcoma, colorectal
cancer, neuroendocrine tumor, hepatocellular carcinoma, carcinoma
of unknown primary, and others (Table 1). By RECIST and EORTC
(1999) criteria for FDG-PET response, FDG-PET imaging did not
correctly predict tumor response in patients treated with rapamycin.

By RECIST criteria, 16 of the 34 patients had progressive disease
(PD), 18 patients had stable disease, and no partial responses (PRs) or
complete responses (CRs) were observed (Table 2; Fig 1) after 2
months of rapamycin therapy. Of the 16 PD patients described, five
(31%) had an increase in m�SUVmax that ranged from 0% to 42%,
and 11 (69%) had a decrease in m�SUVmax that ranged from �1%
to �49%. Of the 18 patients with stable disease, five (28%) had
increased m�SUVmax (2% to 43%) and 13 (72%) had decreased
m�SUVmax (�4% to �86%). The majority of the patients (24 of 34
patients, 71%) had a decrease in m�SUVmax, of whom 11 (46%)
had PD. The sensitivity of increased m�SUVmax in predicting PD is
50% (five of 10 patients). Similar phenomenon was observed in the
subset of pancreatic cancer patients (Fig 1A). Fifteen of these
patients received rapamycin 5 mg daily, whereas two others re-
ceived 3 and 6 mg, respectively.

The analysis of the relationship between tumor response and
FDG-PET response by EORTC (1999) criteria is shown in Table 2.
None of the patients with progressive metabolic response on FDG-
PET imaging had CR or PR by RECIST criteria. The sensitivity of
FDG-PET in predicting PD was thus 19% (three of 16 patients),
whereas none of the 14 patients who had progressive metabolic re-
sponse on FDG-PET had CR or PR by CT imaging.

Analysis of the relationship between FDG-PET response and
TTP was performed on patients treated with a daily dose of rapa-
mycin � 5 mg and patients with pancreatic cancer and treated with
the same dose (Fig 1C). The TTP of all tumor types (n � 28) ranged
from 31 days (epithelioid cancer of unknown origin) to 685 days
(neuroendocrine tumor). Sixteen patients (57%) had a decrease in
mean SUVmax by more than 10%, five patients (18%) had an increase
by more than 10%, and seven patients (25%) had no significant
changes. The TTP of patients with pancreatic cancer (n � 16) ranged
from 35 to 148 days. The FDG-PET response did not correlate with
TTP in these patients (r � �0.274 for all patients; r � 0.072 for
pancreatic cancer patients).

Preclinical FDG-PET Response Does Not Correlate

With Tumor Growth Response to mTOR Inhibitor

Therapy in Nude Mice Tumor Xenograft Models

The preclinical FDG-PET studies defined three phenotypically
distinct groups among the six tumor xenograft models, as follows:
growth resistant (GR)/PET nonresponder (PET-R; Panc420 and
Panc194), GR/PET responder (PET-S; Panc294 and Panc1), and
growth sensitive (GS)/PET-S (Panc140 and BxPC3). When treated
with temsirolimus, Panc420, Panc194, Panc294, and Panc1 xenograft
models continued to grow after therapy (Fig 2A), with T/C ratios of
0.31, 0.52, 0.56, and 0.63, respectively (GR tumor models). The
temsirolimus-treated tumors Panc140 and BxPC3 decreased to less
than baseline size after 2 weeks of therapy, with T/C ratios of �0.06
and �0.06, respectively (GS tumor models).

Among the GR tumors, the SUVmax of temsirolimus-treated
tumors of Panc420 and Panc194 increased (PET-R), whereas the
SUVmax of Panc294 and Panc1 decreased (PET-S) after 2 weeks of
therapy (Fig 2B). Quantitatively, �SUVmax(av) values for Panc420,
Panc194, Pan294, and Panc1 temsirolimus-treated groups were

Table 1. Primary Tumor Sites of Patients With Assessable FDG-PET Scans

Tumor Site No. of Patients (N � 34)

Pancreatic (adenocarcinoma) 17
Sarcoma 4
Colorectal 3
Neuroendocrine 3
Hepatocellular 2
Unknown primary 2
Other� 3

Abbreviations: FDG-PET, �18F�fluorodeoxyglucose positron emission tomography.
�Other tumor sites include small intestine, cholangiocarcinoma, and carcinoid.

Table 2. Relationship Between RECIST Response and
EORTC FDG-PET Response

FDG-PET Response�

Tumor Response† (No. of patients)

PD SD PR/CR Total

PMD 3 1 0 4
SMD 6 10 0 16
PMR 7 7 0 14
Total 16 18 0 34

NOTE. The sensitivity of FDG-PET in predicting progressive disease in
advanced solid tumors patients treated with rapamycin was 19%.

Abbreviations: RECIST, Response Evaluation Criteria in Solid Tumors;
EORTC, European Organisation for Research and Treatment of Cancer;
FDG-PET, �18F�fluorodeoxyglucose positron emission tomography; PD, pro-
gressive disease; SD, stable disease; PR, partial response; CR, complete
response; PMD, progressive metabolic disease; SMD, stable metabolic dis-
ease; PMR, progressive metabolic response.

�FDG-PET response by EORTC (1999) criteria.
†Tumor response by RECIST criteria.

FDG-PET in mTOR Inhibitor Therapy
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139% � 98%, 123% � 12%, �151% � 46%, and �16% � 7%,
respectively, when compared with controls (P � .05). Among the
GS models, the SUVmax of the temsirolimus-treated tumors of
Panc140 and BxPC3 decreased (PET-S) after 2 weeks of therapy, and
the �SUVmax(av) values were �35% � 12% and �108% � 40%,
respectively, when compared with controls (P � .05).

pAktser473 and Cell Membrane–Bound GLUT1

Expression Correlates With FDG-PET Response

During mTOR Inhibitor Therapy

Tumors with representative FDG-PET response phenotype of
each model were analyzed qualitatively for molecular marker expres-
sion. pAktser473 expression was found to correlate with FDG-PET
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Fig 1. [18F]Fluorodeoxyglucose positron
emission tomography (FDG-PET) re-
sponse was not predictive of clinical tu-
mor response and time to progression
(TTP) to rapamycin therapy in patients.
Tumor response was defined by Re-
sponse Evaluation Criteria in Solid Tumors
(RECIST) criteria, and FDG-PET response
was defined by European Organisation for
Research and Treatment of Cancer
(EORTC; 1999) criteria. TTP was defined
as time interval from study registration to
disease progression. (A) Waterfall plot of
mean change in maximum standardized
uptake value (m�SUVmax) in 34 patients
with assessable FDG-PET scans showing
that changes in mSUVmax did not correlate
with tumor response. Patients with pan-
creatic cancer are marked with an asterisk
(*). Deidentified patient numbers are
listed on the x-axis for reference to pa-
tients discussed in B. (B) FDG-PET/com-
puted tomography images of selected
patients at baseline and after one cycle of
rapamycin therapy. White circles denote
the target lesions. Patient 4 had desmo-
plastic small round cell tumor, and patient
5 had pancreatic adenocarcinoma. Both
had progressive disease (PD) but partial
metabolic response (PMR) on FDG-PET.
Patient 12 had neuroendocrine tumor of
the pancreas, and had stable disease (SD),
but PMR (C) Scatter plot of m�SUVmax in
patients from A treated with rapamycin
� 5 mg daily dose (n � 28). The changes
in mSUVmax did not correlate with TTP
(r � �0.274 for all patients; r � 0.072 for
pancreatic cancer patients). Patients with
pancreatic cancer are marked with an as-
terisk (*). The table shows the TTP and
m�SUVmax of corresponding patients.
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response but not growth response to temsirolimus therapy. For tu-
mors with positive �SUVmax (GR/PET-R group), pAktser473 expres-
sion in temsirolimus-treated Panc420 tumor was not significantly
different from control, whereas pAktser473 expression for Panc194
tumor was more intense (Fig 3A). pAktser473 expression was less in-
tense in tumors with negative �SUVmax (GR/PET-S and GS/PET-S
groups) compared with controls. The Western blots were performed
in triplicate and by different personnel to confirm the results. How-
ever, meaningful statistical analysis could not be performed because of
the small number of tumors tested for pAktser473 expression.

Increased GLUT1 expression on cell membrane was reported to
be associated with increased FDG uptake.22 Thus, we investigated the
relationship between FDG-PET response to temsirolimus therapy and
GLUT1 expression on tumor cell membrane by immunohistochem-
istry (Figs 3B and 3C). Quantitatively, the percentage of tumor cell
membrane that stained positive for GLUT1 was higher in the
temsirolimus-treated group than in the control group in the PET-R
models (Panc420 and Panc194), whereas the percentage was lower for
the PET-S models (Panc294, Panc1, Panc140, and BxPC3).

DISCUSSION

The ability to predict response to cancer treatment is a key aspect for
successful individualized cancer therapy. Our understanding of the
role of functional imaging techniques, such as FDG-PET, as predictive
markers for response to novel targeted agents is still in the nascent
stage. In this study, we attempted to define the role of FDG-PET
imaging in predicting the response of cancer patients to mTOR inhib-
itors. The results show that early FDG-PET response is not predictive
of clinical response to mTOR inhibitor therapy. Instead, FDG-PET
imaging may be a novel pharmacodynamic biomarker for Akt activa-
tion during mTOR inhibitor therapy, which is not necessarily reflec-
tive of proliferative response.

Akt has pleiotropic effects important to tumorigenesis and main-
tenance of malignant phenotype.23 In two glioblastoma cell lines of
similar proliferation but different glucose utilization rate, Elstrom et
al24 showed that Akt activation was correlated with a higher rate of
aerobic glycolysis and that disruption of the PI3k/Akt pathway inhibits
glycolysis. They concluded that Akt activation promotes glucose utili-
zation independent of any effects Akt has on stimulation of cell pro-
liferation. Later, Tarn et al25 reported that the therapeutic effects of
imatinib on GIST cells is independent of Akt activity and glucose
metabolism when they observed that in vitro constitutive activation of
Akt overcame imatinib-induced blockade of glucose uptake but did
not rescue GIST cells from imatinib-induced apoptosis. Together with
our data, we propose that Akt is a watershed cellular signaling node
from which cellular glucose metabolism can be modulated indepen-
dently of proliferation in certain cancer cell types. Admittedly, our
data is hypothesis generating in nature because of the small number of
tumors analyzed.

Mechanistically, Akt activation causes increased transcription
and plasma membrane localization of GLUT1; membrane-bound
GLUT1 is an important mediator of FDG uptake in most cancer
cells.22,23 The immunohistochemistry studies for the GR/PET-S tu-
mors (Panc294 and Panc1) showed decreased GLUT1 staining in both
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Fig 2. [18F]Fluorodeoxyglucose positron emission tomography (FDG-PET) response
was not predictive of tumor growth response in nude mice xenograft models. (A)
Growth of tumor xenografts after 2 weeks of therapy (n � 8 tumors in each
treatment group). Tumor volume was measured by caliper for 2 weeks and reported
as mean � SEM. Growths of the temsirolimus-treated tumors (blue bars) are normalized
to vehicle-treated tumors (yellow bars) for each xenograft model. The tumor models
resistant to temsirolimus (growth resistant [GR]) were Panc420, Panc194, Panc294,
and Panc1, and the sensitive models (growth sensitive [GS]) were Panc140 and
BxPC3. (B) Quantitative changes in FDG-PET signal of the vehicle-treated (yellow
bars) and temsirolimus-treated (blue bars) groups for each xenograft models (n � 6
tumors in each group). Change in maximum standardized uptake value (�SUVmax)
was determined, and �SUVmax(av) for each treatment group was derived by
averaging the �SUVmax of all the tumors within the group (reported with SEM).
�SUVmax(av) of temsirolimus-treated group was normalized to the vehicle-treated
group for comparison between xenograft models. �SUVmax(av) values of two of the
temsirolimus-resistant xenograft models (Panc420 and Panc194) increased but were
not statistically significant compared with controls. Compared with respective controls,
the �SUVmax(av) values of the other two temsirolimus-resistant xenograft models (Panc
294 and Panc1) and the two temsirolimus-sensitive xenograft models (Panc140 and
BxPC3) decreased after 1 week of temsirolimus treatment compared with controls
(P � .05). (C) Representative FDG-PET images of the xenograft models. Small animal
FDG-PET images were obtained at baseline and after 1 week of vehicle or
temsirolimus treatment. The size of temsirolimus-treated Panc194 and Panc294
tumors continued to grow (GR), whereas the size of Panc140 tumors decreased (GS)
after 2 weeks of therapy. The FDG-PET signal in the temsirolimus-treated Panc194
tumors continued to increase (FDG-PET nonresponders), whereas that for Panc294
and Panc140 decreased (FDG-PET responders) after 1 week of therapy.
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was performed in triplicate. pAktser473 expression correlated with changes in [18F]fluorodeoxyglucose positron emission tomography (FDG-PET) signal for the tested
tumors. Compared with controls, pAktser473 expression was stable (Panc420) and increased (Panc194) in all xenografts with increased change in maximum standardized
uptake value (�SUVmax) during therapy; whereas pAktser473 expression decreased in all xenografts with decreased �SUVmax during therapy (Panc1, Panc 294, BxPC3,
and Panc140). (B) Quantitative assessment of the proportion of cell membrane that stained positive for GLUT1 (n � 3 in each treatment group). GLUT1 percent
membrane score is higher in temsirolimus-treated than vehicle-treated tumors in the xenograft models with positive �SUVmax(av) (Panc420 and Panc194), whereas the
score is lower in the xenograft models with negative �SUVmax(av) (Panc294, Panc1, Panc140, and BxPC3). (C) Immunohistochemical staining for GLUT1 of
paraffin-embedded tumor specimens. In the models with positive �SUVmax during therapy (Panc420 and Panc194), the percentage of cell membrane that stained
positive for GLUT1 was higher in temsirolimus-treated tumors than controls. In the models with negative �SUVmax during therapy (Panc294, Panc1, Panc140, and
BxPC3), the percentage of cell membrane that stained positive for GLUT1 was lower in temsirolimus-treated tumors than controls. To note, cytosolic GLUT1 staining
in temsirolimus-treated Panc140 and BxPC3 was higher than in controls, although the percentage of cell membrane that stained positive for GLUT1 was less
than in controls.
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cytosol and plasma membrane, indicating that Akt inhibition inacti-
vates GLUT1 transcription in this group of tumors during temsiroli-
mus treatment. Whereas, the immunohistochemistry studies for the
GS/PET-S tumors (Panc140 and BxPC3) showed higher a cytosolic-
to-membrane ratio of GLUT1 stain in the temsirolimus-treated tu-
mors than controls, suggesting that Akt inhibition disrupts the
translocation of GLUT1 to plasma membrane to a greater extent than
GLUT1 transcription in this group of tumors. Therefore, we propose
that Akt inhibition cause disruption to GLUT1 transcription and/or
translocation to plasma membrane in PET-S tumors.

mTOR complexes with the raptor and rictor proteins to
form mTOR complex 1 (mTORC1) and mTORC2, respectively.26

mTORC1 is susceptible to inhibition by rapamycin analogs (rapalogs)
and regulates growth and cell cycle progression via downstream me-
diators such as p70S6k and 4E-BP1. mTORC2 is part of the upstream
PI3k/Akt pathway and regulates Akt activity. mTORC2 was thought
to be resistant to the action of rapalogs, but recent evidence showed
that the formation of the mTORC2 complex can be inhibited by
rapalogs in a cell type– and time-dependant manner.27-29 The inhibi-
tion of Akt observed in our study is likely to be a result of the inhibition
of mTORC2 formation by prolonged mTOR inhibitor exposure. We
speculate that FDG-PET during mTOR inhibitor therapy can be used
as a pharmacodynamic biomarker for the activity of the PI3k/Akt
pathway and help select patients with the GR/PET-R phenotype who
may benefit from subsequent upstream inhibition with agents such as
inhibitors of PI3k and insulin-like growth factor 1 receptor.

This report highlights the fact that early changes in tumor glucose
uptake may not be predictive of response to therapy for certain anti-
cancer agents. Our study provides insight into the relationship be-

tween the Akt/mTOR pathway and glycolysis and raises the
importance of validating novel imaging techniques in therapy devel-
opment preclinically before integrating them into clinical practice.
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■ ■ ■

Glossary Terms

mTOR: The mammalian target of rapamycin belongs to a pro-
tein complex (along with raptor and GL) that is used by cells to
sense nutrients in the environment. mTOR is a serine/threonine
kinase that is activated by Akt and regulates protein synthesis on
the basis of nutrient availability. It was discovered when rapamy-
cin, a drug used in transplantation, was shown to block cell
growth presumably by blocking the action of mTOR.

FDG-PET: Positron emission tomography with the glucose
analog [18F]fluorodeoxyglucose.

Akt pathway: A signal transduction pathway involving the
signaling molecules phosphatidylinositol-3 kinase (PI3K) and
Akt, where PI3K generates phosphorylated inositides at the
cell membrane which are required for the recruitment and
activation of Akt, a transforming serine-threonine kinase in-
volved in cell survival.

Temsirolimus: Also called CCI-779, temsirolimus is an in-
hibitor of mTOR, a member of the phosphoinositide kinase-
related family proteins.

Rapamycin: Also called Sirolimus, it is a potent immunosup-
pressant used in transplantation and inhibits cell cycle progres-
sion, preventing cell proliferation.

Glycolysis: The enzymatic breakdown of a carbohydrate (as glucose
or glycogen) with the production of pyruvic acid or lactic acid and the
release of energy stored in the high-energy phosphate bonds of ATP.

GLUT1: The glucose transporter type 1 is ubiquitously expressed that
is important for constitutive, basal glucose transport. The transporter is
widely distributed in fetal tissues, and predominantly expressed in endo-
thelial cells, erythrocytes, and blood brain barrier in adults. The GLUT1
is found to be an important mediator of glucose influx in most cancer
cells and the increased expression enables cancer cells to maintain high
growth rates and metabolic activity.

mTORC1: The mTOR Complex 1 is composed of mTOR, regulatory
associated protein of mTOR (raptor), and mLST8/GL). This complex
has the classic features of mTOR by functioning as a sensor for nutrients
and energy, and controls protein synthesis. The complex is downstream
to Akt and phosphorylates S6K1 upon activation.

mTORC2: The mTOR Complex 2 is composed of mTOR,
rapamycin-insensitive companion of mTOR (rictor), GL, and mSIN1.
Phosphorylation of the complex stimulates Akt phosphorylation at a
threonine residue that leads to full Akt activation.
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