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Abstract

Glucose transport and consumption are increased in

tumors, and this is considered a diagnostic index of

malignancy. However, there is recent evidence that

carcinoma-associated stromal cells are capable of aero-

bic metabolism with low glucose consumption, at least

partly because of their efficient vascular supply. In

the present study, using dynamic contrast-enhanced

magnetic resonance imaging and [F-18]fluorodeoxyglu-

cose (FDG) positron emission tomography (PET), we

mapped in vivo the vascular supply and glucose metab-

olism in syngeneic experimental models of carcinoma

and mesenchymal tumor. We found that in both tumor

histotypes, regions with high vascular perfusion exhib-

ited a significantly lower FDG uptake. This reciprocity

was more conspicuous in carcinomas than in mesen-

chymal tumors, and regions with a high-vascular/low-

FDG uptake pattern roughly overlapped with a stromal

capsule and intratumoral large connectival septa. Ac-

cordingly, mesenchymal tumors exhibited a higher

vascular perfusion and a lower FDG uptake than car-

cinomas. Thus, we provide in vivo evidence of vascular/

metabolic reciprocity between epithelial and mesen-

chymal histotypes in tumors, suggesting a new intrigu-

ing aspect of epithelial–stromal interaction. Our results

suggests that FDG-PET–based clinical analysis can un-

derestimate the malignity or tumor extension of carcino-

mas exhibiting any trait of ‘‘mesenchymalization’’ such

as desmoplasia or epithelial–mesenchymal transition.
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Introduction

Glucose transport and consumption are increased in tumors,

and this is considered a diagnostic index of malignancy [1–4].

Based on this assumption, [F-18]fluorodeoxyglucose (FDG)

positron emission tomography (PET) is being used in

clinical practice for tumor diagnosis and volume delineation

before therapeutic treatment [5–9]. However, recent work has

demonstrated differential glucose absorption between epithe-

lial and stromal compartments within carcinomas, revealing the

synergistic complementarities of their metabolism [10]. Cancer

cells have an inherent tendency for anaerobic glycolysis

[11,12], which is massively enhanced by a lack of adequate

blood supply [13–16] and leads to abnormal glucose consump-

tion and lactate extrusion. Conversely, tumor-associated stro-

mal cells are capable of aerobic metabolism with low glucose

consumption, and it has been proposed that they could clear

and recycle the lactate produced by the anaerobic metabolism

of cancer cells [10]. This is a further intriguing aspect of

epithelial–stromal interaction and is consistent with the high

angiogenic potential of tumor-associated reactive stromal cells

[17,18], which provide mesenchymal compartments with ade-

quate blood supply [19]. Thus, we hypothesized that the combi-

nation of FDG-PET and dynamic contrast-enhanced magnetic

resonance imaging (DCE-MRI) can discriminate in vivo the

epithelial and stromal compartments in carcinomas.

Furthermore, the anatomic distinction between epithelial

and mesenchymal compartments in carcinomas, particularly

of the breast, is an aspect of tumor biology that is currently

undergoing revision. Not uncommonly, carcinomas reveal

colocalization of mesenchymal and epithelial markers or exhibit

abnormally developed stroma (desmoplasia) [20]; in some

cases, they can even transdifferentiate into carcinosarcomas

or monophasic sarcomas, usually proving malignant in either

case [21,22]. The ‘‘mesenchymalization’’ of carcinomas has

recently been described also in transgenic murine models of

HER-2/neu carcinomas [23,24] and represents a possible

mode of tumor recurrence [25]. This experimental evidence
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prompts speculation that the capacity to generate mesen-

chymal tumors is inherent in carcinomas and that they can

arise autonomously if the epithelium is attacked, for instance

after therapeutic treatment [26]. In line with this evidence, we

have recently established a HER-2/neu–negative mesen-

chymal cell lineage, called A17, from a HER-2/neu transgenic

mammary tumor, a subcutaneous injection (into syngeneic

mice) of which led to the development of mesenchymal tu-

mors [27]. If the extent of glucose absorption in carcinomas

results from the relative contribution of the epithelial and stro-

mal compartments, it is reasonable to suppose that it is af-

fected by any formofmesenchymalization and, in particular, by

complete transdifferentiation toward a sarcomatoid phenotype.

To investigate these hypothesis, we used FDG-PET [1]

and DCE-MRI [28] to comparatively map, in vivo, the glucose

consumption and vascular perfusion of previously described

[27] syngeneic murine models of spontaneous and trans-

planted (BB1) carcinoma and carcinoma-derived sarcoma (A17).

Materials and Methods

Tumor Models

The spontaneous and transplanted tumors used in this

study have already been described. Briefly, spontaneous

tumors were mammary carcinomas that arose in FVB mice

(line 233) that were transgenic for the activated isoform of

rat HER-2/neu (NeuNT ) oncogene (FVB/neuT233) and were

purchased from Charles River Laboratories (Calco, Italy).

The A17 and BB1 cell lines were established from sponta-

neous HER-2/neu transgenic tumors. Subcutaneous injec-

tion of BB1 cells into syngeneic mice led to the development

of mammary carcinomas that were morphologically and

immunohistochemically analogous to spontaneous tumors

(i.e., strongly positive for HER-2/neu, cytokeratins 8 and 18,

and E-cadherin). Subcutaneous injection of A17 cells into

syngeneic mice led to mesenchymal tumors that were neg-

ative for the expression of HER-2/neu, cytokeratins 8 and 18,

and E-cadherin, but positive for the expression of mesen-

chymal markers such as vimentin [27]. Carcinoma-derived

mesenchymal tumors were induced by subcutaneous injec-

tion of A17 cells. In detail, BB1 and A17 tumors were ob-

tained by subcutaneous injection of 5 � 105 cells into the

back of 5- to 7-week-old female FVB/neuT233 mice. Tumor

growth was monitored, and tumor size wasmeasured weekly

using calipers. The animals underwent DCE-MRI and PET

when the longest diameter of their tumors had reached 10 to

15 mm. The investigation complied with national legislation

on the care and use of laboratory animals.

Image Acquisition

DCE-MRI. Animals were examined using MRI with Gd-

DTPA-albumin as a contrast agent, and again 48 hours later

using Gd-DTPA (Magnevist; Schering, Berlin, Germany).

The mice were anesthetized by inhalation of a mixture of

air and O2 containing 0.5% to 1% isoflurane and were placed

in prone position inside a 3.5-cm-i.d. transmitter–receiver

birdcage coil. Images were acquired using a Biospec tomo-

graph (Bruker, Karlsruhe, Germany) equipped with a 4.7-T 33-

cm bore horizontal magnet (Oxford Ltd., Oxford, UK). Coronal

spin-echo and transverse multislice fast spin T2-weighted

images (TE eff = 70 milliseconds) were acquired for tumor

localization and good visualization of extratumoral tissues.

Precontrast T1 values of tumor tissues were measured using

the IR-SnapShot Flash technique (Bruker, Karlsruhe, Germany)

in a limited number of animals (n = 3) because the average

T1 value did not change significantly across the tumor tissues.

A dynamic series of transverse spoiled gradient-echo 3D

images was acquired with the following parameters: repeti-

tion time/echo time = 50/3.5 milliseconds; flip angle = 90j;
matrix size = 256 � 128 � 16; field of view = 6 � 3 � 2.4 cm3

(corresponding to 0.234 � 0.234 mm2 in-plane resolution

and 1.5 mm slice thickness); number of acquisitions = 1. The

acquisition time for a single 3D image was 102 seconds;

dynamic scans of 24 images were acquired at 3-second in-

tervals (total acquisition time,f 42minutes). The contrast agents

Gd-DTPA-albumin and Magnevist at 90 and 500 mmol/kg,

respectively, were injected in bolus during the interval be-

tween the first scan and the second scan. A phantom con-

taining 1 mM Gd-DTPA in saline was inserted in the field of

view and used as an external reference standard.

To calculate transendothelial permeability (Kps), the plasma

kinetics of contrast media was determined in a separate ex-

periment, as previously described [29], and carried out in a total

of six normal animals (three animals for each contrast agent).

PET image acquisition and reconstruction. FDG-PET

scanning was carried out as follows: animals were anesthe-

tized with gas anesthesia (3–5% sevoflurane and 1 l/min

oxygen) and injected with 30 MBq of FDG, at a volume of

0.1 ml, through the tail vein using an insulin syringe. The ani-

mals were subsequently allowed to wake up for the uptake

time (60 minutes) and were free to move. Residual dose was

measured to verify the dose effectively injected. Finally,

the same anesthetizing procedure was repeated to per-

form the scan. Each anesthetized animal was placed on a

scanner bed in prone position. Images were acquired with a

Small Animal PET tomograph (GE eXplore Vista DR; GE

Healthcare, Fairfield, CT) [30] for a total acquisition time of

20 minutes. Given the size of the animals, no corrections for

attenuation or scatter were performed. As the axial field of

view was 4 cm, one bed position was sufficient to cover most

of the mouse body. Once the scan was finished, the gas

anesthesia was interrupted and the animal was placed in a

recovery box with warm temperature until complete recovery.

Images were reconstructed with iterative reconstruction

on OSEM 2D (Siemens, Munich, Germany) using 2 itera-

tions and 32 subsets after Fourier rebinning. The voxel

dimensions of the reconstructed images were 0.38 � 0.38 �
0.77 mm3. The scan was considered positive if areas of

increased FDG uptake were present in sites consistent with

the site of injection.

Computed tomography image acquisition and computed

tomography PET registration. Computed tomography (CT)

scanning was performed using a dedicated small animal CT
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energy aerobically but also to recycle the lactate released by

cancer cells. Thus, the epithelial and stromal populations of

growing tumors can be viewed as two parts of a functional

domain with genuine metabolic cooperation between anaero-

bic and aerobic compartments [10,41].

Vascular/Metabolic Reciprocity between Epithelial and

Mesenchymal Histotypes

The complementarities observed between epithelial and

mesenchymal compartments of the same carcinomas were

again found between epithelial and mesenchymal tumor

models raised by the subcutaneous injection of cell lines

derived from the same mammary carcinoma. A17 tumors

exhibited a higher mean MRI enhancement and a lower

mean FDG uptake than BB1 carcinomas. The shift of carci-

nomas toward a mesenchymal phenotype is a matter of

concern in clinical oncology, as it represents a poor prog-

nostic factor [42]. In addition, the scarcity of oxygen, which is

inherent in carcinomas, can provide a decisive contribution to

the generation of tumor-promoting or tumorigenic mesen-

chymal populations. Stromal cells at the invasive tumor front

are directly activated by anoxia, as occurs physiologically in

wound-healing processes [43]. Normal fibroblasts respond-

ing to anoxia exhibit features of malignant phenotype be-

cause their proliferation increases and triggers proangiogenic,

antiapoptotic, locomotor, and invasive programs [41,44–47].

In any case, recent studies on experimental models of HER-2/

neu tumors demonstrated that the possibility of developing

into mesenchymal tumors is inherent in carcinomas. Hill et al.

[23] showed that the neoplastic epithelial compartment indu-

ces aberrant evolution of genetically altered stromal mesen-

chyme. Moody et al. [25] found that mesenchymal tumors can

spontaneously arise as recurrences after the regression of

primary tumors in an inducible HER-2/neumodel of carcinoma

[48]. Knutson et al. [24] and Moody et al. [25] showed that

anti–HER-2/neu–specific immune response can select neu-

negative mammary tumors with mesenchymal phenotype.

This evidence greatly enhances the clinical significance of

experimental models of carcinoma-derived mesenchymal tu-

morigenic cells.

Several authors have investigated the correlations be-

tween vascular parameters and FDG uptake in human tu-

mors, providing controversial results [35,36]. In accordance

with previous observations [27,37], here we found that A17

tumors exhibited significantly higher Kps than BB1 tumors.

However, intragroup correlation between FDG uptake and

MRI-measured Kps in our experimental model did not reach

statistical significance. This probably reflects the fact that

the relationship between glucose metabolism and blood

supply is affected by a number of (morphologic or biochem-

ical) factors [49,50].

Potential Clinical Implications

Given that in vivo assessment of glucose metabolism by

FDG-PET is being used in clinical practice for tumor diagnosis/

grading and therapy monitoring, our results highlight the

risk of underestimating the malignity of carcinomas that

are highly vascularized and/or exhibit any traits of mesen-

chymalization, such as desmoplasia [51] or epithelial–

mesenchymal transition [52]. In particular, lower glucose

consumption of the stromal compartment could make FDG-

based pretreatment tumor delineation difficult. The exact def-

inition of tumor extension has a profound impact on tumor

local control, which justifies the enormous expenditure in-

volved in multiple noninvasive imagings performed in clinical

practice. In this respect, FDG distribution is proposed not

only for lymph node staging but also to delineate gross tumor

volume for planning radiotherapy treatments [6,7], but only

occasionally is delineation based on FDG-PET compared

with pathological examination [8], and studies with similar

design are awaited [9]. Our findings alert to the risk that only

part of the tumor could be treated in some cases because it

appears that such approach could limit therapy to the lowest

vascularized regions, adding biologic consideration to the

opinion that PET-directed tumor volume contouring is not

ready for clinical practice without further technological

improvements in imaging specificity/sensitivity [53].
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