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ABSTRACT

Positron emission tomography (PET) imaging has emerged as an important clinical tool for cancer management, and
specifically targeted radiopharmaceuticals play critical roles on PET molecular imaging. Solid cancers have highly
complex and heterogeneous microenvironment, this review focused on those microenvironmental factors such as hy-
poxia, proliferation and perfusion and, accordingly, a novel test system for validation of current and novel targeted im-
aging radiopharmaceuticals. In this review, we have introduced the establishment of cancer and metastases models in
nude mice, visualization of microenvironmental components of hypoxia, proliferation, perfusion, stroma and necrosis in
cancers and metastases for establishing the microenvironment based model system, and validation of several radio-
pharmaceuticals such as '*F-fluoro-2-deoxyglucose ('*F-FDG) '*F-fluorothymidine (‘*F-FLT), '*F-misonidazole ("°F-
FMISO) using the system. We found that "*F-FLT accumulates in proliferating cancer cells, while "F-FMISO and
"®F-FDG mostly accumulate in hypoxic and non-proliferative cancer cells, '*F-FDG shares roughly similar intratumoral
distribution pattern with "*F-FMISO and IAZGP, but mutually excludes '"*F-FLT. This model system validated current
tracers for imaging glucose metabolism, hypoxia and proliferation in cancer and metastases, therefore, can be used for
novel targeted radiopharmaceuticals validation.

Keywords: '*F-Fluoro-2-deoxyglucose; '*F-Fluorothymidine; '*F-Misonidazole; Microenvironment; Hypoxia;
Proliferation.

1. Introduction environment [15-17], it is impossible to generate two
individual tumors with the same or similar microenvi-
ronment components and, subsequently, to compare the
radiopharmaceuticals uptake in different tumors; 2) tem-
poral change of tumor microenvironment may occur in a
very short of interval of natural growth process of cancer
and metastases, serial PET scans where the same tumor
is probed with different tracers, separated by some time
interval, are also problematic [18].

Accordingly, a novel test system is highly demand for

Positron emission tomography (PET) imaging has emer-
ged as an important clinical tool for cancer detection,
staging, and monitoring response to therapy. Current
radiopharmaceuticals such as '*F-fluoro-2-deoxyglucose
("*F-FDG), '*F-fluorothymidine ('"*F-FLT) and "*F-miso-
nidasole ("*F-FMISO) are commonly used PET tracers
for cancer management. However, no tracer is conclu-
sively superior in the management of cancer. Serial PET
scans have been used in clinical studies in patients [1-7]

and preclinical researches in animal models [8-14] to
study the uptake mechanism of the tracers. However, the
results have been mixed. This is probably due to: 1) solid
cancers have highly complex and heterogeneous micro-

Copyright © 2013 SciRes.

validation of current and novel targeted radiopharmaceu-
ticals for molecular imaging. It is established that solid
cancers have highly complex and heterogeneous micro-
environment [15-17] composed of viable cancer cells,
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stroma, necrosis and many other factors. Viable cancer
cells are either hypoxic or well oxygenated [15,16,18,19],
the distribution of proliferative cells are also heteroge-
neous [8,10,18-21]. In this review, we focused on the dis-
cussion of hypoxia, proliferation and perfusion microen-
vironment factors of cancer and metastases in animal
model and its usefulness in PET tracers validation. We
initially introduced the generation of cancer and metas-
tases models in nude mice, then characterization of hy-
poxia, proliferation, perfusion, stroma and necrosis in
cancer and metastasis using histological/immunohisto-
chemical techniques, and finally, the relationship of ra-
diopharmaceuticals accumulation and microenvironment-
tal factors [18].

2. Animal Models of Cancers and Metastases

Models of disseminated microscopic malignant disease
may be generated in the lung, bone, liver and peritoneum
by intravenous [22-24], left ventricular [22,25], intras-
plenic [26] and intraperitoneal [8,18,19,27,28] injection
of tumor cells, respectively. We have shown that a model
of disseminated microscopic peritoneal and ascites tu-
mors was suitable for studying hypoxia [8,18,19,27,28].
In this model, disseminated peritoneal microscopic tu-
mors were induced by injecting suspensions of colorectal
HT29 and HCT-8 cancer cells, or non-small cell lung
cancer (NSCLC) A549 and HTB177 cells into the peri-
toneal cavity of nude mice. Mice sacrificed 4 - 7 weeks
after tumor initiation displayed a distribution of tumors
of sizes ranging froma few hundred micrometers up to
several millimeters in diameter on or in the intestinal
serosa (Figure 1). Ascites fluid containing a distribution
of free-floating tumor cell aggregates of up to 1 mm in
diameter was also presentin mice inoculated with HT29,
A549 cells, but was not observed in HCT-8 and HTB177
cell lines.

Figure 1. HCT-8 rectal cancer cells peritoneal metastases
formed 4 wk after intraperitoneal administration of cancer
cells, tumors ranged from several hundred micrometers to
millimeters in diameter.

Copyright © 2013 SciRes.

Intradermal injection of similar tumor cell suspensions
could give rise to unitary microscopic tumors useful for
studying hypoxia [8,19,27]. An intradermal tumor model
has the potential advantage that growth curves for mi-
croscopic tumors could be more easily generated via ul-
trasound or optical imaging. Subcutaneous xenografts
generated by subcutaneously injection of cancer cells are
widely used for microPET study.

3. Tumor Microenvironment

3.1. Visualization of Hypoxia, Proliferation,
Perfusion and Vasculature

Hypoxia microenvironment visualization relies on the
detection of either exogenous substances (tracers) that
preferentially localizes in hypoxic tissue or the expres-
sion of hypoxia-induced endogenous markers [28]. The
most commonly used exogenous hypoxia markers, in-
cluding pimonidazole, EF5 and CCI-103F, are 2-nitroi-
midazole compounds that are selectively reduced in hy-
poxic regions (generally pO, < 10 mmHg) of tumors,
subsequently binding to intracellular macromolecules [28,
29]. The spatial pattern of binding of these markers can
be visualized on tumor sections by immunohistochemical
methods. Exogenous hypoxia markers have been widely
used in clinical and experimental studies of tumor hy-
poxia [30-33]. Pimonidazole is used to visualize tumor
hypoxia in our group, which is generally administrated 1-
2 hours before animal sacrifice.

A large number of cellular proteins are regulated by
hypoxia. Potential endogenous markers of hypoxia in-
clude hypoxia inducible factor 1la (HIFla), carbonic an-
hydrase 9 (CA9) [19] and glucose transporters 1 (GLUT1)
[8,28]. The degradation of CA9 is a relatively slow proc-
ess with estimated half-times of a few days [19] which
would more appropriately indicate “historical” hypoxia.
Thus combinations of endogenous protein markers used
in conjunction with exogenous tracers can be used to
detect changes in tumor hypoxia. Such an approach may
be used to monitor the effect of interventions that perturb
the intratumoral distribution of hypoxia [8,19].

The cellular proliferation marker bromodeoxyuridine
was administered via tail vein injection lhr before animal
sacrifice to detect proliferative cancer cells [8,18,19]. Vas-
culature was visualized by Anti-CD31 staining [19,28]. Per-
fusion was detected by fluorescent dye Hoechst 33342
which was administered via tail vein injection 1 minute
before animal sacrifice [19]. Hematoxylin and eosin (H&E)
provided information of viable cancer cells, stroma and
necrosis with the tumor section.

3.2. Hypoxia, Proliferation, Perfusion in
Microscopic Tumors

Disseminated peritoneal disease developed after intrape-
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ritoneal inoculation of tumor cells. At the time of assay
the gross appearance of peritoneal disease was similar for
both cell lines, consisting of a distribution of small tu-
mors adhering to the intestinal serosa [8,19,28]. Tumor
sizes ranged from a few hundred pm to several mm in
diameter. Microscopic examination of peritoneal tumor
sections indicated a characteristic relationship between
the pattern of hypoxia and tumor size. In general, sub-
millimeter tumor deposits (<~1 mm diameter) showed
intense pimonidazole staining coupled with low Hoechst
33342 staining (Figure 2(a)). This observation was in-

dicative of hypoxic and relatively poorly perfused tumors.

Larger tumors (~1 - 4 mm diameter) appeared relatively
well perfused with generally low levels of pimonidazole
staining. Anti-CD31 staining (Figure 2a) showed a con-
trast in tumor vascularity between the tumors of different
size with the smallest tumors possessing little to no vas-
culature while larger tumors were well-vascularized.
bromodeoxyuridine staining indicated that cellular pro-
liferation tended to occur in the rim but not the interior of
small avascular tumors (Figure 2(b)) whereas it was pre-
valent throughout larger tumors [8,19,28].

3.3. Hypoxia, Proliferation, Perfusion in
Microscopic Intradermal Tumors

The patterns of hypoxia in intradermal tumors, ranging
from a few hundred pm to several millimeters in diame-
ter, were examined. Smaller intradermal tumors (<1 mm
in diameter) were characterized by a high level of pi-
monidazole positivity and little to no visible Hoechst
33342 or CD31 positivity (Figure 2(c)). In HT29 tumors,
positive CA9 staining co-localized with pimonidazole. It
was also observed that small intradermal tumors gener-
ally contained significant central necrosis. In contrast, for
larger intradermal tumors (~1 - 4 mm in diameter) pi-
monidazole staining appeared less intense, Hoechst 33342
was present throughout, together with significant vascu-
larity and minimal necrosis (Figure 2(c)) [19,28].

3.4. Hypoxia and Perfusion in Ascites Tumors

On microscopic examination HT29 ascites tumors ap-
peared similar to small avascular HT29 peritoneal tumors
of <l mm in diameter (Figure 2(d)). Ascites tumors
stained intensely positive for pimonidazole and CA9 but
negative for Hoechst 33342, indicating that they were
mostly hypoxic with little to no blood perfusion [8,19,27].

3.5. Microenvironment of Macroscopic
Subcutaneous Tumors

Macroscopic subcutaneous tumors have intermingled but
clearly defined regions of non-cancer cell stroma, cancer
cells and necrosis. Figure 3(a) shows an example of
complex microenvironment revealed by H&E imaging

Copyright © 2013 SciRes.

Figure 2. Representative images of microscopic HT29 tu-
mors. (a) Left: Fluorescence overlay image (green = pimoni-
dazole, blue = Hoechst 33342, red = CA9) of a section con-
taining a variety of large and small peritoneal tumors. The
series of small tumors < 500 pm in dimension situated along
a horizontal line through the center of the figure all show
intense pimonidazole and CA9 fluorescence, suggesting sig-
nificant hypoxia, with little to no Hoechst 33342 fluores-
cence. This contrasts with the two large tumor deposits that
extend towards the top and bottom of the image which show
extensive Hoechst 33342 but little pimonidazole or CA9
fluorescence. Scale bar, 200 pm. (a) Right: Contiguous sec-
tion stained for CD31. It can be seen that the small tumors
that appear hypoxic in (a) left are essentially avascular whe-
reas the large tumors have extensive vasculature. (b) Left:
fluorescence overlay image (green = pimonidazole, blue =
Hoechst 33342, red = bromodeoxyuridine) of a section con-
taining a mixture of small peritoneal tumors of various sizes
together with stromal components. Three small deposits
with dimensions of approximately 300 pm (indicated on (b)
right) all show intense central pimonidazole fluorescence
with little to no Hoechst 33342 implying significant hypoxia
and low perfusion. Bromodeoxyuridine (red) fluorescence
indicating cellular proliferation is seen only in the non-hy-
poxic rim and is not present in the hypoxic core. Scale bar,
200 pm; (b) Right: Contiguous section stained with hema-
toxylin and eosin provided for reference. (c) Left: Fluores-
cence overlay image (green = pimonidazole, blue = Hoechst
33342, red = CA9) of a section containing two intradermal
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tumors. The smaller tumor (right) consists of three distinct
nodules, each centrally-hypoxic with varying necrosis, sepa-
rated by highly perfused zones. The larger tumor (left) ap-
pears minimally hypoxic with widespread perfusion throu-
ghout. Scale bar, 200 pm; (c) Right: Contiguous section stai-
ned for CD31. The hypoxic tumor nodules appear essen-
tially avascular while there is significant vascularity seen in
the well-perfused stromal elements, between nodules. The
larger non-hypoxic tumor has extensive vasculature. (d)
Left: fluorescence overlay image (green = pimonidazole, red
= CAY) of a section containing a collection of HT29 ascites
tumors. Widespread intense staining is observed for both
pimonidazole and CA9 implying signifycant hypoxia. Scale
bar, 400 pm; (d) Right: Contiguous section stained with he-
matoxylin and eosin provided for reference. Figure 2 is
adapted from [19].

Figure 3. Complex microenvironment of HTB177 subcuta-
neous xenograft. (a) H&E: the xenograft is composed with
stroma, cancer cells and necrosis (N). Scale bar = 1 mm; (b)
Fluorescence overlay image of a contiguous section to H&E
stained section shows hypoxia, proliferation and blood per-
fusion of cancer cells. pimonidazole (green); Hoechst 33342
(blue); bromodeoxyuridine (red). All Scale bars = 1 mm.

This research was originally published in JNM. T. Huang, A.

C. Civelek, J. Li, H. Jiang, C. K. Ng, G. C. Postel, B. Shen
and X. F. Li, “Tumor Microenvironment-Dependent 18F-
FDG, 18F-Fluorothymidine, and 18F-Misonidazole Uptake:
A Pilot Study in Mouse Models of Human Non-Small Cell
Lung Cancer,” Journal of Nuclear Medicine, Vol. 53, 2012,
pp. 1262-1268 © by the Society of Nuclear Medicine, Inc.

from NSCLC HTB177 subcutaneous xenograft. Cancer
cells were further divided into two subcategories accord-
ing to oxygenation status and cellular proliferation (Fig-
ure 3(b)): cancer cells closely adjacent to functional
blood vessels (positive Hoechst 33342 staining) were
stained negative for pimonidazole but positive for bro-
modeoxyuridine, indicating well oxygenated and highly
proliferative. Cancer cells located approximately 150 pm
away from functional blood vessels and/or close to ne-
crosis were stained positive for pimonidazole but nega-
tive for bromodeoxyuridine, which indicated that these

cancer cells were hypoxic with low proliferation rate [18].

Copyright © 2013 SciRes.

Apparently, macroscopic solid cancers have complex
microenvironment.

3.6. Relationship between Hypoxia and Tumor
Size

The pimonidazole positive fraction (PPF) was estimated
for a range of non-ascites HT29 tumors of various sizes
(Figure 4) [19]. This reveals an interesting size-depend-
cy of tumor hypoxia. For the smallest peritoneal and in-
tradermal tumors PPF was very high, approaching ~90%
in tumors of several hundred um diameter. At these sizes,
tumors were relatively avascular. As peritoneal and in-
tradermal tumors increased in size, the PPF decreased
until in the range of diameters ~1 - 4 mm there was little
to no positive pimonidazole staining, indicating little to
no tumor hypoxia, coupled with the appearance of tumor
vascularization and significant blood perfusion. As tumor
size increased further into the diameter range >~4 mm,
positive pimonidazole staining reappeared in a character-
istically perinecrotic distribution pattern that was in-
versely correlated with Hoechst 33342-defined perfusion.

We have visualized hypoxia, proliferation and perfu-
sion in cancer and metastases models. The microenvi-
ronment-based model system has been used to validate
and test several current PET tracers for imaging glucose
metabolism, hypoxia and proliferation by our group
[8,18,27].

4. Examine Radiopharmaceuticals Using the
Characterized Model System

Such model system may provide a useful means of cor-
roborating the validity of purported targeted tracers.
There are powerful methods of assessing the microenvi-
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Figure 4. Scatterplot showing the relationship between tu-
mor size and Pimonidazole positive fraction (PPF) for HT29
tumors. e Peritoneal; A Intradermal; m Subcutaneous.
Adapted from [19].
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ronmental features of individual microscopic tumors,
including their hypoxic status, proliferation and blood
perfusion, and relating these to the uptake of radiolabeled
tracer. In addition, such models provide a diversity of
tumors of differing size and hypoxic status growing in
the same animal, thereby reducing or eliminating issues
associated with inter-animal variability. To complement
the high spatial resolution associated with immunohisto-
chemical detection of hypoxia markers, the intratumoral
distribution of radiolabeled hypoxia tracers can be de-
termined by DAR detection systems. Studies comparing
the spatial distributions of radiolabeled tracers and hy-
poxia markers have been reported in macroscopic tumors
[10,18,34] and microscopic diseases [8,18,27].

4.1. BF-FDG

E_FDG PET has emerged as an important clinical tool
for cancer detection, staging, and monitoring of response
and is routinely used in the clinical management of sev-
eral cancer types [35]. The uptake of '"®F-FDG, an analog
of glucose, is largely proportional to the rate of glucose
metabolism enabling this parameter to be quantified [36].
In hypoxic conditions, cancer cells may undergo a switch
from aerobic to anaerobic glucose metabolism. This
adaptive response involves the coordinated expression of
many hypoxia inducible factor (HIF)-regulated proteins,
such as GLUT-1, and various glycolytic enzymes [37].
Glucose metabolism in hypoxic cancer cells has been
studied in cell culture and in animal models of macro-
scopic tumors (reviewed in [36]), however, results have
been mixed and controversial.

We have recently reported the use of correlative im-
aging methodologies to examine the uptake of '*F-FDG
in microscopic [8] and macroscopic [18] tumors and re-
late this to hypoxic status. "*F-FDG uptake by DAR was
compared with immunofluorescent visualization of pi-
monidazole binding and GLUT-1 expression. We have
also reported that "*F-FDG uptake in microscopic tumors
was altered by carbogen breathing [8].

E.FDG uptake in disseminated peritoneal disease
arising from HT29, HCT-8, A549 and HTB177 tumor
cells was studied in air-breathing animals [8,18]. As
shown in Figure 5, there was spatial co-localization be-
tween high levels of "F-FDG uptake, pimonidazole
binding and GLUT-1 expression. Such regions tended to
correspond to low levels of cellular proliferation and
blood perfusion. In particular, the smallest tumor depo-
sits (<~1 mm diameter) were hypoxic (as evidenced by
high pimonidazole binding) and had high "*F-FDG up-
take. In these tumors GLUT-1 expression was high, bro-
modeoxyuridine staining was confined to the rim and
blood perfusion was minimal. Larger tumors (~1 - 4 mm
diameter) were not hypoxic (low pimonidazole binding)
and displayed relatively low '"*F-FDG uptake and GLUT-

Copyright © 2013 SciRes.

1 expression. Additionally, bromodeoxyuridine-positive
proliferative cells were distributed throughout the larger
tumors and blood perfusion was relatively high.

Carbogen breathing significantly decreased '“F-FDG
accumulation and tumor hypoxia in microscopic tumors
but had little effect on GLUT1 expression (Figure 6) [8].

"SE_.FDG uptake in subcutaneous xenografts was also
observed. High '"F-FDG uptake was found in hypoxic
zones but low ""F-FDG uptake in well perfused cancer
cells, non-cancerous stroma and necrosis (Figure 7) [18].

Therefore, "*F-FDG uptake was significantly increased
in microscopic tumors and only hypoxic regions of mac-
roscopic tumors. This enhanced uptake could be abro-
gated by carbogen breathing; physiological hypoxia was
a necessary condition for increased '*F-FDG uptake.

4.2. Radioiodine-Labeled-lodoazomycin
Galactopyranoside and "*F-FMISO

Radiolabeled tracers such as "*F-FMISO [38-40] and '**I-
labelled iodo-azomycin galactopyranoside (‘**I-TAZGP)
[41-43]. amongst others are under investigation for in
vivo PET imaging of tumor hypoxia. We have recently
reported the use of correlative imaging methodologies to
examine the uptake of IAZGP and "*F-FMISO in micro-
scopic [18,27] and macroscopic [18] tumors and related
this to microenviromental factors.

Figure 8 shows an example of the intratumoral distri-
butions of "*'I-TAZGP, pimonidazole binding and CA9

H&E E.FDG
PIMO GLUT-1
BrdUrd Hoechst

Figure 5. "*F-FDG uptake in HT29 peritoneal tumors in air
breathing condition. Part of a larger tumor (square) has
relatively low levels of "*F-FDG uptake, pimonidazole bind-
ing, and GLUT-1 expression, with relatively high levels of
cell proliferation and blood perfusion. A microscopic tumor
(circle) has relatively high FDG uptake, pimonidazole bind-
ing and GLUT-1 with lower cell proliferation and little
perfusion. Scale bar 1 mm. This research was originally
published in JNM. X. F. Li, Y. Ma, X. Sun, J. L.Humm, C.
C. Ling and J. A. O’Donoghue, “High 18F-FDG Uptake in
Microscopic Peritoneal Tumors Requires Physiologic Hy-
poxia,” Journal of Nuclear Medicine, Vol. 5, 2010, pp.
632-638 © by the Society of Nuclear Medicine, Inc.
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Figure 6. (a) Comparison of HT29 peritoneal tumors from
animals breathing air or carbogen (95% O,, 5% COy,). Bp.
FDG uptake and pimonidazole binding were markedly re-
duced for carbogen breathing whereas GLUT-1 expression
was unaffected (see text for details). Scale bar 500 pm; (b)
For air breathing conditions, overall BE-FDG uptake was
higher and a number of “hot spots” were observed. In con-
trast, carbogen breathing; (c) Resulted in significantly less'®F-
FDG uptake in microscopic tumors, scale bars 4 mm; (d)
The difference in "*F-FDG uptake between sub-millimeter
HT29 tumors in air-breathing (9 tumors from 2 animals)
and carbogenbreathing (11 tumors from 2 animals) animals
was significant, p < 0.001. JNM, Vol. 5, 2010, pp. 632-638 ©
by the Society of Nuclear Medicine, Inc.

18F.FDG

18F-FDG uptake (%ID/g)

GLUT-1

Fluorescence overlay
(). 5

Figure 7. Relationship between '*F-FDG uptake and hy-
poxia, proliferation and blood perfusion in a HTB177 sub-
cutaneous xenograft. High '*F-FDG uptake (a) detected by
digital autoradiography (DAR) is found in hypoxic (pi-
monidazole positive, green) but lowly proliferating (bro-
modeoxyuridine negative) cancer cells (b) (arrow). Non-
hypoxic and proliferative cancer cells (bromodeoxyuridine
positive, red) which are well blood purfused (Hoechst posi-
tive, blue), have low "*F-FDG uptake (arrow head). Stroma
and necrotic zones associate with low 'F-FDG activity.
H&E from adjacent section provided for reference (c). All
scale bars =1 mm. This research was originally published in
JNM. T. Huang, A. C. Civelek, J. Li, H. Jiang, C. K.Ng, G.
C. Postel, B. Shen and X. F. Li, “Tumor Microenvironment-
Dependent 18F-FDG, 18F-Fluorothymidine, and 18F-Miso-
nidazole Uptake: A Pilot Study in Mouse Models of Human
Non-Small Cell Lung Cancer,” JNM, Vol. 53, 2012, pp.
1262- 1268 © by the Society of Nuclear Medicine, Inc.

expression in a small (~] mm dimension) and relatively

large tumor obtained from an animal with disseminated
colorectal cancer HT29 peritoneal disease [27]: the smaller

Copyright © 2013 SciRes.
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Figure 8. Comparison of intratumoral distribution of "'I-
IAZGP with pimonidazole binding (green), hypoxia-regu-
lated protein CA9 (red) and Hoechst 33342 (blue) in a tissue
section containing disseminated intraperitoneal (i.p.) HT29
tumors. A larger tumor, part of which is seen in the upper
right quadrant has low levels of 'I-IAZGP uptake, pi-
monidazole binding and CA9 expression together with sig-
nificant blood perfusion. The microsco;l)ic tumor with di-
mensions of ~I mm (circled) has high 'I-IAZGP uptake
throughout the tumor together with high pimonidazole
binding and CA9 expression. All images were obtained
from the same tissue section. Scale bar =1 mm. The histo-
gram shows quantitative *'I-IAZGP uptake in a collection
of 27 i.p. HT29 tumors from a single animal expressed as %
ini]'ected dose per gram. Tumor uptake was derived from an
BIJAZGP autoradiograph with individual tumor sizes
based on the H&E image. *'I-IAZGP uptake was signify-
cantly higher in microscopic i.p. tumors (<1 mm diameter,
n = 18) than larger ones (>1 mm, n =9), p < 0.001. Adapted
from [27].

tumor shows elevated uptake of "'I-IAZGP and near-
ubiquitous staining of pimonidazole and CA9, implying
almost uniform hypoxia. The larger tumor shows reduced
BI.IAZGP uptake and low levels of pimonidazole bind-
ing and CA9 expression together with significant Hoe-
chst 33342 uptake indicating that the tumor was well-
perfused.

Microscopic ascites tumors had high *'I-IAZGP up- take
coupled with intense staining of pimonidazole and CA9
(Figure 9) [27]. *'I-IAZGP uptake was also tested in
intradermal tumors [27]. The smaller tumor (<1 mm in
diameter) was characterized by a central lack of blood
perfusion, high levels of co-localized pimonidazole bind-
ing and CA9 expression and high "*'[-IAZGP accumula-
tion. In contrast, intradermal tumors above 1 mm in di-
ameter were well perfused, had low "'I-IAZGP and pi-
monidazole accumulation and had low CA9 expression
(Figure 10).

Intratumoral distribution of "*F-FMISO was observed

IIMPCERO



X.-F.LI ET AL 25

CA9

Figure 9. High levels of “'I-IAZGP uptake pimonidazole
binding and CA9 expression in HT29 ascites tumors from a
single animal. Scale bar = 1 mm. The histogram shows
quantitative "*'I-IAZGP uptake in a collection of 13 ascites
and intraperitoneal (i.p.) tumors from a single animal. Up-
take in ascites and smaller i.p. tumors was significantly
higher than in larger tumors, p < 0.001. Adapted from [27].

IAZGP PIMO

Hoechst

Figure 10. Comparison of intratumoral distribution of
BILIAZGP uptake, pimonidazole binding, CA9 expression
and blood perfusion in a microscopic HT29 intradermal
(i.d.) tumor. The microscopic tumor shows high “'I-IAZGP
uptake, pimonidazole binding and CA9 expression with
little to no blood perfusion. Scale bar = 500 pm. Adapted
from [27].

in subcutaneous xenografts and peritoneal tumors of
NSCLC. High levels of "®F-FMISO uptake and pimoni-
dazole binding were colocalized [18]. Such regions tend-
ed to correspond to low levels of cellular proliferation

Copyright © 2013 SciRes.

and blood perfusion. Well oxygenated cancer cells with a
high proliferation rate had low '®F-FMISO uptake. Stroma
and necrotic zones had lower '"*F-FMISO accumulation
(Figure 11) [18].

We have validated that "*'I-TAZGP and "F-FMISO as
hypoxia imaging tracers in colorectal and NSCLC mi-
croscopic and macroscopic tumor models, in which tu-
mor microenvironment was characterized by immuno-
histochemical staining. Therefore, this model system is
useful for validating current and novel hypoxia-imaging
tracers.

4.3. BF-FLT

E_.FLT PET has been used to assess proliferation in
cancer. We have used '®F-FLT to test our model system
[18]. "*F-FLT preferentially accumulated in areas of tu-
mor that showed high uptake of bromodeoxyuridine and
low staining of pimonidazole. This was demonstrated for
NSCLC cell lines A549 and HTB177, grown as either
subcutaneous xenografts or disseminated peritoneal dis-
ease. For example, in HTB177 peritoneal tumors (Figure
12), high'®F-FLT uptake was found in the regions with
high levels of bromodeoxyuridine binding (proliferative)
cancer cells where pimonidazole stained negatively indi-
cating well oxygenated. Low '*F-FLT accumulation was
found in cancer cells which were stained positive for
pimonidzole (hypoxia) but low for bromodeoxyuridine
(low proliferation). Stroma and necrotic zones also asso-
ciated with low "F-FLT accumulation. '*F-FLT uptake
significantly correlated with proliferation index (» = 0.91,
p <0.001) [18]. Therefore, our model system enables to
validate current and novel tracers imaging proliferation.

Figure 11. Relationship between 'F-FMISO uptake and
hypoxia, proliferation and blood perfusion in an A549 sub-
cutaneous xenograft. High '*F-FMISO uptake (a) closely as-
sociates with hypoxic ((pimonidazole positive, green, (b))
cancer cells. Non-hypoxic cancer cells are proliferative (bro-
modeoxyuridine positive, red) and well blood purfused (Hoe-
chst positive, blue), have low "*F-FMISO uptake. Stroma and
necrotic zones associate with low '"SF-FMISO activity. H&E
from adjacent section provided for reference (c). All scale
bars = 1 mm. This research was originally published in
JNM. T. Huang, A. C. Civelek, J. Li, H. Jiang, C. K. Ng, G.
C. Postel, B. Shen and X. F. Li, “Tumor Microenviron-
ment-Dependent 18F-FDG, 18F-Fluorothymidine, and 18F-
Misonidazole Uptake: A Pilot Study in Mouse Models of Hu-
man Non-Small Cell Lung Cancer,” Vol. 53, 2012, pp.
1262-1268 © by the Society of Nuclear Medicine, Inc.
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5. The Importance of Animal Models of
Metastases for Novel Targeted
Radiopharmaceuticals Development

Animal models of metastases as a test system for radio-
tracer validation have several advantages compared with
macroscopic subcutaneous xenografts. Individual small
tumors have an approximately homogenous internal struc-
ture, being either hypoxic and unperfused, or non-hy-
poxic and well perfused. This makes it relatively simple
to demonstrate co-localization of radiotracer and hypoxia
marker (immunofluorescence). In contrast, macroscopic
xenografts have a complex internal structure with inter-
mingled regions of non-cancerous stroma, well oxygen-
ated tumor, hypoxia and necrosis in close proximity. An-
other advantage is that since many tumors of various
sizes and degrees of hypoxia can exist in an individual
animal, it is possible to compare radiotracer uptake be-
tween tumors without confounding variations due to dif-

18F.FLT DAR Fluorescence overlay
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Figure 12. Relationship between 'SF-FLT uptake and hy-
poxia, proliferation and blood perfusion in HTB177 perito-
neal tumor model. High "®F-FLT accumulation (a) is found
in highly proliferating cancer cells ( bromodeoxyuridine po-
sitive, red) which are not hypoxia (pimonidazole negative)
and well blood purfused (Hoechst positive, blue) (red circle)
(b). Pimonidazole positive (green) cancer cells have little
BF_FLT uptake (yellow circle). Stroma and necrotic zones
associate with low "F-FLT activity. H&E from adjacent
section provided for reference (c). Correlation between bro-
modeoxyu- ridine defined proliferative index and '*F-FLT,
r=10.91, p <0.001 (d). All scale bars =1 mm. This research

was originally published in JINM. T. Huang, A. C. Civelek, J.

Li, H. Jiang, C. K. Ng, G. C. Postel, B. Shen and X. F. Li,
“Tumor Microenvironment-Dependent 18F-FDG, 18F-Fluo-
rothymidine, and 18F-Misonidazole Uptake: a Pilot Study
in Mouse Models of Human Non-Small Cell Lung Cancer,”
Journal of Nuclear Medicine, Vol. 53, 2012, pp. 1262-1268 ©
by the Society of Nuclear Medicine, Inc.

Copyright © 2013 SciRes.

ferences in injected dose or inter-animal pharmacokinet-
ics [8,18,27]. Therefore, metastatic model is a valuable
supplement to macroscopic xenograft models as a test sys-
tem for novel molecular imaging tracer development. It
should be emphasized here that macroscopic xenograft
model is still very important in PET studies.

There are some limitations for using autoradiograph
and immunohistochemical staining techniques to study
tumor hypoxia. Hypoxia can be chronic (perfusion lim-
ited) hypoxia or acute hypoxia (transient hypoxia, or dif-
fusion-limited”). To some extent, immunohistochemical
staining of hypoxia marker seems to be unable to distin-
guish chronic hypoxia from acute hypoxia, therefore a
general term “hypoxia” is used throughout the article;
Transient hypoxia is observed to be an important factor
for radiotherapy resistance and is difficult to figure out,
Wang and colleagues have recently established a model
to successfully identify hypoxia with dynamic PET scan
[44].

6. Conclusion

This review has introduced the establishment of cancer
and metastases models and characterization of tumor
microenvironment including hypoxia, proliferation, per-
fusion, stroma in the experimental tumors. The microen-
vironment-based model system enables to validate sev-
eral radiopharmaceuticals such as '"*F-FDG, "*F-FLT and
E_.FMISO and IAZGP. "®F-FLT accumulates in prolif-
erating cancer cells, while as '"F-FMISO, IAZGP and
"E_.FDG mostly accumulate in hypoxic and non-prolif-
erative cancer cells, "*F-FDG shares roughly similar in-
tratumoral distribution pattern with '*F-FMISO and IAZGP,
but mutually excludes '®F-FLT. This model system would
be useful for validating current and, therefore, novel
tracers imaging glucose metabolism, hypoxia, prolifera-
tion and possibly others.
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