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15.1 Introduction

The microenvironment of solid tumors is hetero-
geneous and complex, and consists of cancer,
stromal and immune cells [1], as well as areas of
necrosis [2] (Fig. 15.1). The process of cancer
metastasis is highly dependent on the microenvi-
ronment of both the primary tumor, as well as the
connective tissue stroma at the site of future
metastasis, as tumor cells interact with the endo-
thelium of this organ [3]. Inflammation plays a
major role in cancer development, which has
been viewed as a dysregulated form of protective
tissue repair and growth response [4]. Leukocyte
infiltration in tumors, including macrophages and
neutrophils, is now well known to be one of the
“hallmarks of cancer” [1], and can exert both
tumor-suppressive and tumor-promoting effects
[4]. There is broad diversity of imaging biomark-
ers for many aspects of the tumor microenviron-
ment. Specific imaging of the cell types and/or
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physiological factors in the microenvironment
can provide critical information regarding cancer
aggressiveness and response to treatment. This
chapter will discuss several approaches utilizing
a multitude of modalities that have been investi-
gated for imaging the tumor microenvironment in
mouse models and in humans.

15.2 Imaging Tumor-Associated

Inflammation

It has long been known that some tumors are
densely infiltrated by cells of both the innate (e.g.
macrophages, neutrophils) and adaptive (e.g.
T-cells) arms of the immune system [5]. It is now
accepted that virtually every tumor contains
immune cells at some level, ranging from barely
detectable by immunohistochemistry to gross
inflammation that can be imaged by standard his-
tology [1, 6] and in vivo imaging [7]. It has also
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Fig. 15.1 Physiological and stromal factors are targeted
to image the tumor microenvironment by various modali-
ties. Unique components of the tumor microenvironment
include: hypoxia, internal and external pH ratios, enzymes

been shown that neutrophils, activated macro-
phages and dendritic cells (DCs) are present at
the tumor margins [8]. Inflammation brings bio-
active molecules to the tumor microenvironment,
including growth and survival factors that pro-
mote tumor cell growth, and matrix-modifying
enzymes that contribute to angiogenesis, inva-
sion and metastasis [9-11]. Inflammation may
also be causative in promoting the transformation
of early neoplasias to fully developed cancer
[11]. In vivo imaging of various aspects of
inflammation in cancer is vitally important, and
can aid in the early diagnosis of tumor growth
and progression. In this section we will discuss
imaging of tumor-associated macrophages
(TAMs) and T-cells that have roles in both can-
cer progression and regression.

Macrophages in cancer. Monocytes, which
originate in bone marrow and spleen, are recruited
to tumors by tumor-derived chemokines and
growth factors where they differentiate in macro-
phages [12]. M1 polarized macrophages benefit
the host by mediating a classical inflammatory
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such as matrix metaloproteinases and cysteine cathepsins,
as well as integrins, tumor-associated macrophages which
induce angiogenesis and inflammation, respectively

response against such pathogens as bacteria and
viruses and can act as antigen presenting cells for
antibody production against foreign proteins
[13]. They also have a protective role in tumors
and suppress the activities of tumor promoting
cells [14]. However, recent evidence has emerged
that in cancer, M2 polarized macrophages pro-
mote tumor growth. For example, TAMs have an
M2 phenotype and secret enzymes that remodel
the extracellular matrix and promote metastasis.
They also suppress the adaptive immune
response. Moreover, high numbers of TAMs in
tumors have been linked to low survival rates
[15]. Therefore, non-invasive diagnostic imaging
of TAMs could have prognostic power to stratify
patients for therapy. Because a characteristic of
macrophages is there ability phagocytose large
particles, a particularly attractive approach is to
use both non-targeted and targeted nanoparticles
[16].

Non-targeted nanoparticles. To take advan-
tage of the phagocytotic activity of M2-polarized
macrophages, non-targeted nanoparticles have
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been investigated (Fig. 15.2). In one approach,
radiolabeled high-density lipoprotein based
nanoparticles (rHDL) incorporating the long-
lived positron-emitting nuclide *Zr and a NIR
dye (DiO) were developed [17]. These nanopar-
ticles were composed of phospholipids and apoli-
poprotein. When injected into tumor-bearing
mice, histologic analysis of tumor tissues was
consistent with particle accumulation in TAM
dense tumor regions. By changing the conjuga-
tion site of the %Zr chelator, DFO, to either a
phospholipid or to apoA-I, different biodistribu-
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Fig. 15.2 %Zr-labeled high-density lipoprotein based
nanoparticles incorporate in M2-polarized macrophages
by phagocytosis in orthotopic 4T1 mouse mammary
tumor-bearing mice. Top Accumulation of %Zr-HDL
nanotracers in tumor tissues can be visualized by in vivo
PET imaging. CT (left) and PET/CT fusion (right) images
of ¥Zr-AI-HDL (a) and *Zr-PL-HDL (b) obtained at 24 h
after injection in mice bearing orthotopic 4T1 tumors
(indicated by arrows). Bottom Both DiO@Zr-PL-HDL
and DiO@Zr-AI-HDL preferentially target tumor-
associated macrophages. 4T1 cell-induced orthotopic
breast tumors were used to isolate single cells. (c)
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tions were observed. Moreover, disaggregated
tumors showed the greatest uptake of the parti-
cles in TAMs with lower accumulation in den-
dritic cells and in the tumor cells, although
macrophage targeting was not exclusive. That
lack of exclusivity was attributed to unanticipated
particle interaction with the different cell types.
Targeted nanoparticles. To enhance effi-
ciency of nanoparticle uptake in TAMs, they can
be conjugated with ligands that are targeted to
cell surface receptors on macrophages. In an
example of this approach, **Cu- and DiO-labeled
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Representative DiO levels in five immune cells, namely
TAMs, monocyte-derived cells (Mo-derived cells),
monocytes, dendritic cells (DCs), and T cells. (d)
Representative DiO levels in ECs and tumor cells (4T1).
Cells from a phosphate-buffered saline-injected mouse
served as controls (gray histograms to left). (e)
Quantification of DiO levels presented as mean fluores-
cence intensity (MFI). Importantly, no statistical signifi-
cance was found when comparing DiO levels of same cell
type from two HDL formulations. Statistics were calcu-
lated with 2-tailed Student t test with unequal variance by
comparing with TAM from same group. **P < 0.01.
*##%P < (0.001. Adapted from reference [17]
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mannose coated liposomes were used to target
mannose receptors (CD206) overexpressed on
TAMs in lung tumors induced through chemical
treatment [18]. Evidence for mannose-mediated
uptake was that targeted accumulation in both
tumor and spleen exceeded non-target accumula-
tion and that confocal microscopy of lung tissue
sections demonstrated co-localization of DiO-
labeled liposomes and a pan macrophage marker
F4/80.

Molecular imaging agents for macrophages.
CD206 has also been targeted with non-
nanoparticle molecular imaging agents [19]. A
nanobody (Nb cll) against CD206 radiolabeled
with ®"Tc was investigated for visualizing mac-
rophages in tumor bearing mice, both wild type
and CD206 knock out mice, and a non-binding
control (BCII10) was included. The in vivo
results in mice bearing 3LL tumors showed there
was no uptake of the CD206 targeted *™Tc-Nb
cll in the CD206 knockout mice, demonstrating
that the tumor itself does not express significant
levels of CD206. However, in WT mice, the tar-
geted antibody localized to the tumor as well as
tissue resident macrophages in the liver. The
non-binding control did not accumulate signifi-
cantly in CD206 enriched tissues, which demon-
strates CD206 mediated accumulation. Numerous
ex vivo experiments supported CD206 mediated
accumulation of Nb cll including localization of
AF647-Nb cll in tumor tissue that co-stained
with F4/80, a pan macrophage marker.

CD11b is a marker for macrophages as well as
dendritic cells but may not exclusively mark
M2-polarized macrophages. An ®F-labeled vari-
able heavy chain (VHH) raised against CD11b,
readily visualized tumor associated inflammation
in a syngeneic mouse model of melanoma
(B16F10) by small animal PET, whereas 'SF-
FDG failed to generate a clear delineation of the
tumor [7]. Ex vivo two-photon microscopy dem-
onstrated that the dye-conjugated anti-CD11b
VHH had high uptake in CD11b enriched lym-
phoid organs and virtually no uptake in the cor-
responding knock-out mice thus supporting the
specific high uptake observed in vivo. Flow
cytometry of the disaggregated tissues stained

with the dye-labeled anti-CD11b VHH were con-
sistent with the findings of the microscopy.

Molecular imaging agents for T-cells.
Imaging CD8-expressing cells will be important
to track T-cells for non-invasive monitoring of
these populations during immunotherapy [20].
Utilizing known sequences for murine CD8
monoclonal antibodies, minibodies (Mbs) were
constructed. The Mbs retained high affinity for
CDS8 and readily stained disaggregated CD8 pos-
itive cells from thymus, spleen, and lymph nodes.
Unlike the parental antibodies, the Mbs did not
deplete T-cells from the host mice. After Cu-64
labeling, uptake in CDS8+ tissues was readily
visualized by preclinical PET. Uptake was clearly
visualized in lymph nodes and spleen (Fig. 15.3)
4 h post injection.

15.3 Imaging Hypoxia
in the Tumor

Microenvironment

Hypoxia (low oxygenation) occurs in the tumor
microenvironment where cells are rapidly grow-
ing and taxing the oxygen availability from its
surrounding blood supply [21-23]. Chronic and
acute/cycling hypoxia are two categories found
in the tumor microenvironment [24-26]. Chronic
hypoxia arises from diffusion limited oxygen
availability, and acute hypoxia occurs from tran-
sient perfusion disruptions. In both cases, the
oxygen supply is reduced compared to normal
supply (normoxia). There are several reviews on
different modes of imaging probes targeting
hypoxia to study the tumor microenvironment,
which include polarographic O, microelectrodes,
various positron emission tomography (PET) and
single photon emission computed tomography
(SPECT) tracers, magnetic resonance imaging
(MRI) methods and fluorescence probes [27-31].
PET tracers for imaging hypoxia have had much
success in the clinic and have been compared
amongst each other [32-38]. Recently investi-
gated imaging probes targeting hypoxia in the
tumor microenvironment will be discussed.
PET/SPECT tracers for hypoxia imaging:
Huangetal. compared '®F-labeled 2-deoxyglucose
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Fig.15.3 Immuno-PET imaging of CD8 positive T-cells
with *Cu-NOTA-2.43 Mb was observed in thymus,
spleen and lymph nodes 4 h after i.v. injection in B/6
mice. The white arrows (2-mm transverse MIPs) are used
to highlight uptake in various lymph nodes (right) and the

(FDG), 3’-deoxy-3’-['®F]fluorothymidine (FLT)
and 1-(2-nitroimidazolyl)-3-[*®F]fluoro-2-
propanol (FMISO) distribution in subcutane-
ously implanted and disseminated peritoneal
NSCLC A549 and HTB177 tumors in mice by
digital autoradiography and compared this to
immunohistochemistry images of tumor hypoxia,
proliferation, stroma and necrosis [2]. The accu-
mulation of FDG and FLT were broadly similar
for both cell lines and for subcutaneous and dis-
seminated tumors. FDG was found to have higher
uptake in regions of high pimonidazole binding
(hypoxia), although there were some mismatched
regions. Areas of higher FDG activity tended
towards low proliferation and perfusion, while
stroma and necrotic areas showed lower FDG
uptake. FLT accumulation in the tumor corre-
lated with high uptake of bromodeoxyuridine and
negative staining for pimonidazole, and showed
low uptake in stroma and necrosis. As expected,
FMISO activity correlated with pimonidazole
binding in A549 s.c. tumors, corresponding to
low proliferation and perfusion. Stroma and
necrotic areas of the tumor had low FMISO accu-
mulation. Generally speaking, FDG and FMISO
are similar in areas of hypoxia, stroma and necro-

spleen seen in the whole-body 20-mm coronal MIPs (left).
A.LN axillary lymph nodes; B bone, C.LN cervical lymph
nodes, /.LN inguinal lymph nodes, Li liver, MIPs maxi-
mum intensity projections, P.LN popliteal lymph nodes,
Sp Spleen. Adapted from reference [20]

sis, whereas FLT better images non-hypoxic
regions of the tumor.

A limitation to be considered when imaging
with PET tracers is the uptake time, as it influ-
ences the lesion-to-background ratio as well as
the signal-to-noise ratio. The most widely used
hypoxia imaging PET tracer is FMISO [39, 40].
In humans, FMISO was found to give better
quality images of hypoxic tumors at 4 h com-
pared to 2 h [41]. Additional studies have shown
an accurate reflection of hypoxia detected by
FMISO and expression of hypoxia-inducible fac-
tor la (HIF-1a) and vascular endothelial growth
factor (VEGF) in 32 patients with gliomas [42].
FMISO also images hypoxia in micrometastases
growing in mice xenograft models of human
non-small cell lung cancer (NSCLC) A549 and
HTB177 cells [43]. Other F-18 labeled PET trac-
ers like 3-"®F-fluoro-2-(4-((2-nitro-1-himidazol-
1-yl)methyl)-1H-1,2,3,-triazol-1-yl)-propan-1-ol
(8F-HX4) and '®F-fluoroazomycin arabinoside
(18F-FAZA) also were found to image hypoxia in
NSCLC patients [44, 45] and mice bearing
human SiHa cervix tumor xenografts [46].
Comparisons have been done of FMISO, 8F-
HX4 and 'BF-FAZA in rhabdomyosarcoma



234

M.-C.Z. Abadjian et al.

R1-bearing WAG/Rij rats evaluating optimal
time to image, tumor-to-blood ratios, spatial
reproducibility, and sensitivity to oxygen changes
[47]. The comparisons found each F-18 PET
tracer had advantages, which could be capitalized
upon depending on the imaging requirements.
FMISO has also been compared with FDG in
patients with pancreatic = adenocarcinoma,
although there was no significant correlation
between SUV,,,, for the two tracers [48]. FMISO
was also compared to '*F-HX4 in hypoxia imag-
ing in heat and neck cancer patients, and tumor-
to-muscle ratios were similar for both imaging
probes [49].

Another F-18 PET hypoxia imaging probe is
8FE-fluoroerythronitroimidazole ("*F-FETNIM),
which has been studied in patients with
NSCLC. Tumor-to-mediastinum (T/Me) ratios
were quantified on PET/CT and correlated with
expression of HIF-la, glucose transporter 1
(GLUT-1) and VEGF [50]. F-FETNIM hypoxia
imaging was used to determine a hypoxia thresh-
old, quantifying variability in untreated esopha-
geal squamous cell carcinoma (SCC) in patients,
and evaluating clinical response after concurrent
chemoradiotherapy [51]. Overall '*F-FETNIM
PET/CT showed similar uptake in esophageal
SCC and baseline SUV,,,, might have predictive
value. Preliminary results for a modified version
of this ®F hypoxia imaging probes were investi-
gated; a sulfoxide derivative, (8F-F1) was
imaged in vitro (S9 liver homogenate fractions)
and in vivo (SK-RC-52 tumor model BALB/c
nude mice) and found to have good retention in
tumors [52].

18F-labeled PET hypoxia imaging probes have
also been examined for detecting changes before
and during treatment. 'SF-FAZA was used to suc-
cessfully identify and quantify tumor hypoxia
before and during concurrent chemoradiotherapy
in patients with advanced head and neck SCC
[53]. In a handful of studies, FMISO PET imag-
ing was shown to have prognostic value used to
evaluate hypoxia tumors’ microenvironment
after treatment [54-56].

Other radionuclides have been used to image
hypoxia in the tumor microenvironment such as
9mTe, ©2Cu, *Cu, Ga, and ®Ga. Current find-

ings will be briefly presented. A *"Tc-
pyrimidine-4,5-diamine ~ (*"Tc-PyDA)  was
developed and studied in vitro stability and
in vivo hypoxia targeting [57]. In vivo studies
with *"Tc-PyDA in mice with injected with
Ehrlich ascites carcinomas showed selective
uptake in hypoxia tumor tissues. Derivatives of
metronidazole  (4-isocyano-N-[2-(2-methyl-5-
nitro-1H-imidazol-1-yl)ethyl]butanamide (M1)
and  1-(4-isocyanobutanoyl)-4-[2-(2-methyl-5-
nitro-1H-imidazol-1-yl)ethyl]piperazine = (M2))
have also been investigated as **Tc tracers
(*™Tc-NS3M1 and *"Tc-NS3M2) for imaging
hypoxia in mice bearing induced 3LL Lewis
murine lung carcinoma [58]. Tracer *™Tc-
NS3M1 was found to have favorable tumor-to-
muscle ratio in vivo. Another SPECT tracer,
PmTc-meropenem was demonstrated to have
higher selectivity in tumor hypoxia tissue com-
pared to ¥F -FDG-PET and *™Tc-nitroimidazole,
and was also shown to differentiate from inflamed
and infected tissues in mouse models [59]. A bio-
reductive *™Tc hypoxia imaging probe (*"Tc-
SD32) was found to be retained in FM3A murine
breast tumor cells under hypoxic compared to
normoxic conditions [60].

Copper-64, Cu-60 and Cu-62 have been used
to make PET hypoxia imaging probes. Patients
with glioma were imaged with ®’Cu-diacetyl-bis
(N4-methylthiosemicarbazone) (*Cu-ATSM) to
distinguish tumor grades and tissue hypoxia cor-
related well to MR imaging and HIF-1a expres-
sion [61]. #*Cu-ATSM autoradiography and PET
were compared with FDG PET in spontaneous
canine sarcomas and carcinomas [62, 63].
Correlations between *Cu-ATSM and "*F-FDG
PET were found at later time points (3 hours post
injection), and similar distribution in heteroge-
neous tumor regions were found for #Cu-ATSM
autoradiography and pimonidazole immunohis-
tochemistry. The well-known *Cu-ATSM and
BE-FMISO have been compared under several
conditions and hypoxia tumor types, findings
have noted advantages in both [64]. Derivatives
of %Cu-ATSM have been investigated in EMT6
carcinoma cells; revealing an imagine probe
(®*Cu-ATSM/en) with higher hypoxia selectivity
and lower non-target organ uptake than
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%Cu-ATSM in EMT6 tumor-bearing mice [65].
%0Cu-ATSM has also been investigated in women
with cervical cancer, and was found to be a pre-
dictor of recurrence [66].

Gallium-68 and Ga-67 nitroimidazole and
metronidazole derivatives have also been used
as PET/SPECT imaging probes for hypoxia.
One nitroimidazole derivative, ®*Ga-HP-DO3A-
nitroimidazole (*Ga-HP-DO3A-NI), was stud-
ied in vitro in A549 lung cancer cells and in vivo
in SCID mice with A549 tumor xenografts [67].
%Ga-HP-DO3A-NI showed favorable pharma-
cokinetics with little accumulation in liver, heart
or lung, and selectivity for hypoxic tissue com-
pared to controls. Two metronidazole deriva-
tives (?Ga-DOTA-MNI1 and “Ga-DOTA-MN2)
were investigated [68]. %’Ga-DOTA-MN2
showed higher accumulation and selectivity
in vivo (NFSa mouse fibrosarcoma or FM3A
cells inoculated s. c. in female C3H/He mice)
compared to controls and “’Ga-DOTA-MN1);
%8Ga-DOTA-MN2 was successfully imaged at
1 h by small-animal PET. In another study,
%Ga-DOTA  conjugated to nitroimidazole
(amide bond, ®Ga-4; thiourea bond, *Ga-5)
were explored and %®Ga-5 was found to have
higher uptake in vitro cancer cell lines (HeLa,
CHO, and CT-26) than ®®Ga-4 [69]. Interestingly,
in mice xenografted with CT-26 mouse colon

Fig.15.4 T2-weighted MRI imaging of hypoxia was per-
formed in Dunning prostate R3327-AT1 tumor-bearing
rats. Grayscale magnetic resonance T2-weighted (a, d)
and color T1-weighted (b, c, e, f) images of Copenhagen
rat thighs bearing syngeneic Dunning prostate R3327-AT'1

cancer cells, ®Ga-4 had higher standard uptake
values (SUV) in tumors than %*Ga-4.

MR contrast agents for imaging hypoxia.
Although not as prevalent as for PET, MRI con-
trast agents have been developed to image
hypoxia in vivo (Fig. 15.4) [70, 71]. MRI for
hypoxia imaging has mainly utilized dynamic
contrast-enhanced magnetic resonance imaging
(DCE-MRI). DCE-MRI has been shown to ana-
lyze areas of hypoxia in tumors in vitro or in vivo
[72-74].

Optical probes for imaging hypoxia. Optical
imaging of hypoxia in the tumor microenviron-
ment has been investigated with various probes
[75, 76]. Nanoparticles (NPs), including polysty-
rene NPs and boron NPs have been explored [77,
78]. Fluorescent, phosphorescent, and Forster
energy transfer (FRET) off-on probes have also
been developed to explore imaging hypoxic
microenvironments [79, 80]. Ruthenium (Ru)
and iridium (Ir) complexes are intriguing phos-
phorescent hypoxia imaging probes that offer
real-time imaging. Ruthenium complexes con-
taining nitroimidazole (Ru-NI1) can monitor
oxygen fluctuations in vitro (A549 human lung
adenocarcinoma epithelial cells) and in vivo
(A549 cells injected s.c. in female BALB/c nu/nu
mice) [81]. Other ruthenium complexes like
[Ru(dpp);]**Cl, NPs have successfully imaged

145minpost

GdDO3NI

GdDO3ABA

tumors following injection of 0.1 mmol GdDO3NI per
kilogram body weight (a—c) or 0.1 mmol GADO3ABA per
kilogram body weight (d—f) before injection (b, e) and
145 min after injection (c, f). The tumor and thigh muscle
are labeled T and M, respectively [70]
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hypoxia in U87MG cells and zebrafish embryos
[82]. Ruthenium complexes comprised of hydro-
phobic components like pyrene (Ru-Py) also
exhibited hypoxia selective imaging in AS549
cells and in female BALB/cSlc nu/nu mice [83].
Although not as common, iridium complexes
(Ir(btp),acacBTP) were found to image hypoxia
in vitro (HeLa, CHO, SCC-7, U251) and in vivo
tumor-bearing (SCC-7, U87, RAMOS, HT-29,
LL-2) female athymic nude mice [84].

15.4 Imaging pH Changes
in Tumor Cells

and the Microenvironment

The acidic pH found in the tumor microenviron-
ment has been attributed to the fast cell growth
and division, which consumes oxygen and nutri-
ents. Tumor cells adapt to the resulting anaerobic
conditions producing lactic acid that ultimately
affects the intracellular and extracellular pH. The
elevated intracellular pH (pH;) from glycolysis
triggers efflux of lactate and protons via mono-
carboxylate transporters and Na-driven proton
extrusion resulting in decreased extracellular pH
(pH.) [85, 86]. Diseased tissue has been shown to
have lower local pH, ranges (5.66-7.78) than
normal tissues (7.4) [87, 88]. In normal cells, pH;
is lower than pH,, but in cancer cells the pH gra-
dient is reversed and stimulates cancer progres-
sion and cellular function [89]. Targeting low pH
is another characteristic utilized to image the
tumor microenvironment.

In the early 1980s, tumor pH measurements
were done with pH electrodes, but tissue and cap-
illary damage from probe insertion as well as loss
of sensitivity in finer probes led to the development
of other non-invasive probes [90-92]. The char-
acteristics of an ideal pH probe are (1) the probe
should exist in ionized and unionized forms,
where the ratio of the two forms are proportional
at the pH of interest; (2) the probe should not
change tissue pH; (3) tissue compartmentaliza-
tion of the probe should be known; (4) the probe
should be nontoxic; (5) the measurements of pH
should be independent of probe concentration;
and (6) pH measurements should be rapid such
that temporal changes in pH can be measured

[93]. Currently, various pH probes generally use
the physical properties of acidic protons for MRS
and MRI, acid-cleavability (pH-activatable) for
fluorescent probes and pH (low) insertion peptide
(pHLIP®) for SPECT/PET tracers.

MRI probes for imaging pH changes.
Hyperpolarized nuclei increase sensitivity of
NMR and MRI experiments, and hyperpolarized
13C and ¥Y have been used for in vitro and in vivo
mapping of pH in normal and inflammation
mouse models [86, 94, 95]. Chemical exchange
saturation transfer (CEST) is a common MRI
technique that selectively saturates exchangeable
protons that are transferred to bulk water signal
[96]. Biosensor imaging of redundant deviations
in shifts (BIRDS) which measures exchangeable
protons like —OH and —NH,, where 2 >y > 1,
was compared with CEST for pH imaging [97].
BIRDS showed good sensitivities, eliminating
the need to use water resonance as a reference
thereby offering a new method to calibrate
CEST. AcidoCEST is a known MRI technique to
measure acidosis within tumors. Several groups
have measured tumor pH, using acidoCEST MRI
in conjunction with the repurposed CT contrast
agents, iopromide and/or iopamidol. In vivo stud-
ies in xenograft tumor models of Raji lymphoma
and MCF-7 breast cancer showed iopromide to
measure a greater tumor region compared to
iopamidol [98]. Processing methods were evalu-
ated in acidoCEST MRI with iopromide, finding
MCF-7 to be more acidic than MDA-MB-231
tumor models in mice [99]. A CEST-fast imaging
with steady-state free precession (FISP) method
was successfully used to detect iopromide in the
MDA-MB-231 mouse model, and tumor pH.
monitored after bicarbonate treatment [100].
Topamidol has also been used in CEST MRI to
generate pH maps in vivo (mouse model of acute
kidney injury) over 21 days; the study was able to
differentiate among functional regions of dam-
aged kidneys [101]. A ratiometric CEST imaging
method using iobitridol, an X-ray contrast agent,
has been developed under different radiofre-
quency (RF) irradiation power levels in vitro and
in vivo (xenografted adenocarcinoma TSA
tumors s.i. in mouse model) [102]. The RF
power-based ratiometric pH MRI method
improves in vivo pH sensitivity in pH imaging.
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Paramagnetic chemical exchange saturation
transfer (PARACEST) is another MRI technique
using paramagnetic lanthanides designed with
chelator groups that are CEST selective such that
the ratio of the two CEST effects can be used to
remove the influence of concentration in the pH
measurements [103]. PARACEST and CEST-
FISP MRI were successfully used in combination
to detect pH. in tumor tissue (MDA-MB-231
mammary carcinoma and MCF-7) in vivo using
Yb-DO3A-0AA [104, 105]. A glycol chitosan
(GC) with pH-titratable primary amines coupled
to Gd-DOTA (GC-NH,-GdDOTA) has shown
in vitro and in vivo (T6-17 cells injected into nu/
nu nude mice) provided diagnostic information
about the tumor environment while giving high
spatiotemporal resolution [106]. A variety of pH
probes have been developed using MRI to image
the tumor microenvironment. Representative pH,
probes also include mixed micelles that are desta-
bilized at different pH, which can generate pH
maps of solid tumors in vivo [107], manganese
oxide-based hybrid mesoporous composite nano-
capsules for pH-responsive imaging as well as
ultrasonography in vitro and in vivo [104], and
glycol chitosan coupled to superparamagnetic
iron oxide nanoparticles (SPIO) that associates
with tumor tissues in vivo [108]. Dual imaging
pH probes have also been advanced to image the
tumor microenvironment. One example is lantha-
nide complexes (DO3A) conjugated to rhoda-
mine that gives higher fluorescence at lower pH
due to ring opening of the spirolactam while pro-
viding MR images [109]. In vitro studies in
HEK293 cells and primary mouse islet cells
demonstrated the dual MR/fluorescent probe to
distinguish between tumor and healthy cells as
well as in vivo images from BALB/c nude mice
bearing M21 melanoma xenografts.

Fluorescent probes for imaging pH changes.
Fluorescence imaging of pH in the tumor micro-
environment has seen a boon in the last decade.
Several exciting pH probes have been explored.
A near-infrared (NIR) fluorescent probe contain-
ing a hemicyanine (NIR-Ratio-BTZ) can be pro-
tonated/deprotonated on the hydroxyl group to
give two photostable, sensitive, ratiometric and
reversible states for imaging pH; in real-time

in vitro (HeLa cells) and in vivo (nude mice with
LPS-mediated inflammatory response) [110]
(Fig. 15.5). Water soluble naphthalene diimides
(NDIs), which do not emit as a free base but
strongly emit once protonated, were tested
in vitro (PC-3 cells) and showed successful imag-
ing of pH; in tumor microenvironments [111]. A
pH probe that has two NIR fluorophores coupled
by an acid cleavable linker (DilRB-S) was inves-
tigated for visualizing tumors by imaging pH,
[112]. A high target-to-background ratio was
obtained for DilRB-S in vivo (HCCLM3-GFP
and HepG2 cells inoculated in male nude mice)
and gave insight in evaluating metastatic poten-
tial of tumors studied. Another NIR ratiometric
pH; probe takes advantage of intramolecular
charge transfer (ICT) with a coumarin-indole
(r-bonded donor-acceptor) conjugate showing
dual-emission changes with pH changes while
imaging KB and HeLa cells [113].
Nanoparticles have been explored as a scaf-
fold for pH probes. Gold nanoclusters protected
by BSA (reference fluorophore) conjugated to
fluorescein-isothiocyanate (response to pH) and
folic acid (targeting folate acceptors on folic rich
cancer cells) were studied to develop ratiometric
pH; probes for in vitro imaging (HeLa cells and
lung cell carcinoma cells A549) [114].
Multifunctional nanoparticles (MNPs) made of
silica coated iron oxide with benzo[a]phenoxa-
zine (NIR dye) on the surface that fluorescence at
pH lower than 6.0 were developed and tested
in vitro (4T1 and 293T tumor cells) and in vivo to
visualize the acidic tumor microenvironment
with minimal toxicity [115]. An ultra pH-
sensitive probe (UPS) was developed by conju-
gating a near-IR dye (Cy5.5) to a copolymer with
cRGD targeting that self assembles into micelles
[116]. These fluorescent pH probes have shown
exponential nonlinear fluorescence activation at
low pH indicative of the tumor microenviron-
ment in vivo (nu/nu mice) in s.c. A549 lung car-
cinoma, MDA-MB-231 breast cancer, HN5 and
HCC4034 head-neck cancer, SF-188 glioma,
LN-229 glioma, 3LL lung carcinoma, Mia Paca-2
pancreatic cancer and PC-3 prostate tumors.
Another micelle platform made from block copo-
lymers (MPEG-PAE) with encapsulated fluores-
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Channel 1

Channel 2

Fig.15.5 A near-infrared fluorescence probe with a
hemicyanine dye that can be protonated or deprotonated
on the hydroxyl group provides a ratiometric approach for
imaging pH. Representative fluorescence images (pseu-
docolor) of mice injected with NIR-Ratio-BTZ during
LPS-mediated inflammatory response in vivo. (a) Only
LPS was injected for control. (b) Saline was injected in

cent dye (TRITC) and black hole quencher
(BHQ) have shown to break micelles at acidic pH
with high tumor (MDA-MB-231 cells) specific-
ity and sensitivity [117]. Biodegradable NIR flu-
orescence nanoprobes (InNP1 and Rd.-InNP1)
for imaging acidic tumor microenvironments
were shown to have high tumor-to-normal (T/N)
ratio in vitro (human glioblastoma U§7MG) and
in vivo (s.c. US7MG tumor xenografts in female
SCID mice) [118].

Another interesting platform for NIR fluores-
cent pH probes are quantum dots (QDs) deco-
rated with fluorescent dyes. A quantum dot
(CulnS,/ZnS) surrounded by lauric acid and
2,3-dimethylmaleic anhydride modified
e-polylysine (QD@¢g-PL-g-LA/DMA) exhibited
a positive charge in acidic conditions and reverses
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the peritoneal cavity of mouse, followed by injection of
NIR-Ratio-BTZ (50 pM). (¢) LPS was injected into the
peritoneal cavity of the mouse, followed by injection with
NIR-Ratio-BTZ (50 pM). The mice were imaged with an
excitation filter 580 nm and two emission channels of
Channel 1 (650 nm) and Channel 2 (720 nm) [110]

to negatively charged at pH 7.4, showed proof of
concept in HeLa cells [119]. Stable luminescent
ZnSe/ZnS quantum dots conjugated with
SNARF-5F fluorophore and porphyrins were
explored with FRET demonstrating proof-of-
concept for imaging pH in tumor microenviron-
ment [120]. QD-mOrange-Arg9 and
QD-mCherry-Arg9 dyes exhibited improved sen-
sitivity and photostability to image pH; in vitro
(HeLa cells) compared to BCECF (commonly
used fluorescent dye for pH imaging) [121]. In
another study, nanogels with CdSe QDs in the
interior of a polymer (hydroxypropylcellulose-
poly(acrylic acid)) underwent pH dependent vol-
ume phase transition providing a low pH response
for imaging [122]. Cellular imaging on mouse
melanoma B16F10 cells with drug (temozolo-
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mide) loaded nanogels gave a method to track
release of drug with the low pH of the tumor
microenvironment.

Ratiometric pH; imaging was successfully
performed by in HeLa Kyoto cells expressing
SypHer2 (fluorescent indicator) in vitro and
in vivo to compare to pathomorphology and
hypoxia staining of tumors [123]. Another genet-
ically encoded pH; probe was a red fluorescent
protein mKeima-A213S mutant (pHRed) notably
imaged in vitro in Neuro2A cells expressing
pHRed [124]. Photoacoutic nanoprobes have
also been used to image the low pH of the tumor
microenvironment. Mouse breast tumor model
(EMT-6 cells) could be identified from normal
tissue using a dextran based pH-sensitive near-IR
nanoprobe [125]. In low pH environments, the
nanoprobe’s hydrazone bonds cleave causing the
resonance absorption peaks in the near-IR region
to change creating a different photoacoustic
output.

PET imaging of acidic pH. A novel approach
to imaging acidic pH in the tumor microenviron-
ment was recently reported, where a pro-drug
strategy was employed [126]. A caged derivative
of FDG was developed, which is selectively
degraded to the parent FDG upon exposure to
acidic pH, allowing it to be taken up by adjacent
cells. The acid labile pro-drug was based on the
glycosylamine linkage, where cleavage is tunable
based on the pK, of the parent amine. In compar-
ing PET imaging of a FDG-glyosylamine (FDG-
amine 4; Fig. 15.6) with the parent FDG, only the
tumor having an acidic microenvironment was
imaged with FDG-amine 4, whereas with FDG
other tissues that readily take up glucose were
imaged (brain, heart, brown fat).

PHLIP probes. One type of acidic pH probe
that has gained increased application in imaging
the tumor microenvironment are pH (low) inser-
tion peptides (pHLIPs) [127, 128]. Three fluores-
cently labeled  pHLIPs  (Alexa546-WT,
Alexa546-Var3, Alexa546-Var7) have success-
fully accumulated in tumors of metastatic 4T1
mammary tumors and spontaneous breast tumors
in FBV/N-Tg (MMTV-PyMT) 634Mul trans-
genic mice [129]. Fluorescently labeled pHLIPs

FDG-amine 4

HoHO—;;g/ﬁ O O

B) FDG amine 4

Fig. 15.6 Another approach to imaging pH with PET
involves a caged derivative of FDG that selectively
degrades to the parent FDG upon exposure to acidic
pH. Structure of FDG-amine 4, which at low pH decom-
poses to FDG (rop). (a) PET imaging with FDG in PC3
prostate tumor-bearing mice (7" tumor, B brain, M muscle
and brown fat, H heart, U urinary bladder). The tumor is
imaged, as well as typical organs that take up FDG, such
as the brain, heart and brown fat. (b) PET imaging with
the pH sensitive FDG-amine 4 shows primarily tumor
uptake, where the acidic microenvironment cleaves at the
glycosylamine site, leaving FDG to be taken up by the
tumor (from [126])

have also been shown to localize and detect pan-
creatic ductal adenocarcinoma (PDAC), PDAC
and PanIN lesions in human xenografts in mouse
models [130]. Topical application of Alexa647
labeled pHLIPs in intact fresh human tissue spec-
imens with head and neck squamous cell carci-
noma have reported differences in clinically
abnormal and normal tissues which concurred
with pathologic evaluations [131]. pHLIPs have
also been coupled to radiotracers for in vivo pH
imaging with single-photon emission computed
tomography (SPECT). Lewis lung carcinoma
(LLC), lymph node carcinoma of the prostate
(LNCaP) and prostate adenocarcinoma (PC-3)
tumor xenografts in mice were studied using
PmTe-pHLIP (*"Tc-AH114567) and showed
adequate imageability and correlation with tumor
extracellular acidity [132].
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15.5 Imaging Enzymes
in the Tumor

Microenvironment

Matrix Metalloproteinases. Matrix metallopro-
teinases (MMPs) along with other proteases are
involved in cellular proteolysis known to be ele-
vated in disease states leading to tumor invasion
and metastasis [133, 134]. MMPs are an attrac-
tive target for imaging the tumor microenviron-
ment either with activatable probes or MMP
inhibitors (MMPIs). There are several good
reviews that discuss MMPs as a target for imag-
ing [135, 136]. Another MMP biomarker, mem-
brane  type-1  matrix = metalloproteinase
(MT1-MMP) is a protease that activates MMP-2,
which mediates cleavage of extracellular matrix
components indicated in tumor progression and
metastasis [137-140].

PET/SPECT Agents for imaging MMPs.
MMPIs consist of natural and synthetic inhibitors
that bind zinc via moieties that include hydroxa-
mate, phosphonate, thiol, carboxylate or barbitu-
rate [135]. A recent paper reported a '®F-labeled
hydroxamate-based inhibitor (ML5) for imaging
of both MMPs, and disintegrin and metallopro-
teinase (ADAM) levels in vivo to visualize and
quantify overexpression of MMPs and ADAMs
[141]. MLS that was acylated directly with
N-succinimidyl-4-[**F]fluorobenzoate ~ showed
nanomolar affinity for MMPs and ADAMs, and
was brought for PET imaging of HT1080 tumor-
bearing mice. The tumor showed modest, but
potentially specific, uptake in the tumor.
Co-administration of a blocking dose blocked
many tissues, including tumor. A cyclic decapep-
tide (CLP: Cys-Leu-Pro-Gly-His-Trp-Gly-Phe-
Pro-Ser-Cys) was studied for its inhibitory
selectivity toward MMP-2/9 [142]. The CLP was
labeled with #"Tc with high yield, stable in
serum, and accumulated in the uterus, lung, liver
and spleen related to MMPs of normal rats, which
could contribute to future imaging of metastatic
tumors that overexpress MMPs. Another inter-
esting dual imaging probe combined an RGD
motif (o,f; integrin binding), *Cu-DOTA,
PLGVR (MMP-2 cleavage substrate), and 'ZI-Y
for imaging a,f3; integrin positive (M21) and neg-

ative (M21L) human melanoma cell localization
and pathophysiology [143]. The PET/SPECT
imaging  probe  (c(RGDfE)K(**Cu-DOTA)
PLGVR'ZL-Y) was successfully shown to target
o,B; integrin and detect MMP-2 activity with ICs,
value in the nanomolar range (83.4 + 13.2 nM).

There are a few non-inhibitory type imaging
probes for MMPs. Specific human MMP-9
(Ky = 20 nM) cleavable RNA aptamers were
developed and imaged with *™Tc for ex vivo
imaging of human brain tumors [144]. A trun-
cated aptamer was shown to retain binding affin-
ity and discriminate MMP-9 vs. other human
MMPs. MT1-MMP imaging probes consisting of
single chain antibody fragments (MT1-scFv) and
a dimer (MT1-diabody) were labeled with ''In
and imaged in vitro and in vivo [145]. Both
probes showed similar tumor accumulation
(1-1.5%1D/g) and corresponding MT1-MMP
positive areas in ex vivo autoradiography; how-
ever, there was extensive uptake in the kidneys
(~100%ID/g for the diabody and ~200%ID/g for
the scFv), and high liver uptake as well (20—
40%ID/g). A study to determine the tumor speci-
ficity of "Lu/'"®I radiolabeled MMP-2/9
activatable cell-penetrating peptides (ACPPs)
was performed on BT-20 (low expression of
MMP-9) and s.c. HT1080 (high expression of
MMP-9) tumor-bearing mice [146]. The work
showed similar uptake in both tumor-bearing
mouse model and suggested that probe activation
(cleavage) occurs in the vasculature instead of by
tumor-specific MMP-9.

Advancement of PET and SPECT imaging
probes for the tumor microenvironment are cur-
rently being developed, and progress has been
made on some innovative probes (discussed
above). The results from these studies have pro-
vided options and inspiration for future imaging
probes and currently utilized radiotracers.
Although the nuclear approach in designing
imaging probes has advantages of sensitivity and
depth, there has been minimal success in the dis-
covery of an MMP-2/9 specific tracer to compete
with other imaging modalities (specifically,
fluorescence).

Fluorescence Imaging of MMPs. MMP
ACPPs are emerging tissue-specific proteases
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without nonspecific activation imaging probes
for MMP overexpression in tumor microenviron-
ments [147, 148]. Using MMP as a biomarker
has been shown to be sensitive enough for optical
tomography to determine tumor angiogenesis
and invasiveness [149]. Skin squamous cell
xenografts were studied and imaged in vivo at
different angiogenic and invasive stages using an
activatable fluorescence probe [149] (Fig. 15.7).
In another study, a nanoprobe system that is acti-
vated by MMP-2 was detected by FRET with
high efficiency and low toxicity in MMP-2 over-
expressed tumors [150].

Protein nanocages have also been used to
selectively image MMP-2 activity in metastatic
tumors [151] (Fig. 15.8). The nanocages were
conjugated to metastatic cancer cell-targeted pro-
tein (CTT: CTTHWGFTLC) and imaged in near-

IR fluorescence in vitro and in vivo. Gold
nanoparticles functionalized with a MMP-2
cleavable peptide (CPLGLAGG) and doxorubi-
cin has been tested in tumor-bearing mice [152].
Tumor growth was inhibited and imaged simulta-
neous by fluorescence upon MMP cleavage.
Imaging of MMP-2/9 was investigated using
near-infrared triple-helical peptide conjugated to
cypate dyes [153]. In mice bearing human fibro-
sarcoma xenografted tumors, fluorescence imag-
ing at the tumor site was indicated by cleavage of
cypate;-THP. Anti-MT1-MMP monoclonal anti-
body (MT1-hIC7L) conjugated to micelles with
encapsulated NIR dyes were used to image C6
glioma tumor-bearing mice [154]. The probes
were specific in detecting MT1-MMP expressing
tumors.
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Fig. 15.7 Matrix metalloproteinases can be imaged by
activatable fluorescence probes. MMP activity differs sig-
nificantly between the HaCaT-A-5RT3 tumors at differ-
ential angiogenic and invasive stages. (a) Assessment of
MMP activity in vivo by FMT-pCT imaging reveals sig-
nificant differences in intratumoral concentrations of acti-
vated MMPSense 750 FAST between s.c. advanced
(n =5), i.d. intermediate (n = 5), and s.c. early (n = 7)
tumors. Highest concentrations are recorded for s.c.
advanced tumors at the highly angiogenic and invasive

s.c. advanced
L

stage, whereas lowest concentrations are found in s.c.
early tumors at the onset of angiogenesis and invasion. (b)
Quantification of in situ zymography of MMP activity on
tumor sections confirms the in vivo data. (¢) Representative
FMT/pCT fusion images of tumor-bearing mice (trans-
verse plane) show the fluorescent signals of activated
MMPSense 750 FAST in s.c. early, i.d., and s.c. advanced
tumors (tumors indicated by a white arrow). The addi-
tional fluorescent signals found in the intestine region can
occur from hepatobiliary excretion of the probe through
the intestine [149]
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Fig. 15.8 Protein nanocages can selectively image
MMP-2 activity in metastatic tumors in vivo. (a) In vivo
real-time NIR fluorescence imaging of intravenously
injected Alexa Fluor 750-labeled HspG41C-CTT in
HT1080 and HT29 tumor-bearing mice. Time-dependent,
tumor-targeting specificities of the nanocages were moni-
tored by the IVIS system. Square regions indicate solid

Silicon-rhodamine-based  near-IR ~ dark
quenchers (SiNQs) were shown to quench fluo-
rescence over 780 nm region and detected MMP
activity in vitro and in vivo [155]. Improvements
on fluorophore pairs used as ACPPs was explored
using Ir(ppy); and Cy5 for tumor-related MMP-
2/9 imaging [156]. In an in vitro evaluation,
quenching of the luminophores and shortening of
luminescence was reversed upon MMP cleavage.
Using a MMP-activatable photoacoustic probe
(Alexa750-CXeeee XPLGLAGrrrrXK-BHQ3)
FCT133 thyroid tumors implanted s. c¢. in nude
mice were imaged [157]. Alexa750 fluorescence
and photoacoustic imaging showed active forms
of MMP-2 and MMP-9 in FTCI33 tumor
homogenates.

Due to the specificity and efficacy of the fluo-
rescent activatable probes, only a small number
of inhibitory type fluorescent probes for MMPs.
A Cy5.5-1abeled MMP inhibitor (Cy5.5-AF489)
was compared to commercially available ACPPs
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tumor growths of subcutaneously injected cancer cells;
(b) Fluorescence signal intensity ratio of the tumor/back-
ground obtained from in vivo images. *p < 0.05;
**p < 0.01; (¢) Organ sections of tumor-bearing mice
injected intravenously with Alexa Fluor 488-labeled
HspG41C-CTT at 3 h post-injection [151]

(MMPSenseTM 680 and MMPSenseTM 750
FAST) in xenografted mice [158]. The MMP
inhibitor Cy5.5-AF489 showed faster imaging
and signal in MMP-active tumors compared to
ACPPs.

MRI probes for imaging MMPs. MRI can be
used to image MMP biomarkers as well. Iron
oxide nanoparticles (IONPs) were designed to
undergo cleavage by MMPs resulting in a nano-
cluster with enhanced T, properties [159]. In
vitro studies on cells expressing MMP-2/9 and
CXCR4 showed T, signal enhancements. ACPPs
have demonstrated dual targeting for integrin
avp3 and MMP-2 for imaging and chemotherapy
(MMAE: monomethylauristatin) in vivo [160].
Mice treated with cyclic-RGD-PLGC(Me)
AG-MMAE-ACPP had improved probe penetra-
tion into MDA-MB-231 tumors. Another group
has imaged IONPs (ferumoxytol) with a MMP-
14 ACPP azademethylcolchicine (ICT) in
MMTV-PyMT breast cancer cells in vitro [161].
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Theranostic nanoparticles (TNPs) showed proof
of concept in tumor specificity, drug delivery and
imaging. An interesting activatable '’F-probe
was designed to be “off” until cleavage by MMP
or nitroreductase (NTR) [162]. Upon cleavage
the probe aggregates disassemble turning “on’ an
imaging signal. Imaging of MMP secreted from
tumor cells was shown in vitro, although thus far
no in vivo imaging has been reported.

Imaging Cysteine Cathepsins. Cathepsin
family of proteases have important roles in nor-
mal and diseased cellular physiology [163]. In
certain cancers, cysteine cathepsins are upregu-
lated and have been used as cancer biomarkers
[164, 165]. The majority of imaging probes using
cathepsin activation/cleavage involve near-
infrared (NIR) fluorescence agents. There are a
handful of PET tracer probes that target cysteine
cathepsin as discussed below.

A unique PET tracer probe that inhibits
cathepsins was achieved by synthesizing a
fluorine-containing azadipeptide nitrile (['*F]3)
[166]. The azadipeptide nitrile was alkylated
with 2-[*8F]fluoroethynosylate. In vitro, in vivo,
and ex vivo studies were done as well as biodis-
trubtion and biokinetics in rats, NMRI mice and
NMRI nude mice bearing NCI-H292 tumor
xenografts. The tracer ['*F]3 showed slow blood
clearance, reversible tumor accumulation of the
tracer in tumor-bearing mice, confirmed the pres-
ence of cathepsins (L, S, K and B) and visualized
tumor-associated cathepsins in vivo with
tumor:muscle ratios of 10-15, and tumor:blood
ratios <1. Another group used a cathepsin inhibi-
tor, acyloxymethyl ketones (AOMKs), with
%Cu-Z-FK(DOTA)-AOMK (**Cu-GB170) as a
PET tracer for in vitro and in vivo studies [167].
Small animal PET imaging on MDA-435 and
C2CI2/Ras tumor-bearing mice with *Cu-
GB170 confirmed in vivo tumor uptake, and
selectivity for cysteine cathepsins. SPECT imag-
ing was also employed to optimize cathepsin-
targeting polymers to reduce non-target
accumulation  [168].  N-(2-hydroxypropyl)-
methacrylamide (HPMA) copolymers were made
with cathepsin S linkers and radiolabeled with
7Lu-DOTA. Normal CF-1 and HPAC tumor-
bearing SCID mice were imaged to study

structure-activity relationship with the length of
the linker group, which was found to be tissue
specific in vivo. Poly-L-glutamate (PLG) as a
tumor protease activated MRI probe visualized
cathepsins in tumors in vivo [169]. Using the
CEST effect from amine protons of glutamate
moieties generated from cathepsin cleavage of
PLG, cathepsins were successfully imaged in rat
brain gliosarcoma model in a high resolution
(9.4T) MRI.

Cathepsin-activatable fluorescence probes can
be divided into peptide and nonpeptide probes,
although peptide based probes have been more
widely studied. For example, hydroxymethylrho-
damine (HMRG)-based fluorescence probes
(Z-Phe-Arg-HMRG and Z-Arg-Arg-HMRG) are
colorless until they are hydrolyzed by cathepsins
resulting in strong fluorescence signal [170]. The
probes were visualized in human ovarian cancer
cells lines (SHIN-3, SKOV-3, and OVCAR-3) in
mouse models in vivo. Another group made an
activatable peptide probe on glycol chitosan
nanoparticles (280 nm in diam.) specific for
cathepsin B cleavage [171]. They were able to
discriminate in vivo among three metastatic
mouse models (4T1-luc2 liver metastases, RFP-
B16F10 lung metastases, HT1080 peritoneal
metastases). Other peptide probes based on
FRET have also shown selectivity upon cleavage
with cathepsin B [172, 173]. Cathepsin-
activatable fluorescent probe sensitivity has also
been studied comparing tumor and normal mus-
cle in mice models for soft tissue sarcoma before
and after radiation therapy [174], and in human
cathepsin E positive cells (MPanc96-E) implanted
in nude mice [175]. Both studies found signifi-
cant sensitivity in vivo and in vitro. Certain mod-
ifications to probes, such as conjugation of
palmitoic acid (lipidation), have resulted in
favorable properties to increase the retention of a
cathepsin S-specific agent in tumor cells in vivo
and in vitro [176]. An interesting non-peptidic,
cathepsin, S-directed quenched activity based
probe (BMV083) was made and imaged in vivo
in a breast cancer model [177]. The agent showed
high tumor-specific fluorescence and targeting to
M2 phenotypic macrophages.
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15.6 Imaging Integrins
in the Tumor

Microenvironment

Integrins have become effective targets for imag-
ing the tumor microenvironment since the dis-
covery of their role in cell adhesion. There are 24
different types of integrins composed of o and 8
heterodimeric subunits. Integrin receptors can be
classified into four categories based on their
ligand binding ability; RGD receptors, collagen
receptors, laminin receptors, and leukocyte-
specific receptors [178, 179]. Certain integrins
such as a,fs are upregulated in tumors yet are
almost undetectable in normal tissue. An over-
whelming majority of integrins used in targeting
the tumor microenvironment focus on the RGD
receptors [180], but other integrin receptors are
also being investigated. Using integrins to image
the tumor microenvironment has been successful
in PET, SPECT, fluorescence and MR imaging.
A brief compilation of integrin probes related to
imaging the tumor microenvironment are
discussed.

PET tracers for imaging integrins. PET trac-
ers coupled to integrin ligands have provided a
feasible means of imaging integrins that are
upregulated in angiogenesis. Progress has been
made using "®F, ®*Cu and ®*Ga radionuclides. For
example, a study evaluating the formulation of an
integrin o,f3; imaging probes in U§7MG tumor-
bearing mice found that *F-AIF-NOTA-E[PEG,-
cRGDfk)], had highest tumor uptake and lowest
liver accumulation compared to '*F-AIF-NOTA-
E[c(RGDfK)], and  "F-AIF-NOTA-PEG,-
E[c(RGDfK)], [181]. Integrins o,f; and o,ps
were targeted using ['®F]fluciclatide, an RGD
peptide developed by industry, in 18 patients
(melanoma and renal cell carcinoma (RCC)) to
compare PET imaging of angiogenesis with inte-
grin expression in tumors [182] (Fig. 15.9). All
tumors showed significant ['8F]fluciclatide
uptake as well as correlation with o,f; and a,fs
integrins expression in melanoma and RCC
tumor tissue (Fig. 15.9). An asP; integrin recep-
tor was targeted with ['®F]FProp-Cys(*)-Arg-
Arg-Glu-Thr-Ala-Trp-Ala-Cys(¥)-OH in human
melanoma M21 (a,f3-positive and as3;-negative),

human melanoma M21-L («,p;-negative and
asPi-negative), and human prostate carcinoma
DU145 (a,p;-negative and osf,-positive) cells to
study receptor-specific binding [183]. Blocking
studies with mice bearing osfp;-negative M21
tumors gave conflicting results compared to the
in vitro studies, which showed high affinity for
osP; integrin, warranting further investigations.
Integrin a,fB; receptor was also targeted using
BE-E[c(RGDfK),] in healthy KM mice and
US87MG tumor-bearing mice to study the biodis-
tribution of the PET tracer [184]. It was found to
target tumors with high uptake (5.2 + 0.56%I1D/g)
1 h post injection. Other peptide ligands like cys-
teine knot peptides, R,1 and S.2, which have
3-6 nM affinity for integrin o,fs, have been
radiolabeled with '8F-fluorobenzoate for PET
imaging of BxPC3 pancreatic adenocarcinoma
xenografts on mice [185]. The radiolabeled pep-
tides, '®F-fluorobenzoate-R,1 and '®F-benzoate-
S,2, showed 2.3 + 0.6 and 1.3 = 0.4%ID/g,
respectively in BxPC3 xenografted tumors at
0.5 h post injection. Another well-known a,f3;
integrin PET probe is ["*F]Galacto-RGD, which
has been shown to image high-grade human
carotid plaques in patients correlating well with
ex vivo autoradiography of surgical specimens
[186]. An agf3; integrin PET probe was developed
using a peptide-porphyrin azide-alkyne conjuga-
tion [187]. The probe was radiolabeled with %Ga
and found have higher activity in HeLa cells with
higher a4f; integrin expression compared to the
US87 cells which display minimal integrin
expression.

Several synthetic strategies have emerged to
incorporate radionuclides more efficiently to
integrin ligands for imaging upregulated integ-
rins in the tumor microenvironment. One meth-
ods involves coordinating aluminum ['®*F]fluoride
into NOTA chelators [188, 189]. An o, integrin
targeted peptide (A20FMDV?2) was evaluated as
a radiotracer (AI["®F]-NOTA-PEG-
A20FMDV?2) in vitro and in vivo in o,fe(+) and
o,Ps(—) cells and xenograft mice, respectively
[190]. The AI[*®F]-NOTA radiolabeling was
found to be efficient, and the tracer showed o[}
selectivity in vitro and in vivo, although kidney
uptake was significant even after 4 h post
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Fig.15.9 Integrins o, f; and o,f5 were imaged with ['*F]
fluciclatide, an RGD peptide, in 18 patients (melanoma
and renal cell carcinoma (RCC)) to compare PET imaging
of angiogenesis with tumor integrin expression. ['*F]

injection. Another integrin probe, 2-['®F]fluoro-
ethyl triazolyl conjugated c(RGDyK) peptide,
was designed using Cu(I)-catalyzed conjugation
showing good stability in vivo (US§7MG tumors)
and tumor-to-background ratio of 1.6 + 0.3%ID/g
1.5 h post injection [191].

Copper-64 is an attractive radioisotope for
PET integrin probes to image the tumor microen-
vironment. Integrin o,fs has been targeted by
several groups with various *Cu PET probes as a
biomarker for several cancers such as non-small
cell lung cancer (NSCLC). One groups devel-
oped a divalent probe, CuAcD10, with low kid-
ney accumulation and good tumor uptake in mice
with either H2009 or H460 xenografts (Ajay N
[192].). Another study evaluated chelators
(CB-TE1AI1P, DOTA, NOTA and BaBaSar) for
%Cu by radiolabeling an o,f integrin targeting
peptide, A20FMDV?2, respectively [193]. The
findings suggest that the best chelator depended
on the stability, selectivity or pharmacokinetics
desired out of the PET probe (Fig. 15.10). Other
%Cu chelates have been used to image known
upregulated integrins in the tumor microenviron-
ment such as oyf; and o,f;. *Cu-(CB-TE2A)-
LLP2A was investigated for imaging bone
marrow derived cells involved in bone metastasis
in nude mice injected with MDA-MB-231/firefly
luciferase human breast tumor cells (VL4—4-
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Fluciclatide PET/CT axial (a) sagittal (b) and coronal (c)
images in patient four (malignant melanoma) show focal
radiotracer uptake within a left supraclavicular mass, with
SUV80% max 6.5, as well as in other soft tissue nodules
[182]

negative) [194]. Higher uptake in bone corre-
sponded with mice that eventually had bone
metastases, and this was confirmed by flow
cytometry for the presence of hematopoietic pro-
genitor cells. Dually radiolabeled peptides for
imaging and targeting o,f; integrin have been
developed containing an RGD sequence for bind-
ing o,P; integrin, DOTA for radiolabeling with
%Cu, PLGVRY for MMP2 cleavage, and termi-
nal tyrosine labeled with '5I (c(RGDfE)
K(DOTA)PLGVRY) [143]. The dually radiola-
beled probe showed high affinity of o,3; integrin
in substrate competition and cell binding assays.

SPECT agents for imaging integrins. Several
SPECT probes have been explored to target inte-
grins for imaging the tumor microenvironment
using *"Tc, %1, and "'In. An o,p; and o,fs inte-
grin SPECT imaging probe was developed to
evaluate its dosimetry in seven healthy and three
breast cancer patients and in mice with MCF7
tumors [195]. The RGD peptide was coupled to
ethylenediamine-N,N’-diacetic (EDDA) which
favors renal excretion with *™Tc-labeled hydra-
zinonicotinamide (HYNIC). The probe, *™Tc-
EDDA/HYNIC-E-[c¢(RGDfK)], showed high
tumor uptake in patients with malignant lesions
and rapid bowel clearance. A *™Tc-labeled
cRGD was used to monitor hepatic stellate cells
(HSC) which express a,f; integrins in fibrotic rat
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Fig. 15.10 PET imaging of o.f integrin with a
%Cu-labeled peptide (A20FMDV2) conjugated with
CB-TE1A1P, DOTA, NOTA and BaBaSar chelators was
performed to determine the best chelator for optimal
tumor uptake and normal tissue biodistribution. (a)
Reconstructed 3D PET/CT images showing (+) (green
arrow) and (—) (red arrow) tumors. Mice were anesthe-
tized using 2-3 % isoflurane and received 150-250 pCi of

livers [196]. The study found the tracer to distin-
guish the different stages of liver fibrosis in rats.
Other SPECT probes for imaging the tumor
microenvironment also target a,f¢ integrins. One
such probe (*"Tc-HHK) was studied in BxPC-3
(integrin o, Ps-positive) and HEK293 (integrin
o, Pe-negative) in vitro and in vivo [197]. The
study found *™Tc-HHK showed high specificity
for integrin a6, with highest uptake at 0.5 h post

64Cu-DOTA-1

64Cu-DOTA-1
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(-) Tumor -

64Cu-NOTA-1  **Cu-BaBaSar-1

max

64Cu-NOTA-1  %4Cu-BaBaSar-1
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formulated radiotracer via tail vein. All images were
acquired 4 h p.i. using 20 min static scans. (b)
Autoradiography slices (20 pm) of (+) and (=) tumors,
sectioned at 4 h p.i. and exposed overnight. Each slice
read at a 50-pm resolution. (c¢) Histology slices (5 pm)
from (+) and (=) tumors after immunohistochemistry
staining for avp6 viewed at x4 magnification. Scale
bar =400 pm [193]

injection. An o, integrin targeting cysteine knot
peptide, S,2, coupled to a single amino acid che-
late (SAAC) to give *™Tc-SAAC-S,2 and evalu-
ated in vitro and in vivo studies [198]. In vitro
studies compared HCC4009 and BxPC-3 cell
lines (integrin o, Ps-positive) and H838 and 293 T
cell lines (integrin o, f¢-negative) to find signifi-
cant uptake in integrin o, f-positive cells. In vivo
studies in nude mice bearing HCC4009 and H838
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tumor xenografts showed uptake in antigen
positive tumors and high tumor-to-background
ratios (6.81 £ 2.32%ID/g) at 6 h post injection.
Probes for o, integrin targeting were
designed to image pancreatic ductal adenocarci-
noma (PDAC) were examined in a biodistribu-
tion assay, in vivo blocking study and SPECT
imaging of tumor-bearing mice [199]. The study
found one of four probes (*I-HFMDV2) showed
the highest affinity for a,fs integrin in AsPC-1
cells and 3-5 times greater uptake in AsPC-1
xenografts compared to MIA PaCA-cells and
xenografts. Another study developed an indium-
111-labeled tetra|[DTPA]-A20FMDV2 to inves-
tigate the development of fibrosis in a murine
model (bleomycin-induced lung injury) by moni-
toring lung hydroxyproline, a,fs integrin, and
itgh6 messenger RNA [200]. The SPECT probe
enabled quantifiable detection in lungs 1 h post
injection compared to several controls.
Fluorescent probes for imaging integrins.
Optical imaging with various near-infrared (NIR)
fluorescence probes has been successful in imag-
ing the tumor microenvironment. One study tar-
geted a,f integrin binding peptide (HK) with a
NIR phthalocyanine dye (Dye-SA-B-HK) to
image subcutaneous and orthotopic BxPC-3 can-
cer xenografts in mice for optical image-guided
surgery and phototherapy [201] (Fig. 15.11) and
found impressive antitumor effects both in vitro
and in vivo. Other targeting agents have included
activatable cell-penetrating peptides (ACPP) in
combination with integrin targeting coupled to
CyS5 dye to achieve improved specificity and sen-
sitivity in imaging MDA-MB-231 tumor-bearing
mice [160]. This study also showed the dual tar-
geting probe combined with a chemotherapeutic
(monomethylauristatin, MMAE), finding
improved efficacy in MDA-MB-231 orthotopic
human and syngeneic Py230 murine breast
tumors. Gold nanostars (Au NS) were explored
as a platform for targeting integrin with cyclic
RGD and fluorescent probe (MPA) or anti-cancer
drug (DOX) [152]. The study demonstrated the
photo-thermal therapy and chemotherapy in
MDA-MB-231 cell lines and in S180 tumor-
bearing mice. Imaging intracranial medulloblas-
toma has also been investigated using osf},

integrin-binding cysteine knot peptide (EETI
2.5F and EETI 2.5F-Fc) conjugated to a fluores-
cent dye (AF680) in tumor-bearing mice [202].
The optical imaging probes were found to be to
cross the blood-brain-barrier to the tumor show-
ing impressive brain tumor imaging compared to
other cysteine knot peptides conjugated to
c¢(RGDfK). A fluorescent imaging probe (tetrap-
henylsilole, TPS) coupled to two integrin-
targeting peptide (cRGD) uses aggregation
induced emission (AIE) to image the tumor
microenvironment in vitro [203]. Quantitative
detection was achieved using the imaging probe
(TPS-2cRGD) in MCF-7 and HT29 cancer cells,
targeting o,p;-integrin. Another study tested a
small peptidomimetic «,f; integrin antagonist
coupled to NIR dye (IntegriSense) for binding
specificity in vitro and in vivo [204]. The integrin
NIR fluorescent agent exhibited selectivity
toward o,p; and o,fs integrin in vitro and pro-
vided real-time quantification in tumors in vivo.
In addition to fluorescence imaging, Cerenkov
luminescence imaging (CLI) has also been shown
in male athymic mice with DX3purof6 (o,fs-
positive) and DX3puro (a,fs-negative) tumors
[205]. CLI agents, OY-DOTA-PEG -
A20FMDV2 and *°Y-DOTA-Ahx-A20FMDV2
were investigated showing good correlation
between CLI quantification and biodistribution,
but also having low uptake in o,f¢-positive
tumors.

MR agents for imaging integrins. MR imag-
ing has more recently been employed to image
integrins in the tumor microenvironment.
Superparamagnetic iron oxide (SPIO)-loaded
cRGD PEGylated polyion complex vesicles
(PICsomes) targeting o,f; and o,fs integrins
have recently been investigated to image the neo-
vasculature in an orthotopic glioblastoma model
[206]. The 40% PEG on distal end of the
PICsomes to cRGD moieties was found to accu-
mulate in tumor neovasculature after 24 h, and
were able to identify tumor lesions using T,-
weighted MRI. Other forms of nanoparticles like
magnetoliposomes have been studied to also tar-
get integrins [207]. The study evaluated tumor
angiogenesis targeting of anti- o,f; antibody
guided 3-step pretargeting approach using modi-
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Fig. 15.11 Optical imaging in combination with photo-
dynamic therapy has been performed in a mouse model of
pancreatic cancer with near-infrared phthalocyanine dye
(Dye-SA-B) conjugated to an o,fs integrin targeted pep-
tide (HK). (a) Representative near-infrared fluorescence
sagittal images of Dye-SA-B-HK in BxPC-3 tumor-
bearing nude mice at 1, 2, 4, 8, and 24 h postinjection.
(BeC) Quantified in vivo tumor uptake (b) and tumor-to-
muscle ratios (c¢) of Dye-SA-B-HK in BxPC-3 tumor-

fied SPIO in liposomes. The magnetoliposomes
showed greater signal enhancement in tumor area
(7.0%) by T,-weighted MR images compared to
the control (2.0%).

15.7 Conclusions

There are many aspects of the tumor microenvi-
ronment and having a way to non-invasively
monitor changes of both cell types and physio-
logical parameters of the extracellular milieu is

bearing nude mice. Results are expressed as mean + SD (n
Y% 5). (DeE) In vivo nearinfrared fluorescence sagittal
imaging (d) and quantified tumor uptake (E) of BxPC-3
tumor-bearing nude mice at 2 h after intravenous injection
of Dye-SA-B-HK (with or without the blocking of an
excess dose of the HK peptide) or Dye-SA-B. Results are
expressed as mean + SD (n 1/4 5 per group). **P < 0.01,
*#**P < 0.001. Arrows indicate the tumors in all cases
[201]

of great importance, both in humans and in small
animal models of cancer. The literature reviewed
highlights numerous pathways and strategies for
imaging not just the growth of tumors, but the
changes in the microenvironment over time and
after treatment. Some of these are already being
investigated in humans. Additionally, there is a
wealth of research on investigating novel
approaches in small animal models of cancer,
both for gathering mechanistic information non-
invasively over time, as well as for translation of
imaging strategies to humans.
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