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Non-small cell lung cancer is characterized by slow progression and high heterogeneity of tumors. Integrins play an important
role in lung cancer development and metastasis and were suggested as a tumor marker; however their role in anticancer therapy
remains controversial. In this work, we demonstrate the potential of integrin-targeted imaging to recognize early lesions in trans-
genic mouse model of lung cancer based on spontaneous introduction of mutated human gene bearing K-ras mutation. We con-
ducted ex vivo and fluorescence molecular tomography-X-ray computed tomography (FMT-XCT) in vivo imaging and analysis for
specific targeting of early lung lesions and tumors in rodent preclinical model for lung cancer. The lesions and tumors were char-
acterized by histology, immunofluorescence and immunohistochemistry using a panel of cancer markers. Ex vivo, the integrin-
targeted fluorescent signal significantly differed between wild type lung tissue and K-ras pulmonary lesions (PL) at all ages stud-
ied. The panel of immunofluorescence experiments demonstrated that PL, which only partially show cancer cell features were
detected by avp3-integrin targeted imaging. Human patient material analysis confirmed the specificity of target localization in
different lung cancer types. Most importantly, small tumors in the lungs of 4-week-old animals could be noninvasively detected
in vivo on the fluorescence channel of FMT-XCT. Our findings demonstrated avp3-integrin targeted fluorescent imaging to specifi-
cally detect premalignant pleural lesions in K-ras mice. Integrin targeted imaging may find application areas in preclinical
research and clinical practice, such as early lung cancer diagnostics, intraoperative assistance or therapy monitoring.

Introduction

Non-small cell lung cancer (NSCLC) is the most common
type of lung cancer characterized by high heterogeneity includ-
ing such tumor cell types as adenomas, adenocarcinomas,
squamous and large cell carcinomas." NSCLC cells often har-
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bor specific mutated oncogene as the primary genetic “driver”
leading to cancer. The two most common oncogenes encode
for the epidermal growth factor receptor (EGFR) and K-ras.”
K-ras gene belongs to Rat sarcoma (RAS) gene family regulat-
ing cell growth, differentiation and apoptosis by acting within
such signaling cascades as mitogen activated protein kinase or
phosphoinositide 3-kinase.>* Frequently, NSCLC lung tumori-
genesis in mouse models is driven by the activation of K-ras
mutations, for example, K-ras**? mouse model.”

The disease prognosis for NSCLC patients is often depend-
ent on the efficiency of tumor invasion into surrounding tis-
sues, blood vessels and eventually into distant organs.’ A key
factor in the regulation of invasive properties is an integrin
mediated adhesive interaction with the surrounding extracellu-
lar matrix (ECM). Integrins are heterodimeric adhesive recep-
tors consisting of an a- and a B-subunit,” which control cell
movements via dynamic binding to ECM. Alterations in integ-
rin expression, conformational activation and traffic sustain
tumor cells with the abnormal ability to cross tissue barriers
invading the neighboring organs.” Two of the major integrins
involved in NSCLC proliferation and metastasis are 531 and
its competitor, av33, which coordinate the traffic of EGFR,
involved in cell proliferation and migration.®

avB3 and a5B1 integrins are usually expressed at low or
undetectable levels in most adult epithelia but can be highly
upregulated in some tumors and angiogenic endothelial cells.®
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What’s new?

Early lung cancer recognition in K-ras mouse model

Integrins play an important role in lung-cancer development and metastasis, and these molecules might therefore be useful
as tumor biomarkers. In this study, the authors found that targeted imaging of avf3-integrin may allow preclinical researchers
and clinicians to detect non-small cell lung cancer (NSCLC) at an earlier stage than accepted cancer markers. This approach
may also enhance monitoring of anticancer therapies in early lung cancer.

avB3-integrin was also initially thought to be involved in
pathological angiogenesis due to increased expression in prolif-
erating vascular endothelial cells.” As integrin expression in
various tumors correlates with disease progression, integrins
including avB3, a5B1 and avP6 were suggested as prognostic
markers for lung cancer. Further experiments, however, sug-
gested more complicated role for these integrins, for example,
antagonists of B3 integrin did not significantly inhibit angio-
genesis in clinical trials."” Moreover, discrepancies in av3-
integrin expression have been reported including both
increased and decreased levels in lung adenocarcinoma.'' The
tumorigenic avf3-integrin was shown to inhibit tumor pro-
gression in mouse models of glioblastoma and melanoma.'?

Probes targeting avf33-integrin were also suggested for cancer
imaging and evaluation of antiangiogenic therapies."”” Coupling
M609, an antibody, against av33-integrin, or other antagonists
to paramagnetic contrast agents or radionuclides allowed the
detection of angiogenic vessels in rabbit and mouse tumor mod-
els."* Magnetic resonance imaging with avp3-integrin-targeted
nanoparticle was also used to detect the neovasculature of solid
tumors in a xenograft tumor model.”” ®*Cu-, '*F- and iron
oxide-labeled RGD peptides were used to detect and assess av
integrins in xenograft models'®'” and cancer patients."®

The great majority of studies concentrated so far on the
analysis of developed tumors or tumor metastases, but not in
association with the early appearance of the disease. The imag-
ing studies on K-ras mouse models usually involve CT-based
assessment in inducible K-ras mutation system and are con-
centrated on already grown tumors after Cre-Lox-mediated
activation of tumor development.'”” To our knowledge, there
are no systematic studies on the assessment for the potential
of integrins, especially tumorigenic avp3-integrin as markers
for early NSCLC. Besides, due to the discrepancies in integrin
localization within lung tumors as well as the weak effects of
integrin antagonists in clinical cancer therapy trials, the precise
role of avP3-integrin in lung cancer remains to be clarified.
Within this context, we investigated herein the potential of
av3-integrins as early cancer markers. Using optical methods
involving a K-ras mouse model of lung cancer,” this study
also relates to the potential of in vivo detection of premalig-
nant and early malignant formations.

Materials and Methods

Mice and in vivo contrast agents

K-ras transgenic mice (129S/Sv-Kras™ ™[], stock number
008185) were purchased from The Jackson Laboratory, Sacra-
mento, CA. Mice homozygous for K-ras LA2 allele are lethal.
Heterozygote mice develop tumors in the lungs with 100%

incidence, which are first detectable as pleural nodules at one
week of age.*

Contrast agents, that is, IntegriSense targeting integrin
avB3; ProSense activated by Cathepsin B and MMPSense
activated by matrix metalloproteinases (MMPs) had excita-
tion and emission peaks at 680 and 700 nm or 750 and
770 nm and were purchased from Perkin Elmer (Waltham,
MA). Two nanomoles of each were injected into the tail vein
(i.v.) for 4- and 18-week-old animals. Two-week-old animals
were injected intraperitoneally (i.p.) due to their small size.
The amount of IntegriSense applied was calculated according
to the body weight (approximately 0.6 nmol). Twenty-four
hours post injection the mice were either anesthetized using
isoflurane inhalation and imaged with fluorescence molecular
tomography-X-ray computed tomography (FMT-XCT).
Alternatively, mice were directly euthanized by Ketamin/
Xylazine overdose and whole animals were frozen for slicing-
near-infrared-imaging experiment. Following the FMT-XCT
imaging, animals were also euthanized and frozen for the sec-
tioning. The animals planned for histological analysis were
not frozen, but lungs were excised immediately after euthana-
sia. Afterwards, they were carefully reinflated by 20% sucrose
in phosphate-buffered saline (PBS) and further treated for
immunochemistry, or reinflated and incubated overnight in
4% phosphate buffered formaldehyde for preparation of par-
affin sections. All mouse handling and experimentation was
performed in accordance with German laws and Helmholtz
Center and government of Bavaria regulations.

Slicing and FMT-XCT imaging
The cryoslicing and imaging experiments were performed at
every 250 pm using Multispectral Epi-Illumination Cryoslicing
Imaging system as described elsewhere.” The in vivo hybrid
FMT-XCT experiments were performed using the imaging sys-
tem and method described elsewhere.”” Briefly, mice were posi-
tioned to place thorax region in the camera field of view. FMT
scans were obtained every 20° over the full 360° range, result-
ing in 18 projection angles. At each projection angle, transmis-
sion and emission images were acquired for a grid of source
positions covering the lung area, using a laser source with the
corresponding wavelength (680 or 750 nm). An adaptive algo-
rithm was used to adjust laser power and integration times at
each wavelength and source position, as explained elsewhere.”
The acquired data were then normalized with respect to the
applied laser power and integration times to compensate for
the differences in these acquisition parameters.
Three-dimensional (3D) XCT volume was obtained using
the eXplore Locus micro-CT scanner (GE Healthcare, UK),
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as an integrated subsystem of the FMT-XCT system.>> Acqui-
sition was performed at 400 projections with a rotation step
of 0.9°. The tube had energy of 80 kVp and a current of 450
HA. The exposure time for each projection was 400 ms.
Detector spacing was 29 pm and the voxel size was 93 pum.
The Field of view was 82 X 82 mm in the transverse plane
and 43 mm in the axial direction. Filtering was performed to
remove low energy photons. No gratings were used.

Histological analysis

For all histological studies, lungs were excised from the mice.
Five-micrometer thick paraffin sections were prepared after
lungs were reinflated and incubated overnight in 4% phos-
phate buffered formaldehyde. Hematoxylin-eosin staining was
done as described elsewhere. For immunohistochemistry,
excised lungs were carefully re-inflated by 20% sucrose in PBS,
incubated in the same solution at 4°C overnight and after-
wards inflated with 50% optimal cutting temperature (OCT)
compound (Tissue-Tek, Sakura Finetek Europe, Alphen aan
den Rijn, The Netherlands) in PBS. Briefly, OCT compound
contained about 10% polyvinyl alcohol and 4% polyethylene
glycol. Subsequently, lungs were transferred into pure OCT,
frozen and cut into 20-um-thick sections. Immunohistochem-
istry was performed on frozen sections by using antibodies
against: Cathepsin B (Santa Cruz Biotechnology, Heidelberg,
Germany), E-Cadherin (Cell Signaling Technology, Danvers,
MA), macrophages (Mac 3, BP Biosciences, Heidelberg, Ger-
many), EGFR (Cell Signaling Technology, Danvers, MA), Thy-
roid Transcription Factor-1 (Thermo Fisher Scientific, Bonn,
Germany), EphA2 (Abcam, Cambridge, UK), Ki-67 (Abcam,
Cambridge, UK), SP-C (Santa Cruz Biotechnology, Heidelberg,
Germany) and avB3 integrin (Abcam, Cambridge, UK) anti-
bodies. The reaction was visualized with Alexa 594- or Alexa
488-conjugated secondary antibody (Invitrogen, Darmstadt,
Germany). Adjacent sections with similar treatment, but with
omitted primary antibody provided negative controls. Images
were captured with Leica fluorescent microscope (Leica Micro-
systems, Wetzlar, Germany).

Immunohistochemical staining and analysis of human
patient material was performed on tissue microarrays (TMA)
using a Discovery XT automated staining platform (Ventana,
Tucson, AZ). All tissue specimens analyzed in this study
were obtained from patients at Universitaetsklinikum Frei-
burg, Germany, who gave their written informed consent.
This study was approved by the Ethics Committee of the
Universitaetsklinikum Freiburg. The patient data included the
information on TNM cancer staging and age for each patient.
Rabbit anti-integrin alpha v (anti-ITGAV, Atlas Antibodies,
Stockholm, Sweden) at a dilution of 1:500 (0.1 pg/pL) was
used as primary antibody. Secondary antibody was Discovery
TM Universal (Ventana). Signal detection was performed
using peroxidase-DAB (diaminobenzidine)-MAP kit (Roche,
Ventana, Tucson, AZ). Tumors were considered as positive
for integrin alpha v when at least 50 % of tumor cells show-
ing a positive pronounced membrane staining.
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Image evaluation and quantification

The ex vivo stacks of fluorescence and color images obtained
from cryosections were quantified in the Fiji (Image]) soft-
ware (http://fiji.sc/Fiji). All the stacks were quantified in orig-
inal form. Three to five regions of interest (ROI) of identical
size were taken for each tissue. ROIs in lung parenchyma tis-
sue outside large blood vessels for wild type (WT), lesions
(2-week-old mice) or tumors (4- and 8-week-old mice) for
K-ras mice were analyzed along with heart, spinal cord or
skin in the vicinity of lungs (Fig. 4a). When no visible lesions
could be found, the corresponding lung tissue outside large
blood vessels was taken into analysis. Three to five sections
were analyzed for each mouse. Fluorescence mean values
were transferred to Microsoft Excel (Microsoft Deutschland
GmbH, Unterschleissheim, Germany) and the ratios of lung/
lesion/tumor versus spinal cord, heart and skin in appropri-
ate ROIs were calculated for each section. Statistical analysis
and comparison of different experimental groups using non-
paired t-test was implemented using GraphPad Prism Soft-
ware (GraphPad Software La Jolla, CA). To reconstruct XCT
and FMT-XCT images, we used an proprietary software
developed in our institute for processing hybrid FMT data in
MATLAB software package (MathWorks, Ismaning, Ger-
many) environment [PLEASE CITE MY THESIS: Mohajer-
ani, P. (2014). “Robust methods and algorithms for
fluorescence imaging and tomography” (Doctoral dissertation,
Universitatsbibliothek der TU Miinchen).]. The background
subtraction was performed to reduce the effect of nonspecific
probe accumulation, The mathematical grounds of the back-
ground subtraction method were previously described.*
Briefly, the method used the fact that homogenous back-
ground signal contributed an additional term to the meas-
ured Born ratio.”® This additional term constituted a linear
function of the source-detector spatial distance. Accordingly,
after the measurements, a linear estimation was performed to
subtract this term and hence, compensate for the background
signal. Specific details of our implementation of this back-
ground subtraction approach were explained elsewhere.”
Amira software (Visage Imaging, Berlin, Germany) was used
for 3D visualization of the reconstructed images. All FMT-
XCT images presented in this work used exactly the same set
of processing parameters in the forward and inverse model-
ing parts, such as background subtraction parameters, num-
ber of inversion iterations and signal thresholds.

Results

Examination of avf33-integrin as a potent imaging marker
for lung cancer was performed using a mouse model based
on somatic activation of the K-ras oncogene based on spon-
taneous recombination events causing the early onset of lung
cancer after the first week of age with 100% incidence in the
20

lung.” We concentrated on the tumor markers showing
potential for in vivo imaging and cancer detection with spe-

cial emphasis on the early recognition of lung lesions and
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Early lung cancer recognition in K-ras mouse model

K-ras

MMPSense ProSense

IntegriSense

fluorescence

color

I ]
IntegriSense

MMPSense ProSense

* %k %k

o3 3 B vt [ Kras T
o ®
o D‘ 4
® 5
S 5] NS
v E NS
8 —
53 —
Es 14
- 2

b <4

O.
N=3 N=3 N=2 N=3 N=7 N=9
MMPSense ProSense IntegriSense

Figure 1. Integrin-targeting contrast agent IntegriSense demonstrated the best specific fluorescence accumulation in the tumors inside K-ras
lungs from 18-week-old mice versus ProSense and MMPSense probes as detected on transversal whole-mouse frozen sections. A. Showing
comparable performance in the WT lungs, IntegriSense accumulated more specifically in the lung tumors (arrows) of K-ras mice as com-
pared to the other agents. B. The fluorescence signal for ProSense, MMPSense and IntegriSense was calculated in the lungs of 18-week-old
WT and K-ras mice (5 sections each) as a signal ratio to spinal cord reference area on the same slice and normalized to WT. Only Integri-
Sense demonstrated the signal level significantly different from the WT. The differences between experimental groups were analyzed using
nonpaired t-test. In total, 15 (10) sections and 130 (100) ROIs were analyzed for K-ras (WT) mice injected with MMPSense; 14 (14) sections
and 120 (140) ROIs were analyzed for K-ras (WT) mice injected with ProSense; 45 (27) sections and 394 (216) ROIs were analyzed for K-
ras (WT) mice injected with IntegriSense. *** - p = 0.0002. NS - non significant. N — quantity of analyzed animals. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

tumors. avP3-integrin visualization using IntegriSense, a tar-
geted nonpeptidic fluorescent molecule, was contrasted to the
ProSense and the MMP-Sense protease activated agents.
ProSense sensitive to cathepsins is implicated in tumor
growth and was successfully used for imaging in a Lewis
Lung Carcinoma model.”” MMP-Sense is activated by MMPs
and is involved in tumor cell invasion and adenocarcinoma
development in patients with NSCLC.?®

Selective accumulation of IntegriSense in pleural lesions
and tumors

Initially, we studied the accumulation of all agents in the
lungs of adult mice (18 weeks of age). As demonstrated in
Figure 1, IntegriSense showed comparable performance in
the WT lungs, but superior tumor accumulation and specific-
ity for pleural lesions and tumors of K-ras animals as com-
pared to ProSense and MMPSense (Fig. 1a). To achieve the

highest possible precision in fluorescence assessment, ProS-
ense, MMPSense and IntegriSense signal levels were calcu-
lated in the lungs of adult WT and K-ras mice as a signal
ratio to spinal cord reference area and normalized to the
WT. As only IntegriSense demonstrated fluorescence in
lesions/tumors significantly enhanced compared to the WT
lung parenchyma (Fig. 1b, p =0.0002), it was chosen for the
next experiments. Accumulation of IntegriSense was further
assessed in mouse lungs at three different ages: 2, 4 and 18
weeks. No tumors or tissues specifically accumulating Integri-
Sense could be found in the lungs of WT animals at any age
(Fig. 2a, WT). Specific IntegriSense signal was observed in
tumors of 4- and 18-week-old mice, the older showing
greater number of larger IntegriSense-positive tumors. The
rest of lungs including blood vessels, airways and lung paren-
chyma showed much lower fluorescence signal (Fig. 2a and
Supporting Information Fig. 1).
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Figure 2. Ex vivo imaging demonstrated IntegriSense accumulation in PL/tumors at 2, 4 and 18 weeks of age. A. IntegriSense-positive PL/
tumors of 2-, 4- and 18-week-old K-ras mice (arrows) corresponded well to the ones appearing on the color images from the same cryosec-
tions. The lesions/tumors demonstrated similar shape throughout all ages studied distinct from lung parenchyma as well as PBVA. Such
lesions or tumors were never detected in WT littermates. B. IntegriSense-positive pleural lesions (arrows) were observed in the lung periph-
ery of 2-week-old K-ras, but not WT mice. IntegriSense was also intensively accumulated in developing PBVA (asterisks), however their mor-
phology and localization pattern were clearly distinct from pleural lesions both on fluorescence and corresponding color images.
IntegriSense accumulation in the PBVA at 2 weeks of age was complicating the lesion detection. The minimal detectable diameter of a
pleural lesion could be assessed for 2-week-old animals as 200um. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

At 2 weeks of age, IntegriSense was detected in pleural
lesions, however, large blood vessels and airways also showed
relatively high accumulation (Fig. 2). The lungs of 2-week-old
mice K-ras and WT littermates were compared to better
understand the distribution of IntegriSense. Figure 2b shows
IntegriSense-accumulation in pleural lesions of the lung
periphery at 2 weeks of age, but also in structures correspond-
ing to pulmonary blood vessels and airways (PBVA),
IntegriSense-positive PBVA regions are easily visible on com-
parison of fluorescence and color images from the same cryo-
section (Fig. 2b, asterisks), but also displayed high variability
(Supporting Information Fig. 2). The lesions of 200 pm mini-
mal size could be distinguished from lung parenchyma due to
characteristic form and preferential localization in the lung
periphery, which correlated with previous data.*® Despite
accumulation in lesions at early stage of tumor development,
though, IntegriSense did not show enough tumor specificity at
this stage since PBVA demonstrated variable, but comparable
or sometimes even more intense fluorescence than in lesions.

Int. J. Cancer: 137, 1107-1118 (2015) © 2014 UICC

Lesions were observed in the majority of 2-week old K-ras
(out of total nine mice studied, in one pleural lesions were
not observed), but never in wild-type littermates. Color and
form as well as histological hallmarks of IntegriSense-positive
lesions were similar to developed lung tumors, but differed
from PBVA regions (Fig. 2b and Supporting Information Fig.
1). Similar pleural lesions were previously described in K-ras
mouse model as closely resembling ‘atypical adenomatous
hyperplasia’, precursor to lung carcinoma.*

Quantitative evaluation of IntegriSense fluorescence

To precisely assess the capacity of integrin targeting for pre-
clinical and, possibly, clinical diagnostic imaging, we per-
formed quantitative evaluation of IntegriSense accumulation
versus different reference areas obtained by ex vivo cryoslic-
ing imaging. The fluorescence in the ROI within lesions/
tumors was quantified as a ratio versus (vs.) background
from different reference areas. The comparison versus spinal
cord, skin and heart was performed to evaluate IntegriSense
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Figure 3. Analysis of IntegriSense distribution revealed significantly enhanced fluorescence signal in PL and tumors from K-ras mice versus
WT and K-ras lung parenchyma. A. IntegriSense fluorescence was calculated as a signal ratio versus background fluorescence in spinal cord
(SO) as internal reference area. The fluorescence signals were analyzed in the ROIs on the images from transversal whole mouse frozen sec-
tions. Upper panel: representative images showing ROl location. PL — pleural lesion; T —tumor; SC — spinal cord as a reference area. L —
lung parenchyma. Lower panel: fluorescence signal ratios were normalized to mean fluorescence of WT lungs. IntegriSense accumulation
significantly differed between WT and K-ras littermates for all ages studied. IntegriSense fluorescence was also significantly enhanced in
tumors of 4- as well as 18-week-old versus lesions from 2-week-old K-ras animals. In total, 45 (27) sections and 197 (108) ROIs were ana-
lyzed for 18-week-old K-ras (WT) mice; 13 (10) sections and 52 (40) ROIs for 4-week-old K-ras (WT) mice; 32 (25) sections and 116 (85)
ROIs for 2-week-old K-ras (WT) mice. *** - p <0.0001, ** - p =0.0072, * - p=0.0151. B. K-ras experimental group was also tested for the
quantitative contrast between IntegriSense accumulation in pleural lesions or tumors (T) versus healthy lung parenchyma (L). Upper panel:
Mean fluorescence was quantified in ROIs from lesions/tumors and whole healthy lung parenchyma, as shown on 18-week-old mouse sec-
tion as an example. Arrows: tumors. H — heart, SC - spinal cord. Lower panel: IntegriSense signal shows enhanced accumulation in the
lesions/tumors as compared to the lung parenchyma level (dashed line). Adult lungs show significantly enhanced contrast compared to 2-
week-old ones. This analysis was performed on 36 sections and 128 ROIs for 18-week-old K-ras mice; 16 sections and 62 ROIs for 4-week-
old ones; 23 sections and 81 ROIs for 2-week-old ones. **** - p <0.0001, *** - p =0.0002. ** - p = 0.0061. The differences between
experimental groups were analyzed using nonpaired t-test. NS — non significant. N — quantity of analyzed animals. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

contrast to the WT lungs as an early primary diagnostic tool.
As shown on Figure 3a, due to reported peripheral location
of lesions in 2-week-old mice,”® ROIs in WT lungs were
positioned in the lung periphery out of large PBVA. In adult
animals, ROIs were positioned in different lung areas to pos-
sibly assess the majority of lung parenchyma. Lower panel on
Figure 3a shows that pulmonary lesions (PL) and tumors
accumulated significantly higher IntegriSense fluorescence
than corresponding WT areas. 1.68-fold higher fluorescence
was accumulated in pleural lesions of 2-week-old K-ras mice

compared to WT. 2.76-fold and 2.46-fold enhancement
observed for 4-week-old and 18-week-old animals, respec-
tively. Highly significant differences were demonstrated in K-
ras versus WT littermates for 2- and 18-week-old mice
(p <0.0001). Significant differences were found between
lesions/tumors in 2- and 4-week-old as well as 2- and 18-
week-old K-ras animals (p = 0.0072), nonsignificant between
4- and 18-week-old ones (Fig. 4b). It has to be noted that
PBVA fluorescence was enhanced about 1.5-fold versus spinal
cord reference area, but displayed very high variability and

Int. J. Cancer: 137, 1107-1118 (2015) © 2014 UICC
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Figure 4. Localization of IntegriSense and integrin target in mouse and human lungs. A. Enhanced accumulation of av@3-integrin could be clearly
observed in the pleural lesion (PL) or tumor (T) area from isolated lungs of 2 week old K-ras mice, but not in healthy lung parenchyma (1) from
both K-ras and WT animals. PBV — pulmonary blood vessel. B. avf3-integrin accumulation level was enhanced from 2-week-old to 4- and 18-
week-old mice. All the images were done within one immunofluorescence experiment, taken under exactly same conditions, combined and con-
trasted as one image. The images from av@3-integrin staining from 2-week-old mice are the same as on A, but differently contrasted. C. Colocali-
zation of IntegriSense and av@3-integrin in the lung tumor region on the whole mouse cryosections from 18-week-old K-ras mice. Merged image
is shown by yellow-orange colors, where avB3-integrin (green) and IntegriSense (red) colocalize. The slides were analyzed in the same way as in
A and B. B and C. Nuclear counter-stain DAPI performed on the same sections served as a tissue control. Dashed line shows the lesion/tumor
margins. C. Representative images for av-integrin localization in patient tumor versus healthy lung TMA. The av-integrin stain is shown in brown.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

therefore this enhancement could not be significantly distin-
guished from WT (Supporting Information Fig. 2). Integri-
Sense fluorescence was also significantly enhanced in lesions/
tumors versus other background tissues, that is, heart and
skin, at all animal ages including premalignant lesions in 2-
week-old mice (Supporting Information Figs. 3 and 4).
Another analysis was performed to study IntegriSense
accumulation versus healthy lung parenchyma in the same
K-ras animals (Fig. 3b). Such analysis demonstrated the
capacity of integrin-targeted imaging as a tool to detect dif-
ferent tumors on the background of lung tissue at different
disease stages. Median value of the fluorescence signal in the
whole tumors was compared to fluorescence in the whole
healthy lung parenchyma. Lower panel on Figure 3b shows
the analysis summary, which reveals IntegriSense having
higher accumulation in the lesions than in surrounding lung
tissue already at 2 weeks of age (1.51 = 0.31-fold higher than

Int. J. Cancer: 137, 1107-1118 (2015) © 2014 UICC

lung parenchyma with high significance degree, p < 0.0001).
Adult animals showed significantly enhanced contrast
(p=10.0061 for 2- vs. 4-week-old and p = 0.0002 for 2- vs.
18-week-old mice), which, in turn, was not significantly dif-
ferent between 4- and 18-week-old animals (2.22 * 0. 27-fold
and 2.81 *0.77-fold enhancement). Similar analysis using
multiple identical ROIs inside tumor and throughout the
whole healthy lung parenchyma revealed very similar results
to the ones with variable ROIs, which were reported above
(Supporting Information Fig. 5).

Specificity of IntegriSense binding: Assessment in
preclinical model and patients

The specificity of IntegriSense for in vivo targeting was con-
firmed by colocalization of IntegriSense and its target in
mouse lungs. avP3-integrin level detected by immunofluo-
rescence was enhanced in the PL as compared to healthy
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Wild type K-ras 2-week-old

TTF-1

100pm

Merge E-Cadherin

E-Cadherin+TTF1

DAPI|

SP-C

DAPI

Early lung cancer recognition in K-ras mouse model

K-ras 4-week-old K-ras 18-week-old

Figure 5. The levels of different cancer markers increase in the lesions/tumors from 2- to 4- and 18-week-old mice, and is the lowest in the
lungs of WT littermates. TTF-1 and E-Cadherin colocalization is the marker for adenocarcinoma. SP-C is the marker for adenoma. All marker
levels were identical between lung parenchyma from all WT mice and therefore the images from 4-week-old mice were taken as representa-
tive ones. Nuclear counter-stain DAPI performed on the same sections served as a tissue control. All the images were developed and
acquired within one immunofluorescence experiment under exactly the same conditions, combined and contrasted as one image. Dashed
line shows the lesion/tumor margins. L — lung parenchyma; PL — pulmonary lesion; T — tumor. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

lung parenchyma (L) in K-ras and WT animals already at 2
weeks of age (Fig. 4a) and further elevated in tumors (T) at
4- and 18 weeks (Fig. 4b). This result correlated with Integ-
riSense signal elevation observed macroscopically (Fig. 2).
IntegriSense also directly colocalized with avB3-integrin
staining in tumors of K-ras mice, but not in the other lung
tissue or in WT mice (Fig. 4b). In order to assess the accu-
racy of the lesion/tumor detection by IntegriSense fluores-
cence compared to the analysis of color images, we
performed macroscopic analysis of ex vivo image stacks. In
the majority of cases, analysis of IntegriSense profile
allowed better detection of tumors (Supporting Information
Fig. 6), however the evaluation of both color and fluores-
cence profiles proved to be the best way for reliable tumor
detection and discrimination from possible false positives,
especially in case of small tumors. This analysis further

confirms the importance of integrin targeting and may
present a basis for possible recommendations at clinical
applications.

IntegriSense was developed as an agent for in vivo detec-
tion and quantification of av3/avB5 integrins with prefer-
ence to avB3.” Therefore, the applicability of IntegriSense-
assisted imaging in clinic was assessed by av-integrin assay
on human lung cancer TMA. IntegriSense target was recog-
nized in 76.4% patients with squamous cell carcinoma
(n=289) and in 68.9% patients with adenocarcinoma
(n=45) with no positivity in the healthy lung tissue
(n =78, Fig. 4c). The additional analysis was also performed
using the data on patient age and TNM cancer staging.
Such study revealed no significant correlation between the
level of av-expression and disease staging or age of patients
(data not shown).
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Figure 6. FMT-XCT in vivo imaging of the thorax area from K-ras mice enables robust detection of lung tumors starting from 4 weeks of age.
The 2D and 3D FMT-XCT images were compared with corresponding XCT ones and validated versus ex vivo fluorescence and color images
from cryosections. The FMT signal enabled specific recognition of tumors on both 3D reconstructions of thorax area of the whole mouse
(3D animal) or 3D rendering of lungs only (3D lung), which detection was sometimes problematic by using XCT contrast only. The color
scales represent relative intensity of IntegriSense fluorescence signal in arbitrary units. Arrows: detectable tumor areas. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Cancer marker localization in WT and K-ras mouse lungs
For further characterization of pleural lesions and tumors, we
performed immunolocalization studies for panel of different
cancer-relevant markers. Distribution of adenocarcinoma
markers, Thyroid Transcription Factor 1 (TTF-1) and E-Cad-
herin®®; and alveolar adenoma marker, surfactant apoprotein-
C (SP-C)*” was studied to test the hallmarks of major cancer
types. The majority of lesions/tumors showed TTF1+E-
Cadherin staining proving the adenocarcinoma cell type (Fig.
5). Minority of the lesions or foci in the existing ones were
SP-C-positive for adenoma. Heterogenic nature of tumors
was already reported for NSCLC' and particularly for this
mouse model.”® Enhanced TTF1+E-Cadherin and SP-C
could be localized already in the PL at 2 weeks of age (Sup-
porting Information Fig. 7) and was further elevated in
tumors at four reaching maximum at 18 weeks (Fig. 5).

The markers connected with NSCLC progression and cell
proliferation, such as EGFR’', tyrosine kinase receptor
EphA2®* and Ki-67”" were also analyzed. EGFR level was

Int. J. Cancer: 137, 1107-1118 (2015) © 2014 UICC

enhanced versus WT in the lesions of 2-week-old and further
elevated for 4- and 18-week-old mice. EphA2 level was com-
parable to WT in 2-week-, but was enhanced for 4- and 18-
week-old mice. Ki-67 immunofluorescence was slightly ele-
vated versus WT in 2- and 4-week-old mice, and was clearly
higher in tumors at 18 weeks. (Supporting Information Fig.
8). Taken together, the immunolocalization study combined
with histological hallmarks (Supporting Information Fig. 1)
implies lesion cells at 2 weeks started malignant transforma-
tion, but did not show critical features of developed tumors
as for 4- and 18-week-old mice.

In vivo imaging of integrin fluorescence and tumor

detection in 3D models

The potential of the IntegriSense for noninvasive in vivo imag-
ing was explored by applying FMT-XCT for IntegriSense dis-
tribution analysis in 2-, 4- and 18-week-old mice. The
reconstruction of IntegriSense spatial distribution proved to be
very complicated for 2-week-old mice due to small size of
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animals, high background fluorescence and variability of agent
accumulation in the PBVA (Supporting Information Fig. 2). In
vivo spatial analysis and 3D map of IntegriSense distribution
could be successfully performed for 18-week-old and also, after
background subtraction, for 4-week-old mice despite lower
agent accumulation in tumors (Fig. 6). Comparison between
nonspecific XCT and integrin-positive FMT-XCT in 2D and
3D revealed the capacity of this imaging modality for robust
tumor detection. Especially small tumors were hard to detect
on XCT images without specific contrast. The in-depth analy-
sis and comparison of 2D FMT-XCT and XCT stacks, how-
ever, demonstrated some limitations of this in vivo imaging
method. The FMT-XCT imaging was not completely free of
false positive results, the majority of which however could be
attributed to the artifacts out of lung area. Due to the use of
prior XCT-based information in the FMT-XCT reconstruction,
such artifacts along with the false positive signals from ribs
could be discarded (Supporting Information Fig. 9). Another
possible problem could be the difficulty to detect all the
tumors at very massive tumor burden that is why the combi-
nation of FMT and XCT channel information could be con-
sidered as significantly more reliable than one of the channels
alone (Supporting Information Fig. 10). Rendered 3D lung
models additionally demonstrated the superior performance of
FMT specific contrast versus XCT model for the tumor detec-
tion (Fig. 6). Finally, the comparison between in vivo data
from K-ras and WT littermates clearly demonstrates that
FMT-XCT detection clearly discriminates between tumor bur-
den in K-ras and heterogeneous lung structure in WT mice,
which is far less obvious using merely XCT contrast (Support-
ing Information Fig. 11). 3D rendering of ex vivo cryoslicing
image stacks from thorax area of K-ras mice also showed
importance of IntegriSense specific contrast for tumor detec-
tion versus color imaging (Supporting Information Fig. 12).
The 3D reconstructions of organs and whole body regions
stressed the importance of the specific contrast information for
reliable noninvasive tumor detection.

Discussion

The efforts in the cancer research community to explore can-
cer markers relevant for diagnostic and therapy monitoring
yield agents based on developed tumor hallmarks or tissue
examination post mortem. This approach does not always
reveal correct insights into tumor progression in vivo, espe-
cially for the early stages crucial for therapy outcome. In this
context, we examined several in vivo contrast agents designed
to visualize factors involved in tumor development to explore
their potential to recognize early lesions leading to malignant
tumors. Preclinical K-ras mouse model of NSCLC developed
lung tumors from 1 week of age®® and enabled tracking of
cancer development from early to late stages.

Somewhat contrary to the expectations from other lung
tumor models,”” the contrast agents activated by Cathepsin B
and MMPs did not show tumor-specific signals in NSCLC
model. Conversely, IntegriSense targeting av@3 and avp5

Early lung cancer recognition in K-ras mouse model

integrins shown to be upregulated in tumors and angiogenic
cells® demonstrated specific accumulation not only in the
developed tumors at 4 and 18 weeks, but also in pleural
lesions of 2-week-old mice.

Quantitative analysis for IntegriSense fluorescence was
done to study diagnostic potential by comparison of fluores-
cence ratios in lesions/tumors versus background fluorescence
in surrounding tissues such as spinal cord, heart, skin as well
as lung parenchyma. Adult mice demonstrated enhanced flu-
orescence; moreover the elevation was observed already at 2
weeks of age, which, if confirmed in humans, could enable
early recognition of tumors or premalignant lesions. The
main problem of tumor detection at this stage was high
IntegriSense accumulation in PBVA. Higher IntegriSense
background in the lungs of 2- versus 4- and 18-week-old
mice can be explained by still ongoing lung development in
2-week-old mice, which agrees with enhanced avf3-integrin
expression in endothelial cells during wound and tumor
angiogenesis®* or inflammation.”> The PBVA fluorescence
was sometimes similar to the level in the lesions, however,
was highly variable and did not significantly differ between
lungs from WT and K-ras littermates. This point was con-
firmed by the analysis of the fluorescence in the lesions ver-
sus healthy lung parenchyma, which also showed significantly
enhanced fluorescence in lesions. Typical localization of pleu-
ral lesions in the lung periphery allowed discrimination from
major blood vessels and airways, and enabled the lesion
detection against lung parenchyma with the smallest cut-off
size of 200 pm. It has to be stated though that lack of Integ-
riSense specificity at this stage together with the information
on the peripheral lesion location still enabled the ex vivo
lesion detection, but was not enough for in vivo applications.
The contrast versus healthy lung tissue was further signifi-
cantly enhanced in adult animals creating a solid basis for
integrin-targeted imaging as a lung tumor detection tool at
later stages of the disease.

The specificity of IntegriSense targeting was confirmed by
colocalization with its target, ovPB3-integrin in the lesions
and tumors, but not healthy lung tissue. The enhanced
avB3-integrin level versus WT already at 2 weeks and further
elevation towards 4 and 18 weeks of age shown by immuno-
fluorescence correlated with macroscopic ex vivo fluorescent
imaging. The macroscopic evaluation of reliability for
IntegriSense-directed tumor detection also showed high
capacity of such imaging versus ex vivo color appearance.
The specificity of the integrin targeting was successfully con-
firmed for cancer patients. IntegriSense target showed high
percent of positive recognition for squamous cell carcinoma
and adenocarcinoma (76.4 and 68.9%, respectively. on n = 89
and n = 45 patient biopsies) with no false positives in healthy
tissue for 78 patients showing reliable cancer recognition in
clinic. The recognition and false positive values were in fact
comparable with cancer markers widely accepted as a basis
for clinical lung cancer detection.’® We believe that in combi-
nation with such imaging methods as MRI or intraoperative
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imaging integrin targeting could be also successfully applied
to recognize the lesions on the early cancer stage.

Lesion characterization by immunofluorescence demon-
strated that the lesions at 2 weeks differed from further
developed tumors at 4 and 18 weeks of age. The lesion cells
at 2-week-old mice did not show the degrees of proliferation
activity (Ki-67 and EphA2) and disease progression
(EGFR)*>* typical for later stages, but already started malig-
nant transformation into adenocarcinomas or adenomas,
major tumor types in NSCLC.”

The analysis of in vivo tomography for the lesions/tumors
revealed high potential of FMT-XCT diagnostic imaging in
preclinical model. The robust and reliable detection of tumors
requires the combination of both XCT and FMT channels,
which is successfully realized in the imaging system applied in
this study. In vivo approach could be successfully applied at 4
and 18 weeks of age, but high fluorescence accumulation in
PBVA did not allow lesion detection at earlier stage, possibly
due to mouse age in this preclinical cancer model.

In this work, we performed pilot experiments, which
showcased successful application of avf3-integrin targeting
for ex vivo and in vivo lung tumor recognition in preclinical
NSCLC model and confirmed its high potential for possible
clinical applications. Ex vivo detection was successful for
lesions/tumors in 2-, 4- and 18-week old animals, the recog-
nition for the 2-week-old mice was, however, complicated by
the high agent accumulation in PBVA regions. We also

1117

proved that integrin targeting could detect developing PL
before accepted cancer markers can recognize them, which
was also additionally confirmed by av@3 integrin staining at
different stages of the disease. To thoroughly demonstrate
full potential and utility of the method for monitoring disease
progression and response to treatment, further investigations
involving longitudinal studies with preclinical models and
human patients with suspected lung cancer or lung cancer in
the early stages are required. Potential preclinical and clinical
implications include the tumor imaging and anticancer ther-
apy monitoring using integrin-targeted agents in lung cancer
including NSCLC and mesotheliomas, which would utilize
high specificity and predictive value of this agent in early
lung cancer and remarkable sensitivity of fluorescence molec-
ular tomography. Further application areas could include
intraoperative integrin targeting seriously enhancing the
accuracy of tumor detection. The developed integrin targeting
agent can be applied as a theranostic probe when coupled
with photodynamic therapy agent or as an early lung cancer
diagnostic MRI contrast similar to MRI-adapted VEGF tar-
geted probe.®® Correspondingly, this principle could be
ported into diagnostics toward early disease detection.
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