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Shank-associated RH domain-interacting protein (SHARPIN) is a
cytosolic protein that plays a key role in activation of nuclear factor
K-light-chain enhancer of activated B cells and regulation of inflam-
mation. Furthermore, SHARPIN controls integrin-dependent cell ad-
hesion and migration in several normal and malignant cell types, and
loss of SHARPIN correlates with increased integrin activity in mice.
Arginyl-glycyl-aspartic acid (RGD), a cell adhesion tripeptide motif, is
an integrin recognition sequence that facilitates PET imaging of integrin
upregulation during tumor angiogenesis. We hypothesized that in-
creased integrin activity due to loss of SHARPIN protein would affect
the uptake of a,Bs-selective cyclic, dimeric peptide $8Ga-DOTA-
E[c(RGDfK)],, where E[c(RGDfk)], = glutamic acid-[cyclo(arginyl-glycyl-
aspartic acid-D-phenylalanine-lysine)], both in several tissue types and
in the tumor microenvironment. To test this hypothesis, we used RGD-
based in vivo PET imaging to evaluate wild-type (wt) and SHARPIN-de-
ficient mice (SharpincP™, where cpdm = chronic proliferative der-
matitis in mice) with and without melanoma tumor allografts.
Methods: Sharpin°9™ mice with spontaneous null mutation in the
Sharpin gene and their wt littermates with or without B16-F10-luc
melanoma tumors were studied by in vivo imaging and ex vivo
measurements with cyclic-RGD peptide 68Ga-DOTA-E[c(RGDfK)],.
After the last 68Ga-DOTA-E[c(RGDfK)], peptide PET/CT, tumors
were cut into cryosections for autoradiography, histology, and im-
munohistochemistry. Results: The ex vivo uptake of $8Ga-DOTA-
E[c(RGDfK)], in the mouse skin and tumor was significantly higher in
Sharpin°P9m mice than in wt mice. B16-F10-luc tumors were de-
tected 4 d after inoculation, without differences in volume or blood
flow between the mouse strains. PET imaging with 68Ga-DOTA-
E[c(RGDfK)], peptide at day 10 after inoculation revealed signifi-
cantly higher uptake in the tumors transplanted into SharpincPdm
mice than in wt mice. Furthermore, tumor vascularization was in-
creased in the Sharpin°?m mice. Conclusion: Sharpin°Pe™ mice
demonstrated increased integrin activity and vascularization in
B16-F10-luc melanoma tumors, as demonstrated by RGD-based
in vivo PET imaging. These data indicate that SHARPIN, a protein
previously associated with increased cancer growth and metasta-
sis, may also have important regulatory roles in controlling the tumor
microenvironment.
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Tumor growth depends on the acquisition of new vasculature,
which in turn contributes significantly to the occurrence of metas-
tasis in distant organs. Invasion and migration of endothelial
cells in response to vascular endothelial growth factor signaling
and integrin-mediated cell adhesion are central to the angio-
genic process (/). Integrins are heterodimeric transmembrane
receptors consisting of an a- and a B-subunit that bind to ex-
tracellular matrix proteins and mediate signals from the cell
exterior to cytoplasm and vice versa (2). In particular, o 35 integrin,
which recognizes the cyclic arginyl-glycyl-aspartic acid (cRGD)
tripeptide motif with high affinity, is upregulated in angiogenic
endothelial cells (3). Even though several integrin recognize
RGD motifs, RGD peptides and analogs can be engineered to be
integrin heterodimer—selective. Here, we have exploited a highly o, 33-
selective radiolabeled [c¢(RGDfK)], dimeric peptide to visualize altera-
tions in o35 integrin ligand binding such as may occur during tumor
angiogenesis (4).

Molecular imaging of a5 integrin expression provides infor-
mation on the tumor vasculature because of its high expression on
angiogenic endothelial cells, which are absent from most intact
normal tissue. a3 integrin binds to the 3-amino-acid sequence
RGD present in different extracellular matrix proteins such as fibro-
nectin and vitronectin (/). Numerous compounds based on the RGD
amino acid sequence have been designed to antagonize the function
of «,B3 integrin, and cyclization of RGD peptides enhances
the receptor-binding affinity and selectivity to o3 integrin. The
recently developed %3Ga-labeled [c(RGDfK)], dimeric peptide %3Ga-
DOTA-E[c(RGDfK)],, where E[c(RGDfk)], = glutamic acid-
[cyclo(arginyl-glycyl-aspartic acid-D-phenylalanine-lysine)], has
a higher binding affinity to a,B3 than does the °®Ga-DOTA-
E-c(RGDfK) monomer (half-maximal inhibitory concentration, 9.0
vs. 24 nM). Moreover, the dimeric [c((RGDfK)], has shown better
tumor uptake than the monomeric analog (5). It has been previ-
ously determined that cyclic, multimeric RGD peptides provide a
useful tool for PET imaging of a3 integrin expression not only
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in tumor models but also in models where the tumor vasculature
expresses only o33 integrin (6).

Cancer-related inflammation is a well-recognized feature that
contributes to the development and progression of tumors (7).
Vascular adhesion protein 1 (VAP-1) is an endothelial adhesion
molecule that supports trafficking of immune cells to sites of in-
flammation. VAP-1 contributes to tumor angiogenesis by increas-
ing the recruitment of myeloid leukocytes into the tumor (8). We
previously showed that sialic acid-binding immunoglobulin-like
lectin 9 (Siglec-9) is a VAP-1 ligand and that labeled Siglec-9
motif—containing peptide can be used for PET imaging of inflam-
mation and B16 melanoma tumors (9).

Shank-associated RH domain-interacting protein (SHARPIN) is
a multifunctional protein previously implicated in nuclear factor
k-light-chain enhancer of activated B-cell activation and regulation
of inflammation, as well as in the promotion of tumor growth and
metastasis (/0,11). SHARPIN also functions as an endogenous
integrin inhibitor that binds to intracellular integrin a-tails
and inhibits binding of activators to the -subunit (/2). SHA-
RPIN-deficient mice (Sharpin®?®, where cpdm = chronic pro-
liferative dermatitis in mice) with a spontaneous null mutation
exhibit progressive multiorgan inflammation with a chronic
eosinophilic hyperproliferative dermatitis phenotype that starts
at 3—5 wk of age (/3,14), which means that we limit the life-
span of the mice to 7 wk of age (Fig. 1A). In these mice,
increased integrin activity has been detected in the skin, leuko-
cytes, and mammary gland stromal fibroblasts (/2,15-17). Al-
though integrins are known to play an important role in tumor

growth, invasion, angiogenesis, and metastasis (/), it is cur-
rently unclear how regulation of integrin activity in the tumor
microenvironment influences these processes. Furthermore,
whether SHARPIN expression in surrounding tissue plays a
role in tumor growth or metastasis has not previously been
addressed experimentally. Here, we examined how SHARPIN
deficiency affects cRGDfK dimeric peptide biodistribution in
mice with or without melanoma tumor allografts. In addition,
the role of stromal SHARPIN in regulation of tumor growth, metas-
tasis, and vascularization was investigated. VAP-1-targeted ®3Ga-
DOTA-Siglec-9 was used to evaluate tumor-associated inflammation
in B16 melanoma tumors.

MATERIALS AND METHODS

Animals

The National Animal Experiment Board in Finland and the Re-
gional State Administrative Agency for Southern Finland approved
the animal experiments (license numbers ESAVI/3116/04.10.07/
2017 and ESAVI/9339/04.10.07/2016). The experiments were
conducted in accordance with the European Union directive
relating to the conduct of animal experimentation. The animals
were housed in standard conditions with water and food available
ad libitum. Male and female mice harboring a spontaneous null
mutation in the Sharpin gene (C57BL/KaLawRij-SHARPIN#"/Ri]J-
Sun], strain 007599, Jackson Laboratory; abbreviated Sharpin?®") and
littermate wild-type (wt) mice (/3,14) were studied with or without
B16-F10-luc (B16) melanoma tumor allografts grown between the ages
of 5-7 wk.
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FIGURE 1.

Increased tissue uptake of ®8Ga-DOTA-E[c(RGDfK)], in Sharpin®?™ mice. (A) Alopecia on dorsal skin of Sharpin®“™ mouse, with wt

littermate for comparison. (B) Ex vivo uptake of 8Ga-DOTA-E[c(RGDfK)], in Sharpin9™ and wt mice without tumors. (C) Competition with non-
labeled DOTA-E[c(RGDfK)], peptide and imaging with control peptide 8Ga-DOTA-E[c(RGEfK)], revealing specific binding of tracer. Ex vivo results
are expressed as percentage of injected radioactivity dose per gram of tissue (%1D/g). n = 4-9/group. *P < 0.05. **P < 0.01. **P < 0.001.
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B16 Melanoma Footpad Tumor Model

B16 murine melanoma cells (B16-F10-luc-2GS5) were cultured in
modified Eagle medium (MEM) supplemented with 10% fetal calf
serum, MEM vitamin solution (Gibco; Invitrogen), L-glutamine,
sodium pyruvate, and penicillin-streptomycin (Sigma-Aldrich).
The right hind leg footpads of wt and Sharpin?¥" mice were ster-
ilized with alcohol, tumor cells were mixed with Matrigel, and the
cell suspension (1 x 10° per animal in 20 wL) was immediately
injected into the right hind leg. The growth of the tumor was
followed for 14 d. After 14 d, the mice were killed, the primary
tumor was weighed, and any metastasis to adjacent popliteal lymph
nodes was explored.

B16 Melanoma Model and Experimental Design

B16 murine melanoma cells (B16-F10-luc-2G5) were cultured in
MEM supplemented with 10% fetal calf serum, MEM vitamin
solution (Gibco; Invitrogen), L-glutamine, sodium pyruvate, and pen-
icillin-streptomycin (Sigma-Aldrich). Sharpin®® (n = 12; weight,
20 £ 2.5 g) and wt (n = 12; weight, 22 * 2.0 g) mice at the age of 5.5
wk were subcutaneously injected with B16 melanoma cells (1 x 10°
per animal in 100 pL) into the neck area.

One day after inoculation, the growth of B16 melanoma cells was
verified by bioluminescence imaging (IVIS Spectrum; Perkin Elmer).
Furthermore, the growth of the melanoma tumors was monitored on days
1,4, 6,7, 8, and 9 after inoculation by ultrasound imaging (Vevo2100;
VisualSonics). Nontargeted contrast agent—enhanced ultrasound (Micro-
Marker; VisualSonics) was performed 9 d after inoculation to measure
blood flow in the tumors. After 7, 9, and 10 d after inoculation, PET/CT
was performed with %Ga-DOTA-E[c(RGDfK)],. 8Ga-DOTA-Siglec-9
PET imaging was performed on a subset of mice on days 7 and 9
after inoculation. B16 melanoma tumor—bearing mice were killed
after the last °3Ga-DOTA-E[c(RGDfK)], PET/CT exam, and up-
take of °3Ga-DOTA-E[c(RGDfK)], was evaluated by ex vivo y-counting
and autoradiography.

Ultrasound Imaging

In brief, B16 tumor—bearing mice were anesthetized with isoflurane
and positioned on a heated platform, and a solid-state MS250 trans-
ducer was placed on the tumor. Tumor sizes were measured with
ultrasound (Vevo 2100; VisualSonics) at the indicated days after
B16 melanoma inoculation. Tumor volumes were calculated using
the formula V = m/6 X (shortest diameter)? x (longest diameter)?.

To measure blood flow in tumors, the tail vein was cannulated with
a 27-gauge catheter for intravenous administration of the contrast
agent (Vevo MicroMarker; VisualSonics). The nontargeted contrast
agent consists of phospholipid shell microbubbles filled with nitrogen
and perfluorobutane. A 50-uL bolus (5 X 107 microbubbles) injection
was delivered via the tail vein catheter.

Regions of interest were manually defined around the entire tumor
area to determine how the contrast agent infiltrated the tumor over
time. To measure blood flow in the tumor, a region of the graph was
selected where the initial rise was observed and where the plateau was
first reached. The time to peak was used as the measure of blood flow
in the tumor.

Radiochemistry

68Ga was obtained from a %Ga/*®Ge generator (Eckert and Ziegler)
by elution with 0.1 M HCI. ®8Ga eluate (500 pL) was mixed with 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES; 120 mg)
to give a pH of approximately 4.1.

For %8Ga labeling, 5 g of DOTA-E[c(RGDfK)], (3 nmol, dissolved
in deionized water) was added to the mixture, and it was heated at
100°C for 15 min. Radiochemical purity of 8Ga-DOTA-E[c¢(RGDfK)],
was determined by reversed-phase high-performance liquid chromatography
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coupled with a radiodetector (Jupiter C18, 4.6 X 150 mm, 300 IOA, 5 pm;
Phenomenex). The high-performance liquid chromatography condi-
tions were as follows: flow rate = 1 mL/min; X = 220 nm; A = 0.1%
trifluoroacetic acid/H,O; B = 0.1% trifluoroacetic acid/acetonitrile.
The A/B gradient was as follows: 0-2 min, 82/18; 2—11 min, from
82/18 to 40/60; 11-14 min, 40/60; 14—15 min, from 40/60 to 82/18;
and 15-20 min, 82/18.

The control peptide precursor, DOTA-E[c(RGEfK)],, where E[c(RGEfk)],
= glutamic acid-[cyclo(arginyl-glycyl-glutamic acid-D-phenylalanine-
lysine)], was purchased from Peptides International. For 3Ga labeling,
5 g of DOTA-E[c(RGEfK)], (3 nmol, dissolved in deionized water)
was added to the °®Ga eluate and HEPES mixture and heated at 100°C
for 15 min. Radiochemical purity of %Ga-DOTA-E[c(RGEfK)], was
determined as described above. 8Ga-DOTA-Siglec-9 was synthesized as
previously described (18).

PET/CT Studies

To study the biodistribution of °8Ga-DOTA-E[c(RGDfK)],, Shar-
pinPdm (n = 7, weight, 20 * 1.3 g) and wt (n = 9; weight, 20 = 2.8 g)
mice were imaged in vivo with an Inveon Multimodality PET/CT
scanner (Siemens Medical Solutions) before ex vivo biodistribution
studies. The mice were injected with %8Ga-DOTA-E[c(RGDfK)],
(10 = 1.0 MBq) via a tail vein, and a 30-min dynamic PET scan was
performed. The PET data were acquired in list mode and iteratively
reconstructed with an ordered-subset expectation maximization 2-di-
mensional algorithm into 6 X 10, 4 X 60, and 5 X 300 s time frames. In
SharpinP¥™ mice, the specificity of °8Ga-DOTA-E[c¢(RGDfK)], uptake
was verified by competitive studies with an 18 mg/kg dose of nonlabeled
DOTA-E[c(RGDfK)], (n = 4/group) and imaging with the control pep-
tide %8Ga-DOTA-E[c(RGEfK)], (9.1 + 0.60 MBgq; n = 5/group).

After PET/CT, animals were sacrificed, samples of the skin and
other selected tissues were excised and weighed, and radioactivity was
measured using a y-counter (Triathler 3”; Hidex). The results are
expressed as percentage of injected radioactivity dose per gram of
tissue.

Seven, 9, and 10 d after B16 melanoma inoculation, mice were
anesthetized with isoflurane and cannulated via the tail vein. They
were intravenously injected with %8Ga-DOTA-E[c¢(RGDfK)], (9.6 =
2.3 MBq) or ®Ga-DOTA-Siglec-9 (5.5 = 0.72 MBq) through the tail
vein catheter, and 60-min °3Ga-DOTA-E[c(RGDfK)], and 30-min
68Ga-DOTA-Siglec-9 PET acquisitions were performed before ex vivo
and autoradiography studies. The PET data were reconstructed with an
ordered-subset expectation maximization 3-dimensional algorithm
followed by maximum a posteriori reconstruction into 8 x 30, 6 X
60, and 10 x 300 s time frames for °®Ga-DOTA-E[c(RGDfK)], and
6 x 10, 4 x 60, and 5 x 300 s time frames for 8Ga-DOTA-Siglec-9.
Quantitative PET analysis was performed by defining the tumor region
of interest using Carimas 2.9 software (Turku PET Centre). Tracer ac-
cumulation was expressed as SUVs.

During the last PET/CT acquisition, the mice were intravenously
administered anti-VAP-1 monoclonal antibody (clone 7-88; 1 mg/kg)
10 min before being killed (/9). Mice were then killed, and the ra-
dioactivity of excised tissues was expressed as SUV, as determined by
a y-counter. For autoradiography, the excised tumor was frozen, cut
into 20- and 8-pwm cryosections, and apposed to an imaging plate.
After the exposure time, the plates were scanned with a Fuji Analyzer
BAS-5000 (internal resolution, 25 wm). Regions of interest were de-
fined in tumor, tumor border, periphery of tumor, and skin, in accor-
dance with the hematoxylin—eosin staining. Tina 2.1 software (Raytest
Isopenmessgerite) was used to measure the average °8Ga-DOTA-
E[c(RGDfK)], accumulation for several tissue sections of each mouse as
photostimulated luminescence per square millimeter. The background
count was subtracted from the image data, and the results were normalized
for injected radioactivity dose, animal weight, and radioactivity decay.
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RESULTS

SHARPIN Deficiency Results in
Enhanced Uptake of 8Ga-DOTA-
E[c(RGDfK)], in Multiple Organs

The ex vivo biodistribution of °3Ga-
DOTA-E[c(RGDfK)], revealed that uptake
in the skin was significantly increased in
Sharpin°P¥ mice compared with wt mice
(3.3 = 0.53 vs. 1.2 £ 0.12 percentage in-
jected dose/g, P = 0.0006) at 30 min after

Bl Metastasis
Il No metastasis

Total = 12

Sharpineedm

Seconds to peak
T

Total = 12 wt

injection. These data support the previ-
ously reported increase in integrin activity
in the Sharpin¥™ mouse epidermis (12).
Furthermore, Sharpin®®" mice showed sig-
P nificantly higher ®®Ga-DOTA-E[c(RGDfK)],
uptake in several other tissues, including
many secondary lymphoid organs (Fig. 1B).

To test if the detection was specific, we
performed competitive studies with non-
labeled DOTA-E[c(RGDfK)], peptide and
imaging with the control peptide Ga-
DOTA-E[c(RGEfK)],. The excess of cold
peptide could compete with the radioactive
peptide binding, especially in salivary

Sharpincrdm

P=093

Sharpincrdm

FIGURE 2. SHARPIN deficiency increases metastasis but not growth in tumor microenviron-
ment. (A) Growth curves of B16 melanoma tumors during follow-up period (n = 8-9/group). (B)

glands, small intestine, and thymus (Fig. 1C).
The control peptide also provided similar
results to the cold peptide.

Tumor volume at end of experiment in wt and Sharpin°9™ mice. (C) Pie-chart presenting lymph
node metastasis (red) vs. no metastasis (black) in B16 melanoma tumor-bearing wt and

Sharpin°P?m mice. (D) Quantification of blood flow in B16 melanoma tumors.

Histology and Immunofluorescence

Tumor cryosections (20 wm) were stained with hematoxylin—eosin
and scanned with a digital slide scanner (Panoramic 250 Flash;
3DHistech). The morphology of each tumor section was examined
using Panoramic Viewer, version 1.15 software (3DHistech). To
study vascularization, (3 integrin expression, and invasion of in-
flammatory cells, tumor cryosections (8 wm) were immunolabeled
with CD31, B3 integrin, or CD45 primary antibodies and fluoro-
chrome-conjugated secondary antibodies. For detection of luminal
VAP-1, the sections were stained with secondary antirat immunoglobulin
(Supplemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org).

The slides were scanned with a digital slide scanner (Panoramic
Midi; 3DHistech) or an AxioVert 200M microscope (Carl Zeiss Light
Microscopy) or were imaged with a 3i (Intelligent Imaging Innova-
tions; 3i Inc) Marianas Spinning disk confocal microscope with a
Yokogawa CSU-W1 scanner and Hamamatsu sSCMOS Orca Flash 4.0
camera (Hamamatsu Photonics K.K.) using a x10 objective and tile
scan function. Images were analyzed using ImageJ, version 1.48 (Na-
tional Institutes of Health). The percentages of positive staining for
CD31, VAP-1, B3 integrin, and CD45 within the tumor area were
measured using automated thresholding.

Statistical Analysis

Results are presented as mean * SEM. Statistical analyses were
performed using GraphPad Prism Software. Normality was examined
using the Shapiro—Wilk test. The Student ¢ test was used for normally
distributed data, and the nonparametric Mann—Whitney U test was
used for all other experiments. Comparisons between multiple groups
were made using 1-way ANOVA with Tukey correction. A P value of
less than 0.05 was considered significant.

SHARPIN AND o33 INTEGRIN IMAGING  ©

B16 Melanoma Allografts Grow
Equally in wt and SharpincPd™ Mice
Stromal SHARPIN deficiency had no
significant effect on the growth of the B16 primary tumors at any
time point during the experiments (Figs. 2A and 2B). Interestingly,
lymph node metastasis was observed in 2 of 12 Sharpin?®" mice
at days 9-10, whereas it was not detected in wt mice at this rather
early time point (Fig. 2C). Similar results showing a subtle in-
crease in B16 melanoma metastasis in Sharpin”®" mice were
obtained when cells were injected subcutaneously into the footpad
of 5-wk-old wt and Sharpin°*® mice, with higher rates of growth
and metastasis to adjacent popliteal lymph nodes being observed
after 14 d (11 Sharpin<P¥" vs. 7 wt mice had lymph node metas-
tasis, of 16 mice of each type; Supplemental Figs. 1A and 1B). As
these data are not statistically significant, it appears that SHARPIN
expression in the tumor microenvironment does not significantly in-
fluence metastatic incidence in this melanoma model. The tumor
perfusion rates in the B16 tumors of wt and Sharpin®®" mice at
day 9 or 10 after inoculation, as measured using contrast-enhanced
ultrasound imaging (Fig. 2D), were comparable, indicating that
tumor vasculature may be morphologically similar between wt
and Sharpin°P®" mice.

In Vivo PET/CT with $8Ga-DOTA-E[c(RGDfK)], Displays
Increased Tracer Uptake in B16 Melanoma Allografts in
SharpincPdm Mice

Autoradiographs of tumor cryosections were superimposed on
corresponding images of sections stained with hematoxylin—eosin,
and these composite images were analyzed for accurate tracer
uptake in tumor, tumor border, tumor periphery, and skin (Fig.
3A). 8Ga-DOTA-E[c(RGDfK)], autoradiographs revealed signif-
icantly increased uptake of the peptide in the skin of SharpinPd™
mice compared with wt mice (P = 0.02; Fig. 3B). In the tumor
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that the tumor uptake of %Ga-DOTA-Siglec-9
at both time points was significantly higher
in Sharpin®®" mice than in wt littermates
(Fig. 3D). Thus, these data indicate that tu-
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Stromal SHARPIN Regulates
Tumor Angiogenesis

Frozen sections of B16 melanoma allo-
grafts in wt and Sharpin®®™ mice were
stained to detect luminal expression of
VAP-1 on endothelial cells. Staining of lu-
minal VAP-1, indicative of inflammation,
did not show any differences between wt
and Sharpin’® mice (Fig. 4A). In addi-
tion, the immune cell infiltration in B16
tumors, examined by CD45 immunofluo-
rescence staining, was similar between wt
and Sharpin®®® mice (Supplemental Fig.
2). However, the tumors of SharpinP®m
mice were slightly more vascularized than
those of wt mice (P = 0.04; Fig. 4B), as
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FIGURE 3. %8Ga-DOTA-E[c(RGDfK)], binding is enhanced in SHARPIN-deficient tumor micro-

environment. (A) Representative autoradiographs (ARG) and corresponding hematoxylin—eosin
(HE) staining of B16 melanoma tumors (scale bar, 2 mm). (B) Quantification of autoradiographs
showing distribution of 8Ga-DOTA-E[c(RGDfK)], radioactivity concentration in tumor, skin, and
muscle (n = 12/group). (C) Representative coronal PET/CT images of wt and Sharpin®™ tumor—
bearing mice and in vivo tumor uptake of 68Ga-DOTA-E[c(RGDfK)], in wt and Sharpin°9™ mice.
Bars show SUV jean 45-60 min after injection. (D) In vivo tumor uptake of 8Ga-DOTA-Siglec-9 in
wt and Sharpin°P9™ mice. Bars show SUV,ean 20-30 min after injection. PSL = photostimulated

luminescence.

area, the highest radioactivity concentrations were seen in the
periphery, but no significant differences in tracer uptake were de-
tected between wt and Sharpin®®" tumor sections with this
method (Fig. 3B). The ex vivo biodistribution at 60 min after
injection showed higher %8Ga-DOTA-E[c(RGDfK)], radioactivity
concentration in tumors of Sharpin°”®" mice than in tumors of
wt mice (P < 0.05; Table 1). Tracer uptake was markedly
higher in skin and secondary lymphoid organs of Sharpin’®" mice
(Table 1).

In vivo visualization of B16 melanoma tumors with %3Ga-DOTA-
E[c(RGDfK)], was enhanced in Sharpin®"®" mice compared with wt
littermates (Fig. 3C). Importantly, the uptake of °*Ga-DOTA-
E[c(RGDfK)], in the primary tumor increased in Sharpin?®" mice
from day 7 to day 10 after inoculation (0.27 * 0.048 vs. 0.47 *
0.082 SUV, P = 0.048), whereas in wt mice, °8Ga-DOTA-
E[c(RGDfK)], uptake did not significantly differ from day 7 to day
10 postinoculation (0.20 = 0.011 vs. 0.22 = 0.0033 SUV, P = 0.44).
Importantly, the tumor uptake of ®*Ga-DOTA-E[c(RGDfK)], at day
10 was significantly higher in Sharpin®® mice than in wt litter-
mates. The same trend was also observed at day 9 after inoc-
ulation, but the difference was not statistically significant
(0.35 = 0.055 vs. 0.23 = 0.017 SUV, P = 0.078). An equivalent
experiment was performed at days 7 and 9 after inoculation with
VAP-1-targeted ®*Ga-DOTA-Siglec-9 to evaluate tumor-related in-
flammation in B16 melanoma tumors. Quantitative analysis showed
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indicated by CD31 labeling to detect blood
vessels.

{35 integrin was expressed in tumor cells
and particularly in endothelial cells of B16
melanoma allografts (Fig. 4C). The area
of B3 integrin—positive staining was more
elevated in B16 melanoma allografts in
Sharpin”® mice than in wt mice, al-
though the difference was not statistically
significant (Fig. 4C).

DISCUSSION

Integrins play an important role during tumor progression.
However, the crosstalk between integrin activity regulation and
cancer is not fully understood. Therefore, this study aimed to
explore the role of the integrin inactivator SHARPIN in tumor
growth, invasion, angiogenesis, and metastasis. We found that,
whereas primary B16 tumor size and tumor blood flow were
similar in wt and Sharpin°?®" mice, the uptake of 8Ga-DOTA-
E[c(RGDfK)], in tumors was increased in Sharpin®®" mice. The
data suggest increased o3 integrin activity in Sharpin°®®™ mice.
A subtle increase in the tendency of Sharpin®’®™ tumors to me-
tastasize was also observed.

Significant increases in «,f; integrin radiotracer binding were
observed in SharpinP®" mice without B16 melanoma tumor allo-
grafts. Nonlabeled DOTA-E[c(RGDfK)], peptide and ©%3Ga-
DOTA-E[c(RGEfK)], peptide significantly reduced the tracer
uptake in, for example, small intestine, thus indicating higher level
of specific a,B3 binding in Sharpin?¥" mice than in the wt litter-
mates. In competition experiments, we did not see reduced uptake
in the skin of Sharpin®® mice, most likely because the skin
phenotype is more (3; integrin—dependent (/5). a5 integrin is
overexpressed on angiogenic endothelial cells and is a well-vali-
dated target for assessing tumor angiogenesis (/). However, o33
integrin expression is also upregulated in chronic inflammatory
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TABLE 1
Ex Vivo Biodistribution of 68Ga-DOTA-E[c(RGDfK)], in
Tumor-Bearing Mice at Days 9-10 After Inoculation

Site Sharpincpdm wt P
Aorta 4.3 £ 0.81 21 +0.18 <0.05
Brown adipose tissue 0.92 £+ 0.15 0.51 £ 0.037 <0.05
Blood 1.5+043 0.60+0.058 NS
Bone 1.4 +015 0.87 £+0.037 <0.05
Heart 0.82 £+ 0.14 0.51 £ 0.032 <0.05
Lungs 3.0+ 0.37 2.0+ 0.079 <0.05
Lymph nodes 2.0+0.28 0.81+0.056 <0.01
Muscle 0.58 £ 0.079 0.36 £+ 0.016 <0.05
Skin 29+ 0.41 1.3 £ 0.070 <0.01
Small intestine 5.5+ 0.62 3.2+0.39 <0.05
Thymus 1.4+021 0.79 +£0.041 <0.05
Tumor 1.9+045 1.0+0.15 <0.05
White adipose tissue 0.68 £ 0.16  0.43 + 0.11 NS

Results are expressed as percentage of injected radioactivity
dose per gram of tissue (mean + SEM).
NS = not statistically significant.

processes such as in patients with rheumatoid arthritis or in-
flammatory bowel disease (20,217). Previous studies indicated
that '8F-labeled galacto-RGD and ®*Cu-labeled RGD tetramer
reflect angiogenesis during chronic inflammation processes and
can emerge as a target for molecular imaging (22,23). In line with
these findings, our results further indicate that o3 expression

and angiogenesis during chronic inflammation can be assessed
with 9Ga-DOTA-E[c(RGDfK)], in Sharpin® mice with multi-
organ inflammation.

Previous studies indicate that SHARPIN is upregulated in
human renal cell carcinoma, hepatocellular carcinoma, ovarian
cancer, prostate cancer, and breast cancer (//,24-26). Additionally,
SHARPIN was shown to enhance lung metastasis in an animal
model of osteosarcoma (27). However, the role of SHARPIN
in regulating the tumor stroma has not been investigated, albeit
in the developing mammary gland it plays an essential role in
regulating stromal architecture (/6). In our B16 melanoma
model, stromal SHARPIN had no significant effect on tumor
growth or blood flow. Impaired blood flow in tumors may re-
sult from tumor vasculature that is morphologically abnormal,
and many molecular differences exist between tumor and nor-
mal vasculature (/). However, angiogenesis measured by
CD31 immunolabeling was increased in Sharpin°P¥" compared
with wt tumor mice. Furthermore, we showed that stromal
SHARPIN might have a tendency to reduce, rather than in-
crease, melanoma metastasis to the lymph nodes. Vascular
endothelial growth factor A stimulates growth and differenti-
ation of endothelial cells and increases their permeability. In-
creased permeability leads to increased migration of tumor
cells through endothelium and into the bloodstream, which is
a common route for metastases to form (28). Expression of
vascular endothelial growth factor A messenger RNA is in-
creased in skin lesions of Sharpin°’?™ mice, where the number
of blood vessels is increased (29). In addition, we observed
that tumor uptake of VAP-1-targeting ®8Ga-DOTA-Siglec-9
was significantly higher in Sharpin°’¥" than in wt mice. How-
ever, immunofluorescence staining of VAP-1-positive vessels
to indicate inflammation in tumors did not differ between
Sharpin°?¥" and wt mice. This finding may be a result of weak
VAP-1 expression in intratumoral ves-
sels, which was previously reported for
human melanoma (30). These findings
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are complementary to the concept that
stromal SHARPIN regulates the angio-
. genesis and metastasis formation that
occurs because of tortuous and leaky tu-
mor vasculature, thus facilitating migra-
tion through impaired endothelium.

In the subcutaneous murine B16 mela-
noma model, we found that tumor uptake
of %8Ga-DOTA-E[c(RGDfK)], was signifi-
cantly increased in Sharpin®® mice at 10
d after inoculation. However, the increased
uptake of RGD in Sharpin°”® tamor mice
cannot be explained by increased tumor
perfusion or tumor size. The ligand-bind-
ing affinity of o35 integrin is not constant
and can be modulated by a process called

P=023
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inside-out signaling. Inside-out activation
is caused by the binding of integrin-activat-
ing proteins such as talins and kindlins to

wt Sharpin®m

the cytoplasmic domain of integrins, where
they can change their conformation. (3)

FIGURE 4. Stromal SHARPIN regulates tumor vascularization. (A-C) Representative cryosec-
tions of B16 tumors from wt and Sharpin°P“™ mouse immunolabeled with VAP-1 (A), CD31 (B),
and 3 integrin antibody (C). Scale bar, 200 pym. Bars show VAP-1-positive, CD31-positive, and
B3 integrin-positive tumor areas from B16 tumors implanted into wt and Sharpin°”™ mice.
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However, SHARPIN inhibits this activation
switch (/2). Immunofluorescence staining
of B16 tumor sections showed a trend to-
ward more positive (33 integrin staining in
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Sharpin°P® mice than in wt mice, which could also contribute to
the higher «,Bs integrin activity detected by %Ga-DOTA-
E[c(RGDfK)], binding. In the present study, other RGD-motif-rec-
ognizing integrins were not investigated. Previously, 2 xenograft
studies reported changes in tumor uptake of o, 35 integrin-bind-
ing radiotracers during drug treatment (37,32). In the first study,
mice bearing human glioblastoma U87MG cell xenografts were
treated with dasatinib. The results showed that treatment can in-
hibit binding of ®*Cu-DOTA-c(RGDfK) without affecting the
expression of a,[3; integrin. In the second study, mice bearing
human epidermoid carcinoma A431 cell xenografts were treated
with bevacizumab, and binding of a3 radiotracer was in-
creased, even though o, 33 expression was decreased by half.
In both studies, the authors speculated that changes in cRGD
uptake could not be accounted for by altered «,3; expression. A
recently published in vitro study showed that binding of o3
radiotracers to cells affected both a5 integrin activation status
and expression (33). In line with previous studies, the data presented
here indicate that SHARPIN deficiency has an effect on o33 integ-
rin activation status and that °8Ga-DOTA-E[c(RGDfK)], can be used
to reflect o33 integrin activation.

SHARPIN is of great interest in the field of basic medical research
because it is associated with both tumorigenesis and regulation of
inflammation. On the basis of the results presented herein, the use of
o, B3 integrin—targeted radiotracers can be extended to be used to
investigate both the tumor vasculature and o, 35 integrin—expressing
tumor cells. In addition, this study provides valuable information on
the use of o33 integrin—targeted radiotracers to evaluate the response
to altered integrin activity.

CONCLUSION

Our results showed that stromal SHARPIN regulates the binding
of ®8Ga-DOTA-E[c(RGDfK)], in both a B16 melanoma model and
mice without tumor allografts. Furthermore, stromal SHARPIN
regulates tumor vascularization and may counteract formation of
metastasis. The present study strengthens the concept of using
radiolabeled cRGD peptides to provide a tool for studying changes
in o, B3 integrin activation and not only its expression. In addition,
the use of radiolabeled cRGD peptides could be expanded to study
inflammatory diseases.
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KEY POINTS

QUESTION: Can a,f; integrin—targeted PET radiotracer detect a
change in the integrin activity controlled by the SHARPIN protein?

PERTINENT FINDINGS: PET imaging of SHARPIN-deficient and
wild-type mice with a,Bs-selective cyclic, dimeric RGDfK peptide,
68Ga-DOTA-E[c(RGDfK)],, revealed that SHARPIN regulates
integrin activity and vascularization in the microenvironment of
melanoma and chronic proliferative dermatitis.

IMPLICATIONS FOR PATIENT CARE: The results of this study
suggest that the use of a,3; integrin-selective radiotracers can be
expanded to investigate not only the changes of a, 35 integrin
expression status but also response to altered integrin activity in
both cancer and inflammatory diseases.
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