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Abstract

Background—pH-low Insertion Peptides (pHLIPS) can serve as a targeting moiety that enables
pH-sensitive probes to detect solid tumors. Using these probes in conjunction with multispectral
optoacoustic tomography (MSOT) is a promising approach to improve imaging for pancreatic
cancer.

Methods—A pH-sensitive pHLIP (V7) was conjugated to 750 NIR fluorescent dye and
evaluated as a targeted probe for pancreatic adenocarcinoma. The pH-insensitive K7 pHLIP
served as an untargeted control. Probe binding was assessed in vitro at pH 7.4, 6.8, and 6.6 using
human pancreatic cell lines S2VP10 and S2013. Using MSOT, semi-quantitative probe
accumulation was then assessed in vivo with a murine orthotopic pancreatic adenocarcinoma
model.

Results—In vitro, the V7-750 probe demonstrated significantly higher fluorescence at pH 6.6
compared to pH 7.4 (S2VP10, p=0.0119; S2013, p=0.0160), while no difference was observed
with the K7-750 control (S2VP10, p=0.8783; S2013, p=0.921). In the in vivo S2VP10 model, V7-
750 probe resulted in 782.5 MSOT a.u. signal compared to 5.3 MSOT a.u. in K7-750 control in
tumor (p=0.0001). Similarly, V7-750 probe signal was 578.3 MSOT a.u. in the S2013 model
compared to K7-750 signal at 5.1 MSOT a.u. (p=0.0005). There was minimal off-target
accumulation of the V7-750 probe within the liver or kidney, and probe distribution was
confirmed with ex vivo imaging.

Conclusion—Compared to pH-insensitive controls, V7-750 pH-sensitive probe specifically
targets pancreatic adenocarcinoma, and has minimal off-target accumulation. The non-invasive
detection of pH-targeted probes by means of MSOT represents a promising modality to improve
the detection and monitoring of pancreatic cancer.

Corresponding Author: Lacey R. McNally, Department of Medicine, University of Louisville School of Medicine, Louisville, KY
40202, ph 502-852-2288, Irmcna01@Ilouisville.edu.
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Introduction

Since the 1970s, there has been little change in the outcomes of patients with pancreatic
ductal adenocarcinoma (PDAC), and the overall 5-year survival remains approximately 5%.
(1) Despite this persistent poor overall survival, over the last decade advances in imaging
technology have greatly impacted management in PDAC patients. Imaging modalities
including ultrasound (US), endoscopic ultrasound (EUS), CT, MRI, and PET currently all
have a central role in the clinical management of pancreatic cancer. The role of imaging
extends to all aspects of care, including the diagnosis and characterization of pancreatic
masses, patient follow-up and monitoring, and screening high-risk patients. (2) For instance,
pre-operative imaging is essential to help determine resectability, particularly in patients
with borderline tumors. In addition, with the use of fluorescent probes, there may be an
emerging role for intraoperative margin assessment during the resection of solid tumors. (3)
Because complete surgical resection of PDAC in patients with early localized disease may
increase 5-year survival rates up to 30-60%, imaging modalities that identify patients earlier
in the disease process, improve the characterization of tumors, or help ensure margin-
negative resections have the potential to increase survival in patients with pancreatic cancer.

(@)

Optoacoustic (photoacoustic) imaging is an emerging new technology with the potential to
increase sensitivity and improve 3D spatial resolution in the imaging of solid tumors.
Through the use of non-ionizing electromagnetic waves that subsequently induce a
detectable acoustic signal, optoacoustic imaging represents a hybrid technique that
incorporates advantageous properties of both light and sound. (4) Optoacoustic imaging is
currently unique in that the resolution of the optical contrast obeys the rules of ultrasonic
diffraction, rendering photon scattering irrelevant to image resolution. Thus, it yields high-
resolution at depth to provide insights into the biological function of entire tumors and
organs. (5) Although multispectral optoacoustic tomography (MSOT) has the potential to
increase both image resolution and sensitivity, the development of specific molecular probes
to serve as optical contrast agents is critical to leverage the capabilities of this technology for
cancer detection in living subjects. (6)

In general, these exogenous contrast agents work in one of two ways. They can be non-
targeted, and rely on the enhanced permeability and retention effect in order to concentrate
within tumors, or they can be designed to specifically target tumor cells. Tumor-specific
probes are typically constructed by conjugating a fluorophore to a specific ligand that targets
cell surface proteins upregulated on tumor cells. (7—10) These cell surface proteins are
typically some type of specific molecular receptor such as epidermal growth factor receptor
(EGFr). (9-10) Unfortunately, these surface receptors are frequently heterogeneously
expressed among different patients, and will even vary among the clonal populations that
comprise a single tumor. (11) Tumors are complex environments, where altered cellular
signaling, genetic and epigenetic deregulations, and interactions with the microenvironment
contribute to a constantly changing phenotype, including the expression of extracellular
proteins. (12) Furthermore, although these extracellular receptors are over expressed on
tumor cells, they are not tumor-specific, and are often found on non-malignant tissue such as
the liver or kidney. Because sub-populations of malignant cells within the same tumor may

Clin Cancer Res. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kimbrough et al.

Methods

Page 3

phenotypically express different numbers and types of receptors, the use of any single
surface protein as a target for molecular imaging might result in inadequate or inconsistent
tumor detection. (13)

To overcome the limitations inherent in targeting heterogeneous cell surface proteins, novel
imaging technologies have been developed that focus on the acidic microenvironment of
cancer cells. (14-15) Ischemia and acidosis frequently accompany tumor progression from
early to advanced stages, related to factors such as hypoxia, the Warburg effect, and
carbonic anhydrases. (16) Therefore, compared to specific molecular markers, tumor acidity
may provide a more universal target for imaging and therapy. (17-19) Moreover, as a major
component of the tumor microenvironment, low tumor pH may play an important role in
tumor progression by regulating angiogenesis and chemoresistance by protonating
chemotherapeutics. (18, 20) Our hypothesis is that targeting the acidic extracellular pH
(pHg) of pancreatic tumors can circumvent the problems associated with the targeting of
heterogeneous surface proteins. To target acidic extracellular pH, we will utilize the novel
technology of pH low insertion peptides (pHLIPs), which reversibly fold and insert across
membranes in response to pH changes (Figure 1). (21, 22)

In this study, we utilized the V7 pHLIP to create a pH-sensitive probe (V7-750) in order to
help identify pancreatic tumors with MSOT. The modified pH-insensitive K7 pHLIP with a
single Glu to Lys substitution in the carboxy-terminal end was used to make a pH-
insensitive control. (21) Through MSOT, we were able to assess probe localization
volumetrically (i.e., in 3D), as well as to separate the probe signal from adjacent uninvolved
tissues and organs. Our results provide evidence that pH-sensitive probes facilitate detection
of pancreatic cancer by MSOT in vivo. The translation of this imaging modality to
pancreatic cancer is promising due to the recent development and early testing of MSOT
equipment for clinical use. (23-25)

1) Cell Culture and reagents

The human pancreatic cancer cell lines S2VVP10 and S2013 were kindly provided by M.
Hollingsworth (University of Nebraska). Luciferase clones of these pancreatic cells were
previously described. (9, 10) Cell culture media was constructed by mixing RPMI-1640
powder in a phosphate buffer solution prepared at either pH 7.4, 6.8, or 6.6. The pH-specific
phosphate buffers (25 mM) were prepared by mixing sodium phosphate monobasic and
sodium phosphate dibasic (Sigma-Aldrich, St. Louis, USA) in distilled water; sodium
bicarbonate was not added in order to prevent the induction of carbonic acid. Afterwards,
the phosphate buffers were sterilized by autoclaving. To create the pH-specific media, 13.6
gm of RPMI media 1640 powder (Life Technologies, Grand Island, NY, USA) was
dissolved into each solution of pH-specific phosphate buffer (1L, 25 mM). Afterwards, the
RPMI media solutions were filtered through sterilized What man qualitative filter paper,
grade-1 (Sigma-Aldrich, St. Louis, USA) and then mixed with 10% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA, USA) and 1% L-glutamine (Life Technologies,
Grand Island, NY, USA). The final pH of each supplemented RPMI solution was checked
by pH meter (Denver Instrument Ultrabasic, Bohemia, NY, USA), and if required, pH was
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maintained by adding sterilized sodium hydroxide (1M) or hydrochloric acid (1M). Cells
were grown in supplemented RPMI media (pH 7.4) and incubated at 37° C in the absence of
CO,.

2) Labelling pHLIPS with NIR dye

The V7 pHLIP amino acid sequence, with the transmembrane portion underlined, is Ala-
Cys-Glu-Glu-GIn-Asn-Pro-Trp-Ala-Arg-Tyr-Leu-Glu-Trp-Leu-Phe-Pro-Thr-Glu-Thr-Leu-
Leu-Leu-Glu-Leu. The sequence for the pH insensitive K7 pHLIP is Ala-Cys-Glu-Glu-GlIn-
Asn-Pro-Trp-Ala-Arg-Tyr-Leu-Glu-Trp-Leu-Phe-Pro-Thr-Glu-Thr-Leu-Leu-Leu-Lys-L eu.
Both the V7 and K7 probes were synthesized at CS Bio (Menlo Park, CA, USA). The amino
acid sequences for V7 and K7 are the same except for a Lys residue substitution for Glu in
K7 at the 24th amino acid.

HiLyte Fluor™ 750 C2 maleimide (AnaSpec, Fremont, CA) was conjugated with Cys
residues placed on the N-terminus group in the V7 or K7 peptides to create the pH-sensitive
(V7-750) and pH-insensitive probes (K7-750) as described by supplier’s protocol. V7 or K7
peptide (0.0007 gm) was dissolved in 0.3 mL phosphate buffer (25 mM, pH 7.4) and mixed
with 110 uL of HiLyte Fluor™ 750 C2 maleimide (2.7 mM) in N,N-Dimethylformamide
(Sigma-Aldrich, St. Louis, USA) overnight at room temperature. Then, the V7-750 or K7-
750 probe was transferred into dialysis tubing (2000 nominal molecular weight cut-off
(NMWCO), Sigma-Aldrich, St. Louis, USA) and dialyzed against phosphate buffer (25 mM,
0.5 % NaCl, pH 7.4) to remove the excess of free dye. Dialysis was performed for one day
by exchanging phosphate buffer at 4-hour time intervals for a total of 5 exchanges. The
stock solution of V7-750 or K7-750 (652 uM) in phosphate buffer (25 mM, 0.5 % NaCl, pH
7.4) was diluted further to obtain the desired concentration prior to any planned experiment.
The conjugation of HiLyte Fluor™ 750 C2 maleimide with V7-750 or K7-750 was
confirmed by a UV-Visible (UV-Vis) spectrophotometer (Cary 100, Varian, CA, USA).
UV-Vis spectrophotometry showed absorbance maxima at 280 and 750 nm (due to the
peptide and dye, respectively), and both probes showed almost the same absorbance
spectrum (Supplemental Figure S1A).

3) In vitro analysis of pHLIP binding at pH

The human pancreatic cell lines S2VP10 and S2013 were plated in 6-well plates at 5.0 x 10°
cells per well using RPMI media (pH 7.4) supplemented with 1% glutamine and 10% fetal
bovine serum. Once cells had attached to the plates, the RPMI media was removed and the
cells were washed with phosphate buffer (25 mM, pH 7.4). Afterwards, pH-specific RPMI
media of pH 7.4, 6.8, or 6.6 was added to the wells and cells were incubated overnight at
37°C without CO». The pH of the wells was confirmed using a needle-tip pH electrode
(ORION® needle-tip micro combination pH electrode, Thermo scientific, PA, USA). After
allowing the cells to equilibrate overnight in the desired pH, 30 pL of 100 nM V7-750 or
K7-750 probe was added to each well and the plates were then placed on a rocker mixer
inside an incubator for 2 h. After incubation, all cells were washed 5 times with the
corresponding pH-specific phosphate buffer (25 mM) to remove any unbound pHLIP probe.
Fluorescent imaging and dosimetry was then performed using the Odyssey Infrared Imaging
System (Li-COR, Lincoln, Nebraska, USA).
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4) Human pancreatic cancer xenograft mouse models

Female athymic mice 4 weeks of age were used for this study in strict adherence to a
University of Louisville Institutional Animal Care and Use Committee (IACUC) approved
protocol. A diet of 2920x% alfalfa-free feed (Harlan Laboratories, Indianapolis, USA) was
used in order to reduce background signal during MSOT imaging. An established model for
orthotopic implantation of pancreatic tumors was used as previously described. (26, 27)
Briefly, mice were anesthetized with isoflurane and the abdomen was then prepped with
betadine. A small incision was made in the left upper quadrant, with the pancreas exposed
by retraction of the spleen. Luciferase-cloned S2VP10L and S2013Q cells were suspended
in serum-free RPMI medium at 4°C in a sterile tube. After the pancreas was exposed, a
solution of $2013Q 2.0 x 10° cells/30uL or S2VP10L 1.0 x 10° cells/30uL was injected into
the pancreatic tail using a 28-gauge needle. To prevent peritoneal leakage, a sterile cotton
tipped applicator was held over the injection site for 30 seconds. The organs were returned
to the abdomen with the skin and peritoneum closed in a single layer using 5-0 prolene
sutures. Mice recovered underneath a warming blanket and were returned to their cages with
food and water ad libitum after regaining full mobility.

5) Tumor monitoring with bioluminescence imaging

Bioluminescence imaging was used immediately following surgery to assess potential
leakage of cells from orthotopic implantation with the advanced molecular imager-1000-X
(AMI) instrument (Spectral Imaging Instruments, Tucson, AZ, USA). Mice received i.p.
injection of 2.5 mg luciferin 10 min prior to imaging, and those with signs of peritoneal
leakage were excluded from further study. Sutures were removed after 5 days to prevent
artifact during subsequent imaging studies. Tumor size was followed daily, and assessed
again with bioluminescent imaging at 7 days post-op and prior to injection of the pHLIP
probes. A similar procedure was utilized in previous work to identify the relative tumor
location and size. (9,10) Based upon bioluminescence signal from orthotopic implants, 12
mice per S2VP10L and S2013Q cell line were selected to evaluate V7750 and K7-750
probes. In vivo, 6 mice per probe were evaluated using MSOT. Each mouse was evaluated
using planar fluorescence imaging at 0 and 4 h post probe injection immediately prior to
MSOT imaging. Ex vivo organs from 3 mice per cell line per probe 4 h post injection (as
indicated below) were evaluated via planar fluorescence imaging. Ex vivo tumor size was
measured using calipers. The remaining 3 mice per cell line per probe were imaged a second
time at 24 h with MSOT.

6) Evaluation of probe binding with Multispectral Optoacoustic Tomography

Immediately prior to injection as well as 4 and 24 h post injection, mice were imaged using
an in Vision 256 TF MSOT (iThera Medical, Munich, Germany). Mice placed ventral side
up within the animal holder and positioned in a nose cone for anesthesia delivery.
Anesthesia was maintained with 1.5% isoflurane in 0.8L medical air and 0.1L O, throughout
image acquisition. Imaging was performed using axial slices with a 0.3-mm step through the
liver-tumor-kidney region, at wavelengths of 680, 710, 730, 740, 750, 760,770, 780, 800,
850, 900 nm for each position. Ten wavelengths were selected based upon the spectra
(Supplement Figure S1B) to allow for multispectral unmixing. Although individual frames
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are not affected by animal motion, as the acquisition time per frame is less than one
millisecond, 25 frames at each wavelength were obtained and averaged to compensate for
animal motion and breathing artifacts (5). Respiration rate and signs of distress were
monitored through all stages of the imaging procedure. After the last imaging time point of
24h, animals were euthanized via carbon dioxide overdose and cervical dislocation.

7) Image reconstruction and analysis

Raw data obtained with MSOT was reconstructed with multispectral analysis performed as
previously described. (5, 6) Spectral analysis was performed at wavelengths corresponding
to the Hilyte Fluor 750 dye. Spectra utilized for spectral unmixing are located within
Supplement Figure 1B. Reconstruction was conducted using back projection at a resolution
of 75 pm using View MSOT software version 3.5 (iThera Medical, Munich, Germany). The
Multispectral Processing was conducted using Linear Regression with View MSOT 3.5,
where known molar absorptivity spectra (e.g. for oxyhemoglobin, deoxyhemoglobin, and
HiLyte Fluor 750) are used to model the relationship between chromophore concentration
and MSQOT signal over a range of wavelengths. The approach assumes knowledge about all
absorbers present in the imaged tissue in order to correctly attribute contributions from the
different wavelengths to the unmixed component images. (28) In order to ensure
comparability among data sets, the reconstruction parameters (field of view, speed of sound,
pixel size, and the high/low pass filters) and spectral unmixing parameters were consistently
applied to all data. Spectral unmixing was performed in the absence of correction for fluence
heterogeneities and attenuation as a function of tissue depth including spectral coloring. The
authors note that the orthotopic tumors had a similar location and distance from the skin
surface from animal to animal, thus fluence issues would equally affect all animals. Image
stacks were imported into Image J for further evaluation of the 3D characteristics of probe
binding within the tumor using orthogonal views. The location of orthotopic tumors was
identified based upon the presence of deoxy-hemoglobin and relative location of the spleen
and kidney (Supplemental Figure S2). In addition, a region of interest (ROI) method was
applied to determine signal strength in the tumors of both K7-750 and V7-750 mice using
View MSOT software and reported as MSOT a.u. The ROI was manually created with an
ellipse drawing tool using the deoxyhemoglobin spectrally unmixed component as a guide
for tumor location on the cross-section showing the largest area for the tumor (Supplement
Figure S3). As in previous work, deoxyhemoglobin was utilized as a marker of tumor
localization (29-31). The deoxyhemoglobin component was used to provide a basis for
tumor segmentation in control (K7-750) animals, as there was significant overlap in signal
localization between VV7-750 and deoxyhemoglobin. The ROI area was kept constant for all
image slices 3.5 mm2, thus creating a non-uniform elliptical prism volume of interest (VOI).
The mean pixel intensity per cross-section in the VOI for the spectrally unmixed injected
agent (V7-750 or K7-750) was plotted as MSOT signal vs. position to assess the signal
strength in the tumor. This analysis produced a consistent parabolic shape of signal over
distance in the tumor. The maximal ‘mean signal per cross-section’ in the volume was used
as a quantitative indicator of probe binding in the tumor. Since optoacoustic signals using
the detection geometry of this system are subject to out-of-plane contributions, this method
was used to find the center of signal intensity and minimize variability from out-of-plane
artifacts. The capacity of this optoacoustic system to deliver semi-quantitative data reflective
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of relative probe accumulation in vivo in murine models using the aforementioned
reconstruction and multispectral unmixing methods was previously established. (30-36)The
MSOT a.u. values for the pH-sensitive (V7-750) and pH-insensitive (K7-750) probes were
compared using SAS 9.3 (Cary, NC).

8) Evaluation of probe binding with planar fluorescent imaging

9) Statistics

Results

Using a tail vein injection technique, 150 L of the 40 uM V7-750 or of the K7-750 probe
in sterile phosphate buffer (25 mM, 0.5 % NaCl, pH 7.4) was administered intravenously.
Systemic injection of V7-750 or K7-750 was confirmed with near-infrared fluorescent
imaging by AMI fluorescent imaging. NIR-fluorescence imaging was repeated prior to
MSOT imaging at 4 and 24 h post-injection. Additionally, 3 mice per cell line were injected
with V7-750 or K7-750 probes and organs (liver, kidney, and pancreas tumor) were
removed 4 h post injection. Tissues were immediately placed into a petri dish with PBS 7.4
pH at 37°C, and within 30s from organ removal were imaged using NIR-fluorescence
imaging (AMI).

In vitro, comparison of signal intensity across pH levels for each cell line was performed
with ANOVA using SAS 9.3 (SAS, Cary, NC). In vivo, the MSOT a.u. values for the pH-
sensitive (V7-750) and pH-insensitive (K7-750) probes were compared using Wilcoxon
sum-rank test and ANOVA followed by Tukey post hoc test using SAS 9.3 (Cary, NC).
Significance was observed where p <0.05.

In vitro binding of pH sensitive or insensitive peptides

In vitro binding of the V7-750 or K7-750 probes was tested on both the S2VVP10 and S2013
pancreatic cancer cell lines at pH 7.4, 6.8, and 6.6. In both S2VP10 and S2013 cells, V7-750
had significantly increased levels of fluorescence at pH, 6.6 compared with pHg 7.4
(S2VP10: 183.6 vs 9.1, p=0.0119; and S2013: 191.5 vs 10.2, p=0.0160). Furthermore, the
signal intensity for VV7-750 probe showed a consistently increasing trend across decreasing
levels of pHe in both cells lines (Figure 2). In contrast, the K7-750 displayed an insensitivity
to acidic conditions, and had similarly low levels of fluorescence across all pH levels. In
particular, no difference was observed between pH, 7.4 and 6.6 in either cell line (S2VP10:
42.1vs 44.3 MSOT a.u., p=0.8783; and S2013: 55.9 vs 38.7 MSOT a.u., p=0.7912).

MSOT imaging of pHLIP probes

MSOT imaging was performed on all mice at 4 and 24 hours post-injection. Localization of
the V7-750 probes to the pancreatic bed was confirmed in the S2VP10 model, but no signal
was detected with the K7-750 control probes (Figure 3). Quantification of multispectrally
unmixed probe signal across the pancreas demonstrated a markedly higher mean value of
MSOT a.u. for the V7-750 compared to K7-750 probe (S2VP10: 782.5 vs 5.3 MSOT a.u., p
=0.0001). In the S2013 model, V7-750 probe also specifically accumulated within the
pancreas tumor in comparison to K7-750 control (52013: 578.3 vs 5.1 MSOT a.u., p=
0.0005) (Supplemental Figure S4). The MSOT orthogonal views of the probe signal gave a

Clin Cancer Res. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kimbrough et al.

Page 8

three-dimensional representation of the tumor bed, as well as its relationship to the
surrounding internal anatomy. A further example of concordance of deoxy-hemoglobin
within the S2VVP10 pancreas tumor and VV7-750 probe location is observed within a movie
clip (Supplement Figure S5). Minimal off-target effects were observed with the pH-sensitive
probes. In mice injected with the V7—750 probe, region of interest analysis demonstrated
lower optoacoustic signal within the kidney and liver compared to the pancreatic bed. In
contrast, the K7-750 control was noted to accumulate primarily within the kidney, with
minimal signal observed in the area of the pancreas (Figure 4). Additionally, the V7-750
probe appears to distribute throughout the tumor bed in both models, with the highest signal
intensity observed centrally within the tumor (Figure 5).

Planar fluorescent imaging of pHLIP probes

One week after tumor implantation, the mice had palpable lesions approximately 5 mm is
size, with no signs of diffuse metastatic disease on bioluminescent imaging. Following
injection of V7-750 on day 7, localization of fluorescent signal was observed in the right
upper quadrant overlying the pancreas at the 4 hour time-point. Signal accumulation was not
observed in the K7-750 controls (Figure 6A). By 24 hours, the probe signal was below
AMI-detection in all mice. Ex vivo confirmation of probe location demonstrated significant
accumulation of VV7-750 within the pancreas compared to off-target organs in both the
S2VP10 (p=0.0002) and S2013 (p=0.0009) models (Figure 6B). Non-specific accumulation
of K7-750 in the kidney and liver was also observed (Figure 6B and Supplemental Figure
S6).

Discussion

To the best of our knowledge, this is first study that uses optoacoustic tomography to
characterize the internal distribution of acidic pH, targeted probes in vivo. Our approach
combining a pH targeted probe with MSOT imaging demonstrated substantial tumor-
specific uptake of the pH-sensitive VV7-750 probe, with minimal off-target accumulation.
Conversely, the pH-insensitive probe demonstrated little to no focal accumulation within the
pancreatic tumors.

While non-targeted contrast agents will partially accumulate in tumors through the enhanced
permeable and retention effect (EPR), many contrast agents and nanotherapies employ a
receptor-mediated targeting approach to enhance tumor-specificity and to improve
internalization of molecular probes and drugs. (13, 37) However, molecular targeting
strategies utilizing contrast agents with traditional imaging modalities typically have several
drawbacks including limited tumor penetration, a susceptibility to degradation by the
reticuloendothelial system, decreased circulation time, non-specific binding, increased
clearance, or immunogenicity. (38—-40) Targeted probes also may have off-target effects due
to the inherent expression of the receptors in non-cancerous tissue.

Recently, alternatives to receptor or enzyme-mediated tumor targeting have focused on other
tumor hallmarks such as acidosis and hypoxia in order to improve targeting and increase the
signal-to-background ratio of contrast agents. (14, 15) Targeting and imaging of tumor
acidity is an attractive strategy, as acidity typically is a general property of the tumor
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microenvironment. Acidosis results during tumor development at both early and advanced
stages from a combination of factors such as hypoxia, anaerobic glycolysis (Warburg effect)
and carbonic anhydrase activity. (16) In fact, in vitro studies suggest that tumor proliferation
is maximized by acidic pH, and there is a measurable difference in the extracellular pH of
solid tumors (pH 6.5-6.9) when compared to normal tissue (pH 7.2—-7.4). (41-45) Targeting
the acidic microenvironment also avoids the complication of tumor resistance and natural
selection issues that contribute to an evolving tumor phenotype, including alterations in
extra-cellular receptor expression.

In this study, the acidic environment of pancreatic tumors was targeted by using a pH low
insertion peptide (pHLIP). These peptides consist of a transmembrane domain with two
flanking domains, and exist in three pH-dependent states: 1) as a monomer in solution 1) as
a monomer bound at the surface of the lipid bilayer or 111) as a transmembrane a-helix. (21)
Protonation of glutamate residues at acidic pH leads to a conformational change of the
transmembrane domain to a stable a-helix, which inserts into cellular membranes (Figure 1).
The insertion of pHLIPs in lipid bilayers is a spontaneous process and is accompanied by
energy release. After insertion, the N-terminus remains in the extracellular space and the C-
terminus enters the intracellular lumen, giving these peptides the dual capability of tethering
molecules such as fluorophores attached to the N-terminus on the extra-cellular membrane,
while carrying molecules attached to the C-terminus into the cytosol. (15) Several prior
studies have demonstrated that pHLIPs are promising candidates for targeted therapy, and
can localize to a variety of tumors in vivo. (46-47)

Recently, Cruz-Monserrate et al. demonstrated that fluorescent-tagged pHLIPs localize to
human pancreatic cancer xenografts in mice. (48) However, in their study the pancreatic
tumors were imaged using 2D planar fluorescent imaging at only a 24 h time point, and a
pH-insensitive pHLIP was not used as a control for the orthotopic model. We build upon
these results in our study, but we utilize an emerging imaging technology that has feasible
clinical translation and we ensure acidic pH, tumor targeting by using a pH-insensitive
control. As suggested by both our in vitro and in vivo results, the K7-750 peptide does not
insert into the lipid bilayer of tumor cells at physiologic or acidic pHe. On the other hand,
the pH-sensitive V7750 probe localized to orthotopic PDACSs at 4 h as observed by MSOT
(Figures 3-5, Supplemental Figures S4-S5). In the S2VVP10 cells, MSOT detected
statistically significant accumulation of the V7-750 probe, 782.5 MSOT a.u., compared to
that of the K7-750 probe, 5.3 MSOT a.u. (p=0.0001); the VV7-750 probe accumulation 578.3
MSOT a.u. compared to that of the K7—750 probe, 5.1 MSOT a.u., in the tumors in the
S2013 mice (p=0.0005). Furthermore, the MSOT orthogonal views demonstrated good
penetration of the VV7-750 probe throughout the tumor bed, with very limited accumulation
outside of the tumor.

MSOT exhibits several advantages over other imaging techniques; traditional bio-imaging
modalities require ionizing radiation and may lack the combination of high resolution and
depth of penetration provided by MSOT. (49-52) In contrast, MSOT provides contrasted
images at a microscale (um) resolution, and provides a reasonable penetration depth by
combining the advantages of optical imaging (high sensitivity) and ultrasonic detection
(increased depth of penetration). (5) MSOT renders photon scattering irrelevant to image
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formation, and the addition of molecularly targeted optical contrast enables the capability for
novel high-resolution insights into the biological function of entire tumors, organs, and
systems. (9) As such, MSOT combines anatomical and molecular information in a single,
high-resolution modality.

The use of exogenous contrast agents with a large optical absorption is an additional
advantage of MSOT imaging, as exogenous contrast agents can produce MSOT signal
several-fold higher in magnitude than signal originating from native tissue. (53) Exogenous
contrast agents can also improve imaging by using infra-red dye (650-1100 nm) at a
spectrum where endogenous tissue components have minimal absorption. Additionally, due
to the sensitivity of MSOT, only a low volume of optical contrast is required, which can be
an advantage when imaging tumor acidity. While acidosis is an attractive target for tumor
imaging, the pKa of the contrast agent must match acidic extracellular tumor pH, or
detection of the optical reporter in vivo can be troublesome. Since the required concentration
of the contrast agent can buffer the tumor microenvironment and subsequently alter the
tissue pHe, successful detection of tumors using pH-sensitive probes becomes difficult. (54—
55) Optical-based contrast agents generally require low concentration, thus the risk of
contrast agent buffering the tissue pHe is low.

Clinical translation of optoacoustic imaging strategies in preclinical models is currently
under way; however, its use presents certain challenges. One of the principle limitations is
depth of imaging; increasing the depth requires lower ultrasound frequencies that are more
subject to signal attenuation. (56) Nonetheless, existing photoacoustic systems have been
shown to achieve adequate spatial resolution with tissue penetration up to 6—7 cm in some
clinical and experimental studies. (57-58) While at this time the limited penetration depth
precludes the use of MSOT for total body imaging in a manner akin to CT or MRI, current
photoacoustic imaging technologies could serve as an adjunct to invasive staging or
therapeutic procedures such as laparoscopy, endoscopy, or intraoperative ultrasonography.
(56) However, further improvement of the technology and development of targeted,
exogenous contrast agents may allow for deeper imaging. (24) Additionally, the molecular
imaging capability of MSOT can provide functional information that is not attainable with
CT or MRI.

Current clinical versions of MSOT may be used to image ductal pancreatic adenocarcinomas
(PDACsS) that are within 5 cm of the MSOT transducer. At this depth, MSOT images
provide not only a clear image of the tumors and associated vessels via detecting
hemoglobin, but also specific molecular information concerning the PDACs. PDACs
frequently are evaluated by ultrasound to distinguish the involvement of major arteries
and/or veins by the tumor and thus stratifying patients by stage for potential surgical
intervention and indicating which borderline patients are candidates for resection. Because
the majority of patients are diagnosed with advanced PDAC, neoadjuvant therapy can
sometimes be used to reduce tumor burden and permit radical pancreatic surgery (59-60);
however, the resulting fibrous tissue and scar frequently remain indistinguishable from
viable tumor using traditional endoscopic ultrasound. The use of endoscopic and/or
laparoscopic clinical MSOT imaging with cellular molecular probes, such as V7-750,
should permit the separation of viable tumor from fibrous tissue and scar. Clinical MSOT
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should be especially useful for imaging pancreatic cancer by monitoring the effectiveness of
neoadjuvant therapy and stratification of PCDAs for surgical intervention, permitting tumor
removal by pancreatectomy.

In addition, although acquisition time could be seen as a limitation, reconfiguration of the
MSOT settings allows for faster imaging times. For instance, achieving molecular
specificity entails a spectral unmixing process that operates on a pixel-by-pixel basis which
can be compromised by motion artifacts. In the current study, averaging data from multiple
sequential laser pulses was used as a facile motion correction strategy. Considering the
averaging (25 pulses at 10Hz) and the number of wavelengths (n=10) used for imaging, the
temporal resolution per cross-section was 25 seconds. Although it was not the focus of this
study, optimization of the acquired wavelengths and averaging, in combination with the use
of a laser with a 50Hz repetition rate, can produce faster multispectral results up to 2Hz for
handheld imaging in human subjects, enabling imaging on a faster time scale than observer
or patient motion. (61) While these preliminary studies using a hand-held MSOT indicate
potential clinical use, we believe that the addition of targeted contrast agents, such as V7-
750, could allow for identification of pancreatic tumors in the clinical setting with
similarities to diagnostic sonography, endoscopy and laparoscopy.

In the future, we expect that the combination of acidic pH, contrast agents and use of MSOT
will result in more sensitive and specific detection of tumors in real-time, improving the
imaging of pancreatic cancer. Beyond improved imaging of pancreatic cancer, we anticipate
the use of pH, responsive contrast agents in combination with MSOT to be broadly
applicable to other solid tumors, since acidic pH, is a general feature of the tumor
microenvironment. Acidic pHe-responsive contrast agents could facilitate image-guided
surgical removal of both the primary cancer and metastasis. Additionally, acidic pHe
imaging could stratify patients for pH-specific drug delivery. Translation of MSOT
technology to the clinic through handheld or endoscopic arrays is currently under
development. (25, 62) It is hoped that the advances proposed will improve patient outcomes
for these poorly detectable cancers.

Conclusion

We constructed pH-sensitive (V7-750) and pH-insensitive (K7-750) fluorescent probes in
order to target the acidic tumor microenvironment and detect pancreatic cancer cells in vivo
via MSOT. Targeting the acidic extracellular pH of tumor cells helps resolve problems
associated with receptor-mediated targeting; acidosis is a major characteristic of the tumor
environment, and is not as naturally heterogeneous as extracellular receptors or proteins.
Utilization of MSOT enabled detection of pancreatic tumors at 4 h after intravenous
injection of pH-sensitive probes, while the pH-insensitive probes did not localize to the
pancreatic tumors. Furthermore, in vivo imaging demonstrated that \V7-750 preferentially
accumulated in the tumor bed with minimal off-target effects. Acidic pH-responsive
peptides have potential use for both clinical cancer diagnostics and drug delivery, and
MSOT is a promising modality for non-invasive detection and quantification of these probes
invivo. As MSOT equipment is now available for human clinical research and as the
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technology continues to improve, the translation of these techniques to clinical cancer

de
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tection and monitoring warrants further evaluation and development.
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Translational Aspect

Pancreatic ductal adenocarcinoma (PDAC) remains highly lethal because of its advanced
stage at presentation, which is partly due to the lack of effective approaches to identify
tumors early. Molecular imaging with targeted probes could potentially improve the early
diagnosis, staging, and monitoring of PDAC. Using an orthotopic xenograft model of
PDAC, our results indicate that pH-sensitive probes will localize to pancreatic tumors,
and combining these probes with multispectral optoacoustic tomography (MSOT) can
precisely map probe location with 3-dimensional imaging. Endoscopic, laparoscopic, or
handheld applications of MSOT in combination with pH-sensitive probes could aid in the
detection and staging of pancreatic tumors, help determine resectability, assist in
identification of viable tumor during surgical intervention, as well as help monitor
responses to treatment. Further development of MSOT imaging technology using pH-
sensitive probes may lead to improvements in tumor imaging, treatment, and follow-up
for pancreatic cancer.
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Figure 1.
Schematic of probe insertion into cell membrane.
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Figure 2.
In vitro testing of probe binding to pancreatic cancer cells at different levels of media

acidity. (A) S2VVP10 cells treated with either V7—750 (top row) or K7-750 (bottom row) at
different levels of media pH. The experiment was repeated for S2013 cells (B). Dosimetry
quantifies the signal intensity for each cell line at different pH values (C).
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Figure 3.
Axial tomographic slices of the S2VP10 mouse demonstrate localization of V7-750 probe

signal to the region of the tumor bed, while similar signal is not observed with K7-750
probe. The gray scale image represents a single wavelength, 850 nm, and serves as a
background image. (A) Single slices from 47 mm- 50 mm of mice demonstrate distribution
of V7-750 probe signal throughout the tumor bed at 4 hours, while minimal accumulation is
observed with K7-750. (B) Orthogonal images demonstrate 3D accumulation of V7-750
and K7-750 within the mouse in the xyz-plane.
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Figure4.

Comparison of MSOT signal intensity of probe accumulation among organs. A region of
interest method was utilized using an elliptical ROI of 3.5 mm? in a region of pancreas
tumor, liver, and kidney was utilized to determine the mean signal intensity for each ROI in
each slice. (A) The highest ROI mean signal intensity for each organ and each mouse was
averaged among 3 mice per cell line injected with V7-750 probe. The VV7-750 probe
resulted in 782.5 MSOT a.u. in S2VP10 mice and 578.3 MSOT a.u. in S2013 mice at 4 h,
but was greatly reduced to 73.5 and 34.2 MSOT a.u. at 24 h. (B) The highest ROI mean
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signal intensity for each organ and each mouse was averaged among 3 mice per cell line
injected with K7-750 probe. The K7-750 probe accumulated within the kidney and only
resulted in very limited pancreas tumor accumulation in either S2VP10 (5.3 MSOT a.u.) or
$2013 (5.1 MSOT a.u.) models.
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Analysis of the regions of interest of the pancreas show VV7-750 accumulated with a
maximum peak at 49.2 mm in S2VP10 and 48.4 mm in S2013 model. The area utilized for
region of interest measurements remained constant for each slice. Image quantification for
each organ is shown in Figure 4.
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Figure®6.
Traditional planar fluorescent imaging of probe signal immediately following injection, at 4

hours post-injection, and at 24 hours post-injection. (A) Although both probes are
distributed systemically with similar signal intensity, the V7—750 pHLIP localizes to the
pancreas at the 4 hour time point with diminishing signal at 24h. (B) Ex vivo identification
of V7-750 and K7-750 in liver, kidney, and pancreas tumor. Images were quantified in
Supplemental Figure S6.
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