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Abstract

Hypoxia is frequently observed in human prostate cancer, and is associated with chemoresistance, radioresistance, metastasis, and
castrate-resistance. Our purpose in these studies was to perform hypoxia theranostics by combining iz vive hypoxia imaging and
hypoxic cancer cell targeting in a human prostate cancer xenograft. This was achieved by engineering PC3 human prostate cancer
cells to express luciferase as well as a prodrug enzyme, yeast cytosine deaminase, under control of hypoxic response elements (HREs).
Cancer cells display an adaptive response to hypoxia through the activation of several genes mediated by the binding of hypoxia
inducible factors (HIFs) to HRE in the promoter region of target gene that results in their increased transcription. HIFs promote
key steps in tumorigenesis, including angiogenesis, metabolism, proliferation, metastasis, and differentiation. HRE-driven luciferase
expression allowed us to detect hypoxia i vivo to time the administration of the nontoxic prodrug 5-fluorocytosine that was converted
by yeast cytosine deaminase, expressed under HRE regulation, to the chemotherapy agent 5-fluorouracil to target hypoxic cells.
Conversion of 5-fluorocytosine to 5-fluorouracil was detected i vivo by '°F magnetic resonance spectroscopy. Morphological and
immunohistochemical staining and molecular analyses were performed to characterize tumor microenvironment changes in cancer-
associated fibroblasts, cell viability, collagen 1 fiber patterns, and HIF-1e. These studies expand our understanding of the effects of
eliminating hypoxic cancer cells on the tumor microenvironment and in reducing stromal cell populations such as cancer-associated

fibroblasts.
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Introduction

Hypoxic environments frequently exist in solid tumors and result in
resistance to therapy and the evolution of a more lethal phenotype. The
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evolution of this lethal phenotype is mediated to a large extent by hypoxia
inducible factors (HIFs) binding to hypoxia response elements (HREs)
and inducing the transcriptional activation of several target genes [1].
HIF is a heterodimeric basic helix-loop-helix PAS (Per-ARNT-Sim) domain
containing transcription factor that consists of a constitutively expressed -
subunit (HIF-B/ARNT) and one of 3 oxygen-regulated o-subunits, HIF-
lo, HIF-2e and HIF-3«. The a-subunits are constitutively transcribed
and translated, but are regulated at the protein level by oxygen-dependent
hydroxylation of specific prolyl residues that target them for ubiquitination
by the von Hippel-Lindau protein (pVHL)-E3 ubiquitin ligase complex, and
for subsequent proteasomal degradation under normoxia [1]. In addition,
oxygen dependent asparagyl hydroxylation in the C-terminal transactivation
domain of the HIF-o subunits modulates their transcriptional activity.

HIFs play an integral role in angiogenesis, metabolism, proliferation,
metastasis, and differentiation [1]. HIF-o¢ subunits may also be subject to
modulation in the absence of hypoxia by growth factor signaling pathways.
HIF-l and HIF-2«¢ expression is increased in many human tumors,
including bladder, breast, colon, glial, hepatocellular, ovarian, pancreatic,
prostate, and renal tumors [1]. HIF-1o expression is frequently observed
with immunostaining in human prostate cancer specimens [2]. HIF-lor
overexpression is also observed in the absence of hypoxia, even though VHL
mutations are rare in prostate cancer [2]. Irrespective of the causes of HIF-
lo expression, its role in prostate cancer chemoresistance, radioresistance,
metastasis, castrate-resistance [2], and most recently its association with stem-
like prostate cancer cells [3—5] is clearly emerging. Stem-like cancer cells are
increasingly being identified as populations in prostate cancer that contribute
to metastasis and chemo-/radioresistance [6]. In prostate cancer, HIF-1o
expression and hypoxia have also been closely associated with prostate stem
cell markers such as NANOG and OCT4 [3].

Stromal cells play a critical role in tumor progression [7,8]. Among these,
cancer-associated fibroblasts (CAFs) significantly influence the proliferation,
invasion, and metastasis of cancer cells [8,9], including prostate cancer [8,10—
13]. CAFs are a major source of collagen 1 (Coll) fibers in the tumor
stroma, and contribute to the reactive desmoplastic tumor stroma and the
high density and stiffness of the tumor ECM [14]. We previously identified
structural and functional differences between a metastasis permissive and
metastasis restrictive prostate cancer extracellular matrix (ECM) that included
significant differences in Coll fiber patterns, and the number of CAFs [15].
Understanding the relationship between eliminating hypoxic cancer cells and
the presence of CAFs in tumors can provide new insights into factors that
play a role in attracting CAFs in tumors.

HRE-driven imaging reporter systems can be used to report on HIF
expression. The binding of HIF to the HRE drives the expression of
an imaging reporter such as green fluorescence protein (GFP) or a
bioluminescence inducing enzyme such as luciferase [16]. Cells that stably
express such constructs provide valuable systems to noninvasively interrogate
the temporal and spatial evolution of hypoxia and HIF-la expression in
tumors.

The prodrug enzyme cytosine deaminase (CD), found in bacteria
and yeast, converts the nontoxic prodrug 5-fluorocytosine (5-FC) to the
anticancer drug 5-fluorouracil (5-FU) that is widely used in the treatment
of a range of cancers [17]. Although both yeast and bacterial CD generate 5-
FU from 5-FC, the enzymes differ in terms of stability and efficacy [18,19].
Controlling the expression of CD by HRE in cells that also report on HIF-
lor expression with luciferase expression, provides a strategy to generate 5-FU
directly within cells only when HIF-1e is present, for a theranostic approach
to detect and target hypoxic cancer cells.

Here, for the first time, we engineered the PC3 human prostate cancer cell
line to carry HRE driven expression of luciferase that reported on temporal
and spatial HIF-1o expression with bioluminescence-imaging (BLI). The
same cell line also carried HRE-driven expression of yeast yCD to convert
5-FC to 5-FU under hypoxic conditions. Tumors derived from these cells

allowed us to perform hypoxia theranostics. Hypoxia was detected in vivo
with BLI, and the conversion of 5-FC to 5-FU was detected in tumors
in vivo by "F magnetic resonance spectroscopy (MRS). Administration of
5-FC, once hypoxia was detected with BLI, allowed us to identify, with
immunohistochemistry (IHC), the effect of eliminating hypoxic cells with
5-FU on tumor microenvironment (TME) changes in CAFs, tumor volume
and cell viability, as well changes in HIF-1a. Because we detected changes
in CAFs that are a major source of Coll fibers in tumors, second harmonic
generation (SHG) microscopy was used to detect changes in Coll fiber
patterns in treated tumors. These studies expand our understanding of the
impact of eliminating hypoxic populations on the TME.

Methods

Construction of HRE regulated luciferase and yCD plasmids

A plasmid containing 5 tandem repeats of hypoxia response elements
(5X-HRE) with the oxygen dependent degradation domain (ODD), with
a nuclear localization signal (NLS) kindly provided by Dr. Hiroshi Harada
(Kyoto University) [20], was digested with a restriction enzyme to transfer
the 5X-HRE-NLS-ODD-luciferase (HRE_LUC) cassette to the lentiviral
vector pMA3211 (Addgene) as shown in Figure 1A. A thermostabilized
yCD mutant (yCDtriple) gene in a pET vector was kindly provided by
Dr. Margaret E. Black [21]. The yCD gene was amplified, and subcloned
downstream of an NLS sequence into a shuttle vector with a SXHRE-ODD-
NLS cassette. Upon sequence verification, the SXHRE-ODD-NLS-yCD
cassette (HRE_yCD) was isolated by restriction digestion and sub cloned into
a lentiviral vector as shown in Figure 1B.

Generation and validation of PC3 sub-lines

PC3 human prostate cancer cells were purchased from ATCC (Manassas,
VA). Virions expressing either HRE_LUC or HRE_yCD were generated by
transfecting 293T cells with a lentivirus vector (HRE_LUC or HRE_yCD),
a packaging vector (AR8.2) and an envelope vector (pCMV-VSVG), and
grown in the presence of 1% fetal bovine serum (FBS) containing DMEM
media (SIGMA, St. Louis, MO). Supernatant containing virions was added
to PC3 cells to establish cells expressing HRE_LUC. PC3_HRE_LUC cells
were treated with 1 pg/mL puromycin to select a high HRE_LUC expressing
population. To generate a PC3 subline expressing both HRE_LUC and
HRE_yCD (PC3_HRE_LUC_yCD), HRE_yCD expressing virions were
added to PC3_HRE_LUC cells. Transduction was performed multiple times
to ensure maximum expression of the transgenes. The HRE_LUC transgene
expression was first optimized with BLI. These cells were then used to
make the HRE_LUC_yCD cells that were optimized by determining enzyme
expression under hypoxia by RT-PCR.

Validation of luciferase activity

To  quantify  luciferase  activity, =~ PC3_HRE_LUC  and
PC3_HRE_LUC_yCD cells were seeded in two 6-well plates, with
each cell line seeded in 3 wells. Twenty-four hours later, one 6-well plate
was exposed to 1% O, in a modular hypoxia chamber (Billups-Rothenberg,
Del Mar, CA) that was purged with a gas mixture of 94%N,, 5% CO,,
and 1% O,. The other plate was maintained under normoxic conditions.
Cells were cultured for an additional 24 h before lysis with a passive lysis
buffer (Promega, Madison, W1I). Luciferase activity was determined using a
multiwell luminescence reader (PerkinFElmer) following injecting 10 uL of
the luciferase reagent (Luciferase Reporter Assay System, Promega). Three
independent experiments were performed. Luciferase expression in response
to hypoxia was also detected by BLI as previously described [22]. Briefly,
PC3 cells expressing HRE-LUC or HRE-LUC and HRE-yCD were seeded
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Figure 1. Box and line diagram showing the elements that constitute the lentiviral plasmid expressing, (A) the luciferase gene (A) and (B) the yCD gene,

under control of 5 tandem repeats of hypoxia response elements (HREs). The luciferase construct also contains a puromycin resistance cassette that is driven
by an SV-40 promoter (not shown in the illustration). (C) Representative BL images showing bioluminescence in PC3 cells expressing different HRE driven
constructs in response to the hypoxia mimetic CoCl,. (D) Luciferase assay quantifying the activity of the enzyme in PC3 cells expressing different HRE driven
constructs in response to 1% O, for 48 h. Values represents Mean 3= SEM of 3 independent experiments. ***P < 0.0005.

at a density of 0.4 x 10° cells in 60 mm petri dishes. Twenty-four hours later,
one set of petri dishes was exposed to the hypoxia mimetic cobalt chloride
(CoCly) for 48 h. Cell numbers were determined upon trypsinization. Cells
were washed in phosphate buffered saline (PBS) and resuspended in 1 mL of
PBS. 20ul of luciferin, (30 mg/mL solution of p-luciferin, P1042, VivoGlo
Luciferin, In Vivo Grade, potassium salt, Promega, Madison, W1) was added
and cells were briefly spun before detecting bioluminescence on an IVIS
Spectrum scanner (Caliper Life Sciences, Hopkinton, MA).

Cell viability

Cell viability of PC3_HRE_LUC and PC3_HRE_LUC_yCD cells in
response to hypoxia and the addition of 5-FC was determined using a CCK
(cell counting kit) assay (Dojindo Molecular Technologies, Inc., Rockville,
MD). Briefly, cells were seeded in 96-well plates at a density of 5000 cells.
Each cell line was seeded in at least 16 wells. While one plate was maintained
under normoxia in a CO; incubator, the second plate was subject to hypoxia
in a modular incubator (Billups-Rothenberg, Inc., Del Mar, CA) that was
purged with a gas mixture of 94% nitrogen, 5% CO,, and 1% O,. Upon
preconditioning the cells to either hypoxia or normoxia for 48 h, cells were
either treated with 1 mM of 5-FC (SIGMA, St. Louis, Mo) or left untreated
as control. Twenty-four hours post 5-FC treatment, 20 pl of CCK-8 reagent
was added to each well and incubated in the CO, incubator. Formation of
yellow colored formazan dye detected colorimetrically at 450 nm indicated
dehydrogenase in cells that was directly proportional to the cell number.

Tumor growth and imaging hypoxia in vivo

Tumor  xenografts were established by inoculating 2 x 10°
PC3_HRE_LUC and PC3_HRE_LUC yCD cells bilaterally in the
flank of five 6 to 8 weeks old male SCID mice. Tumor growth was monitored
by measuring tumor volumes with calipers. There were no differences in the
growth rate of cells or tumors for the 2 cell lines used. Once tumors were

palpable at ~20 mm?, BLI was performed on an IVIS Spectrum scanner
to detect hypoxia following intra peritoneal (i.p) injection of 100 uL of
30 mg/mL D-luciferin solution (Promega, P1042, VivoGlo Luciferin, In
Vivo Grade, potassium salt) dissolved in PBS as previously described [23].
All surgical procedures and animal handling were performed in
accordance with protocols approved by the Johns Hopkins University
Institutional Animal Care and Use Committee, and conformed to the Guide

for the Care and Use of Laboratory Animals published by the NTH.
Targeting hypoxic microenvironments

Once hypoxia was detected by BLI in PC3_HRE_LUC and
PC3_HRE_LUC_yCD tumors, 5-FC made up in a 15mg/mL PBS
solution was administered at a dose of 250 mg/kg through the tail vein (200
uL) and i.p (750 uL). Four days later, tumor volumes were measured and
BLI performed to assess changes in tumor hypoxia followed by a second
dose of 5-FC. A third dose, after tumor volume measurements and BLI, was
administered 3 days after the second injection, with a final dose administered,
after tumor volume measurements and BLI, 4 days after the third dose. Final
tumor volume measurements and BLI were performed 7 days after the final
dose, after which mice were euthanized and the tumors excised with half the
tumor fixed for IHC and the other half frozen for molecular analyses.

In vivo PF MRS studies

To confirm the efficacy of enzymatic conversion of 5-FC to 5-FU by
yCD in the tumor, iz vivo '’F MRS was performed at the end of the final
dose on a Bruker Biospec 9.4 T spectrometer as previously described [24].
Briefly, anesthetized mice were placed on an in-house constructed plastic
cradle to allow positioning of the tumor in the RF coil. Following shimming
on the water proton signal, serial nonselective F MR spectra were acquired
using a one-pulse sequence (flip angle, 60°; repetition time, 0.8 s; number of
average, 2000; spectral width, 10 kHz; total acquisition time of 26 min). YE
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MR spectra were processed with in-house XsOs nuclear magnetic resonance
software developed by Dr. D. Shungu (Cornell University, New York, NY).
The chemical shift of the 5-FU resonance was set to 0 ppm.

Immunobistochemistry

Formalin-fixed tumor tissues were embedded in paraffin and multiple
5pm thick sections were cut. For each tumor, 2 adjacent sections were
obtained from the largest cross-sectional tumor region with one section
stained with H&E and the other immunostained for alpha smooth muscle
actin (@-SMA). «-SMA THC of tumor sections was performed using the
streptavidin—peroxidase technique and the DAKO EnVision System (Dako
Cytomation, Hamburg, Germany) following standard protocols as previously
described [25].

High-resolution 20X digital scans of the H&E sections and the
immunostained sections were obtained using ScanScope (Aperio, Vista,
CA). Viable and necrotic regions were marked in the entire H&E section
and mapped to the immunostained tissue section. The viable fraction was
obtained by subtracting the necrotic region from the total region in the H&E
section. For o-SMA THC, the number of strongly positive pixels (NSP) was
determined in the total tumor region, the entire viable region, and the entire
necrotic region of each section using ImageScope software and algorithms
supplied by the manufacturer (Aperio).

Molecular analyses

Freeze clamped tumor tissue was assayed for yCD, HIF-1a mRNA, and
HIF-1 « protein expression. Briefly, snap-frozen PC3_HRE_LUC (n=5)
and PC3_HRE_LUC_yCD (7= 5) tumor samples were homogenized under
liquid nitrogen. Powdered sample was weighed for RNA isolation and protein
extraction. RNA was isolated following a standard protocol. Briefly, the
tissue was first homogenized with RLT buffer and later passed through
a QIAshredder and finally through an RNeasy mini kit column (Qiagen,
Valencia, CA, USA) to obtain the RNA as per the manufacturer’s instruction.
cDNA was then synthesized using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA). Quantitative real-time PCR was performed using Syber
green (Bio-Rad) and gene specific primers. The expression of target RNA
relative to the housekeeping gene hypoxanthine phosphoribosyltransferase 1
(HPRT1) was calculated based on the threshold cycle (Ct) as R=2"2(4¢9,
where ACt=Ct target — Ct HPRT1 and A(Act) =ACt HRE_LUC _yCD — ACt
HRE_LUC-

For immunoblot analysis, protein was isolated from tumor tissue using
RIPA (Radio Immuno Precipitation Assay) buffer after brief sonication
following standard protocol. About 100 pg of total protein was resolved on
a polyacrylamide gel (PAGE) and transferred to a nitrocellulose membrane
overnight at 4 °C. The membrane was then probed for HIF-1o expression
using antihuman HIF-1e monoclonal antibody (Cat. No. 610,958, Clone
52, BD Bioscience, San Jose, CA, USA). For loading control, anti-GAPDH
antibody (SIGMA, St. Louis) was used to probe for GAPDH expression.

SHG microscopy

SHG microscopy of H&E stained sections was performed as previously
described to evaluate Coll fiber patterns [26]. Briefly, tiled scan SHG
microscopy of the entire tissue section was performed to acquire Coll
fiber maps using an Olympus Laser Scanning FV1000 MPE multiphoton
microscope (Olympus Corp., US headquarters—Center Valley, PA), with an
incident laser wavelength of 860 nm and detection wavelength of 430 nm.
A 25 X objective was used to acquire tiled scans. Tiled scans were acquired
in X and Y directions to cover the entire tissue section, with a FOV of
425 x 425 pum? per tile scan. Hot-spot regions with the highest Coll fiber
SHG signal intensity, identified based on the signal histogram for each tumor

section, were analyzed for spatial distribution and texture patterns of Coll
fibers. Percent Coll fiber volume and interfiber distance were computed from
the Coll SHG images using in-house software [27]. Texture analysis was
performed to quantify Coll fiber patterns using Haralick texture features
from the gray level co-occurrence matrix (GLCM) [28] and Fourier transform
texture analysis [29]. Several textural features were extracted by GLCM and
Fourier transform texture analysis that reflect how the fibers are distributed
with respect to each other. The GLCM extracted feature correlation is a
measure of how a pixel is correlated to its neighboring pixel, with 1 for
positively and —1 for negatively correlated pixels. Fourier transform texture
features reflect the alignment of fiber distribution with respect to each
other. For randomly distributed Coll fibers, the resulting Fourier transform
approximates a circle, whereas for fibers that are aligned parallel to each other
in one direction, the Fourier transform is elliptical. The Fourier transform
features were obtained by fitting an ellipse to the Fourier transform of each
image. Fourier transform features included the aspect ratio (AR), which is the
ratio of the major axis to the minor axis of the ellipse, and eccentricity, which
is the ratio of the distance between the foci of the ellipse and the length of
the major axis.

Statistical analysis

Statistical analysis was performed using an unpaired ¢ test. P values <0.05
were considered significant unless otherwise stated.

Results

As shown in Figure 1C, bioluminescence was detected in
genetically engineered PC3 cells stably expressing either HRE_LUC, or
HRE_LUC_yCD following addition of luciferin in response to the hypoxia
mimetic CoCl,. Both PC3_HRE_LUC and PC3_HRE_LUC_yCD cells
showed a statistically significant increase in luciferase activity in response to
24 h of hypoxia (Figure 1D). These data confirm the regulation of luciferase
by hypoxia. An MTS assay was performed to further validate that HRE
driven yCD converted the prodrug 5-FC to 5-FU in response to hypoxia.
As shown in Figure 2, PC3_HRE_LUC cells did not show any decrease
of cell viability in response to either hypoxia or to treatment with 1 mM
5-FC under normoxia or after hypoxic preconditioning of cells for 48 h
(preconditioned cells). In contrast, 1 mM 5-FC treatment, following hypoxic
preconditioning of PC3_HRE_LUC_yCD cells, resulted in a significant
decrease of cell viability compared to all the groups. These data demonstrate
the ability of the prodrug enzyme, expressed under hypoxic conditions, to
form 5-FU from 5-FC and induce cell death.

Tumors derived from PC3 cells that expressed luciferase alone, or
luciferase and yCD, under control of HRE were studied iz vivo for their
ability to report on hypoxia and selectively kill hypoxic cells. As shown in
the representative images in Figure 3A, comparable regions of hypoxia were
detected by BLI, in both PC3_HRE_LUC (left) and PC3_HRE_LUC_yCD
tumors (right). The representative images in Figure 3B show that the hypoxic
region decreased with 5-FC treatment in the PC3_HRE_LUC_yCD tumor
(right) but not in the PC3_HRE_LUC tumor (left). Formation of yCD
in the tumors was confirmed from analysis of yCD mRNA as shown in
Figure 3C. Further confirmation of functional yCD was evident from the
conversion of 5-FC to 5-FU as demonstrated in the spectra in Figure 3D
acquired approximately 30 minutes after injection of 5-FC. The effects of the
5-FU formed from 5-FC resulted in a significant decrease of the volumes of
PC3_HRE_LUC_yCD tumors compared to PC3_HRE_LUC tumors at 4
days after the third dose of 5-FC (Figure 3E).

Changes in bioluminescence confirmed the decrease of hypoxic cells
in PC3_HRE_LUC_yCD tumors compared to PC3_HRE_LUC tumors.
Data from 5 tumors per group are summarized in Figure 4A. There was
no significant difference in the levels of pretreatment bioluminescence
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SEM of 4 independent experiments. Statistical analysis was performed using
student’s #-test. ***P < 0.0005 compared to all other groups.

between the 2 groups. Following 5-FC treatment, a significant decrease of
bioluminescence was observed in PC3_HRE_LUC_yCD tumors (Figure 4A)
within 3 days of the second 5-FC dose. A graph of bioluminescence versus
tumor volume for PC3_HRE_LUC and PC3_HRE-LUC_yCD tumors

presented in Figure 4B shows that hypoxia correlated with increasing tumor
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volumes in the PC3_HRE_LUC group (r=0.3506, P=0.0429). In the
PC3_HRE_LUC_yCD group, although the correlation with tumor volume
remained significant (r=0.4679, P=0.0092), tumors tended to be less
hypoxic at comparable volumes. Analysis of HIF-lo mRNA confirmed
the decrease of hypoxic cells in PC3_HRE_LUC_yCD tumors compared
to PC3_HRE_LUC tumors following treatment (Figure 4C). Immunoblot
analysis further identified a decrease of HIF-lae protein in 4 of the
5 PC3_HRE_LUC_yCD treated tumors compared to PC3_HRE_LUC
tumors (Figure 4D).

As shown in the representative H&E sections in Figure 5A,
5-FC treatment resulted in a lower viable/necrotic fraction in
PC3_HRE_LUC_yCD tumors (bottom) compared to PC3_HRE_LUC
tumors (top). These data are summarized for 5 tumors from each group in
Figure 5B and identify a trend toward a decrease of the viable to necrotic
fraction in the tumors.

We analyzed the distribution of CAFs in the 2 tumor groups. Because
CAFs infiltrate into necrotic regions, we analyzed the entire tumor section
as well as the necrotic and viable areas. As shown in the representative
examples from a PC3_HRE_LUC tumor (top) and a PC3_HRE_LUC_yCD
tumor (bottom) in Figure 6A, a-SMA expression was heterogeneously
distributed in tumor sections. However, the number of CAFs was lower in
the PC3_HRE_LUC_yCD tumor compared to the PC3_HRE_LUC tumor.
Quantification of the fraction of strongly positive pixels showed a statistically
signification reduction of CAFs in the whole tumor and in the necrotic
regions of PC3_HRE_LUC_yCD tumors compared to PC3_HRE_LUC
tumors.

Representative SHG microscopy images from a PC3_HRE_LUC tumor
(top) and a PC3_HRE_LUC_yCD tumor (bottom) are shown in Figure 7A.
Data from the tumors are summarized in Figure 7B. Although the Coll fiber
content was not significantly different between the tumors, hot spot texture
analysis of Coll fibers (Figure 7B) detected significant differences between
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tended to be less hypoxic although the correlation with tumor volume remained significant (r=0.4679, P=0.0092). (C) Fold change in HIF-l mRNA
expression in PC3_HRE_LUC and PC3_HRE_LUC_yCD tumors. *P < 0.05. (D) Immunoblot of HIF-1a& protein expression in PC3_HRE_LUC and
PC3_HRE_LUC_yCD tumors.
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to 5-FC treatment. Corresponding magnified 20X H&E images from a region of interest are shown at the right. (B) Viable/Nonviable fraction obtained from
tumors. Values represent Mean & SEM from 5 tumors per group.
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PC3_HRE_LUC and PC3_HRE_LUC_yCD tumors suggesting that the
changes in CAFs in the PC3_HRE_LUC_yCD tumors did alter the Coll

fiber patterns in these tumors.

Discussion

Here we developed, for the first time, a theranostic imaging strategy that
combined HRE driven expression of luciferase with HRE driven expression
of a prodrug enzyme, yCD, to image and eliminate hypoxic cancer cell
populations in tumors. With this strategy, we found a significant decrease
of tumor volume, although the decrease of the viable/necrotic fraction was
not significant. These data suggest that a combination of cell death and a
decrease of cell proliferation likely contributed to the reduced tumor volume.
Significant changes in the TME such as a significant reduction of CAFs,
a decrease of HIF-1cr, and changes in Coll fiber patterns were identified.
Based on the known roles of CAFs in increasing prostate cancer aggression
[15], these data identify a decrease of the aggressive phenotype resulting from
targeting hypoxic populations in these tumors.

In prostate cancer cell studies, HRE-driven bacterial CD transfected into
androgen independent DU145 and androgen dependent 22Rv1 prostate
cancer cell lines was used to sensitize hypoxic cells to radiation therapy and to
5-FU treatment [30]. CD is a nonmammalian enzyme found in bacteria and
yeast that catalyzes the conversion of nontoxic 5-FC to the chemotherapeutic
and radiosensitizing agent 5-FU [31]. 5-FU is an analog of uracil that
is converted to several active metabolites such as fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and
fluorouridine triphosphate (FUTP) that disrupt RNA synthesis as well as
the action of the enzyme thymidylate synthase that is required for DNA
synthesis [17]. In a previous study, we have demonstrated the feasibility of
delivering bacterial CD with targeted or nontargeted nanoparticles (NPs) to

tumors iz vive under image-guidance [24,32]. Image-guidance was used to
time administration of 5-FC once the NPs were detected in the tumor and
had cleared from normal tissue. We demonstrated successful conversion of
5-FC to 5-FU in tumors with "’F MRS and a significant reduction of tumor
growth [24,32]. Although bCD has higher stability [18] making it ideal for
NP delivery approaches, yCD is significantly more active [19]. We therefore
selected yCD for these studies. In earlier studies with HT29 [19] and U-87
cells [33] that expressed a yCD construct, 400-500 pM of 5-FC reduced the
viability of cells exposed to 48 h of 0.1% O, by 90%. In our study 1 mM
of 5-FC reduced cell viability by 65%. These differences in viability may be
due to the differences in oxygen tension between the 2 studies and also due
to variability in cell responses to 5-FU [34].

Our purpose here was to use this hypoxia theranostic approach to
understand the impact of eliminating hypoxic cells on the TME, specifically
CAFs. While the 5-FU produced by hypoxic cells in the tumor may have had
a bystander effect on adjacent nonhypoxic cells, we clearly reduced hypoxic
tumor populations as evident from the significant decrease of luciferase
activity detected in the tumors with BLI, and the significant decrease of HIF-
loe mRNA and protein.

In prostate cancer, CAFs have been shown to induce growth, confer
castration-resistance, and increase metastatic potential [35]. We previously
observed, in a human breast cancer xenograft, that acutely hypoxic tumor
areas have increased CAFs [27]. However, the effects of eliminating hypoxic
cancer cells on CAFs have not been previously investigated. Here we observed
that eliminating hypoxic cancer cells resulted in a decrease of CAFs in the
tumor, supporting the possibility that, in this prostate cancer xenograft,
recruitment of CAFs was influenced by hypoxia dependent cytokines,
resulting in a decrease of CAFs when hypoxic cancer cells were eliminated.
In untreated tumors, hypoxic tumor regions evolve into necrotic regions
explaining why CAFs are observed in hypoxic-necrotic regions. The decrease
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Figure 7. (A) Representative tile scanned Coll fiber images acquired using SHG microscopy from a PC3_HRE_LUC (top) and PC3_HRE_LUC_yCD
tumor (bottom) in response to 5-FC treatment. The images were acquired at a pixel resolution of 0.83 pm x 0.83 pm with a FOV of 425 x 425 um? for each
tile scan. Red boxes identify zoomed in regions for the 2 tumors. (B) Analysis from SHG microscopy showed no significant difference in percent fiber volume
and interfiber distances between PC3_HRE_LUC tumors and the PC3_HRE_LUC_yCD tumors. However, differences in the texture patterns in the Coll
fiber distribution were observed between the PC3_HRE_LUC and the PC3_HRE_LUC_yCD tumors. The texture parameter correlation was significantly
higher in the PC3_HRE_LUC tumors compared to the PC3_HRE_LUC_yCD tumors, the aspect ratio was significantly lower in PC3_HRE_LUC tumors
compared to the PC3_HRE_LUC_yCD tumors, and eccentricity showed a trend toward lower values for the PC3_HRE_LUC tumors compared to the
PC3_HRE_LUC_yCD tumors. Values represent Mean + SEM. *P < 0.05, # P=0.06.

of the viable/necrotic fraction in the 5-FC treated PC3_HRE_LUC_yCD
tumors was due to an increase of cell death from 5-FU and not from oxygen
deprivation. It is possible that hypoxia results in the recruitment of CAFs,
similar to wound-healing, where fibroblasts present in granulation tissue
become myofibroblasts and deposit ECM components including mainly
collagen type III that is gradually replaced by Coll and elastin [13]. While we
did not detect a significant change of Coll fiber content, in the 5-FC treated
PC3_HRE_LUC_yCD tumors, we did observe significant alterations in the
Coll fiber texture in these tumors. The impact of these alterations on tumor
stiffness and on invasion and metastasis merit further investigation.

While we were able to demonstrate a reduction of tumor volume and
hypoxia with our theranostic strategy, some of the constraints of our study
were that the changes in CAFs were only evaluated 7 days after the end of
treatment and not at intermediate time-points. We were therefore unable
to identify the time at which CAF trafficking may have been altered.
Additionally, although our data show that hypoxic cells were eliminated,
the 5-FU generated may have also had a bystander effect on normoxic cells.
HRE driven expression of BL only provided a hypoxia index and not oxygen
tensions. Future studies should also investigate the effects of this hypoxia
theranostic strategy on tumor metastasis.

In conclusion, here we have identified significant changes in the TME
with a hypoxia theranostic strategy. These results expand our understanding
of the effects of selectively eliminating hypoxic populations in tumors and
support targeting hypoxia to decrease aggressive populations in tumors. Gene
therapy was investigated in the treatment of human prostate cancer over
a decade ago [36]. More recently, a Phase II/III clinical trial of patients
with newly diagnosed glioblastoma injected with vocimagene amiretrorepvec
(Toca 511), a replicative retrovirus (RRV) based therapeutic gene CD

followed by extended release flucytosine (Toca FC) (TOCAGEN San Diego,
CA, Clinical trials.gov, NRG-BN006), has also been performed. Selective
elimination of hypoxic cancer cells may be possible in human cancers,
in the future, with the development of targeted nanoparticles to deliver
cDNA [37] of HRE controlled prodrug enzymes. Tailoring such RRVs to
carry an HRE driven therapeutic gene may provide precision targeting of
hypoxic cancer cells. There has been significant interest in developing hypoxia
activated prodrugs (HAPs) [38]. Lessons learned from clinical trials of HAPs
such as Evofosamide have clearly identified the importance of integrating
hypoxia imaging with hypoxia targeting strategies [39—43]. Imaging of tumor
targeted NDPs delivering ¢cDNA of a hypoxia driven prodrug enzyme in
combination with hypoxia imaging using PET [44] or MRI [45] may provide
translational approaches for hypoxia theranostics.
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