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Abstract

Objective: To investigate Porphysome fluorescence image-guided resection (PYRO-FGR) for detection of
uterine tumour, metastatic lymph nodes and abdominal metastases in a model of endometrial cancer.

Methods: White New Zealand rabbits were inoculated with VX2 cells via intra-myometrial injection. At 30
days, Porphysomes were administered intravenously. At 24 h the abdomen was imaged and fluorescent tissue
identified (PYRO-FGR). After complete resection of fluorescent tissue, fluorescence-negative lymph nodes and
peritoneal biopsies were removed. Histopathology including ultra-staging and analysis by a pathologist was used
to detect tumour. Fluorescence signal to background ratio (SBR) was calculated and VX2 (+) tissue compared
to VX2 (-) tissue. Biodistribution was calculated and Porphysome accumulation in fluorescent VX2 (+) tissue
compared to fluorescent VX2 (-) and non-fluorescent VX2 (-) tissue.

Results: Of 17 VX2 models, 10 received 4 mg/kg of Porphysomes and 7 received |1 mg/kg. Seventeen tumours
(UT), 81 lymph nodes (LN) and 54 abdominal metastases (AM) were fluorescence-positive and resected. Of
these, 17 UT, 60 LN and 45 AM were VX2 (+), while 16 LN and 5 AM were VX2 (-). Nine specimens were
excluded from analysis. Thirty-one LN and 53 peritoneal biopsies were fluorescence-negative and resected. Of
these, all LN and 51/53 biopsies were VX2 (-) with only 2 false-negative biopsies. Sensitivity and specificity of
PYRO-FGR for VX2 (+) tissue was 98.4% / 80.0% overall, 100% / 100% for UT, 100% / 66.0 % for LN and 95.7%
/ 91.4% for AM. Increased SBR and biodistribution was observed in VX2 (+) tissue vs. VX2 (-) tissue.

Conclusions: Porphysomes are a highly sensitive imaging agent for intra-operative detection and resection of
uterine tumour, metastatic lymph nodes and abdominal metastases.
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Introduction

Endometrial

cancer is the most common

a total hysterectomy, bilateral salpingo-oophorectomy

gynecologic malignancy in North America, affecting
2.8% of women throughout their lifetime [1]. Over
95% of patients will have surgical treatment including

and, depending on the risk of lymph node metastases,
a pelvic and para-aortic lymphadenectomy, or
removal of lymph nodes in the pelvis and
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retroperitoneum [2]. Surgical staging to identify
lymph node metastases is important as it can guide
the administration of adjuvant chemotherapy [3] and
radiation [4], and because the presence of lymph node
metastases is one of the most important independent
prognostic  factors for survival [5,6]. While
lymphadenectomy is still considered the diagnostic
gold standard, significant controversy remains
surrounding the procedure. Currently,
lymphadenectomy is routinely performed in women
with high risk features due to the 18-22% risk of pelvic
lymph node metastases [5,7] and the high likelihood
of para-aortic lymph node metastases (40-60%) seen
with pelvic node positivity [8]. However, this
extensive surgical procedure can confer significant
associated intra-operative [9] and post-operative
morbidity which is related to the extent of lymph
node dissection [10]. In low risk women the procedure
is controversial, as two large randomized controlled
trials have shown that there is no associated survival
benefit in this group [9,11]. However, 5-10% of these
women will have positive lymph nodes [5,9] that will
thus go undiagnosed, preventing them from receiving
important adjuvant therapy and confounding their
prognosis. Current non-invasive methods to diagnose
lymph node metastases including both morphologic
(CT, MRI) and functional imaging (PET) do not have
the required diagnostic accuracy to replace
lymphadenectomy [12], and results from sentinel
lymph node studies have been variable, most notably
in high risk populations [13,14]. Thus, an improved
method of diagnosis and intra-operative targeting of
positive lymph nodes is required.

Optical imaging has emerged as a novel
technique for cancer diagnosis and treatment by
offering a real-time, non-invasive method for tumour
detection. Near-infrared fluorescence imaging has
emerged as the most clinically important modality
[15] given its multiple benefits including safety [16],
ease of use [15,17], high resolution and real-time
augmentation of the surgical field [15,17].
Furthermore, the decreased background tissue
auto-fluorescence  [16] and increased depth
penetration provides excellent image quality and
tissue visualization [16]. As real-time intra-operative
fluorescence imaging has allowed surgeons to move
seamlessly between pre-operative imaging and
intra-operative decision making, the push to develop
novel imaging probes has continued. Inorganic
molecules such as quantum dots [18], carbon
nanotubes [19] and metal nanostructures [20] have
rapidly emerged given their optimal fluorescence
properties, however concerns regarding toxicity and
cost have hampered their translation [21]. Organic
fluorophores including next-generation cyanine dyes,

squaraine derivatives, BODIPY analogues and
porphyrins/porphyrin derivatives have also been
investigated [21], however most require targeting
ligand conjugation or nanoparticle encapsulation to
improve tumour delivery [21]. Given the significant
interest in the development of multifunctional probes
for synergistic imaging and therapeutic applications
[22], the ability to encapsulate multiple dyes or to
perform multi-modal imaging (i.e. PET, MRI) and
image-guided therapeutics (i.e. PTT/PDT) with a
single particle is desired [19].

To address this clinical need, we have developed
the Porphysome [23], an all-organic supramolecular
self-assembling nanoparticle (~120 nm diameter), that
has unique multi-functionality with respect to cancer
imaging and therapeutics [23-26]. After intravenous
administration, Porphysomes accumulate
preferentially in cancerous tissues due to the
abnormal vasculature, microenvironment and
increased macrophage population which is known
together as the enhanced retention and permeability
(EPR) effect. Once in the tumour interstitium,
Porphysome nanoparticles dissociate into
porphyrin-lipid monomers [23], un-quenching their
inherent near-infra fluorescence [23] and allowing for
accurate in vivo porphyrin fluorescence image-guided
resection (PYRO-FGR). Previous studies have
demonstrated that intravenous administration of
Porphysomes can accurately identify primary
tumours, metastatic lymph nodes and
micro-metastases using fluorescence in multiple
animal models [24-26]. Given this promising
pre-clinical data, we hypothesize that Porphysomes
could provide a sensitive intra-operative imaging tool
to detect primary tumour, lymph node metastases
and abdominal metastases using in a model of
endometrial cancer. We herein demonstrate the
successful use of Porphysomes as a tool for
image-guided lymphadenectomy and provide
pre-clinical evidence that Porphysomes may be a
useful agent to address the clinical controversy
regarding the diagnosis and surgical resection of
lymph node metastases in endometrial cancer.

Materials and Methods

Porphyrin-lipid Nanoparticles

Porphysomes and ®Cu-labeled Porphysomes
were prepared according to previously described
protocols including sterile filtration [27] (Figure 1).
Briefly, radiolabelling was performed by diluting 0.5
mg/kg of Porphysome solution 1:4 (vol/vol) with 0.1
M NH4OAC buffer (pH 5.5), mixed with ¢CuCl
solution, and incubated at 60 °C for 60 min to yield a
target activity of 5 mCi per rabbit. The radiolabeling
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yield and purity were assessed by instant thin layer
chromatography quantified by a Wizard® 1480
well-type automatic gamma counter (PerkinElmer
Inc.; Shelton, CT, USA).

Animal Studies

All animal studies were conducted in Animal
Resource Center (ARC) approved facilities of the
University Health Network and in accordance with
approved animal use and care protocols.

Establishment of VX2 Endometrial Cancer
Model

Two methods were used to prepare cells for
intra-myometrial injection. In the first method, in vivo
VX2 quadriceps tumour propagation was performed
as previously described [28]. VX2 tumour blocks from
our collaborator’s lab were minced into 0.2 mm pieces
and strained through a 70 um cell strainer (Falcon™,
Fisher-Scientific) for a final volume of 1 ml and
concentration of 1 x 107 / ml. In the second novel
method, cells were cultured after injecting 150 pL of
VX2 cell suspension into the flank of a NOD Scid
gamma mouse (Charles River, Wilmington MA,
USA). At 34-days the tumour was excised (volume
492 mm3) and the non-cystic core was minced onto 60
mm collagen I coated plates (BD/Corning BioCoat).
Plates were cultured until adherent cells grew out
from tumour pieces at which point cells were cultured
on new plates using 1:1 DMEM/F-12 + 10% FBS and
1% Penicillin-streptomycin (Gibco life, ThermoFisher
Scientific). After passage 5, DNA was prepared from
cell lysates and assayed by qPCR for CRPV- E6,
mouse LINE-1 and rabbit LINE-1 to confirm rabbit
origin and to assess mouse cell contamination. Cells
were frozen in 1:1 DMEM/F-12 + 30% FBS + 10%

DMSO0 until required at which point they were thawed
and cultured according to standard cell culture
protocols. The rabbit models developed by these two
methods are hereby referred to as in vivo rabbits and
cultured rabbits respectively.

2.1.4 Surgical Protocol and tumour growth
monitoring

28 female White New Zealand rabbits weighing
2.5-3.0 kg (Charles River, Wilmington MA, USA) were
used for model establishment. After ensuring
adequate anesthesia, the peritoneal cavity was
entered and the uterine horns were identified and
sutured 1.5 cm distal to the cervices using 3-0 Vicryl®
suture (Ethicon, Somerville, NJ, USA). 0.5 ml of the
cell suspension was injected bilaterally into the
myometrium proximal to the suture site. For in vivo
cells, the injected dose was 5 x 10° cells per uterine
horn. For cultured cells, the optimal dose was
established using an escalating dose protocol with an
optimal dose of 4 x 107/ml (2 x 107 per uterine horn)
identified. Rabbits were examined for tumour growth
at 21 days post-operatively using contrast enhanced
CT-imaging and intra-operative assessment with
successful tumour growth defined by the presence of
a visible/palpable tumour in one or both uterine
horns. The timing of the subsequent experiment was
based on the type of cell used for model
establishment.

Porphysome Intravenous Injections

Rabbits were separated into low dose (1 mg/kg)
and high dose (4 mg/kg) Porphysome groups. For 13
rabbits used for both biodistribution and fluorescence
guided surgery experiments, ¢Cu-radiolabelled
Porphysomes at a dose of 0.5 mg/kg / 5 mCi were

Endometrial
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Figure 1. Porphysome schematic and the use of porphysomes for porphyrin fluorescence-guided resection (PYRO-FGR). Left panel: schematic representation of the
porphysome structure and its functionalities: ¢4Cu labeling for PET imaging and gamma counting as well as PYRO-FGR. Right panel: schematics of PYRO-FGR workflow.
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intravenously injected with the remaining 0.5 mg/kg
(1 mg/kg total) or 3.5 mg/kg (4 mg/kg total)
comprised of non-radiolabeled Porphysomes.

In vivo near-infrared fluorescence imaging and
real-time in vivo porphyrin fluorescence-guided
resection (PYRO-FGR)

At 24 h post-injection, rabbits were euthanized
and a systematic white light and fluorescence
inspection of the abdomen was performed to identify
tumour and intra-abdominal metastatic disease by
starting from the uterus and pelvic structures and
moving counter-clockwise to examine the pelvic and
para-aortic lymph node basins, retro-peritoneal and
upper abdominal organs including the diaphragmatic
surface and omentum, and the small and large bowel
with  mesentery. A pre-clinical fluorescence
endoscope (PINPOINT imaging system, Novadaq
Technologies Inc., Mississauga, ON, Canada) with a
laser excitation wavelength of 675 nm was used to for
in vivo fluorescence imaging and real-time videos
were recorded for analysis. All fluorescent tissues
were resected under image guidance (PYRO-FGR).
Organs with high background fluorescence were not
resected unless metastatic nodules were visualized on
the organ surface or other suspicious findings were
noted (i.e. rough surface, pinpoint bleeding etc.). Once
PYRO-FGR was completed, a second systematic white
light inspection was performed to identify and resect
any remaining non-fluorescent suspicious tissue.
Complete pelvic and para-aortic lymphadenectomies
and six random biopsies (right and left omental,
para-colic gutter and pelvic peritoneum) were then
performed after ensuring the tissue was fluorescence
negative (Figure 1). All resected tissues were
measured and imaged using the Maestro Imaging
system™ (Cambridge Research and Instrumentation,
Woburn, MA, USA) with a 575 - 645 nm excitation
filter and 20 ms exposure. Images were spectrally
unmixed and ex vivo fluorescence was correlated with
in vivo fluorescence. Surgery videos were analyzed
using Image-] software (public domain software
developed by the NIH) and the signal to background
fluorescence ratio (SBR) was calculated for each
resected tissue by dividing the mean fluorescence
signal from the tissue of interest by the mean
fluorescence signal of the adjacent background tissue.
SBR results were correlated with histology and
tumour positive and tumour negative tissues were
compared overall and by pyrolipid dose and model

type.
Biodistribution studies

In rabbits who received #*Cu-Porphysomes, half
of all primary tumour, lymphadenectomy and biopsy

specimens were used for biodistribution with the
remainder sent for histology. 1/3 of the largest
intra-abdominal metastases and lymph nodes were
used for biodistribution while the remaining 2/3 as
well as smaller abdominal metastases and lymph
nodes were sent for histology. Additionally,
non-tumour bearing organs were also used for
biodistribution (Table S1). Specimens were assayed
using a Wizard® 1480 well-type automatic gamma
counter with a measurement time of 60 s per sample.
Results were decay and residual-corrected and the
percentage of injected pyrolipid dose per gram of
tissue (%ID/g) was calculated. Biodistribution results
were correlated with histology and tumour-positive
and tumour-negative tissues were compared overall
and by pyrolipid dose and model type.

Histopathology and ultra-staging protocol

Non-fluorescent lymphadenectomy specimens
and biopsy specimens were serially sectioned (500
um-1 mm levels) and all sections were stained with
Hematoxylin and FEosin (H&E) + pancytokeratin
(M3515 cytokeratin antibody, Dako/Agilent). All
fluorescent tissues were frozen in OCT media and
after radioactive decay (if applicable) were sectioned
and 3 slides 5-10 pm apart were taken at one level: one
for H&E staining and one each for pancytokeratin and
fluorescence microscopy. Frozen sections were
stained with 4',6-Diamidino-2-Phenylindole (DAPI)
for nuclei visualization. Full slide fluorescence
microscopy was performed on representative tissues
using the Zeiss AxioScan.Z1 with Cyb5 filter cube (ex
650 nm, em 673 nm, 20 ms) and a DAPI filter (ex. 353
nm, em. 465 nm, 250 ms). All slides were examined by
a Gynecologic Pathologist for the presence or absence
of tumour. Lymphadenectomy specimens were also
examined for negative lymph nodes. Tissues with a
negative frozen section underwent an ultra-staging
procedure adapted from endometrial cancer sentinel
lymph node pathology protocols [29]. Fluorescent
tissues were considered negative if they were
negative on both frozen section and all ultra-staging
sections. Fluorescent tissues were considered positive
if they were positive on either frozen section or on any
ultra-staging specimen. Specimens were categorized
according to tissue type and tumour status: true
positives (fluorescent tissue, tumour positive), false
positives (fluorescent tissue, tumour negative), true
negatives (non-fluorescent tissue, tumour negative)
and false negatives (non-fluorescent tissue, tumour
positive). Specimens were excluded from analysis if
they were not completely assessed intra-operatively
(camera malfunction) or post-operatively (unable to
perform ultra-staging, presence of cells suspicious for
malignancy but not confirmed). The sensitivity and
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specificity of PYRO-FGR for primary uterine tumour,
lymph nodes and abdominal metastases was then
calculated (Figure S1) overall and by pyrolipid dose
and model type.

Statistical analysis

SPSS© (version 24, copyright IBM 2016) was used
for statistical analysis. Continuous variables were
described using mean values plus standard deviation
or standard error of the mean. Continuous variables
were compared using two-tailed students-t-test for
parametric data and mann-whitney-U tests for
non-parametric data. For comparison of multiple
means, one-way ANOVA was used with post-hoc
Bonferroni correction. A p-value of <0.05 was
considered statistically significant.

Results

Endometrial Cancer model

21 of 28 rabbits had successful tumour growth.
The average time from inoculation to experiment was
29 days (24-31) for in vivo rabbits and 45 days (36 - 51)
for cultured cell rabbits. Seventeen rabbits were used
for PYRO-FGR experiments. One animal died prior to
the experiment and three were not used due to
equipment malfunction. All rabbits had metastatic
transformation of the retroperitoneal lymph nodes
with histologically confirmed metastases identified in
16 (one rabbit did not have distinct lymph nodes
identified due to the high burden of pelvic disease).
Eleven rabbits had histologically confirmed
abdominal metastases. 75% of in vivo rabbits had > 1
metastasis vs. only 40% cultured cell rabbits. One in
vivo rabbit had distant lung metastases which was not
seen in any cultured rabbits. Cultured rabbits had an
average of 4.8 lymph nodes removed (2-7) with an
average VX2 positivity rate of 79% whereas in vivo
rabbits had an average of 4 lymph nodes removed
(0-9) and 76% positivity. Lymph nodes removed from
in vivo rabbits were significantly larger and more
necrotic when compared to lymph nodes from
cultured rabbits with an average volume of 0.99 cm?
(0.12 - 3.89) vs 0.59 cm? (0.01 - 2.92) (p=0.037). In vivo
rabbits also had larger tumours with an average
length 5.6 cm (4 - 6.8 cm) and width of 5.2 cm (3.3 - 9
cm) when compared to cultured rabbits (length 3.6 cm
(2-5), width 4.56 cm (3-7)).

Cultured and in vivo cell tumours appeared
histologically similar with dense hematoxylin stained
cells invading muscle and forming glandular
structures with many pathological mitotic figures.
The cultured VX2 cells were highly positive for both
Rabbit LINE-1 and CRPV-E6 with only trace amounts
of mouse LINE-1 identified (<0.01 pg/uL).

In vivo porphyrin fluorescence guided resection
(PYRO-FGR)

Ten rabbits received 4 mg/kg of Porphysomes
(mean volume 10.8 ml (9.3 - 14 ml)) and 7 rabbits
received 1 mg/kg (mean volume 2.68 ml (2.4 - 3ml)).
In the 4 mg/kg group there were 2 cultured rabbits
and 8 in vivo rabbits and in the 1 mg/kg group there
were 3 cultured rabbits and 4 in vivo rabbits. At the
21-day tumour-check laparotomy, all tumours were
non-fluorescent and had signal consistent with
background uterine tissue.

All tumours, abdominal nodules and lymph
nodes  resected during PYRO-FGR  were
intra-operatively fluorescent and discriminated from
surrounding background tissue (Videos S1-3).
PYRO-FGR allowed for continual reassessment of
resection margins which appeared normal in white
light (Figure 2). No suspicious tissue was identified on
the secondary white light inspection that had not been
identified using fluorescence. Subjectively high
fluorescence was noted in organs of the
reticuloendothelial system, intestines and ovaries
(Figure S2). Subjectively low background fluorescence
was noted in the non-tumour bearing uterus, bladder,
vagina, pelvic and para-aortic lymph node basins,
pelvic sidewall muscle, peritoneum and omentum.
Rabbits in the low dose group had subjectively lower
background fluorescence and off-target tissue
fluorescence when compared to the high dose group.

Table 1. Histology results by tissue type, Porphysome dose group
and VX2 model type

Tissue Type

Rabbit Group Tumour Lymph nodes Metastases / Excluded
Biopsies

TP TP FP TN FN TP FP TN FN
All rabbits (n=17) 17 60 16 31 0 45 5 53 2 12
1 mg/kg (n=7) 7 29 9 18 0 1 1 33 2 2
4 mg/kg (n=10) 10 31 7 13 0 34 4 20 0 10
In vivo cells 12 41 11 17 0 41 2 25 1 11
(n=12)
Cultured cells 5 9 5 14 0 4 3 28 1 1
(n=5)

FN = false negative, FP = false positive, TN = true negative, TP = true positive

Of the 81 fluorescent lymph nodes resected, 60
were VX2 positive, 16 were VX2 negative and 5 were
excluded from analysis for previously described
reasons. 38% of true positive lymph nodes were
diagnosed with ultra-staging and 4 specimens
contained only isolated tumour cells. Five of the 16
false positive lymph nodes were removed from a
single single rabbit. The number of true and false
positive lymph nodes in each rabbit group is
summarized in Table 1. All 17 uterine tumours
resected were intra-operatively fluorescence positive,
VX2 positive and considered to be true positive
results.
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Of the 54 fluorescent abdominal nodules
resected, 45 were VX2 positive, 5 were VX2 negative
and 4 were excluded from analysis. 29% of true
positive nodules were diagnosed with ultra-staging.
Of the 5 false positive nodules, 1 contained
inflammatory infiltrate and suture material, 3
contained lymphatic tissue and 1 contained no
inflammation, suture material or lymphatic tissue.

The number of true positive and false positive

abdominal nodules in each rabbit group is
summarized in Table 1.
Full-slide fluorescence microscopy of 7

specimens (2 tumours, 2 lymph nodes, 2 abdominal
metastases, 1 distant metastasis) demonstrated good
correlation between the tumour location and

porphyrin fluorescence signal (Figure 3).

Figure 2. In vivo porphyrin fluorescence-guided resection (PYRO-FGR), PINPOINT imaging system, 675 nm. (A) Rabbit 11 Tumour, white light. (B) Rabbit 11 Tumour, 675 nm
fluorescence grey scale filter. (C) Rabbit || Omentum, white light. (D) Rabbit 11 Omentum, 675 nm fluorescence grey scale filter identifying omental metastases (red arrows).
(E) Rabbit 9 left pelvic lymph nodes, white light. (F) Rabbit 9 left pelvic lymph nodes, 675 nm fluorescence green filter identifying VX2+ metastatic lymph nodes. (G) Rabbit 9 VX2+
metastatic left pelvic lymph nodes, white light, initial resection. (H) Rabbit 9 VX2 + metastatic left pelvic lymph nodes, 675 nm fluorescence green filter, initial resection
demonstrating remaining tumour (bright green). (I) Rabbit 9 VX2 + metastatic left pelvic lymph nodes, white light, complete resection. (J) Rabbit 9 VX2 + metastatic left pelvic

lymph nodes, 675 nm fluorescence green filter, complete resection confirmed.

Figure 3. Correlation of VX2 uterine tumour location on histopathology and porphyrin signal on fluorescence microscopy. (A-1) Rabbit 24 tumour, 10 pm, H&E, scale 2 mm.
(B-1) Rabbit 24 tumour, 10 um, pancytokeratin staining, scale 2 mm. (C-3) Rabbit 24 tumour, 10 pm, fluorescence microscopy, DAPI (blue, 250 ms), porphyrin (red, 20 ms), scale
2 mm. (A-2) Rabbit 24 tumour, 10 pm, H&E, scale 300 pm. (B-2) Rabbit 24 tumour, 10 pm, pancytokeratin staining, scale 300 um. (B-3) Rabbit 24 tumour, 10 um, fluorescence
microscopy, DAPI (blue, 250 ms), porphyrin (red, 20 ms), scale 500 pm. (A-3) Rabbit 12 tumour, 10 um, H&E, scale 300 um. (B-3) Rabbit 12 tumour, 10 pum, pancytokeratin
staining, scale 300 um. (C-3) Rabbit 12 tumour 10 um, fluorescence microscopy, DAPI (blue, 250 ms), porphyrin (red, 20 ms), scale 500 ym.
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Sixty-four fluorescence-negative lymphadenec-
tomy specimens and 56 biopsies were resected after
PYRO-FGR was complete. Twenty-seven lymph
nodes were identified within the lymphadenectomies
after histologic analysis. Seventeen were from
para-aortic lymphadenectomies and 10 from pelvic
lymphadenectomies. As well, 4 additional lymph
nodes were identified in biopsy specimens for a total
of 31 fluorescence-negative lymph nodes, all of which
were VX2 negative. The number of true negative
lymph nodes in each rabbit group is summarized in
Table 1.

Peritoneal biopsies were added to the surgical
protocol after the 7th rabbit therefore only 10 rabbits
had biopsies taken. 53 of 56 were VX2 negative, 2
were VX2 positive and 1 was excluded from analysis.
Both false negative biopsies were in the low dose
Porphysome group. The number of true negative and
false negative biopsies in each rabbit group is
summarized in Table 1.

A summary of the sensitivity and specificity of
PYRO-FGR for all resected specimens, metastatic
lymph nodes and metastatic abdominal nodules is
summarized in Table 2. The sensitivity and specificity
for primary tumour in all groups was 100% and 100%
respectively.

Signal to background fluorescence ratio

PYRO-FGR videos of 75 lymph nodes, 47
abdominal nodules and 17 tumours were analyzed to

determine the fluorescence signal to background
ratio. The signal-to-background fluorescence ratio
results by tissue type for each rabbit group is
summarized in Figures 4a-4e and the number of
specimens per group is summarized in Table S2.

Table 2. Sensitivity and specificity of PYRO-FGR for all
specimens, metastatic lymph nodes and abdominal metastases by
Porphysome dose group and VX2 model type

Rabbit group Sensitivity (%) Specificity (%)
All Specimens All rabbits 98.4 80.0
o 1mg/kg 95.9 83.6
o 4mg/kg 100.0 75.0
o) Cultured cells  96.6 84.0
& In vivo cells 98.9 76.4
% Lymph Nodes All rabbits 100.0 66.0
o 1mg/kg 100.0 66.7
g 4mg/kg 100.0 65.0
2 Cultured cells ~ 100.0 73.7
by In vivo cells 100.0 60.7
£ Intra-abdominal All rabbits 95.7 914
Y Metastases 1mg/kg 84.6 97.1
.é 4mg/kg 100.0 833
Cultured cells ~ 80.0 90.3
In vivo cells 97.6 92.6

Porphysome Biodistribution

13 rabbits received a target radiation dose of 5
mCi (mean 4.54 mCi, (3.25 mCi - 5.72 mCi)) with five
receiving a total Porphysome dose of 1 mg/kg and
eight receiving a total dose of 4 mg/kg. Three were
cultured cell models and 10 were in vivo models. The

A All rabbits 1 mg/kg C 4 mg/kg
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Figure 4. Fluorescence signal-to-background ratio, fluorescent VX2 positive vs. fluorescent VX2 negative tissue. (A) All rabbits. (B) | mg/kg rabbits. (C) 4 mg/kg rabbits. (D) in
vivo cell rabbits. (E) Cultured cell rabbits. All = all specimens, AM = abdominal metastases, LN = lymph nodes.
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Figure 5. Porphysome biodistribution, fluorescent VX2 positive vs. fluorescent VX2 negative and non-fluorescent VX2 negative tissue. (A) All rabbits. (B) 1 mg/kg rabbits. (C)
4 mg/kg rabbits. (D) in vivo cell rabbits. (E) Cultured cell rabbits. All = all specimens, AM = abdominal metastases, %ID/g = percent injected dose per gram, LN = lymph nodes, OM

= omental metastases, U/T = uterus/tumour.

overall biodistribution data for all tissues in each
group is summarized in Figure S3. Thirty-two
fluorescent lymph nodes, 9 abdominal nodules, 13
tumours, 15 pelvic and para-aortic lymphadenectomy
specimens and 23 biopsies were analyzed.
Biodistribution results by tissue type for each rabbit
group is summarized in Figures 5a-5e and the number
of specimens per group is summarized in Table S3.

Discussion

We have demonstrated that Porphysomes are a
highly sensitive and moderately specific tool for the
intra-operative detection of primary tumour, lymph
node metastases and abdominal metastases in a rabbit
model of endometrial cancer, and that specificity
varies by tissue type, cell model type and
Porphysome dose. These findings add to the body of
evidence surrounding the utility of this multi-modal
nanoparticle for cancer imaging and highlights their
use as a tool to guide both the detection and real-time
resection of metastatic disease.

Current imaging modalities have sensitivities for
the diagnosis of lymph node metastases in
endometrial cancer that vary widely from 17%-86%
[12]. Sensitivities for sentinel lymph node biopsy
using interstitial ICG are higher, up to 93% as
reported by Plante et al [30], however this procedure
is unable to detect distant metastases. The use of
intravenous ICG to address the issue of distant
metastatic disease has demonstrated variable results

in multiple studies. Veys et al demonstrated only a
moderate sensitivity of 72.6% and a specificity of
54.2% for detection peritoneal metastases in ovarian
cancer which decreased to 50% for primary ovarian
tumours [31]. Studies in metastatic gastrointestinal
cancers have demonstrated sensitivities ranging from
76.3% - 87.5% [32,33] however limited conclusions can
be drawn due to the lack of rigorous assessment of
surrounding peritoneal and gastrointestinal tissues
[33]. Xia et al investigated ICG for the detection of
metastatic pelvic lymph nodes in prostate cancer but
did not report a sensitivity or specificity and notably
one false negative lymph node was found in a sample
of only four patients [34]. Digonnet et al. reported a
higher sensitivity and specificity for metastatic nodes
in head and neck cancers of 76.5% and 76.7%
respectively which is still lower than our study,
however also noted that near-infrared fluorescence
imaging may be useful in assessing the margins of
resections that appear normal in white light, a finding
consistent with our data [35]. Finally, Liberale et al.
reported sensitivities and specificities of 51.8 - 77.8%
and 755 - 94.2% respectively for positive lymph
nodes in colorectal cancer however this was based
entirely on ex vivo analysis [36]. While ICG
nanoparticle encapsulation does appear to improve
biodistribution and tumour signal to background
ratio for image guided surgery, these formulations are
still pre-clinical [37,38]. Our reported sensitivity of
100% for tumour and lymph node metastases and
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95.7% for abdominal metastases is thus superior to
both traditional diagnostic modalities and also to
clinically approved intravenously administered
near-infrared imaging agents.

This is the first study to report on the sensitivity
and specificity of PYRO-FGR and the largest study of
Porphysome lymph node imaging to date. Many
pre-clinical Porphysome studies in multiple
orthotopic cancer models [25,26,39,40] have alluded to
this high sensitivity, however, our study was the first
to perform a rigorous intra-operative evaluation of
both the tissues of interest and surrounding tissues to
provide a true evaluation of sensitivity. Our
PYRO-FGR surgical protocol, in combination with our
meticulous pathology assessment, further ensured the
accuracy of our sensitivity assessment. A further
strength of our study is the systematic evaluation of
sensitivity across multiple tissues types which is also
novel in the Porphysome literature. Only two
previous studies have looked at the use of
Porphysome fluorescence for diagnosis of lymph
nodes [25,41] and while both studies evaluated the
fluorescence of the first draining lymph node, they
did not provide a comprehensive analysis of both
positive and negative lymph nodes. This high
sensitivity is extremely important with respect to
oncologic imaging and is a noted strength of
PYRO-FGR, as incomplete tumour resection could
result in an increased recurrence risk and
compromised oncologic outcomes. The surgical
accuracy which can be achieved using PYRO-FGR,
most notably with respect to resection tumour
margins, is another important finding. As
Porphysomes are administered intravenously, the
surgical field does not become contaminated with
leaking dye which can be problematic with
intra-lymphatic imaging agents such as ICG [34],
meaning that margin resection can be performed in a
highly accurate manner.

Porphysomes were found to be moderately
specific, with an increased specificity for uterine
tumour and abdominal metastases and a lower
specificity for metastatic lymph nodes across all
groups, ranging from 60.7 - 73.7%. This moderate
specificity in lymph nodes appears to be related to an
increased uptake of Porphysomes in negative lymph
nodes, resulting in false positive lymph nodes being
detected with fluorescence. We hypothesize this may
be due to both underlying lymph node tissue
characteristics including hyper-vascularity [42] and a
large macrophage population [43] but also to an
inflammatory response in pelvic lymph nodes from
uterine surgical tissue damage [44], necrosis [45]
and/or malignancy [46]. Other studies have
demonstrated that inflammatory mechanisms such as

an increase in lymphatic flow [47], enlargement and
new growth of lymphatic vessels [48] and the
recruitment of reactive macrophages due to tumour
growth [48] can result in higher nonspecific lymph
node accumulation of nanoparticles. Notably, the
discrimination of reactive benign and malignant
lymph nodes on imaging is a well described challenge
as reactive nodes frequently present along the
lymphatic drainage pathway of tumours. As well,
they can appear enlarged or abnormal on
morphologic imaging and as false positive results on
functional imaging [44] suggesting this problem is not
unique to PYRO-FGR. In comparison, peritoneal
tissues are sparsely vascularized, contain fewer
organized macrophages [49] and lack a direct
lymphatic connection to the tumour site. These
characteristics mean peritoneal tissue will have a
more subdued inflammatory response and will take
up Porphysomes at a lower rate resulting in fewer
false positive results. Interestingly, only one false
positive abdominal nodule of five in our study did not
have a potential reason (i.e. lymphatic tissue or suture
material) for fluorescence, suggesting that true false
positive abdominal nodules are rare.

Porphysome dose impacted PYRO-FGR
specificity in our study. Specificity was highest across
all tissues in the 1 mg/kg group when compared to
the 4 mg/kg group which may have been related to
differences in biodistribution between the groups. A
large difference in uptake between true and false
positive lymph nodes was noted in the 1 mg/kg
group although it is not clear why Porphysomes
would accumulate at a proportionally higher rate this
group. Potential sources of error include the small
number of samples in each group, the small dynamic
range (0.1 - 0.25 % ID/g), and variation in tumour
volumes across analyzed tissues. This increased
biodistribution combined with the decreased
background fluorescence from a lower total
administered Porphyrin dose likely lead to a higher
SBR and improved metastatic tissue discrimination.
Unfortunately, due to the auto-gain function of our
camera, we cannot quantify the fluorescence signal
between groups and thus can comment only on the
subjective difference in background fluorescence
signal. It is possible that quantification of the
difference could eliminate the issues of specificity. As
well, no fluorescent lymph nodes were found in
healthy control rabbits at 1 mg/kg as compared to
those receiving 4 mg/kg. Taken together, these
findings suggest that 1 mg/kg may be the optimal
PYRO-FGR dose however an even lower dose may
further improve discrimination. This is almost
certainly true for abdominal metastases, as the 4
mg/kg group contained 80% of all false positive
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nodules, and may be true for lymph nodes. However,
a dose reduction may increase the risk of false
negative results as both false negative biopsies were
found in the 1 mg/kg group, although the actual
number remained small.

Differences in cell type also impacted specificity.
Hyper-vascular, rapidly growing, necrotic tumours
such as our in vivo tumours have been shown to have
more EPR characteristics and higher degrees of
tumour associated inflammation when compared to
slower-growing tumours such as our cultured cell
tumours [50]. These variations in the tumour
microenvironment [51] may account for the large
differences in Porphysome biodistribution and SBR
noted between our model types and we understand
that may also be an important factor in future clinical
translation, as pre-clinical models do not always
reliably replicate the EPR environment of a human
tumour. While these differences may have impacted
specificity, we hypothesize that our cultured cell
model had the best lymph node specificity due to the
higher rate of true negative lymph nodes detected in
this model. Different tumour growth characteristics
meant that metastatic in vivo lymph nodes were large
and necrotic, leaving little remaining mnormal
lymphadenectomy tissue in which to identify separate
negative lymph nodes, whereas metastatic cultured
cell lymph nodes were smaller and separated by
larger amounts of normal tissue.

This is the first reported use of cultured VX2 cells
to create our model and we consider the inclusion of
two VX2 cell types to be a strength of our study. The
slower growth pattern of our cultured cells is
consistent with cultured VX2 cells used for other
models [52] and we believe that this growth pattern,
in combination with the propensity to form late
distant metastases, is an important difference from
our in vivo model. Human endometrial cancer is
generally a slow-growing cancer which generally
metastasizes in a stepwise manner from pelvic to
para-aortic lymph nodes and finally to late distant
metastases. As well, lymph node metastases will
generally be separated by normal lymph node tissue.
Thus, we consider our novel model to be
advantageous as it may replicate the clinical scenario
of endometrial cancer more reliably than the more
aggressive in vivo cells. We realize that the use of two
models may act as a confounder during analysis of the
dosing group data, just as the two dosing groups may
confound the analysis of the model data, however our
data was consistent across groups with respect to our
hypotheses about Porphysome in vivo activity.
Unfortunately, given the initial challenges in
establishing the cultured cell model, the number of
rabbits in the cultured model group is small which

limits the ability to perform sub-group analyses.

Currently, the diagnosis of lymph node
metastases in endometrial cancer remains a clinical
challenge due to the controversy surrounding the use
of lymphadenectomy. We believe that the application
of the Porphysome to the problem of endometrial
cancer is an innovative way to not only detect cancer
in more patients but to improve the treatment of these
patients through complete and precise eradication of
metastatic disease. Overall, we have demonstrated
that Porphysomes are a highly sensitive imaging
agent for the detection of primary tumour, metastatic
lymph nodes and abdominal metastases in our model
of endometrial cancer. The moderate specificity for
the detection of metastatic lymph nodes requires
improvement, however the identified rates are still be
an improvement compared to the current standard of
care which removes a majority of unaffected lymph
nodes. We are encouraged by the high sensitivity as
the resection of false positive tissue is clinically less
significant than missing metastatic disease. The issue
of decreased specificity is not new in the field of
nanotechnology as most nanoparticles rely on a
non-specific mechanism for tumour delivery. Given
the promising findings in our cultured cell model and
our 1 mg/kg dose group, the combination of a lower
dose in the environment of a slow-growing tumour
may act to improve lymph node specificity while
maintaining high specificity for uterine tumour and
abdominal metastases. Also, incorporating a
quantification system for fluorescence may help
eliminate the challenges around sensitivity. Based on
this pre-clinical evidence, we Dbelieve that
Porphysomes could be used as a tool to guide both the
intra-operative detection and real-time resection of
metastatic lymph nodes in patients with endometrial
cancer. Furthermore, we believe that Porphysomes
may also have significant utility in other tumours
which metastasize throughout the abdomen such as
ovarian cancer or gastrointestinal cancers due to the
excellent results with respect to primary tumour and
abdominal metastatic disease.
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