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Abstract

In solid tumors, the limited diffusion of therapeutic molecules in the perivascular space is a known
limitation impacting treatment efficacy. Ultrasound Targeted Microbubble Cavitation (UTMC) has been
shown to increase vascular permeability and improve the delivery of therapeutic compounds including
small molecules, antibodies (mAb), nanoparticles and even cells, notably across the blood-brain-barrier
(BBB). In this study, we hypothesized that UTMC could improve the accumulation and biodistribution of
mADb targeting the adenosinergic pathway (i.e. CD73) in mice bearing bilateral subcutaneous 4TI
mammary carcinoma. METHODS: A bolus of fluorescently labeled mAb was given intravenously,
followed by a slow infusion of microbubbles. UTMC therapy (I MHz, 850 kPa) was given under
ultrasound image guidance for 5 minutes to the right side tumor only, using three different pulse lengths
with identical ultrasound energy (5000cyc “long”, 125x40cyc “mid” and 500x10cyc “short”), and leaving
the left tumor as a paired control. Longitudinal accumulation at 0 h, 4 h and 24 h was measured using
whole-body biofluorescence and confocal microscopy. RESULTS: Our data support an increase in
antibody accumulation and extravasation (# extravasated vessels and extravasated signal intensity) at 0 h
for all pulses and at 4 h for the mid and short pulses when compared to the control non treated side.
However, this difference was not found at 24 h post UTMC, indicative of the transient nature of UTMC.
Interestingly, confocal data supported that the highest extravasation range was obtained at 0 h with the
long pulse and that the short pulse caused no increase in the extravasation range. Overall, the mid pulse
was the only pulse to increase all our metrics (biofluorescence, fraction of extravasated vessels, amount
of extravasated Ab, and extravasation range) at 0 h and 4 h time points. CONCLUSIONS: Our results
support that UTMC can enhance antibody accumulation in solid tumors at the macroscopic and
microscopic levels. This preferential accumulation was evident at early time points (0 h and 4 h) but had
started to fade by 24 h, a time dependence that is consistent with the ultrasound blood brain barrier
opening literature. Further development and optimization of this theranostic platform, such as repeated
UTMC, could help improve antibody based therapies against solid cancer.

Key words: antibody therapy, ultrasound, microbubbles, image guided therapy, solid cancer, immune
check-point blockade, extravasation.

Introduction

Monoclonal antibodies (mAbs) are widely used  specifically targeting cancer cells, immune cells or the
in clinical cancer care and continue to play an  vasculature [1]. mAbs can be used in their native
increasingly large role in drug development by  form, altered so to increase or suppress immune
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activation or conjugated with a cytotoxic agent for
targeted delivery [2]. A new class of mAbs targets
so-called immune checkpoint pathways (e.g.
PD-1/PD-L1 and CTLA-4) in order to stimulate
anti-tumor immune responses [3]. They operate by
overcoming immune suppressive pathways thereby
unleashing immune-mediated killing of tumor cells.
mAbs targeting PD-1/PD-L1, for instance, are
associated with impressive response rates, reaching
~30% across many cancer types. In addition to PD-1
and CTLA-4, numerous other immune checkpoints
have been shown to stimulate anti-tumor immunity.
Amongst the next generation of immune checkpoint
inhibitors are mAbs targeting the CD73
ecto-nucleotidases responsible for the generation of
extracellular and immunosuppressive adenosine [4,
5].

While mAbs can be highly effective anti-cancer
drugs, they are bulky molecules that do not distribute
evenly in solid tumors, where high interstitial
pressure and chaotic vasculature further impedes the
normal physiological interstitial perfusion from the
blood stream to cells in tissues [6-8]. This
inhomogeneous distribution limits the efficacy in
antibody based therapy. Interestingly, microbubbles
(MB) stimulated by a spatially targeted ultrasound
(US) field has been shown to cause several bioeffects
that could enhance antibody delivery and favor
immunotherapy in solid tumors. For instance, it is
well known that MB oscillations can increase vascular
permeability, notably in the brain, causing a transient
opening of the blood brain barrier (BBB). This
technology was shown to be safe in a first in-human
study concluded recently [9] and to increase the
delivery of many compounds to the brain, ranging
from small molecular drugs (< 1 kDa) (eg.
doxorubicin) and dyes (e.g. gadolinium or Evan’s
blue) to antibodies (100 kDa) (e.g. Herceptin),
nanoparticles (20-50 nm), and even cells (several pm)
[10-13]. While the benefits of vascular escape are
evident for drug delivery in the context of the BBB, it
remains unknown if increasing vascular permeability
would be beneficial for tumoral drug delivery, in
which the leaky vasculature is already known to
support the enhanced permeability and retention
effect. Interestingly, UTMC has been shown to
increase the extravasation of 60 kDa FITC dextran in
xenografted mouse CT26 tumor model [14]. Recently,
using dorsal window chambers and two-photon
microscopy, it was shown that UTMC dramatically
increased the extravasation of 2 MDa FITC dextrans
and nanoparticles in a human osteosarcoma model
[15]. Nevertheless, much remains to be understood
about the effect of MBs and ultrasound on antibody
accumulation in solid tumors, including its spatial
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distribution and temporal kinetics. A recent study
reported that combining UTMC with antibody
check-point blockade (anti-PD-1) induced tumor
growth inhibition and an increase in survival in the
treated group [16], however the mechanism remains
unclear, since there was no evidence of an increase in
tumor infiltrating lymphocytes. In another study,
UTMC has been shown to increase the efficacy of
cetuximab (anti-EGFR mAb) in a squamous cell
carcinoma syngeneic mouse model [17]. The authors
reported an increase in cellular mAb uptake following
UTMC in vitro but the in vivo tumoral antibody
distribution was not explored. The ultrasound
therapeutic pulsing scheme differed significantly
between these studies in terms of pressure, total
number of cycles, treatment duration and most
importantly pulse length. Consequently, there is a
need to better understand the effects of UTMC on
antibody accumulation and tumoral distribution and
to explore the ultrasound parameter space that can
help improve UTMC + antibody immunotherapy.

In tumors, extracellular ATP is released in
response to cellular stress [18] and gets degraded into
adenosine by ecto-nucleotidases, notably by CD39
(hydrolyzing ATP to AMP) and CD73 (hydrolyzing
AMP to adenosine). Adenosine drives potent
immunosuppressive signals on virtually all major
immune cells [19] and are foreseen as the next
generation of immune checkpoint inhibitors [5, 20].
CD73 is overexpressed in many cancers [19] and
anti-CD73 mAb therapy has been shown to block
conversion of AMP into adenosine and to enhance the
activity of anti-PD-1 or anti-CTLA-4 immune
checkpoint inhibitors [20, 21].

In this study, we hypothesized that UTMC
would enhance anti-CD73 mAb accumulation and
tumoral distribution in the 4T1 murine mammary
carcinoma model. This hypothesis was tested using in
vitro and in vivo experiments using whole body
biofluorescence imaging and confocal microscopy.

Methods

Bilateral tumor model and experimental
protocol

All animal protocols used in this study were
approved by the CHUM research center Institutional
Animal Protection Committee. The CHUM Research
Center holds a Certificate of Good Animal Practice
from the Canadian Council on Animal Care (CCAC).
Mammary carcinoma tumor cells (4T1), kindly
provided by Dr Stagg (CRCHUM), were cultured in
RPMI 1640 medium, supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin
and passaged before reaching confluence (<80%). 4T1
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cells (1x106) were mixed (1:1vol) with Matrigel matrix
(Corning, Tewksbury, MA) and implanted
subcutaneously and bilaterally into 8-10 weeks old
female BALB/c mice (Charles Rivers) in the posterior
upper flank area (100 pL/side).

Tumor size was measured using calipers every
2-3 days. Volume was calculated as (length x width x
depth / 2). When the tumors reached 200-300 mm3
(between days 12 and 17 post tumor cell implantation,
see Figure 5), mice were anesthetized using 1.5%
isoflurane, the tumoral areas were depilated and a
bolus (100 pg) of anti-CD73 antibodies (TY/23,
Bioxcell, ~ West  Lebanon, NH), previously
fluorescently labeled (anti-CD73-F) wusing a
commercial kit (AlexaFluor680, SAIVI rapid antibody
labeling kit, Invitrogen) and counted using a
nanodrop system (Nanodrop, Thermo Scientific), was
injected intravenously. Antibody injection time was
the reference time (t=0 h) for the experiment. This was
followed by a slow infusion (4 pL/min) of MBs
(Definity, Lantheus) via the tail vein. Microbubbles
were activated using a Vialmix amalgamator as
specified by the manufacturer. The syringe was
constantly rotated to avoid MB floatation. Therapeutic
US was delivered on the right tumor for 5 minutes
using a single element commercial unfocussed
transducer (1 MHz, 0.5 inch, A303S, Olympus), under
live guidance using contrast enhanced US (CEUS)
imaging (CPS7, Sequoia, Siemens), whereas the left
tumor served as a paired control. Mice were then
imaged by near infrared optical fluorescence imaging
(670 nm/700 nm [Ex/Em)], OptixMX2, GE Healthcare,
Chicago IL) within 5 min post therapy. The
biofluorescence imaging was thus performed within
10 min post mAbD injection (labeled “0 h” thereafter for
simplicity), and at 4 h and 24 h. Mice received an
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injection of vascular stain (Hoechst33342, 20 pg/g,
Invitrogen) 10 minutes before sacrifice by perfusion
fixation through the heart. Tumors were collected and
immediately snap frozen in O.C.T. compound (Fisher
Healthcare Tissue-Plus, Fisher Scientific company,
Ottawa, Canada) for confocal microscopy imaging
(Figure 1). A total of 27 mice were used in this study, 3
mice per group x 3-time points x 3 ultrasound pulses.

Ultrasound Image-Guided Therapy

Therapeutic US consisted of 1 MHz, 850 kPa,
5000 cycle pulses given every 5 s for 5 minutes, either
as a continuous train of 5000 cycles (“long” pulse) or
subdivided 125 trains of 40 cycles (“mid” pulse) or
into 500 trains of 10 cycles (“short” pulse), spaced by
100 ps, such that the total number of acoustic cycles
per pulse (5000 cycles) and acoustic energy were the
same in all three groups. The therapeutic transducer
was driven by an arbitrary function generator
(33210A, Keysight technologies, Santa Rosa, CA)
connected to a power amplifier (AR, model 75A250,
Souderton, PA, USA) and was previously fully
calibrated using a membrane hydrophone (HMA0200,
Onda Corporation, CA) in a degassed water tank
equipped with a 3D motor positioning system. The
chosen pressure was the highest pressure that could
be delivered by our amplifier. The therapeutic
transducer was positioned on top of the right tumor,
perpendicularly to the imaging probe plane such that
the treatment pulse could be clearly localized in CEUS
imaging, thus providing validation of the probe
alignment and real-time therapeutic delivery
monitoring as well as confirmation of MB
replenishment between UTMC pulses (Figure 1). An
acoustic absorbing pad was placed under the animal
to prevent standing waves from developing.

anti-CD73-F (AF680)

Therapeutic +
US pulses MB (Definity)
Monitoring . Biofluorescence
by CEUS \ ; mfb Sacrifice
&8 ‘ UTMC . ,
&N US Probe v ¥ U 1
m 1518 Oh <10min 4h 24h

US treated ?Non-treated

side ‘matched control
side

Readouts
Biofluorescence imaging (anti-CD73-F)
Confocal microscopy (Ab penetration
and distribution in tumor

Figure 1: Experimental approach: a) Mice bearing bilateral subcutaneous tumors (volume of ~250 mm3 each) received a systemic bolus (100 pug) of fluorescently labeled
antibodies (anti-CD73-F) and ultrasound targeted microbubble cavitation (UTMC) therapy on the right side during the infusion of microbubbles (Definity) via the tail vein. UTMC
was guided by contrast enhanced ultrasound imaging (CEUS) allowing monitoring of the spatially targeted therapy and microbubble replenishment. Mice were then imaged for
biofluorescence and sacrificed at 0 h (<10min), 4 h and 24 h post UTMC for confocal microscopy.
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each vessel

Figure 2: Confocal image analysis, including vessel segmentation and determination of each vessel area of influence: a) A typical example of a confocal image
(treated side, 5000cyc, 0 h): perfusion stain (Hoechst33342) in blue and antibody fluoresence in red; b) vessel agglomeration and distance masks (spaced 36 pm apart) used in
distance analyses; c) watershedding operator to determine the area of influence of each vessel. Bar is 100 pm.

Biofluorescence Imaging and image analysis

Antibody accumulation at 0 h (less than 10 min
after therapy) (N=9), 4 h (N=6) and 24 h (N=3) was
quantified by biofluorescence using a whole body
animal bio-imager (OptixMX2, GE). Mice were
maintained under anesthesia by 1.5% isoflurane and
scanned with all imaging parameters fixed for all
animals (laser, filter, resolution, integration time).
Tumors were manually delimited and the mean
intensity was calculated using the manufacturer’s
dedicated software (Optiview, GE Healthcare,
Chicago, IL). The paired design ensured a tight
control on the measured signals since the only
difference between both sides was the application of
the ultrasound therapy on the treated side.

Confocal imaging and signal processing

Frozen tumors were cryo-sectioned (5 upm),
mounted (Prolong Gold, Invitrogen) and scanned
using a confocal microscope (Leica TCS-SPSMP, 20x)
to detect vessels (Hoechst) and antibodies (AF680) at
respective (Ex/Em) wavelengths of (405 nm/460 nm)
and (633 nm/682HP nm). The image processing is
summarized in Figures 2-3. Briefly, a threshold was
imposed on each channel using Otsu’s method [22],
which automatically selects a threshold by
minimizing the variance within the two classes. Blue
pixels in the resulting binary image located near each
other were connected and defined as forming a vessel:
this was obtained by sequentially filtering out noise
(individual pixels) and performing two successive
dilations: the first dilation (8 pm) was used to define
the “inside” of the vessel; a second dilation (25 pm)
was used to group closer agglomeration of cell nuclei
into one continuous vessel. A watershed operation

was done on the second dilated mask to obtain the
area of influence of each vessel. The dilation
parameters were identical for all the image analyses.
A Euclidean distance transform (a map of the distance
between each pixel and its nearest non- zero pixel
[23]) was applied to the ‘inside” vessel mask to draw a
series of masks delimiting increasing distances away
from the closest vessel. For each vessel and within its
watershed region, the integral of the antibody signal
inside the vessel was subtracted from the integral of
the antibody signal from outside the vessel to
calculate the cumulated differential extravasated
antibody signal (DeltaAb), defined as:

For each vessel and each distance,

DeltaAb = Red Pixel Intensity;

Outside
i€ AND
RedMask

- Z Red Pixel Intensity;

Inside
JE€ AND
RedMask

Where Outside = {Vessel's watershed area & Distance mask}
Inside = {Vessel's watershed area & "Inside” mask}

The area “outside” the vessel can be described as
the pixels within a distance (d) in the watershed
segmentation for the vessel but not inside the original
“inside” mask. The red mask (a low-intensity
threshold filter using Otsu’s method) was necessary to
eliminate integrating the red channel’s noise. The
extravasation range for each vessel was defined as the
shortest distance away from the vessel where DeltaAb
reached its maximum value, denoted [DeltaAb]max.
(See Figure 3b). All vessels were thus classified as
‘extravasated’ ([DeltaAb]max>0) or ‘not-extravasated’
([DeltaAb]max<0). A contingency table was created for
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all conditions and a Fisher’s exact test was performed
to compare the proportions of extravasated vessels
with and without UTMC. Two-way ANOVA,
followed by LSD Fisher post hoc multi-comparison
tests, were used to compare [DeltaAb]msx and
extravasation range. All calculations were done in
MATLAB. Three tumors were analyzed for each
group (excepted for the 500x10cyc group at 4 h, in
which the Hoechst stain perfusion failed in one
mouse) and over 90 vessels were analyzed in each

group.
Expression of CD73 in 4T1 cells

The expression of CD73 on 4T1 cells and the
functional binding of the fluorescently labeled
antibodies were verified using a direct/competition
ELISA assay. Briefly, 4T1 cells were cultured in 96
well plates, fixed (4% formaldehyde, 15 min), blocked
(1% BSA + 0.1% Tween 20 in PBS, 1 h) and incubated
with 100 pg/mL  non-fluorescent anti-CD73
(competitive) antibodies or PBS (direct assay) for 1 h.
After washing, cells were exposed to 1 pg/mL AF680
labeled anti-CD73 for 1 h and washed 3 times.
Fluorescence was measured in an infrared imaging
system (700 nm, Odyssey, LI-COR). All experiments
were repeated 3 times. Confluence was visually
inspected using bright field microscopy to ensure that
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cells did not detach during the washing and
incubation steps (Figure 4b). Additionally, confocal
microscopy was used to determine the localization of
bound anti-CD73 antibodies. 4T1 cells were cultured
on collagen (10 pg/cm?) coated coverslips blocked
(1% BSA + 0.1% Tween 20 in PBS, 1 h), fixed (4%
formaldehyde, 15 min) and incubated with
anti-CD73-F antibodies (0.1 pg and 1 pg, 4 h at 4°C)
and Hoechst33342 (1 pg, 5 min, 20°C). Cells were then
imaged using confocal microscopy.

Statistical analysis

All data were expressed as mean * standard
deviation unless specified. Statistical testing for
biofluorescence was performed using two-way
ANOVA to compare the effects of US pulse and
treatment side (Figure 6b). Multiple comparisons
analysis to discern differences between groups was
performed using Sidak’s post-hoc testing (Prism 8.0,
Graphpad software, LaJolla, CA). For confocal
microscopy, Fisher’s exact test was used to analyze
contingency tables and two-way ANOVA to compare
the effects of US pulse and treatment side. Post-hoc
LSD Fisher’s multi-comparison testing was used to
detect differences in [DeltaAb]max and extravasation
range (Prism 8.0, Graphpad software, LaJolla, CA).

a b) e
) [DeltaAb] over Distance ) [Deltadb]
/ 4= B
P
= "y *
—— - - ®
© o
—O o
c) 1 | | | |
Q 50 100 150 200 250
Extravastaion
Range ® | + |° | O ‘ o + +
0 50 100 150 200 250

Distance (jum)

Figure 3: Example of confocal data image quantification: a) [DeltaAB] plotted as a function of distance for each vessel; b) [DeltaAB]max is projected to the right for each
vessel; c) the extravasation range is projected to the bottom for each vessel, defined as the location where [DeltaAB]max reached its maximal value. Colors in a) correspond to
the colored vessels in the upper left corner image, delimiting the area of influence of the vessel.
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Figure 4: Fluorescently labeled mAb (anti-CD73-F) binding to 4T1 cells: (a) 4T1 cells were either exposed to fluorescently labeled antibodies (anti-CD73-F), or
successively to anti-CD73 and anti-CD73-F in a competitive binding assay; (b) This competing assay with a prior native mAb challenge reduced the fluorescence/binding of
anti-CD73-F, without changes in cell confluence (N=3); (c) Confocal microscopy supports that CD73 was expressed mostly on the membrane of 4T cells. Scalebar = 25um.

Results

CD73 expression on 4T1 cells

We first confirmed CD73 expression on 4T1
murine breast tumor cells. Using a competitive/direct
binding assay, we found that prior blocking of CD73
with unlabeled anti-CD73 mAb caused an important
reduction (65%) in the fluorescence signal from bound
anti-CD73-F mAb (Figure 4b), establishing that
fluorescently labeled anti-CD73-F mAbs can
specifically bind to 4T1 cells and conversely that 4T1
cells express CD73. Using confocal microscopy, we
demonstrate that CD73 is highly expressed on 4T1 cell
membrane, as expected [19].

Bilateral model: Tumor growth data

4T1 tumors grew at similar rates in left and right
sides (Figure 5) and were treated between days 12 and
17 when the individual tumor volumes reached a
target size of 200-300 mm?3. In this size range, tumors
were vascularized but not necrotic based on CEUS
imaging. There was no trend distinguishing the
volumes of left (242 £ 96 mm?3) and right (237 + 118
mm?3) tumors on the day of treatment. Tumors

volumes ranged from 66 to 550 mm? and were not
larger on one particular side (Figure 5c).

Biofluorescence increase on the treated side

UTMC treated and non-treated tumors pairs
were imaged synchronously, such that all parameters
besides US exposure (antibody injection dose, time in
systemic circulation, gain and laser power of the
bioimager) were the same for both tumors in every
animal. Typical images are shown in Figure 6a. The
fluorescence was higher on the treated side for almost
every animal and at all time points (upward trending
lines, Figure 6b), as supported by a strong effect of
side (two-way ANOVA) at 0 h (p<0.0001), 4 h
(p=0.0002) and a weaker effect of side at 24 h
(p=0.021). Changing the pulse had no detectable effect
at fixed time (two way ANOVA, all p>0.12). Upon
multiple comparison testing, at 0 h, there was a
difference between treated (right) and untreated (left)
sides for all pulses (p<0.05): the largest difference was
observed at for the long pulse (1184 photons,
p=0.0002) and decreased for the mid and short pulses.
At 4 h, this difference between right and left
decreased for the long pulse (810 photons, p=0.23) but
increased for the mid (1427 photons, p=0.01) and short
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Table 1. Note that there were lower numbers of
observations with progressing time, as animals were
sacrificed for histology, thus decreasing the power of
the testing with increasing time.

(1453 photons, p=0.01) pulses. At 24 h, there were no
differences between left and right upon multiple
comparison testing (all p>0.09). The numerical values,
pairwise comparisons and relative increase
(normalized to control side at 0 h) are reported in

d ) Tumor growth b) Tumor growth C) Tumor size on treatment day
600 600 600
—=— Control
ANoog\ LEFT
_— p: B o —
E 400 E 400 E 400+ —— Treated
E = E RIGHT
/] (4] @
g g g
S 200+ = 200 < 2004
S S S
0- D-M T T T T 0-
3 5 7 10 12 14 17 3 5 7 10 12 14 17
Days since cell injection Days since cell injection s

Figure 5: Comparison of left and right tumor size over time and on treatment day: (a) Mean bilateral tumor growth following 4T1 cell implantation in BALB/c mice;
ANOVA did not detect a size difference as a function of side; (b) individual bilateral tumor sizes as a function of time showing that both sides were randomly larger or smaller;
and (c) Tumor size on treatment day showing similar size on both sides on average. Lines join left and right tumors from the same mouse. (N=27)

Mid Short
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Figure 6: Biofluorescence imaging: a) Mice bearing bilateral tumors received an intravenous bolus of fluorescently labeled antibodies (anti-CD73-F) and were treated with
UTMC on the right side only and were imaged by biofluorescence; b) Fluorescent signal for each mouse comparing right and left tumors at 0 h, 4 h and 24 h. Two-way ANOVA
(side, pulse) was significant for side at all time points (p<0.02). Numerical p-values<0.05 are indicated (SIDAK multiple comparison testing. N=9 at 0 h, N=6 at 4 h and N=3 at

24 h.
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Figure 7: Longitudinal biofluorescence signal as a function of side for different UTMC pulses: The fluorescence signals measured in control and treated tumors are
plotted as a function of time for the three mice per group that were serially imaged at 0 h, 4 h and 24 h. Data from the same animal are linked by a line. Compared to 0 h, the
signal increased in all groups at 4 h and 24 h but was similar between 4 h and 24 h, indicating a plateau between 4 and 24 h. Numerical p-values<0.05 are indicated (SIDAK multiple

comparison testing; N=3 per group).

Table 1: A photons between UTMC-treated and non-treated
sides and relative increase ratio normalized to the control side at
t =0 h, for each condition and time point. p<0.05 (Sidak multiple
comparison testing) are highlighted in bold.

Normalized fluorescence

USpulse Time Aphotons p-value Controlside  UTMC side
5000 Oh 1184 +739 <0.001 1 1.434 +0.308
4h 810+772  0.229 1453+0242  1.807 £0.352
24h 533+593  0.507 1.313+0.427  1.597 £0.307
125x40 Oh 808 +£532  0.009 1 1.230+0.218
4h 1427+ 605 0.016 1.623+0219  1.955+0.208
24h 450+483  0.628 1.800+0.324  1.883 £0.341
500x10 Oh 639897  0.047 1 1.223 +£0.279
4h 1483+ 800 0.012 1422+0.164  1.915+0.170
24h 1067 £ 844  0.090 1.577 £ 0.155 1.767 £ 0.261

Biofluorescence increase with time

To capture the effect of time, the data was
replotted for the three animals that were imaged
longitudinally at all timepoints for each pulse in
Figure 7. Fluorescence increased with time: it was
higher at 4 h (all p<0.05) and 24 h (all p<0.05)
compared to 0 h, but was not different between 4 h
and 24 h. Overall, this suggests an increase of
antibody accumulation with time that plateaued
between 4 h and 24 h. The % variation in
fluorescence, normalized to the control side at 0 h,
reported in Table 1, reflect the same plateau effect
after 4 h.

Confocal microscopy

Confocal microscopy was used to characterize
the spatial distribution of the antibodies following
UTMC. At 0 h and 4 h, antibodies appeared to be
restricted to the vascular space in tumors that did not
receive UTMC. Conversely, in tumors receiving
UTMC, antibodies were found beyond the vascular

space and penetrating into tumoral tissue. At 24 h the
fluorescence signal was visibly weaker (Figure 8).

Quantification of penetration in perivascular
space

To characterize antibody extravasation, the sign
of [DeltaAb]m.x was used to group the vessels into
‘extravasated’ and ‘not extravasated’ categories. The
counted vessels are reported in Table 2. We found
that all three pulses caused an increase in the fraction
of extravasated vessels in the treated tumors at 0 h
and 4 h, which increased from a range of [35%-66%]
(control side) to [60-96%] (UTMC side) (all p<0.03,
Table 2). This increase in extravasated vessels was not
found at 24 h (p>0.05). With the 5000cyc pulse, the
ratio was even reversed at 24 h (more extravasated
vessels in the control side) although the signal
intensity was weak (see Figure 8 and Table 3).
Similarly, we found that time and side had an effect
on [DeltaAB]max (two-way ANOVA, all p<0.05).
[DeltaAB]max increased for all UTMC pulses
compared to control sides at 0 h (all p<0.05, Table 3),
and for the mid and short pulses at 4 h (all p<0.03,
Table 2), but was not different between treated and
control sides at 24 h. Please find all the numerical
values and pairwise comparisons statistics in Table 3.
Finally, we found that time and side had an effect on
the extravasation range (Two-way ANOVA, all
p<0.001). The extravasation range was under 107 pm
on the control side at all time points (Table 3) but
increased above 107 um after UTMC (Figure 9 and
Table 3): the extravasation range reached a maximum
value of 149 pm for the long pulse at 0 h (p<0.001 vs
control) which was higher than with the mid (115 pm,
p=0.002) and short pulses (116 pm, p=0.003) at 0 h.
However, the extravasation range with the long pulse
was back to control values at 4 h and 24 h
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(respectively 101 and 83 pm, p>0.50). For the (80 pm, p=0.42). For the 500x10 pulse, there was no
125x40cyc group, the extravasation ranges were difference in extravasation range at any timepoint.
higher than control at 0 h (115 pm, p<0.001) and 4 h The summary of the comparisons and statistical tests
(107 pm, p=0.002), but were similar to control at 24 h can be found in Table 3.

Control side UTMC side
5000cyc 125x40cyc 500x10cyc 5000cyc 125x40cyc 500x10cyc

Oh

4h

24h

Figure 8: The effect of UTMC on antibody microstructural distribution around vessels as a function of time on control and UTMC treated side for
different ultrasound pulses: Typical confocal images of tumors at 0 h, 4 h and 24 h after receiving UTMC. Vessels are stained in blue (perfusion stain injected IV before
sacrifice) and antibodies carry a red fluorophore (AF680). Scale bar =100 pm.

Table 2: Number of extravasated and not extravasated vessels found by confocal microscopy. p-values<0.05 are highlighted in bold.

Control Treated Fisher's test
US pulse Time # ExV # Not ExV % ExV # ExV # Not ExV % ExV p-value
5000 0h 18 34 35% 34 4 89% <0.001
4h 27 32 46% 46 18 72% 0.003
24h 49 14 78% 21 26 45% <0.001
125x40 Oh 33 36 48% 43 9 83% <0.001
4h 22 41 35% 27 18 60% 0.012
24h 43 37 54% 28 34 45% 0.400
500x10 0h 38 20 66% 50 2 96% <0.001
4h 20 19 51% 40 14 74% 0.029
24h 40 37 52% 46 28 62% 0.250

ExV = Extravasated vessel, i.e. vessel with a positive [DeltaAB].

Table 3: Differential extravasation ([DeltaAB]max) and extravasation range between UTMC-treated and non-treated tumors, for each US
pulse and time point. p<0.05 are highlighted in bold. Data expressed as mean * standard error of the mean.

[DeltaAB]max (A.U.) Extravasation Range (pm)
US pulse Time Control UTMC Fisher LSD Control UTMC Fisher LSD
5000 Oh -14612 + 5848 31889 + 6718 <0,001 775 149 £10 <0.001
4h 1210 + 3502 3772 £ 5138 0.684 107+7 101+6 0.519
24h 1522 + 425 -9509 + 7100 0.114 785 83+4 0.615
125x40 Oh 3101 + 3139 26031 + 6740 0.049 605 115+9 <0.001
4h 615 4972 64647 + 24500 <0.001 745 107 £11 0.002
24h -1902 £1199 -1868 £ 1217 0.984 87+6 80+6 0.423
500x10 Oh 27016 + 6422 64377 £16119 <0.001 1046 116 £8 0.223
4h -4737 + 3501 19973 £5713 0.028 8716 787 0.403
24 h 1518 + 895 10284 +3104 0.314 83 +5 97 +9 0.096
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Figure 9: Confocal data analysis: (a) Differential extravasated antibody signal [DeltaAb]max; and (b) Extravasation range for each UTMC treatment as a function of side for
each timepoint. Data in this graph are plotted as mean * standard error of the mean. N=3 mice per group (only 2 mice for 500x10cyc at 4 h, see results section) and >90 vessels
analyzed per side for each condition. Data was analysed using Two-way ANOVA:s (side, time): for [DeltaAB]max, all p<0.05 for side and time; for extravasation range, all p<0.001
for side and time. ¥, ** and *** indicate respectively p<0.05, p<0.01 and p<0.001 from Fisher LSD multi comparison testing. Numerical data and statistics are reported in Table 3.

Discussion

Ab tumoral accumulation following UTMC is
dependent on the pulse length

In this study, we demonstrated that UTMC can
increase the tumoral accumulation of anti-CD73 mAb
in a syngeneic breast tumor model, at the macroscopic
level, using whole body fluorescence, and at the
microscopic level, using confocal microscopy. We
used a bilateral tumor model so that each animal was
its own control, in a longitudinal design with three
timepoints (0 h, 4 h and 24 h). These time points were
chosen based on the duration of BBB opening in the
brain using UTMC, which is dependent on molecular
size of the tracer, but typically begins to reverse at 6 h
and is generally restored at 24 h [24-26]. We found
that there was a preferential accumulation of mAb in
our model on the side receiving UTMC immediately
after therapy (0 h timepoint), and that this differential
increase persisted for at least 4 h after therapy, except
for the 5000cyc pulse, consistently with blood brain
barrier opening literature. Interestingly, despite
treating tumors of heterogenous sizes (right bigger or
smaller than left) (Figure 5b), the biofluorescence was
systematically higher on the treated side at all

timepoints (Figure 6b), a strong trend that was
detected by two-way ANOVA testing (effect of side,
all p<0.02). Upon multiple comparison testing, all the
pulses had an effect on antibody accumulation at 0 h
but only the mid and short pulses had an effect at 4 h,
suggesting different accumulation kinetics with the
pulse length (Figure 6b): the long pulse caused the
highest antibody accumulation at 0 h on the treated
side but this differential accumulation had vanished
at 4 h; for the mid and short pulses, there was initially
a smaller differential antibody accumulation at 0 h,
which increased at 4 h but started to fade at 24 h
(lower numerically and p>0.09 in multiple
comparison testing). This plateauing at time >4 h was
also found in a subgroup of mice that were followed
longitudinally at all time points (Figure 7), in which 4
h and 24 h data were not different. Finally, for the
biofluorescence data, it is important to note that our
study design intrinsically introduced a bias of
decreasing statistical power with progressing time,
because animals were sequentially sacrificed. This
could in part explain why the difference in photons,
which was positive for all pulses, but decreased with
time (Table 1) could not be statistically detected.
Overall, the biofluorescence data suggests that UTMC
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caused an increased accumulation of antibody in the
treated tumor at 0 h and 4 h but this effect was not
detected at 24 h post UTMC. Interestingly, these
findings were corroborated at the microstructural
level by confocal microscopy. Visually, it was clearly
evident that UTMC caused the extravasation of
fluorescent signal beyond the vascular space at 0 h
and 4 h, whereas it remained mostly intravascular in
the untreated tumors (Figure 8). This suggests that the
increase in biofluorescence observed at the
macroscopic level was caused by a modification at the
microscopic level where antibodies could be found
beyond the intravascular space and into the tumoral
interstitium. We found that all three tested US pulses
caused an increased proportion of vessels to allow
antibody extravasation (defined as the difference
between extravascular and intravascular antibody
fluorescent signal) at 0 h and 4 h, but not at 24 h (Table
2). The amount of extravasated antibodies
[DeltaAb]max increased for all tested pulses at 0 h and
for the mid and short pulse at 4 h, but not at 24 h.
Finally, we also found that the extravasation range
could be doubled with the longer pulses (5000cyc and
125x40cyc) at 0 h but that this increase persisted at the
4 h time point for the 125x40cyc pulse only.
Interestingly, the short pulse (500x10cyc) did not
cause an increase in extravasation range despite
having a modest effect on [DeltaAb]m.x and increasing
the fraction of extravasated vessels. We could not
detect differences at 24 h, at which time [DeltaAB]max
was very weak (Figure 8 and Table 3). Overall, based
on Figures 6b, 7, 8 and 9 and Tables 1-3, our data
supports that UTMC caused a targeted increased
accumulation on the treated side that depended on
the pulse length, in accordance with the
biofluorescence data: for the long pulse, we found a
stronger initial but short-lived UTMC mediated
accumulation and longest extravasation range, which
faded at the 4 h time point; for the mid and short
pulses, there was an initial effect with lower
[DeltaAB]max and extravasation range, which
persisted at 4 h but started to fade between 4 h and 24
h. Interestingly, the 125x40cyc pulse seemed to be a
good middle ground, causing all metrics
(biofluorescence, extravasated vessel fraction,
[DeltaAB]max and extravasation range) to increase at
both 0 h and 4 h timepoints.

Decrease of the extravasated signal with time

It was intriguing to find that the biofluorescence
data was maintained at 24 h whereas the confocal
extravasated data largely decreased at 24 h. This
could be explained by the contribution of antibodies
from the blood pool to the biofluorescence signal,
whereas blood was flushed at sacrifice for the confocal
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data. This however does not explain why the
extravasated signal decreased at 24 h in the confocal
imaging data (e.g. the long range extravasated
antibodies at 0 h with the long pulse disappeared with
time) or explain the weaker antibody signal at 24 h on
both sides in Figure 8. One possibility is the binding of
the anti-CD73 mADb to its target, which can lead to the
internalization and degradation of the antibody [27,
28]. This anti-CD73 mAb (TY/23) has been used
successfully in mice to target the CD73 receptor on
4T1 cells [5, 20, 21]. Furthermore, although we did not
experimentally confirm binding of the antibody to its
CD73 receptor, it is unlikely that UTMC would affect
the antibody function and binding ability for two
reasons: (1) UTMC is applied only 5 minutes locally
whereas antibodies are distributed systemically and
accumulate over hours; (2) other antibodies have been
used with UTMC and have demonstrated enhanced
therapeutic efficacy which support that UTMC does
not affect antibody binding [16, 17]. Therefore binding
of anti-CD73 mAbs to CD73 may lead to
internalization and degradation of the antibody,
although this was not demonstrated.

Novelty

Thus, the findings of this study are in line with
the well-known ability of UTMC to increase vascular
permeability, for improving delivery of drugs, genes,
nanoparticles, cells and antibodies to the brain [10-13,
29]. For tumors, however, to the authors” knowledge,
this is the first study describing the ability of UTMC to
increase antibody accumulation and tumoral
antibody extravasation in vivo outside the central
nervous system and to provide detailed and
simultaneous macroscopic and microstructural effects
of UTMC therapy on antibody extravasation kinetics.
Indeed, the distribution and tumoral penetration of
antibodies in solid tumors is a major mechanism of
resistance to antibody therapy [7, 30, 31] and thus
enhancing and optimizing antibody penetration and
accumulation could help enhance therapeutic efficacy.
We found that UTMC allowed to increase the
proportion of vessels presenting antibody
extravasation and the extravasation upper range from
107pm to 149pm, which could help overcome the poor
tumoral interstitial penetration of therapeutic
compounds in solid tumors, and in particular bulky
proteins like antibodies. More specifically, we provide
the first evidence that we can enhance the delivery of
a mAb targeting the CD73 pathway in 4T1 cells,
which may open interesting therapeutic perspectives
for increasing the efficacy of this particular
immunotherapy strategy. Interestingly, while this
approach was demonstrated here for anti-CD73 mADb,
our theranostic approach could be extended to other
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antibody based therapies, including checkpoint
blockade, to increase their efficacy or alternatively to
reduce the dose and associated side effects and cost.
Our results are also in line with the findings of Heath
et al. [17], who demonstrated that UTMC enhanced
the efficacy of cetuximab in a subcutaneous squamous
cell carcinoma mouse model. It would be interesting
to determine to what extent antibody tumoral
penetration was achieved in the recent study by
Goertz et al. [16], who recently demonstrated that
UTMC enhanced the efficacy of anti-PD-1 therapy in a
CT26 colorectal cancer model. It is important to note
however that, contrarily to the approach used in their
study in which higher pressures were used to cause
tumoral vascular shutdown, our pulses did not cause
vascular shutdown based on live tumor monitoring
during treatment.

Choice of US parameters

Vascular permeabilization typically increases
with US pressure [14, 15, 32] but is limited by
unwanted bioeffects, including hemorrhage [33] or
sterile inflammation [34]. While the BBB opening
literature supports that limiting the pressure to
non-inertial cavitation is indicated in order to
minimize tissue damage, the paradigm is somewhat
different for tumors, in which higher pressure,
possibly causing increased vessel permeabilization at
the cost of some tissue damage, is not a limiting factor.
Indeed, higher pressure and/or MB cavitation can
cause sterile inflammation in the brain, which could
be a desirable bioeffect in the context of
immunotherapy. For instance, high pressure UTMC
(500 kHz, 100 ms duration, 1.4 MPa) caused an
increase in heat shock protein expression and induced
a T-cell immune response in a CT26 tumor model [14].
Anti-PD-1 therapy in combination with high pressure
UTMC causing vascular shut down (1 MHz,
50x100cyc, 1.65 MPa) was efficacious in a recent study
combining UTMC and anti-PD-1 therapy [16]. We
thus decided to use the highest possible pressure
available in our setup, namely 850 kPa. Interestingly,
short and long pulses have been used in the BBB
literature and we therefore designed our experimental
conditions to explore different pulse lengths, but with
the same total acoustical power and number of cycles.
We were expecting differences since it is known that
MB cavitation activity is higher with long pulses
compared to shorter pulses [35-37]. Within a very
large parameter space for US pulse design, spanning
from moderate (100ps) [16] to very long (2-10ms)
pulse length in recent literature [15, 17], we opted for
three pulses composed of the same total number of
cycles but separated in trains of 1x 5000 cycles, 125 x
40 cycles and 500 x 10 cycles, with the objective of

267

determining if pulse length played an role in UTMC
antibody therapy.

Limitations

There are a few limitations to the findings
reported in this study. It is obvious that we only
explored a very limited US parameter space and that
further optimization will be needed to determine
what the best UTMC parameters can cause the highest
mAD extravasation. US pressure, frequency, treatment
duration and the effects of MB size and concentration
are a few parameters that could be optimized.
Interestingly, the increased signal at 4 h and lack of
signal at 24 h could be suggesting that UTMC should
be repeated after the 4 h timepoint to further enhance
the UTMC enhanced extravasation effects. Finally,
this study results revealed macroscopic and
microscopic  evidence of tumoral antibody
accumulation followed by UTMC are largely in line
with other scientific reports and warrant further
investigation to determine if UTMC can enhance
antibody and immunotherapy efficacies. Finally, since
we did not explore the therapeutic efficacy of this
approach in this study, it remains unknown if the
improved distribution following UTMC reported in
this study will translate into an enhanced therapeutic
efficacy. However, other groups have reported an
enhancement in efficacy by combining UTMC with
systemically injected antibodies such as anti-PD1 and
anti-EGFR mAbs in rodent models. [16, 17]. Our data
supports that repeated UTMC treatment within the
antibody circulation half-life, could improve the
antibody accumulation in the treated area.

Conclusion

In this study, we demonstrated that UTMC
could enhance anti-CD73 mAb accumulation and
tumoral distribution in a 4T1 mammary carcinoma
model. The data presented in this study are robust,
since macroscopic antibody accumulation, quantified
by whole body Dbiofluorescence imaging, was
corroborated by microscopic confocal data, which
demonstrated an increase in the amount of
extravasated antibodies following UTMC on a pulse
by pulse basis. The longest pulse (5000cyc) could
double the extravasation range (up to 149 pm from the
vessel wall) but this effect had faded 4 h post UTMC.
Amongst the different pulse lengths tested, the
125x40cyc pulse was the most effective, since it was
the only pulse increasing all three microscopic
metrics, namely the fraction, amount and range of
antibody extravasation at 0 h and 4 h time points.
However, these effects were transient and had
vanished at 24 h, indicating that repeated UTMC
treatment after 4 h could enhance the observed effects.
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In this study, imaging was used both for guiding
therapy and for longitudinal monitoring, which,
along with a bilateral tumor design, allowed to
achieve a tight control on the experimental conditions.
We foresee that improving the distribution of
anti-CD73 mAb could contribute to reduce adenosine
and therefore stimulate the immune system against
tumor cells and could help overcome the limited
number of patients responsive to check point
inhibition. Our data are in line with other studies
supporting that UTMC can enhance antibody based
therapies efficacy in solid tumors and may provide
some insights on the mechanism by which this
synergy can occur. Finally, while our study
demonstrated the effects of UTMC on anti-CD73 mAb
delivery in tumors, it is reasonable to think that our
findings may be extended to other antibody-based
therapies where ultrasound imaging is suitable.
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