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Abstract: The emergence of immune checkpoint inhibitors (ICI's) in the past decade has
proven a seminal moment in the area of immuno-oncology. The PD-1 / PD-L1 axis has been
particularly well studied and monoclonal antibodies developed to block either the receptor (anti
PD-1) or its associated ligand (anti PD-L1) can generate potent anti-tumour immunity in certain
tumour models. However, many “immune cold” tumours remain unresponsive to ICI's and
strategies to stimulate the adaptive immune system and make these tumours more susceptible
to ICI treatment are currently under investigation. Sonodynamic therapy (SDT) is a targeted
anti-cancer treatment that uses ultrasound to activate a sensitiser with the resulting generation
of reactive oxygen species (ROS) causing direct cell death by apoptosis and necrosis. SDT
has also been shown to stimulate the adaptive immune system in a pre-clinical model of
colorectal cancer. In this manuscript, we investigate the ability of microbubble mediated SDT
to control tumour growth in a bilateral tumour mouse model of pancreatic cancer by treating
the target tumour with SDT and observing the effects at the off-target untreated tumour. The
results demonstrated a significant 287% decrease in tumour volume when compared to
untreated animals 11 days following the initial treatment with SDT, which reduced further to
369% when SDT was combined with anti-PD-L1 ICI treatment. Analysis of residual tumour

tissues remaining after treatment revealed high levels (4.65 and 3.16 fold more) of infiltrating
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CD4* and CD8* T-lymphocytes in the off-target tumours of animals where the target tumour
was treated with SDT and anti-PD-L1, when compared to untreated tumours. These results
suggest that SDT treatment elicits an adaptive immune response that is potentiated by the

anti-PD-L1 ICl in this particular model of pancreatic cancer.
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1.0 Introduction: Significant progress has been made in the area of immuno-oncology over
the past decade with several immune checkpoint inhibitors (ICI) now approved for clinical use
[1,2]. Immune checkpoints help regulate T-cell function and protect the host against
autoimmunity [3]. Unfortunately, cancer cells often exploit these checkpoints to suppress
effector T-cell function resulting in evasion of immune surveillance [4,5]. Essentially ICl’s
function by blocking this signalling interaction between T-cells and tumour cells enabling the
T-cells to exert their cytotoxic effect against the tumour cells [6]. The programmable death
protein (PD-1) and its associated ligand PD-L1, is a well-studied immune checkpoint and
monoclonal antibodies have been developed to recognise and bind to either PD-1 (nivolumab,
pembrolizumab and cemiplimab) or PD-L1 (atezolizumab, avelumab and durvalumab) [7-10].
While impressive outcomes have been achieved in certain groups of patients treated with ICI’s,
the response rate remains variable [11]. Combining ICI's with other treatment modalities has
also been explored, particularly those that complement the ICI’'s mechanism of action. For
example, treatment of a primary lesion with ionizing radiation has resulted in tumour control at
a distant untreated metastatic site, an effect attributed to activation of the adaptive immune
system and referred to as an “abscopal effect” [12, 13]. Several pre-clinical studies have
demonstrated the benefit of combining ICls with radiotherapy and clinical trials exploring this
combination are currently in progress [14]. Similarly, photodynamic therapy (PDT) has been
shown to stimulate an adaptive immune response and several pre-clinical studies have

demonstrated therapeutic benefit when combined with ICI’s [15, 16]. Unfortunately, the utility



of PDT as a clinical treatment has been limited to superficial lesions due to the inability of
visible light to penetrate deeply into human tissue [17]. While NIR absorbing photosensitisers
[18,19] and multi-photon excitation strategies [20, 21] have offered some improvement in this
area, achieving sensitiser activation at depths in excess of 1 cm in human tissue remains a
challenge.

Sonodynamic therapy (SDT) is similar to PDT with the exception that it uses low-intensity
ultrasound instead of light to activate the sensitiser [22]. In both PDT and SDT, the activated
sensitiser interacts with molecular oxygen and / or biological substrates to generate reactive
oxygen species (ROS) that induce cell death by apoptosis and necrosis [23]. Low intensity
ultrasound is widely used in medicine and can penetrate tens of centimetres through soft tissue
enabling the activation of sensitisers at a much greater depth than can be achieved using light
[24]. The efficacy of SDT has been demonstrated in a range of different cancers types and a
recent study has also shown the ability of this treatment to elicit an abscopal effect in a murine
model of liver cancer [25]. We have previously demonstrated the potential of SDT in a range
of pre-clinical pancreatic cancer models and hypothesise that IClI's may compliment SDT in
the treatment of pancreatic cancer [26-28].

Survival rates for pancreatic cancer have barely changed in over 40 years and new
approaches to the treatment of this disease are highly sought after. While clinical studies
investigating the potential of anti-PD-L1 in pancreatic cancer have been few and generally
inconclusive, pre-clinical studies have yielded more encouraging results [29,30] A significant
challenge in the treatment of pancreatic cancer is the dense protective tumour stroma that can
act as a barrier for the access of drugs and infiltrating T-cells [31-33]. To enhance the
effectiveness of SDT treatment, we routinely attach the sensitiser to the surface of lipid
stabilised microbubbles [28,34]. Irradiation of tumours with low-intensity ultrasound during
systemic administration of the sensitiser-microbubble conjugate, causes inertial cavitation
(bursting) of bubbles and release of the sensitiser in the tumour vasculature, an approach
referred to as ultrasound targeted microbubble destruction (UTMD) [28,34]. An additional
benefit of this approach is that microbubble cavitation is known to enhance microscale mass
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transport though impermeable tissue, and this has relevance with respect to sensitiser delivery

across the tumour stroma [35,36].

In this manuscript, we investigate the ability of SDT to generate an abscopal response
in a T110299 mouse model of pancreatic cancer. Bilateral T110299 tumours were established
in immunocompetent mice and one tumour treated with ultrasound during systemic
administration of a microbubble-Rose Bengal conjugate (MB-RB). The response at both the
SDT treated and untreated tumours was evaluated in the presence and absence of an anti-
PD-L1 antibody. The infiltration of CD4+ and CD8+ T cells into residual tumour tissues at the
end of the experiment was also determined to identify a potential correlation between T-

lymphocyte tumour infiltration and treatment outcome.

2.0 Material and Methods

2.1 Materials and Reagents: 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methOxy(polyethylene  glycol) -2000]
(DSPE-PEG (2000)), and DSPE-PEG (2000)-biotin were purchased from Avanti Polar Lipids
(Alabaster, Alabama, USA). Perfluorobutane (PFB) was purchased from Apollo Scientific Ltd.,
phosphate buffered saline (PBS) was purchased from Gibco, Life Technologies, U.K. glyceroal,
propylene glycol (1 kg, hydrolysed), MTT assay kit, avidin (egg white), and ethanol were
purchased from Sigma Aldrich (UK) at the highest grade possible. Biotin functionalised Rose
Bengal (Biotin-RB) was prepared according to ref 34. MBs were formed using a Microson
ultrasonic cell disruptor, 100 W, 22.5 kHz, from Misonix Inc. (NY, USA). Optical microscope
images were obtained using a Leica DM500 optical microscope. Fluorescence images were
taken using a Nikon Eclipse E400 epi-fluorescence microscope equipped and the G-2A
longpass emission filter set (Aex 510-560, 80% transmission with a 590 nm cut-off wavelength

of the longpass emission). Error was expressed as + SEM (standard error of the mean) while



group-wise comparisons were made using one-sided parallel group t-tests with a p-value less

than 0.05 deemed significant.

2.2 Preparation of O, MB-RB: Preparation of MB-RB followed the protocol described in ref 34
with the exception that DBPC was used in place of DSPC. Briefly, avidin-functionalised MB
were prepared by first dissolving DBPC (4.0 mg, 4.44 pmol), DSPE-PEG(2000) (1.35 mg,
0.481 pmol) and DSPE-PEG(2000)-biotin (1.45 mg, 0.481 umol) in chloroform to achieve a
molar ratio of 82:9:9. The solvent was evaporated and the lipid film was then reconstituted in
2 mL of a solution containing PBS, glycerol and propylene glycol (8:1:1 vol ratio) (PGP) and
heated in a water bath at 80 °C for 30 min. The suspension was sonicated using in a
perflourobutane (PFB) atmosphere for 30 sec to afford a milky white suspension of MBs. The
MBs were then washed by centrifugation (100 RCF) and the infranatant replaced with PGP (2
mL). The MB cake was then mixed for 5 min on ice with an agueous solution of avidin (10
mg/mL). The resulting avidin-MBs were washed as described previously and the MBs mixed
for 5 min with an aqueous solution containing biotin-RB (5 mg/mL, 1 mL) before further
washing of the MBs. The final MB number was determined on a haemocytometer using an
optical microscope. Size distribution analysis was carried out using a customised MATLAB
algorithm [37]. O-MB-RB were prepared by oxygenating immediately prior to use by sparging
with O gas for 2 min. The drug loading of MB-RB was determined using UV-Vis spectroscopy

by measuring the absorbance at 560 nm.

2.3 CRT expression in T110299 cells treated with sonodynamic therapy: The T110299 cell
line, a gift from Prof. Jens Siveke, (Klinikum rechts der Isar, Technical University Munich,

Munich, Germany), was isolated from primary pancreatic tumours in KPC mice (Ptfla-Cre; LSL-

4
Kras®1?D; LSL-TrpS3/R172H) 138], 1X10 T110299 cells were seeded in a 4 well Lab-Tek Il
chamber and incubated overnight. Cells were treated with ultrasound alone and MB-RB in the
presence or absence of ultrasound. Ultrasound conditions; 3.0 Wecm™2, 1 MHz, 50% duty cycle,

20 seconds. After 3 hours, cells were washed twice with PBS and the media replaced. 24



hours later cells were fixed in 4% PFA and antigen retrieved with citrate buffer for 15 min at
95°C. Citrate buffer consisted of 2.94g of tri-sodium citrate in 1 litre of distilled water
supplemented with 0.5ml Tween20. Cells were blocked in 5% BSA for 3 hours. Anti-

Calreticulin (ab196159) conjugated antibody was diluted in 5% BSA (1:500). Cells were

incubated in antibody at 4°c overnight. Cells were washed twice with PBS and stained with
DAPI for 1 min. Cells were washed, cover slipped and viewed under tetramethylrhodamine
isothiocyanate filter (594 nm) using a fluorescent microscope (Olympus System Microscope,
model BX51; Southend-on-Sea, UK) and photographed using the DP70 camera adapter
system. Image J software was used to quantify fluorescence intensity per cell for all treatment

groups.

2.4 Cytotoxicity of sonodynamic therapy and immunotherapy in-vivo: All animals employed in
this study were treated in accordance with the licenced procedures under the UK Animals
(Scientific Procedures) Act 1986. T110299 cells in were subcutaneously implanted in the right
and left rear dorsum of C57BL/6JOlaHsd mice from Envigo (Blackthorn, England). Each
implant contained 5x10° cells in 100 pl Matrigel® High Concentration. Tumours were apparent
approximately 1 week after implantation. Tumour volume was measured using Vernier
callipers using the equation tumour (width x length x height)/2. When tumours reached an
average volume of 150mm?3, the animals were distributed into six groups (n=5). Group 1
received an intraperitoneal injection (IP) of anti-PD-L1 antibody (10 mg/kg). After 2 hours,
mice received an intravenous (IV) tail vein injection (100 uL) of OoMB-RB suspension (1.57 x
10° + 1.19 x 108 MB/mL, [RB-biotin] = 2.63 + 0.34 mg/kg) while simultaneously receiving
ultrasound applied to the right-hand-side (target) tumour (Figure 1) and delivered using a
Sonidel SP100 sonoporator (3.5 Wecm™, 1 MHz, 30% duty cycle, and PRF = 100 Hz; PNP =
0.48 MPa; MI = 0.48) during and after injection (for a total of 3.5 min), with a second 3.5 min
ultrasound exposure 30 min following injection; Group 2 received the same MB and ultrasound
treatment as Group 1 but no anti PD-L1 antibody was administered to these animals; Group 3

received anti-PD-L1 antibody alone and Group 4 remained untreated. Tumour volume and



mouse weight were measured daily following the initial treatment. Mice were treated on days

0,4 and 7.

2.5 Preparation of tumour samples for flow cytometry: On day 11 animals were sacrificed from
the study described in Section 2.4, residual tumour tissues were excised and homogenised
into single cell suspensions in RPMI supplemented with 4% FBS, 160 pL (30 mg/mL)
collagenase type Il, 50 uL (2 ug/mL) DNAse and incubated at room temperature in a high
speed shaker for 15 min. The mixture was filtered through a 100 um filter, centrifuged at
17000rpm for 5 mins and supernantant was decanted. Cells were washed twice in ice cold
PBS. Subsequently cells were stained extracellularly with propidium iodide (0.05 pg/test,
Molecular Probes) for viability determination and fluorochrome conjugated antibodies specific
for CD45  (PE-Cy7/0.125ug/test,  eBioscience), CD3  (APC-eFluro  780/0.5
pg/test, eBioscience), CD4 (Alexa Fluor 700/0.125 ug/test, eBioscience) and CD8a (PE/0.25
Mg/test, eBioscience). All eBioscience reagents were obtained from Thermo Fisher Scientific,
Abingdon, UK. Red blood cells were removed using multi-species RBC lysis buffer as per
manufacturer’s instructions (eBioscience). Cytotoxic T cells were identified as
CD45*CD3*CD8a* cells. T helper cells were identified as CD45+CD3+CD4+ cells. Flow
cytometry analysis of cell suspensions was performed using a Gallios (Beckman Coulter) and
analysed using FlowJo software with gating established on unstained controls or Igk single

stained compensation controls, as appropriate.

2.5 Statistical analysis: Statistical analysis was carried out using GraphPad prism 5 for
Windows. Data were analysed using a one tailed, unpaired t-test. * denotes p<0.05, **

denotes p<0.01, *** denotes p<0.001, ns denotes no significance.

3.0 Results and Discussion: Lipid stabilised MBs loaded with Rose Bengal (MB-RB) were
prepared following the approach outlined in our previous work [34]. Briefly, this involved

sonicating an aqueous dispersion of the phospholipids DBPC, DSPE-PEG(2000) and DSPE-



PEG (2000)-biotin under a headspace of PFB gas to generate MBs with biotin units protruding
from the MB shell. Avidin was then used to cross-link the biotin functionalised MBs to a
previously prepared biotin-RB ligand generating the final MB-RB formulation. The MBs were
characterised using optical and fluorescence microscopy and representative images are
shown in Figure 2 (A and B). Spherical particles with a mean diameter of 2.06 £ 0.27 um and
a mean MB concentration of 1.57 x 10°+ 1.19 x 108 MB/mL were obtained that emitted red
fluorescence from their shells when excited at 560 nm, confirming attachment of the weakly

fluorescent RB (Figure 2B).

Calreticulin (CRT) is a protein which is found on the surface of cells and is commonly
used as a marker for ICD [25]. To probe the effect of MB-RB mediated SDT treatment on the
expression of CRT, a suspension of MB-RB was added to T110299 cells and then subjected
to ultrasound treatment. Cells treated with MB-RB or ultrasound only were used for
comparative purposes. CRT expression was quantified using an Alexa Fluor 647 labelled anti-
CRT antibody added to the cells following treatment. Fluorescent microscope images of the
treated cells (Figure 3a) showed intense red fluorescence associated with the membrane
region of the cells (i.e. non-nucleus) exposed to SDT which was 3 times more intense than
cells treated with MB-RB or ultrasound alone(p<0.001). This increased fluorescence intensity
can be attributed to enhanced CRT expression suggesting SDT treatment induces ICD in

T110299 cells.

Tumours were established in the rear left and right-hand flanks of immunocompetent
C57 mice using the T110299 cell line. Tumours generated from this cell line have a similar
histological appearance to primary KPC murine tumours as they carry Kras and p53 mutations,
have extensive stromal development, are poorly vascularised and display a highly
immunosuppressive tumour microenvironment [39]. To investigate the effect of UTMD
mediated SDT treatment in this model of pancreatic cancer, a suspension of O;MB-RB was
administered intravenously and ultrasound applied to the chosen target tumour but not to the

off-target tumour (opposite flank) (Figure 1). Following UTMD mediated SDT treatment, the



tumour volume at both the target and off-target tumours was measured on a daily basis and
the results are shown in Figure 4. When compared with tumour volumes observed in untreated
animals, a significant 348% reduction in tumour volume was observed for the primary tumour
11 days after the initial treatment indicating a strong SDT mediated anti-tumour effect (p <
0.01). Interestingly, a significant 287% decrease in tumour volume was also observed for the
off-target tumour at the same timepoint (p < 0.01). Since singlet oxygen and ROS have short
lifetimes and diffusion distances [40], the reduction in tumour volume observed at the distant
tumour cannot be due to direct SDT mediated toxicity, but most likely results from an immune-

mediated abscopal effect.

To investigate this interaction further and determine if anti-PD-L1 ICI could enhance
the effect of UTMD SDT observed at the distant tumour, the previous experiment was repeated
with animals exposed to anti-PD-L1 treatment 2 hours prior to UTMD SDT treatment.
Treatment with anti-PD-L1 alone resulted in a 266% reduction in tumour volume (average
values from both tumours on a single animal) when compared with tumour volumes on
untreated animals, 11 days after the initial treatment (p<0.01) (Figure 5). When anti-PD-L1
treatment was combined with UTMD mediated SDT, the reduction observed at the target and
off-target tumours were 352% and 369% respectively. When the effects of SDT, anti-PD-L1
and combined SDT / anit-PD-L1 treatment on the off-target tumour were considered separately
(Figure 6a), a substantial improvement in tumour reduction was observed for the combination
treatment when compared to SDT or anit-PD-L1 treatment alone. This was further supported
by the observation that, at the end of the experiment, the tumour mass from animals treated
with the combination were significantly less (p<0.05) than the mass observed for tumours from

animals receiving either treatment alone (Figure 6b).

The results described above suggest that SDT treatment of the target tumour induces
an abscopal effect at the off-target tumour, which is enhanced or complemented by anti-PD-
L1 ICl therapy. One possible explanation for this effect is that like PDT, SDT induced cell death

stimulates an adaptive immune response mediated by release of cell death-associated



molecular patterns (CDAMPS) or damage-associated molecular patterns (DAMPS), triggering
the maturation of dendritic cells [41]. The mature dendritic cells then migrate to the lymph
nodes where they present antigens to CD4* (T helper cells) or CD8 T* (cytotoxic T cells) cells.
The activated T cells return to the circulation and infiltrate the tumour where they can influence
immunogenic cell death [42]. Unfortunately, the PD-1 / PD-L1 checkpoint can inhibit T cell
activation and instead cause apoptosis of cytotoxic T cells [43, 44]. By blocking this pathway
using anti-PD-L1, more CD8 cells can become activated and infiltrate the tumour. Flow-
cytometry analysis of residual tumour tissues excised at the end of the study support this
hypothesis as a significant increase (1.80 fold, p<0.05) in CD8* cells was present in the off-
target tumours of animals treated with SDT. Indeed, when SDT was combined with anti-PD-
L1 treatment, CD8+ cell infiltration increased further at the off-target tumour (3.16 fold, p
<0.001), consistent with the improvement observed for this group in the tumour growth delay
study. Increased tumour levels of CD8* and CD4* T cells has been identified as a positive
prognostic indicator of survival in patients with borderline resectable pancreatic cancer
following neoadjuvant chemoradiation treatment [45]. Encouragingly, CD4* and CD8* cells
were found to be elevated in the off-target tumours of animals treated with combined SDT /
anti-PD-L1 treatment, indicating a strong systemic immunogenic effect with the potential to

control metastatic disease.

In conclusion, microbubble mediated SDT treatment of a target tumour in a bilateral
tumour model of pancreatic cancer, enables growth control at both the target and off-target
tumours which is further enhanced when combined with anti-PD-L1 ICI treatment. Increased
levels of tumour infiltrating CD4+ and CD8+ cells were evident in off-target tumours treated
with combined SDT / anti-PD-L1, suggesting that inhibition of tumour growth resulted from
activation of the adaptive immune system. Pancreatic cancer remains one of the most difficult
cancers to treat and aggressive chemotherapy combinations such as gemcitabine / Abraxane
or FOLFIRINOX produce only modest survival benefit and are associated with significant off-

target side effects [46, 47]. In contrast, the ROS generation in SDT can be targeted by control
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of the ultrasound stimulus, implying that it would be generally well tolerated [27,48]. Therefore,
combining SDT with anti-PD-L1 ICI treatment, which is also well tolerated [30], could provide
an attractive treatment option for pancreatic cancer, particularly for patients with advanced

disease who may not be physically capable of undertaking a toxic chemotherapy regimen.
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Figures & Diagrams

Figure 1 Schematic representation of the MB-RB conjugate and the bilateral tumour model
used in Figures 3 & 4. Animals received a tail-vein injection of the MB-RB conjugate with
ultrasound applied to the target tumour (green +). The off-target tumour received no
ultrasound. For the combined treatment (SDT and anti-PD-L1), the anti-PD-L1 antibody was

administered intraperitoneally 2h before the O,MB-RB + US treatment.
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Figure 2 (A) Brightfield optical microscopy image of MB-RB (B) Fluorescence microscopy

image of RB-MB (C) Size distribution plot for MB-RB (n = 20 images).
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Figure 3 DAPI, CRT and merged images for KPC cells treated with MB-RB in the presence
of ultrasound. Cells were stained with Alexa Fluor 647-CRT and DAPI and imaged under a

fluorescent microscope (Olympus System Microscope, model BX51; Southend-on-Sea, UK).
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Figure 4 Plot of % tumour volume against time for mice bearing ectopic bilateral 7110299
pancreatic tumours with one tumour treated with the O.MB-RB + US (Target Tumour) while
the second tumour remained untreated (Off-target Tumour). Animals were treated on Days 0,
4&7. *p<0.05, **p < 0.01 for comparison to untreated animals. % change in tumour growth

v Days. Error bars represent £+ SEM where n 24.
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Figure 5 Plot of % tumour volume for the primary tumour in mice bearing bilateral T110299
pancreatic tumours that received (i) no treatment (ii) an IP injection of anti-PD-L1 antibody (iii)
an IP injection of anti-PD-L1 antibody 2h before treatment of the target tumour with the O,MB-
RB + US (anti-PD-L1 + SDT). Animals were treated on Days 0, 4 & 7. Error bars represent +

SEM where n 24.
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Figure 6 (A) Plot of % tumour volume for the off-target tumour in mice bearing bilateral
T110299 pancreatic tumours that received (i) no treatment (ii) an IP injection of anti-PD-L1
antibody (iii) MB-RB conjugate + US at the primary tumour (SDT) and (iv) an IP injection of
PD-L1 inhibitor 2 hours before treatment of the primary tumour with O.MB-RB + US (PD-L1 +
SDT). Animals treated on Days 0,4 & 7. *p < 0.05, **p < 0.01, **p < 0.001 for PD-L1 + SDT
v SDT. (B)Tumour mass at experimental endpoint (Day 11) in untreated, anti-PD-L1 and off
target tumours of SDT and SDT + PD-L1 treated animals, n=4. *p < 0.05 for T-test statistical

analysis. Error bars represent + SEM where n 24.
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Figure 7 Fold Change in CD4+ and CD8+ expression on day 11 (A, B) target tumours and (C,

D) off-target tumours for untreated, anti-PDL-1, SDT and SDT + anti-PDL-1 treated animals,

n=4. All groups were compared against untreated, *p < 0.05, **p < 0.01***p < 0.001 for T-test

statistical analysis. Error bars represent £ SEM where n 24.
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