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ABSTRACT

In cancer treatment, nanomedicines may be employed in an attempt to improve the tumor localization of an-
tineoplastic drugs e.g. immunotherapeutic agents either through passive or active targeting, thereby potentially
enhancing therapeutic effect and reducing undesired off-target effects. However, a large number of admini-
strated nanocarriers often fail to reach the tumor area. In the present study, we show that photodynamic therapy
(PDT) enhances the tumor accumulation of systemically administered lipid-PEG layer coated poly (lactic-co-
glycolic acid) (PLGA) nanoparticles (NP). Intravital microscopy and histological analysis of the tumor area reveal
that the tumor vasculature was disrupted after PDT, disturbing blood flow and coinciding with entrapment of
nanocarriers in the tumor area. We observed that the nanoparticles accumulating after treatment do not confine
to specific locations within the tumor, but rather localize to various cells present throughout the tumor area.
Finally, we show by flow cytometry that NP accumulation occurred mostly in immune cells of the myeloid
lineage present in the tumor microenvironment (TME) as well as in tumor cells, albeit to a lower extent. These
data expose opportunities for combination treatments of clinical PDT with NP-based immunotherapy to mod-
ulate the TME and improve antitumor immune responses.

1. Introduction

Photodynamic therapy (PDT) in cancer treatment is a minimally-
invasive therapeutic modality that involves the administration of a
light-absorbing photosensitizer (PS) and subsequent illumination with
light, often of a specific wavelength in the red spectrum. It relies on the
generation of reactive oxygen species that induce damage towards cells
and structures within the illuminated area, resulting in a reduction of
the tumor mass and potentially its surrounding vasculature.
Bremachlorin is an established PS that has been approved for clinical
applications in Russia under the brand name Radachlorin®, that induces
no reported side effects with the exception of mild to moderate pain
during treatment in a subset of patients, has good tolerability and rapid
excretion of the majority of the compound (98%) in human trials [1-3].
Due to absorption in the deep-red spectrum [4], the use of external light
sources is suitable for superficial tumors. For more deeply seated tu-
mors e.g. for colon cancer, fiber optics can be used to direct the light to

the tumor. Radachlorin®-PDT was found to be effective in the treatment
of non-small cell lung cancer [2], basal cell carcinoma [1], en-
dobronchial cancer [5], high grade bladder cancer [3] and early eso-
phageal cancer [6], either as a standalone treatment or in combination
settings. These studies have demonstrated the safety and potential of
Radachlorin®-PDT in a clinical setting. However, they also underlined
the necessity of improving therapeutic outcome to further enhance
long-lasting responses and patient survival.

The importance and potential of combination treatments in en-
hancing the efficacy of antitumor therapy is increasingly appreciated
[7-9]. In line with this, Radachlorin®-PDT was found to induce potent
antitumor responses in combination with immunotherapy in preclinical
models [10,11]. Upon administration, however, many antitumor agents
often fail to localize to the tumor, inducing off-target effects that may
result in undesired toxicities. Nanoparticles (NP) as carriers of anti-
tumor therapeutics represent an attractive means of enabling combi-
nation treatment by enhancing the accumulation of their content in
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solid tumors [12]. This attractiveness is due to the flexibility of drug
loading in such carrier systems that allows for various types of anti-
tumor treatments in addition to the tunable physicochemical properties
of NP-based systems that allow for specific enrichment of their content
in the tumor area. Polymeric NP consisting of poly-lactic-co-glycolic-
acid (PLGA) represent an extensively studied type of NP-based drug
carrier in cancer treatment [13]. An often-employed modification to
improve the tumor accumulation of PLGA-NP is the addition of poly-
ethylene glycol (PEG). This modification greatly enhances the circula-
tion time through a reduction of clearance by the phagocytic system of
the liver [13,14], thereby allowing the exploitation of the enhanced
permeability and retention (EPR) effect [15]. In this way, the off-target
delivery of compounds is reduced while the number of antineoplastic
molecules in the tumor area increases, thereby improving the ther-
apeutic index of the antitumor treatment.

Though PEGylated NP improve the therapeutic index of anticancer
agents through the EPR, a large number of administrated NP still fail to
reach the tumor [13]. Interestingly, low-fluence rate PDT has been re-
ported to optimize the tumor localization of Doxil [16,17], a liposomal
formulation of doxorubicin, possibly due to enhanced vessel perme-
ability after PDT [18,19]. It has not yet been explored whether PDT at
higher (=100 mW/cm?) fluence rates, often employed in clinical PDT-
protocols aiming for curative tumor ablation (in the case of clinically
applied sensitizers e.g. Foscan® [20,21], Radachlorin® [1-3] and NPe6
[22,23]), results in the tumor accumulation of polymeric NP. In the
present study, we show that PDT enhances the tumor accumulation of
PLGA-PEG NP. In addition, we observed that the NP in the tumor area
localize to tumor cells as well as other cell types. The vasculature was
disrupted after treatment, hampering blood flow through the tumor as
visualized by fluorescently labeled high molecular weight dextran.
Furthermore, we show that the NP do not confine to certain areas
within the tumor, but rather distribute to various cell types present
throughout the tumor area. Finally, NP accumulation was most pro-
nounced in immune cells of the myeloid compartment in the TME.
These findings support a rationale for combination treatments of PDT
with NP-based therapies, specifically treatments that induce antitumor
immune responses through modulation of myeloid cell functions.

2. Materials and methods
2.1. Materials and reagents

PLGA (Resomer RG 502H, lactide:glycolide molar ratio 48:52 to
52:48) was purchased from Boehringer Ingelheim, Germany. Solvents
used for PLGA preparation were obtained from Sigma-Aldrich (The
Netherlands). The lipids were purchased from Avanti Polar Lipids
(USA) and included 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amine (polyethylene glycol)2000] (ammonium salt) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (mPEG 2000 PE). Fluorescein-labeled
2,000,000 Da dextran (anionic, lysine fixable) was purchased from
Thermofisher.

2.2. Preparation of PLGA-NP

PLGA NP with entrapped near-infrared fluorescence molecules were
prepared using an o/w emulsion and solvent evaporation-extraction
method [24-27]. In brief, 100 mg of PLGA was dissolved in 3 mL of
dichloromethane (DCM) containing the near-infrared 700 (NIR700)
(1,1’-diethyl-2, 2’ dicarbocyanine iodide from Sigma Aldrich) dye
(0.5 mg) or NIR800 (IR-780 iodide) dye (0.5 mg) and was added drop-
wise to 25 mL of aqueous 2% (w/v) PVA in distilled water before
emulsification for 90 s using a sonicator (Branson, sonofier 250). The
lipid mPEG 2000 PE (20 mg) was dissolved in DCM and added to the
vial after which the DCM was removed by a stream of nitrogen gas.
Subsequently, the emulsion was rapidly added to the vial containing the
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lipids and the solution was homogenized for 30 s by sonification. Fol-
lowing overnight evaporation of the solvent at 4 °C, the PLGA NP were
collected by centrifugation at 25000g for 10 min, washed four times
with distilled water, and lyophilized.

2.3. Nanoparticle size and zeta-potential measurement

The average size of PLGA NP was measured by nanoparticle
tracking analysis using a Nanosight (Malvern Panalytical). The zeta-
potential of the particles was determined on a ZetaSizer Nano ZSP
(Malvern Panalytical). For this purpose, PLGA NP were diluted to 1 mg/
mL in water before measurement.

2.4. Determination of NIR700 and NIR800 contents inside PLGA NP

Entrapment efficiency of fluorescent NIR700 and NIR800 within
PLGA were determined by digesting 10 mg NPs in 1 mL 0.8 mol/L
NaOH overnight at 37 °C. The NIR fluorescence was measured at
700 nm and 800 nm relative to a standard curve using an Odyssey
imaging system (Li-COR) (Table 1). For all the comparison experiments,
all formulations were adjusted equivalently by the amount of dye.

2.5. Animals and tumor models

All animal experiments were carried out in line with the Code of
Practice of the Dutch Animal Ethical Commission. Female C57BL/6 J
mice of 6-12 weeks were purchased from Harlan Laboratories
(ENVIGO, the Netherlands), and C57BL/6-albino mice were bred in the
breeding facility of the Leiden University Medical Center (LUMC). All
mice were housed under specified pathogen-free conditions in the an-
imal facility of the LUMC. Murine Colon 38 (MC38) cells (kindly pro-
vided by Mario Colombo) were used for experiments without mod-
ification. For imaging and flow cytometry purposes, MC38 cells were
lentivirally transduced with Cyan Fluorescent Protein (CFP) and sorted
on a BD FACSARIA II based on CFP* to obtain MC38-CFP. All cells used
were mycoplasma as well as MAP-tested before the start of experiments,
cultured in IMDM medium (Lonza) supplemented with 8% Fetal Calf
Serum (Greiner), 2 mM glutamin (Gibco), 100 IU/mL penicillin/
streptomycin (Gibco) and 25 mM 2-mercaptoethanol (Sigma) and kept
in an incubator (Panasonic) at 37 °C and 5% CO..

2.6. Uptake and binding of nanoparticles in tumor cells

MC38 cells were seeded in 96-well black plates (Greiner) at 5000
cells per well and allowed to attach overnight. Cells were then in-
cubated at 37 °C (uptake) or 4 °C (binding) with 10 ug/mL PLGA-PEG-
NIR700 or PLGA-PEG-NIR800. After a specified time, the cells were
washed 3 times in PBS and fixed immediately with PBS containing 1%
formalin (J.T. Baker) at 4 °C for 15 min. Cells were then washed in PBS
and reconstituted in 100 puL PBS before measuring the fluorescence of
NIR700 and NIR800 on a SpectraMax ID3 microplate reader (Molecular
Devices).

2.7. Fluorescence microscopy of nanoparticles in tumor cells

MC38 cells were seeded in an 8-chamber polystyrene vessel tissue
culture-treated glass slides (Corning) at 3000 cells per chamber and
allowed to attach overnight. Cells were then incubated for 24 h with
PLGA-PEG-NIR700 or PLGA-PEG-NIR800 at 10 pug/mL. After this time,
the cells were washed 3 times in PBS and fixed in PBS containing 1%
formalin (J.T. Baker) at 4 °C for 15 min. Cells were then washed in PBS
and stained with 0.25 pM DAPI (Sigma), after which the chambers were
removed. Coverslips were mounted on the glass slides using Mowiol
mounting medium (Sigma-Aldrich) supplemented with 2.5% w/v
DABCO (Merck) and sealed with nail polish. Slides were imaged on a
Leica SP5 fluorescence microscope.
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2.8. Toxicity of nanoparticles to MC38 cells

The toxicity of PLGA-PEG-NIR700 and PLGA-PEG-NIR800 to MC38
cells after 48 h and 72 h of incubation was determined by adding 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) reagent (Abcam), and absorption was
measured at 490 nm on a Bio-Rad iMark microplate absorbance reader
after incubation.

2.9. Photosensitizer uptake and retention experiments

40,000 MC38 cells were plated in a 24-well plate (Corning) in cul-
ture medium and allowed to attach overnight at 37 °C and 5% CO in an
incubator (Panasonic). For the uptake experiments, cells were in-
cubated with indicated concentrations of Radachlorin® (Radapharma
International) for a specified time. Cells were then washed 3 times in
PBS and fixed immediately for the uptake experiment before washing in
PBS and fixing in PBS containing 1% formalin (J.T. Baker) at 4 °C for
15 min. Cells were then washed in PBS and reconstituted in FACS buffer
(PBS with 0.5% BSA and 0.02% sodium azide) before analysis by flow
cytometry on an LSR II (BD Biosciences). For the retention experiment,
cells incubated with photosensitizer for 4 h were washed 3 times in PBS
and supplied with fresh medium. After a specified amount of time, the
cells were washed 3 times in PBS and fixed in PBS containing 1% for-
malin (J.T. Baker) at 4 °C for 15 min. Cells were then washed in PBS and
reconstituted in FACS buffer before analysis by flow cytometry.

2.10. PDT in vitro assay

For PDT in vitro, 40,000 MC38 cells were plated in a 24-well plate
(Corning) in culture medium and allowed to attach overnight at 37 °C
and 5% CO, in an incubator (Panasonic). Cells were then incubated
with Radachlorin® (Radapharma International) for a specified time,
washed 3 times with PBS and supplied with fresh medium. Illumination
was typically performed at a light intensity (fluence rate) of 100 mW/
cm? for a total light dose (fluence) of 20 J/cm? using a 662 nm Milon
Lakhta Laser, unless indicated otherwise. The next day, cells were
stained with Annexin V-FITC (BD Pharmingen) at 3 puL per sample and
0.5 uM DAPI (Sigma) in annexin V binding buffer (0.1 M Hepes, 1.4 M
NacCl, and 25 mM CaCl2 in deionized water with a pH set to 7.4. sterile
filtered using a 0.2 um filter) before analysis by flow cytometry.

2.11. PDT tumor treatment and in vivo imaging

For PDT in vivo, mice were inoculated with 5 x 10°> MC38 tumor
cells in 200 pL PBS on the left and/or right flanks as indicated. Mice
were randomly divided into groups when tumors reached a size of
approximately 125 mm>. A PDT protocol that is optimal for MC38
tumor treatment was performed as described earlier [10,11]. In brief,
Radachlorin® was administered intravenously in the tail vein at 20 mg/
kg and incubated at a drug-to-light interval of 6 h. The skin surrounding
the tumor area was shaved right before illumination under isoflurane
anesthesia at a fluence rate of 116 mW/cm? over 1000 s for a fluence of
116 J/cm® The next day, the mice were injected intravenously in the
tail vein with 100 pL of 3 mg/mL PLGA-PEG-NIR700 or PLGA-PEG-
NIR800 in PBS. Mouse conditions were checked regularly, and tumor
sizes were measured three-weekly using a caliper. Fluorescence spec-
trometry imaging was performed using the IVIS Spectrum (Perki-
nelmer) under isoflurane anesthesia. Relevant areas were shaved right
before measurement to minimize interference of the fluorescent signal.
Measurements were performed at automatic exposure times at position
C using filter settings relevant for NIR80O.

2.12. Intravital imaging

Mice were inoculated with 5 x 10° MC38-CFP tumor cells in 200 pL
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PBS on the right flank and randomly divided into groups when tumors
reached a size of approximately 360 mm>. Tumor-bearing mice were
then treated with PDT as described. For measurements aiming to vi-
sualize the vasculature, mice were anesthetized by isoflurane the day
after treatment in preparation of intravital imaging. A skin flap was
induced by cutting around the tumor and carefully pulling away the
skin with the tumor attached. Tumors were then suspended in PBS and
a coverslip was placed between the tumor and microscope. Mice were
then kept on a 37 °C heat pad and imaged on the ZEISS LSM 710
multiphoton microscope with Spectra-Physics and LASOS LDM-XT la-
sers. Vessels in the tumor area were identified by light microscopy and
subsequently by second harmonic detection of collagen on the multi-
photon microscope. 2 MDa-Dextran-FITC (Invitrogen) was administered
intravenously into the tail vein during measurements. For NP detection
in MC38-CFP tumors, mice were injected intravenously with 100 pL of
3 mg/mL PLGA-PEG-NIR700 in PBS the day after PDT. The day fol-
lowing NP administration, a skin flap was prepared for intravital ima-
ging as described.

2.13. Ex vivo confocal microscopy

Mice were inoculated with 5 x 10° MC38 tumor cells in 200 puL PBS
on the right flank and randomly divided into groups when tumors
reached a size of approximately 300 mm®. Tumor-bearing mice were
treated with PDT as described and injected intravenously with PLGA-
PEG-NIR700 the morning after treatment. Two days after administra-
tion of NP the mice were sacrificed, and tumors were excised for further
analysis. Samples were fixed in a sodium phosphate buffer containing
1% formalin (J.T. Baker) and poly 1-lysine (Thermofisher) overnight at
4 °C. Samples were then washed, incubated in 30% sucrose (Sigma) at
4 °C for 6 h and frozen in Tissue-Tek O.C.T. (VWR) before cutting on a
CryoStar NX70 cryostat (Thermo Scientific). Samples were collected on
coverslips, rehydrated in PBS and permeabilized for 5 min with PBS
containing 0.1% Triton X-100 (Sigma). Samples were then washed 3 x
with PBS after which blocking was performed with PBA (PBS with 0.5%
BSA and 0.02% sodium azide). Samples were then incubated overnight
at 4 °C with primary antibody rat anti-mouse CD31 (Biolegend) or an
antibody mix of rat anti-mouse CD45 (Thermofisher) and rabbit anti-
mouse Vimentin (Cell signaling) in PBA. After incubation, samples were
washed 3 x in PBS before incubation with secondary antibodies goat
anti-rat alexa fluor 488 (Thermofisher) or an antibody mix of goat anti-
rat alexa fluor 488 (Thermofisher) and donkey anti-rabbit alexa fluor
555 (Thermofisher) in PBA for 1 h at 20 °C. Coverslips were mounted
with Vectashield DAPI (Vectorlabs) and analyzed on a Leica SP5 mi-
croscope after =6 h of hardening at room temperature. Data were
analyzed using the processing package FIJI for the ImageJ software.

2.14. Analysis of nanoparticle accumulation in various cell subsets in the
tumor area by flow cytometry

Mice were inoculated with 5 x 10° MC38-CFP tumor cells in 200 pL
PBS on the right flank and randomly divided into groups when tumors
reached a size of approximately 300 mm®. Tumor-bearing mice were
treated with PDT as described and injected intravenously with PLGA-
PEG-NIR700 the morning after treatment. Two days after administra-
tion of NP the mice were sacrificed, and tumors were excised for further
analysis. Tumors were equally divided into two parts of which half was
used for ex vivo confocal microscopy and half for flow cytometry
analysis. For flow cytometry, samples were then cut into small pieces
and treated with Librase (Sigma) protease mix for 15-30 min at 37 °C.
Single cell suspensions were obtained using a Falcon cell strainer
(Corning) and samples were washed 2 X with 10 mL culture medium,
counted and washed 2 x with FACS buffer (PBS with 0.5% BSA and
0.02% sodium azide). Samples were stained with antibody mixes for
analysis by flow cytometry. All flow cytometric analyses were carried
out on samples provided in FACS buffer on a BD LSR-II flow cytometer.
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Panels consisted of antibodies CD11b-FITC (Biolegend), F4/80-PE
(eBioscience), CD45.2-AF780 (eBioscience), Ly6G-R700 (Biolegend),
Ly6C-BV605 (Biolegend) and 7AAD (Invitrogen) viability staining for
the myeloid panel in addition to CD3e-FITC (eBioscience), CD49b-PE
(BD Pharmingen), CD45.2-AF780 (eBioscience), CD8a-R700 (BD
Biosciences), CD4-BV605 (Biolegend) and 7AAD (Invitrogen) viability
staining for the lymphoid panel.

2.15. Statistics

Graph Pad Prism software version 8 was used for statistical analysis.
Data were analyzed as indicated for individual experiments.

3. Results
3.1. Design, preparation and characterization of PLGA NP

PLGA NP harboring either NIR700 nm dye, used for intravital mi-
croscopy, histology and analysis by flow cytometry due to optimal
laser-filter combinations available, or NIR800 nm dye, used for in vivo
imaging due to optimal spectral imaging options available, were pro-
duced using the biodegradable polymer PLGA. The PLGA NP surface
was coated with a polyethylene glycol (PEG)-lipid layer to minimize
non-specific binding and to improve the blood circulation time. Fig. 1A
schematically displays the resulting PLGA NP, PLGA-PEG-NIR700 and
PLGA-PEG-NIR800, used for in vivo imaging and summarizes their
physicochemical properties (Supplementary Table 1). PLGA-PEG-
NIR700 displayed an average size of ~133.4 + 41.2 nm in diameter
and a zeta potential of —14.4 mV, whereas the PLGA-PEG-NIR800 was
found to have an average size of ~144.7 + 42.7 nm in diameter and a
zeta potential of —19.1 mV (Fig. 1B & C). Moreover, the fluorescence of
the NIR700 nm or NIR800 nm dye per mg particle was determined by
IVIS fluorescence spectrometry (Fig. 1D), showing strong signal at the
appropriate wavelengths in both NP. The NP were visualized by
fluorescence microscopy (Fig. 1E), showing presence in the cytoplasm
and are taken up by MC38 tumor cells over time when incubated at
37 °C, but not at 4 °C, indicating active uptake (Fig. 1F). Finally, the NP
display no toxicity to MC38 cells up to a concentration of 200 pug/mL
after 48 h and 72 h of incubation (Fig. 1G). These data show that PLGA-
PEG-NIR700 and PLGA-PEG-NIR800 are non-toxic NP with a uniform
size and negative zeta potential that are suitable for in vivo imaging
after systemic administration.

3.2. Radachlorin® characterization and PDT in vitro

The uptake of Radachlorin® in tumor cells was determined by in-
cubating MC38 cells with various concentrations of the photosensitizer
(PS) before fixation and detection by flow cytometry. The uptake re-
vealed strong fluorescence in MC38 cells increasing up to 4 h after in-
cubation at concentrations ranging from 1 to 100 puM, while incubation
with 0.1 uM induced barely detectable uptake (Fig. 2A). The retention
of Radachlorin® in MC38 cells after 4 h incubation was followed over
time and revealed retention of the PS up to at least 6 h at similar levels
to 0 h after the pulse (Fig. 2B). Based on these data, the dark toxicity of
Radachlorin® towards MC38 cells was determined after 4 h of incuba-
tion at indicated concentrations. Viability of the cells was detected by
flow cytometry following overnight incubation, staining with Annexin-
V-FITC for early apoptotic cells and DAPI for dead cells. This revealed
no PS toxicity in MC38 cells at concentrations of 0.1-10 M and very
low toxicity at a concentration of 100 uM (Fig. 2C). For PDT in vitro,
MC38 cells were incubated for 4 h with various concentrations of PS
and illuminated with 662 nm light at a light intensity (fluence rate) of
100 mW/cm? for a total light dose (fluence) of 20 J/cm?. This protocol
induced > 99% Annexin V' /DAPI™ cells after overnight incubation at
concentrations of 1-100 puM (Fig. 2D). The fluence required for tumor
cell toxicity in vitro was determined by incubation of MC38 with 1 uM
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PS for 4 h and PDT at 100 mW/cm?, revealing > 99% Annexin V*/
DAPI* cells total light doses of 10-20 J/cm? (Fig. 2E). Finally, the
fluence rate required for tumor cell toxicity in vitro was determined by
incubation of MC38 with 1 uM PS for 4 h and PDT for 20 J/cm?
showing > 99% Annexin V*/DAPI™" cells after overnight incubation at
25-200 mW/cm? (Fig. 2F). These data show that Radachlorin® is easily
taken up by MC38 cells and retained for extended periods of time. In
addition, the PS displays no dark toxicity to MC38 cells up to high
concentrations and induces complete cell death after PDT at PS con-
centrations ranging from 1 to 100 pM, light intensities of 25-200 mW/
em? and total light doses of 10-20 J/cm?>.

3.3. Photodynamic therapy enhances nanoparticle accumulation in tumors

To test whether PDT has an effect on the tumor accumulation of
polymeric NP, PDT was performed on C57BL/6 albino mice bearing a
single MC38 tumor of ~125 mm? as described previously [10,11]. In
brief, illumination of the tumor area with 662 nm light at 116 mW/cm?
for 116 J/cm? over 1000 s was initiated 6 h after intravenous admin-
istration of Radachlorin® (Fig. 3A). The next morning, 100 pL of 3 mg/
mL PLGA-PEG-NIR800 in PBS was administered intravenously after
which the NIR800 fluorescence was followed over time by in vivo
fluorescence spectrometry. The treatment induced strong MC38 tumor
regression (Fig. 3B) without inducing weight loss as an indication of
treatment-induced toxicity (Fig. 3C), indicating successful therapy as
reported previously [10]. The NIR80O fluorescence in PDT treated tu-
mors was strongly increased compared to tumors in control mice
starting from 24 h and up to 144 h after treatment (Fig. 3D & E). These
results indicate that PDT enhances the tumor accumulation of PLGA-
PEG-NIR800 nanoparticles in the first days after treatment.

3.4. PDT enhances specific nanoparticle accumulation in treated tumors
without altering accumulation in untreated tumors

We next investigated whether PDT would also enhance the accu-
mulation of NP in mice bearing multiple tumors. Treatment of primary
tumors with Radachlorin®PDT has been shown to induce a CD8* T
cell-related effect on distant, untreated, tumors [11]. As an in-
flammatory immune response is known to induce vasodilation and
enhance vascular permeability, we investigated whether PDT will also
affect NP accumulation in distant, untreated, tumors. To test this,
C57BL/6 albino mice bearing two MC38 tumors were treated with PDT
as described for only one tumor (PDT-treated mice) or were left un-
treated (control mice). All mice were injected intravenously with PLGA-
PEG-NIR800 in PBS the morning after the treatment was performed
(Fig. 4A). Again, PDT induced strong MC38 tumor regression on treated
tumors without inducing body weight loss, while untreated tumors
showed progressive growth (Fig. 4B&C). The NIR800 fluorescence
signal in the PDT-treated tumors was strongly enhanced versus all un-
treated tumors at 24 h up to 144 h after administration of the NP
(Fig. 4D & E). The NIR80O0 signal in the treated tumors was also en-
hanced when compared to untreated tumors of PDT-treated mice only
(Supplementary Fig. 1A). There was no difference in fluorescence signal
in untreated tumors of PDT-treated and control mice (Supplementary
Fig. 1B), showing that PDT does not alter the accumulation of NP in
untreated tumors. These data show that PDT enhances NP accumulation
in treated tumors in a two-tumor model, without affecting the accu-
mulation of NP in untreated tumors.

3.5. Intravital imaging reveals a disrupted tumor vasculature after PDT
treatment

The previous results show that PDT enhances the NP accumulation
to the tumor area after intravenous injection. As Radachlorin® has been
described to be present in the vasculature at 6 h after intravenous ad-
ministration [28], we hypothesized that the vasculature may be altered
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Fig. 1. Design, preparation and characterization of PLGA NP.
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A) Schematic representation of PLGA-PEG-NIR700, used for histology and analysis by flow cytometry due to optimal laser-filter combinations available, and PLGA-
PEG-NIR800, used for in vivo imaging due to optimal spectral imaging options available, in addition to a photograph displaying the NP in solution and a summary of

their physicochemical characteristics. B) Size distribution in nm =+

+ SD and C) zeta potential of PLGA-PEG-NIR700 and PLGA-PEG-NIR800 determined by nano-

particle tracking analysis using a Nanosight. D) The fluorescence intensity of the encapsulated dye in PLGA-PEG-NIR700 and PLGA-PEG-NIR800 per mg particle,
measured by IVIS fluorospectrometry. E) Fluorescence microscopy images of NP in MC38 tumor cells after 24 h of incubation with 10 pg/mL of NIR700. F) Uptake
versus binding of NP in MC38 cells over time, measured using the SpectraMax ID3 platereader G) Toxicity of PLGA-PEG-NIR700 and PLGA-PEG-NIR800 towards
MC38 cells after 48 h and 72 h of incubation at indicated concentration, detected by MTS assay.

after treatment, thereby contributing to the enhanced NP administra-
tion. To seek whether the vasculature was visibly affected after PDT
treatment, we performed in vivo imaging of the tumor area. We in-
oculated albino C57BL/6 J with MC38 cells lentivirally transduced with
Histone 2B Cyan Fluorescent Protein (MC38-CFP) that stably expresses
CFP fluorescence in the nucleus of transduced cells, to allow visuali-
zation of MC38 tumor cells on the ZEISS LSM 710 multiphoton mi-
croscope (Fig. 5A). Flow cytometric analysis shows that > 92% of
MC38-CFP cells were CFP* (Supplementary Fig. 2). When the tumors
reached an average size of ~360 mm?, we performed PDT as described.

PDT induced MC38 tumor regressions on treated tumors (Fig. 5B)
without inducing weight loss (Fig. 5C), indicating successful treatment
despite large tumor sizes at the start of treatment. The day after
treatment, a skin flap and an injection setup were prepared, enabling
intravenous administration of 2 MDa-Dextran-FITC in the tail vein
during tumor imaging. In untreated mice, the vasculature in the tumors
displayed strong 2 MDa-dextran-FITC signal, showing intact vessels,
and could not be observed the tumor area (Fig. 5D left panel). However,
there were no intact vessels stained by 2 MDa-dextran-FITC in the
tumor area of PDT-treated mice (Fig. 5D, right panel), and 2 MDa-
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Fig. 2. Radachlorin® uptake, retention and PDT in vitro.
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A) Uptake of Radachlorin® at indicated concentrations in MC38 cells over time and B) retention of Radachlorin® in MC38 after 4 h incubation over time. Cells were
fixed in 1% formalin before detection by flow cytometry. C) Dark toxicity of Radachlorin® in MC38 cells after staining with early apoptosis marker Annexin V (AV™*)
and dead cell marker (DAPI"), measured by flow cytometry. The effect of D) PS concentration, E) fluence and F) fluence rate on the in vitro cytotoxicity of
Radachlorin®-PDT on MC38 cells, determined by flow cytometry after staining with Annexin V and DAPL

dextran-FITC was again not observed in the tumor area. As a control,
vessels outside of the tumor area in the same PDT-treated animals were
visualized and displayed strong FITC signal, indicating successful ad-
ministration of Dextran (Fig. 5D middle panel) and suggesting that
Radachlorin®-PDT disrupts the tumor vasculature.

To further investigate the tumor vasculature after treatment, we
performed PDT on established MC38 tumor-bearing mice as described.
Three days after PDT treatment, the mice were sacrificed for histolo-
gical analysis (Fig. 6A). Samples were stained for DAPI and CD31, as a
marker for endothelial cells, and show intact vessel structures in control
mice. However, PDT treated tumors show a disrupted vasculature
staining, displayed as a disperse staining pattern. Quantification of the
CD31 staining was performed, showing a strong reduction in the per-
centage CD31 7 pixels for PDT versus control tumors. Together, these
data show that PDT disrupts the vasculature in the tumor area in a

24

manner that prevents intratumoral visualization of 2 MDa-Dextran-
FITC.

3.6. NP localize to various cell types present throughout the tumor area

To investigate the localization of the NP in the tumor after PDT
treatment, we administered PLGA-PEG-NIR700 the day after PDT
treatment in the protocol depicted in Fig. 5A. At 24 h after NP ad-
ministration, a skin flap was prepared to allow intravital imaging. In
control mice, most NP (red signal) appear to be in close proximity to the
nuclear CFP signal (Supplementary Fig. 3A), indicating their associa-
tion with tumor cells. In PDT-treated mice, the NP localize near as well
as far from the nuclear CFP signal (Supplementary Fig. 3B), indicating
that the NP are partially associated with tumor cells but are also present
outside of areas occupied by tumor cells.
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Fig. 3. PDT enhances NP accumulation in mice bearing a single tumor.

A) Schematic of the protocol: mice were inoculated subcutaneously with 0.5*10° MC38 cells in 200 uL PBS on the right flank. At day 7, when the tumors were an
average size of ~125 mm?®, Radachlorin®PDT was performed by illumination of the tumor area with 662 nm light at 116 mW/cm? for 116 J/cm? over 1000 s. The
day after treatment, 100 puL of a 3 mg/mL of of PLGA-PEG-NIR800 was injected intravenously in the tail vein after which the fluorescence in the tumors was measured
on the IVIS fluorospectrometer over time. B) Tumor growth curves and C) weight of PDT-treated and control mice, displayed as the mean + SEM for each group. D)
Representative image of the NIR80O fluorescence in the tumor area in PDT-treated (upper panels) and control mice (lower panels) at 48 h after administration of the
NP. Minimum fluorescence values were set to 1.50 * 10% and maximum fluorescence values were set to1.75 * 10° across all images, to allow visual comparison E)
Fluorescence intensity of the NIR80O0 signal in the tumors of PDT-treated and control mice over time, obtained using the IVIS fluorescence spectrometer. Statistical
significance was determined using (multiple) Student's t-tests at various timepoints (n = 7 animals per group, *p < .05, **p < .01 and ***p < .001).
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Fig. 4. PDT enhances NP accumulation in mice bearing double tumors.

A) Schematic of the protocol: mice were inoculated subcutaneously with 0.5*10° MC38 cells in 200 uL PBS on the left and right flank. At day 7, when the tumors were
an average size of ~125 mm?®, Radachlorin®-PDT was performed by illumination of the tumor on the right flank with 662 nm light at 116 mW/cm? for 116 J/cm?
over 1000 s. The day after treatment, 100 pL of a 3 mg/mL of PLGA-PEG-NIR800 was injected intravenously in the tail vein after which the fluorescence in all tumors
was measured on the IVIS fluorospectrometer over time. B) Tumor growth curves and C) weight of the PDT-treated and control tumors in treated mice as well as
untreated tumors in control mice, displayed as the mean + SEM for each group. D) Representative image of the NIR80O fluorescence in the tumor area in PDT-treated
(upper panels) with PDT treated tumors on the right flank, untreated tumors on the left flank and control mice (lower panels) at 48 h after NP administration.
Minimum fluorescence values were set to 1.3 * 10% and maximum fluorescence values were set to 5.0 * 10® across all images, to allow visual comparison E)
Fluorescence intensity of the NIR800 signal in PDT-treated versus all control tumors in treated as well as untreated mice over time, obtained using the IVIS
fluorescence spectrometer. Statistical significance was determined using (multiple) Student's t-tests at various timepoints (n = 7 animals per group, *p < .05,
**p < .01, ***p < .001 and ****p < .0001).
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Fig. 5. Intravital imaging reveals a disrupted tumor vasculature after PDT treatment.

A) Schematic of the protocol: mice were inoculated subcutaneously with 0.5*10° MC38-CFP cells in 200 uL PBS on the right flank. At day 11, when the tumors
displayed an average size of ~360 mm?, Radachlorin®-PDT was performed by illumination of the tumor on the right flank with 662 nm light at 116 mW/cm? for
116 J/cm? over 1000 s. The day after treatment, a skin flap was prepared to allow intravital imaging and 2 M-dextran-FITC was injected during imaging for
visualization of the vasculature. B) Tumor growth curves and C) weight of the PDT-treated and control tumors in treated mice as well as untreated tumors in control
mice, displayed as the mean + SEM for each group. D) Representative visualization of the 2 MDa-dextran-FITC fluorescence signal present in the vasculature of
control (left panel) and PDT-treated mice outside (middle panel) as well as inside (right panel) the tumor area (n = 4 animals per group).

To further investigate the localization of the NP in the tumor after
treatment, we treated MC38 tumor-bearing mice with PDT as depicted
in Fig. 6A. The day after treatment, PLGA-PEG-NIR700 was injected
intravenously into the tail vein. Two days after administration of the
NP, when the NP fluorescence intensity was previously determined to
be elevated (Fig. 1D), the mice were sacrificed for analysis by histology.
Samples were stained for DAPI, CD45 (immune cells) and vimentin
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(mesenchymal cells). NIR700 fluorescence is observed throughout the
tumor area and localizes close to CD45" and vimentin™ cells in addi-
tion to cells staining negative for both markers (Fig. 6C). Furthermore,
quantification of the fluorescence intensity shows an enhanced NIR700
fluorescence signal for PDT versus control tumors. To test for auto-
fluorescence induced by the treatment, a histological analysis of
NIR700 fluorescence in the tumor area of PDT treated tumors was
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Fig. 6. Histological analysis of the tumor vasculature after PDT and PLGA-PEG-NIR700 fluorescence in the tumor area.

A) Schematic of the protocol: mice were inoculated subcutaneously with 0.5*10° MC38 cells in 200 uL PBS on the right flank. At day 10, when the tumors displayed
an average size of ~300 mm?, Radachlorin®-PDT was performed by illumination of the tumor on the right flank with 662 nm light at 116 mW/cm? for 116 J/cm?
over 1000 s. The day after treatment, 100 pL of a 3 mg/mL of PLGA-PEG-NIR700 NP was injected intravenously in the tail vein and incubated for 48 h. Mice were
then sacrificed and tumors were excised for histology. B) Representative images of control (upper panels) as well as PDT (lower panels) samples stained for CD31
(green in Merge) and DAPI (blue in Merge) and analysis of the percentage of CD317 pixels in PDT versus control samples (n = 4 animals per group). C)
Representative images of the NIR700 signal (red) in control (left panel) as well as PDT (right panel) samples stained for DAPI (blue), CD45 (green) and Vimentin
(white) and analysis of the fluorescence intensity of NIR700 in PDT versus control samples (n = 4 animals per group).

performed in absence of administered NP and showed background 3.7. NP are primarily taken up by cells of the myeloid compartment in the

signal when compared to PDT treated tumors where NP were ad- tumor microenvironment

ministered (supplementary Fig. 4). These results indicate that NP dis-

tributing towards the tumor localize to multiple types of cells To determine whether the NP localize to specific cellular subsets in
throughout the tumor area, rather than confining to specific tumor the TME, we performed flow cytometry on MC38-CFP tumor-bearing
sites. mice treated as in Fig. 6A. Gating strategies were employed to allow

evaluation of the myeloid and lymphoid cell compartments of the im-
mune cell infiltrates and all data shown were gated to contain only
viable, single cell populations (Supplementary Fig. 5). PDT induced a
significant reduction in the total amount CD45" cells (Fig. 7A) as well
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Fig. 7. NP in the tumor area accumulate strongly in cells of the myeloid compartment.Mice were inoculated subcutaneously with 0.5%*10% MC38-CFP cells in 200 uL
PBS on the right flank and treated as depicted in Figure 6A. At day 10, when the tumors displayed an average size of ~300 mm?, Radachlorin®-PDT was performed by
illumination of the tumor on the right flank with 662 nm light at 116 mW/cm? for 116 J/cm? over 1000 s. The day after treatment, 100 L of a 3 mg/mL of PLGA-
PEG-NIR700 NP was injected intravenously in the tail vein and incubated for 48 h. Mice were then sacrificed and tumors were excised for analysis of the cellular
composition of the TME by flow cytometry. A-F) Representation of cellular subsets present in the tumors of PDT-treated and control mice. CD45™" are shown as a
percentage of live cells (DAPI” within the single cell gate). CD11b™ are defined as CD45*CD11b* and shown as a percentage of CD45" (DAPI” within the single cell
gate), macrophages are defined as CD45*"CD11b* F4/80* and shown as a percentage of CD45 ™", neutrophils are defined as CD45*CD11b* Ly6G™ and shown as a
percentage of CD45™, tumor cells are defined as CFP*CD45 and shown as a percentage of live cells, and CD3" are defined as CD45"CD3* and shown as a
percentage of CD45*. G) geometric mean fluorescence intensity (gMFI) of NIR700 in PDT-treated versus control tumors for various subsets. Statistical significance
was determined using a two-tailed Student’s t-test between groups (n = 5 control and n = 4 PDT animals, *p < .01, **p < .001).

as a non-significant reduction in the amount of CD11b* cells as a combined with other types of antitumor treatments to enhance ther-
percentage of CD45™ cells (Fig. 7B) in the tumor. The percentages of apeutic outcome. Our data suggest a strong potential synergy for
macrophages, shown as a percentage of CD45" cells, were also sig- combinations of PDT and NP-based immunotherapy that benefit from
nificantly reduced after PDT (Fig. 7C), while the percentages of neu- enhanced uptake by cells of the myeloid lineage.

trophils as a percentage of CD45" were increased (Fig. 7D). This is in Mice were inoculated subcutaneously with 0.5*10° MC38-CFP cells
line with the literature, where infiltrating immune cells at early time- in 200 pL PBS on the right flank and treated as depicted in Fig. 6A. At
points after treatment were reported to mainly consist of neutrophils day 10, when the tumors displayed an average size of ~300 mm?,
[29]. The amount of viable tumor cells was also significantly reduced Radachlorin®-PDT was performed by illumination of the tumor on the

after treatment (Fig. 7E). Furthermore, the percentage of CD3* cells as right flank with 662 nm light at 116 mW/cm? for 116 J/cm? over
a percentage of CD45™ were very strongly reduced (Fig. 7F), indicating 1000 s. The day after treatment, 100 pL of a 3 mg/mL of PLGA-PEG-

that PDT strongly diminishes the amount of T cells present in the tumor NIR700 NP was injected intravenously in the tail vein and incubated for
at early time points after treatment. Moreover, the numbers of CD3 + 48 h. Mice were then sacrificed and tumors were excised for analysis of
cells in the PDT group were too low for an accurate analysis of NP the cellular composition of the TME by flow cytometry. A-F) Re-
accumulation in this subset. In all subsets, the amount of NIR700 signal presentation of cellular subsets present in the tumors of PDT-treated
was markedly increased in PDT treated versus control mice (Fig. 7G). and control mice. CD45" are shown as a percentage of live cells
The increase was most pronounced in the macrophage subset, with a (DAPI~ within the single cell gate). CD11b* are defined as
relative increase of up to approximately 10x. Uptake of NIR700 in CD45%CD11b™ and shown as a percentage of CD45* (DAPI~ within
tumor cells was also increased after PDT, albeit to a lesser extent than in the single cell gate), macrophages are defined as CD45"CD11b* F4/
the subsets of myeloid origin, as indicated by statistical significance in 80" and shown as a percentage of CD45™", neutrophils are defined as
fluorescence in macrophages versus tumor cells of PDT treated mice CD45*CD11b*Ly6G* and shown as a percentage of CD45", tumor
(Fig. 7G). cells are defined as CFP*CD45~ and shown as a percentage of live

These data reveal that PDT greatly enhances the accumulation of NP cells, and CD3™* are defined as CD45* CD3 " and shown as a percentage
in cells of the myeloid compartment throughout the tumor area. As the of CD45*. G) geometric mean fluorescence intensity (gMFI) of NIR700
benefits of combination treatments are becoming more apparent [7-9], in PDT-treated versus control tumors for various subsets. Statistical
the development of therapeutic protocols whereby PDT is performed in significance was determined using a two-tailed Student's t-test between
an optimal setting to achieve strong antitumor efficacy that can be groups (n = 5 control and n = 4 PDT animals, *p < .01, **p < .001).
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4. Discussion

For the administration of many antitumor drugs, a delicate balance
between off target toxicities and therapeutic efficacy must be main-
tained. Therefore, increasing the distribution of such drugs to tumors on
a per administration basis may help to improve therapeutic outcome. In
the present study, we show that PDT enhances the tumor distribution of
a single dose of PEGylated NP based on PLGA, a carrier of antitumor
drugs that has been investigated extensively [30,31]. It was shown
previously that low-fluence rate PDT enhances the tumor localization of
liposomal doxorubicin (Doxil).'®17*8!° We show here that PDT at re-
latively high fluence rates, often employed in PDT protocols in the
clinic, also enhances the tumor distribution of PLGA-PEG NP. Further-
more, we show that PDT enhances NP accumulation in treated tumors
of mice bearing two tumors on opposite flanks. We have previously
reported that PDT on primary tumors inhibits the tumor growth of
distant, untreated tumors in a T cell dependent manner [11]. We show
here that this effect does not alter the NP distribution to those untreated
tumors.

In addition, we show that PDT disrupts the tumor vasculature in a
way that prevents 2 MDa-dextran-FITC to visualize the tumors while
the tumor-surrounding vasculature remained intact, allowing visuali-
zation by 2 MDa dextran-FITC. Histological analysis revealed a severely
disrupted CD31 staining pattern and a reduction in the percentage of
CD31+ pixels in PDT treated tumors. Moreover, NP were found to
distribute throughout the tumor and associate with several cell types
present in the tumor area. These results indicate that NP are able to
localize to PDT treated tumors though the intact vessels surrounding
the vasculature, where they can easily enter the tumor through the
disrupted vasculature. As the blood flow in PDT treated tumors is
hampered, this may prevent the NP from leaving, thereby essentially
trapping them in the tumor area. In contrast to the NP, the 2 MDa
dextran-FITC could not be observed in the tumor area outside of the
vasculature in control as well as treated mice. This may either be due to
the 2 MDa dextran-FITC diluting in the tumor area to an extent that falls
below the detection limit of the current setup, or the inability of the
relatively large branched polymer to leak out of the vessels in control
mice in addition to their inability to leak out of the disrupted vessels
and/or move through tumor area in treated mice. Together, these data
strengthen observations that PDT can enhance carrier-based antitumor
therapy by increasing the number of encapsulated agents that benefit
from raising the concentration of active molecules, e.g. doxorubicin in
Doxil, in the tumor area.

Finally, we show that PDT enhances the NP content in all several
cellular subsets present in the tumor. NP uptake can be facilitated
through phagocytosis, macropinocytosis as well as caveolae-, clathrin-,
and scavenger receptor-mediated endocytic pathways, depending on
the properties of the NP [32]. Cells that facilitate phagocytosis and are
therefore likely to phagocytose NP include macrophages, DCs, mono-
cytes and neutrophils. Moreover, macrophages, and neutrophils to a
lesser extent, are described to facilitate most of the NP uptake, pro-
cessing and clearance of nanomaterials in organs such as the liver,
spleen and kidneys [33,34]. In line with this, we show that NP uptake in
the tumor is most pronounced in the macrophage population, where the
NP content was significantly increased versus tumor cells in PDT
treated tumors. PDT has been described to induce antitumor immune
responses that at early time points after treatment consist mainly of
infiltrating myeloid cells [35-37]. Administration of NP the day fol-
lowing treatment may therefore ensure that many of the administered
NP localize to those cell types. In conclusion, the protocol presented
here describes a strong PDT-mediated antitumor efficacy while indu-
cing vascular disruption and ensuring NP accumulation in the tumor
area. The observation that the NP accumulating in the tumor area
preferentially localize to cells of the myeloid origin provide a strong
rationale for combinations of PDT with NP-based immunotherapy that
exerts its effects on immune cells of myeloid origin. Examples of such
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immunotherapies include the use of myeloid depleting or modulating
agents, immune stimulants e.g. toll-like receptor (TLR)-ligands, cyto-
kines and stimulator of interferon genes (STING) agonists to invoke or
enhance antitumor immune responses.
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