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Nanoparticle-based phototherapy has evolved to include immunotherapy as an effective treatment
combination for cancers through inducing anti-cancer immune activation leading to downstream
adaptive responses and immune protection. However, most cancer phototherapy studies that claimed
anti-cancer immunogenic effects often included exogenous immunostimulants to potentiate immune
responses and did not clearly establish their effects on immune cells. In this study, we showed that
combined photodynamic (PDT) and photothermal therapy (PTT) using gold nanorods (NRs) loaded with
the photosensitizer chlorin e6 (Ce6) on endogenously formed mouse serum (MS) protein coronas
(i.e., NR-MS-Ce6) on EMT6 murine mammary carcinoma cells could potentiate the activation of both
J774A.1 macrophages and DC2.4 dendritic cells. The activation of these innate immune cells by the
conditioned media from cancer cells treated with combined PDT + PTT was cell-type and number
dependent. While treated B16-OVA murine melanoma cells induced lower activation levels for both

Received 12th August 2020, immune cell types compared to EMT6, they caused higher pro-inflammatory cytokine secretion levels.

Accepted 22nd October 2020 Our study suggests the importance of immunological investigations to complement any nanoparticle-
DOI: 10.1039/d0tb01953d based therapeutic interventions to better evaluate their efficacy. This could be achieved through a
simple approach to screen for the first line of immune responses arising from these therapies prior to
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adjuvants is recognized by innate immune cells such as macro-
phages and dendritic cells via pattern recognition receptors

Introduction

The post-therapeutic effects of cancer phototherapy on the
immune system leading to anti-tumor immunity is an emerging
area of interest. Given that cancer treatment with either photo-
dynamic therapy (PDT) or photothermal therapy (PTT) results
in necrotic or apoptotic cell death,’™ the release of tumor
antigens and endogenous adjuvants such as damage-associated
molecular patterns (DAMPs) and heat shock proteins (HSPs) could
induce immunogenic cell death (ICD)**” to mount anti-cancer
immune responses that enhance the phototherapeutic effect of
PDT and PTT. The release of tumor antigens and endogenous
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(PRRs) like toll-like receptors (TLRs) and scavenger receptors,
leading to the direct activation of innate immune cells via the
expression of MHC-antigen complexes, co-stimulatory molecules
and secretion of cytokines.® These events lead to ligand-receptor
interactions with CD4" and CD8" T cells, which get activated and
exert their cytotoxic effects towards tumor, depending on the
proteome of the treated cancer cells.”'®

The concept of PDT-induced anti-tumor immunity was first
proposed by Nowis et al. and supported by others,>**™** where
tumor ablation by reactive oxygen species (ROS) generated
during PDT resulted in the generation of stress proteins and
antigens that induced an acute inflammatory response. The
inflammation attracted and activated leukocytes such as den-
dritic cells (DCs) and macrophages to subsequently activate
downstream adaptive immunity for an enhanced anti-tumor
immune response and immune memory generation.'>*?

Early studies involving PDT-induced immune responses
utilized small molecule photosensitizers (PSs), such as chlorin e6
(Ceb) and benzoporphyrin derivative (BPD), wherein systemic
anti-tumor immune responses were demonstrated in vivo via the
slowdown of contralateral tumor growth in two-tumor models or
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tumor re-challenge where tumor growth was rejected.”®*'
However, such observations are often cancer cell and mouse-
type dependent, and could be specific to the type and dose of PS
used as well.'>*?

Nanoparticles (NPs) have been incorporated into PDT
regimens to promote the delivery of PSs to tumors, thereby
improving PDT efficacy under lower dosage conditions.>*
PDT-induced immunogenicity by NPs has been demonstrated
in vivo by Yu et al, where PDT with photosensitizer-loaded
graphene NPs on the primary tumor promoted tumor retarda-
tion in the distal flank through inducing maturation of DCs
and elevation of serum IFN-y levels.>” They also showed that
PDT-treated 4T1 cells in vitro could serve as a material for a
prophylactic vaccine to retard the growth of 4T1 tumors in
immunocompetent mice in vivo. However, their study selected
only necrotic 4T1 cells after PDT, which might not adequately
capture the full spectrum of immunogenicity associated with
PDT since other forms of cell death with immunogenic
potential such as apoptosis could also occur™>*°33 but were
not examined.

PTT could also induce immunogenicity through ablative
necrosis of cancer cells.>*® Sweeney et al. found an optimal
temperature window of 63.3 to 66.4 °C to be important for
increasing intracellular DAMP expressions such as HMGB1 and
ATP to trigger ICD with Prussian blue NPs in vivo.*” Li et al. also
demonstrated ICD with cancer cell membrane-coated natural
melanin NPs*® based on the expression of calreticulin (a DAMP)
in vivo as a marker of cancer ICD,*® although its ability to
stimulate downstream innate and adaptive responses was not
demonstrated. Apart from calreticulin, many other DAMPs
could also contribute to immune responses.

The existing PDT or PTT studies are also often supplemented by
immunostimulants, e.g., checkpoint blockade inhibitors and the
toll-like receptor (TLR) agonist to elicit downstream innate and
adaptive responses.***® These supplements suffer from pharmaco-
kinetic drawbacks, such as potential off-target and non-specific
inflammatory side effects.***° Checkpoint blockade therapy is also
plagued by resistance mechanisms and immune-related adverse
events that limit its applicability alongside phototherapy.*

While the ability of PDT and PTT to trigger anti-cancer
immunogenicity has been widely demonstrated, many studies
still lack clarity on how phototherapy-induced cell death acti-
vates the immune cells, particularly that of innate immunity,
which serves as an important ‘bridge’ to generate adaptive
responses. This is especially true for combined PDT and PTT
(PDT + PTT), which offers greater phototherapeutic
efficacy.’***° It is not known if the greater cell killing efficacy
with a lower drug dose afforded by the synergistic combination
of PDT + PTT could potentiate a higher degree of innate
immune activation in the absence of immunostimulants.

We have previously loaded the photosensitizer Ce6 on the
endogenously formed protein coronas from mouse serum (MS)
proteins around gold nanorods (NRs) to form NR-MS-Ce6 that
enabled combined PDT + PTT by Ce6 and NRs, respectively,
to completely ablate primary tumors in a nude mice model
in vivo.** We observed edema and acute inflammation one day
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post PDT + PTT, accompanied by rapid and complete tumor
regression with good wound healing and no tumor regrowth up to
31 days post-treatment. Given the lack of adaptive immunity in
nude mice, we therefore hypothesize that the combined PDT +
PTT with NR-MS-Ce6 could induce immunogenic and inflamma-
tory responses with a sufficient antigen loading to activate cells of
innate immunity including macrophages and DCs to inhibit
tumor re-growth through sufficient removal of tumor debris.

Therefore, we extend our previously published study to
examine the level of innate immune activation of murine
J774A.1 macrophages and DC2.4 DCs induced by the condi-
tioned medium of murine mammary EMT6 cells following
combined PDT + PTT with NR-MS-Ce6 in vitro in the absence
of any adjuvant and immunostimulant (Fig. 1). We showed PDT
and PTT-induced cell death leading to cancer cell-specific
innate immune activation. Our study provided new insights
on the exploitation of combined PDT + PTT to directly activate
cells of innate immunity that could further mount a downstream
immunological response without the need of any exogenous
immunostimulants or adjuvants.

Material and methods
Materials

All chemicals used were purchased from Sigma-Aldrich Chemical
Inc. unless mentioned specifically. Ultra-pure water (UP water)
with a resistivity of 18.2 MQ at 25 °C was used for all experiments.

Synthesis of NR-CTAB

The synthesis of NRs passivated with a hexadecyltrimethyl-
ammonium bromide (CTAB) ligand (NR-CTAB) was based on
our previously published protocol,*>*** which consisted of
two phases: (1) preparation of the seed solution, followed by (2)
NR growth in solution. In preparing the seed solution, 250 UL of
10 mM gold(m) chloride trihydrate (HAuCl,) was added to
9.75 mL of 100 mM CTAB, followed by the addition of 600 pL
of ice-cold sodium borohydride. The mixture was stirred at
27 °C for 1 h to obtain a yellowish-brown seed solution of gold
nanospheres. We subsequently grew the NRs from the gold
nanosphere seed solution by adding 250 uL of 10 mM HAuCl,,
50 pL of 10 mM silver nitrate (AgNO;), 30 pL of 100 mM
ascorbic acid (C¢HgOs) and 6 uL of seed solution in sequence
to 4.75 mL of 100 mM CTAB, with a single swirl performed at
each addition step to ensure thorough mixing. The final
solution was then left in the dark at 27 °C for 4 h to form
NR-CTAB. Repeated centrifugal washing in UP water was per-
formed twice in 1 mL tubes at x4700g for 15 min to remove
excess unreacted reagents before the NR-CTAB was stored at
room temperature for further experiments.

Loading of chlorin e6 (Ce6) in MS protein coronas formed on NRs

We dissolved the hydrophobic Ce6 photosensitizer (Frontier
Scientific, U.S.) in a MS protein solution to form a clear dark
green 2 mM Ce6 solution, which was further diluted in sodium
phosphate buffer (10 mM PhB, pH 7.0) to a 1 mM Ce6 solution
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Fig. 1 Schematic summary of our study aiming to examine the post-therapeutic immune activation of cells of innate immunity, including murine
J774A.1 macrophages and DC2.4 dendritic cells following combined PDT + PTT with NR-MS-Ce6 on EMT6 murine mammary carcinoma cells and

B16-OVA murine melanoma cells expressing ovalbumin.

in MS (MS-Ce6). The spontaneous formation of MS protein
coronas on NRs and simultaneous Ce6 loading on the MS
coronas were achieved by adding 1 mL of 1 mM MS-Ce6 to a
soft pellet obtained by centrifuging 0.5 nM NR-CTAB at x4700g
for 15 min according to our previously published protocol.*!
The mixture was incubated for 20 h at 37 °C before the resulting
NR-MS-Ce6 was purified by repeated centrifugation thrice
at x3600g for 15 min to remove excess MS and Ce6, before
re-dispersion in 5 mM PhB buffer for subsequent experiments.

Characterization of NR-MS-Ce6

The optical properties of NR-CTAB and NR-MS-Ce6 were charac-
terized using UV-vis spectroscopy (MultiSkan™ GO, Thermo
Scientific, USA). Their zeta potential ({) and hydrodynamic
diameter (Dy) were acquired using a Zetasizer (Nano ZS,
Malvern, UK) at 25 °C, while their morphology was examined
using transmission electron microscopy (TEM) (JEM-1220, JEOL
Ltd, Japan). The concentration of NRs was determined from their
UV-vis spectrum and known extinction coefficients.*’

The amount of Ce6 in NR-MS-Ce6 was determined by directly
measuring the Ce6 fluorescence (Lex//em = 405/665 nm) in NR-MS-
Ce6 and comparing it to calibrating standards of different Ce6
concentrations in a fixed concentration of 0.5 nM NR-CTAB (see
the ESILt Fig. S1). To account for the quenching of Ce6 by NRs, a
separate Ce6 concentration calibration curve in the absence of
NRs was obtained by diluting 1 mM Ce6 in MS with 5 mM PhB
(Fig. S1, ESIt). From both Ce6 concentration calibration curves in
the presence and absence of NRs, we determined the percentage
of fluorescence quenching as shown in the formula below, which
was used subsequently as a correction factor to quantify the Ce6
loading based on its fluorescence.

Percentage fluorescence quenching

_ Fliree ces — Flces in NR-MS-Ce6 < 100%

Flfree Ce6
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Cell culture

B16-OVA, EMT6 and DC2.4 cells (ATCC, USA) were cultured in
RPMI-1640 medium (Gibco, U.S.) supplemented with 10% fetal
bovine serum (FBS) (GE Healthcare, UK), 1% sodium pyruvate
(Gibco, U.S.), 1% 1 M HEPES buffer (Gibco, USA), 1% MEM
non-essential amino acids (Gibco, USA) and 100 U mL™"
penicillin-streptomycin (Gibco, USA) at 37 °C, 5% CO, and
95% humidity. J774A.1 cells were cultured in 1x DMEM
medium (Gibco, U.S.) with the same constituents as RPMI-
1640 at 37 °C, 5% CO, and 95% humidity.

Cell uptake of NR-MS-Ce6

The cell uptake of NR-MS-Ce6 was examined using fluorescence
and dark field microscopy, where EMT6 and B16-OVA cells were
seeded at a density of ~1 x 10° cells per well on a clean circular
coverslip placed in a 24-well plate and left for 24 h at 37 °C to
allow for cell adhesion. The cells were then dosed with 0.5 nM
NR-MS-Ce6 in serum-free medium for 6 h, and rinsed twice
with PBS (Gibco, US) to remove excess NR-MS-Ce6 not taken up
by the cells. The EMT6 and B16-OVA cells on coverslips were
then fixed with 3.7% formaldehyde in PBS for 15 min, and
rinsed twice with PBS before their nuclei were stained with 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen,
USA) for 15 min. The cells were then rinsed twice with PBS
again before being mounted on glass slides with VECTA-
SHIELD® Mounting Medium (Vector Laboratories, USA).
Fluorescence and dark field images were acquired using a
Nikon Ci-L fluorescence upright microscope (Nikon Instruments,
Japan) equipped with a CytoViva 150 Condenser (CytoViva, USA)
for dark field imaging, an SCMOS camera (PcoEdge, EINST
Technology Pte. Ltd., Singapore), a 60x oil-immersion objective
(N.A. = 1.25) and appropriate filters to image the DAPI staining.
Image] was used to process the DAPI staining (for nuclei), red Ce6
fluorescence images and dark field images (for NR-MS-Ce6). The
images were superimposed to form a composite image that

This journal is © The Royal Society of Chemistry 2020
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allowed us to examine the localization of NR-MS-Ce6 in B16-OVA
and EMT6 cells.

Combined PDT + PTT with NR-MS-Ce6 in vitro

B16-OVA or EMT6 cells were seeded in a 48-well plate at a
density of between 3.0 x 10* and 1.2 x 10> cells per well and left
to incubate overnight at 37 °C, 5% CO, in a humidified atmo-
sphere to allow cell adhesion. The cells were then rinsed twice
with 200 pL of 1x phosphate buffered saline (PBS) following the
overnight incubation before being dosed with 200 puL of NR-MS-
Ce6, NR-MS and free Ce6 dissolved in MS (MS-Ce6) in serum-
free medium for 6 h at varying concentrations of 0.2, 0.4 and
0.6 nM NRs, or an equivalent of 20, 40 and 60 nM MS-Ce6 based
on the amount of Ce6 loaded onto NR-MS.

Prior to irradiation, the cells were rinsed twice with 200 pL of
1x PBS and placed in 200 pL of fresh serum-free media. Laser
irradiation was performed using a 665 nm continuous wave
(CW) laser at 250 mW cm > for 15 min to achieve a total energy
dose of 28.3 J with a laser spot size of 12.5 mm?. The cells were
left to incubate at 37 °C for 24 h post-irradiation.

Following incubation, we collected the cell culture super-
natant of treated B16-OVA and EMT6 cells to form our condi-
tioned media for activating the innate immune cells. We also
examined the cell viability of B16-OVA and EMT6 cells with
100 pL of PrestoBlue™ cell viability reagent (diluted 10x)
(Invitrogen, USA) after 1 h of incubation following standard
manufacturer specified protocols. The cell viability was subse-
quently measured from 90 pL of the reagent transferred to a
96-well black plate under fluorescence excitation and emission of
560 nm and 590 nm, respectively. Dark toxicities of NR-MS-Ce6,
NR-MS and free MS-Ce6 were also evaluated by dosing B16-OVA
and EMT®6 cells with the same concentration range for 6 h, and
then assessing their viability 24 h later in the dark without any
irradiation.

Activation of DC2.4 and J774A.1

We examined the immunogenicity of the cell death from
combined PDT + PTT by NR-MS-Ce6 by dosing the conditioned
media from treated B16-OVA and EMTS6 cells to both live DC2.4
dendritic cells and J774A.1 macrophages seeded in a 96-well
plate. Briefly, the cell culture supernatant from 8.0 x 10" of
these innate immune cells seeded in 200 pL of their respective
medium in the 96-well plate was removed after an initial 24 h of
seeding and replaced with 200 uL of 1x DMEM and 100 pL of
conditioned media, and the cells were then incubated for the
next 24 h at 37 °C to induce immune activation. 5 pL of
Lipopolysaccharide (LPS) at 200 pg/mL was added to both
DC2.4 and J774A.1 as a positive control for immune activation.

The conditioned medium was removed after 24 h by centri-
fugation of cells at x300g for 5 min at 4 °C, and the cells were
incubated in the dark at 4 °C with 200 pL of staining buffer
solution (1.5% FBS in 1x PBS) for 30 min to block non-specific
interactions. Following the blocking by FBS for non-specific
binding, both DC2.4 and J774A.1 cells were subsequently
stained with 100 pL of staining solution consisting of anti-
mouse antibodies against five markers of immune activation:

This journal is © The Royal Society of Chemistry 2020
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CD40, CD80, CD86, H-2D° (MHCI), and I-A/I-lE (MHCII)
(Biolegend, USA) in 1.5% FBS in 1x PBS following standard
protocols for immunostaining for flow cytometry. The stained
live cells were washed by repeated centrifugation with staining
buffer after 30 min incubation in the dark at 4 °C before
being transferred into a 5 mL flow tube and constituted to a
total volume of 400 pL per sample in staining buffer for flow
cytometry.

For flow cytometry, the fluorescence of PE, APC, FITC,
PE-Cy7 and Pacific Blue dyes for the anti-CD40, CD80, CD86,
MHCI and MHCII antibodies, respectively, was acquired with a
BD Analyser Fortressa X-20 flow cytometer using FACSDiva
software (Becton Dickinson, USA) with appropriate compensa-
tion settings. The data were analyzed based on at least 1.0 x
10* cells using FlowJo version 7.6 (FlowJo, USA).

When examining the dependence of J774A.1 activation on
the number of cancer cells, the conditioned media of treated
EMTS6 cells of varying numbers (between 3.0 x 10* and 1.2 x
10°) were dosed to live J774A.1 macrophages seeded in a 96-well
plate, and the activation of J774A.1 macrophages was probed by
flow cytometry as described above.

Immunogenicity of NR-MS-Ce6

We also examined the immunogenicity of NR-MS-Ce6 at varying
concentrations of 0.4, 4 and 40 pM on live J774A.1 macrophages
seeded in a 96-well plate to rule out the contribution of NR-MS-Ce6
in activating the innate immune cells on their own. Briefly, the cell
culture supernatant from 8.0 x 10* of these innate immune cells
seeded in 200 pL of their respective medium in a 96-well plate was
removed after an initial 24 h of seeding and replaced with 200 pL of
NR-MS-Ce6 at varying concentrations constituted in 1x DMEM,
and incubated for the next 24 h at 37 °C to induce immune
activation. 5 pL of Lipopolysaccharide (LPS) at 200 pg mL~" was
added to J774A.1 as a positive control for immune activation. The
activation of both DC2.4 and J774A.1 macrophages was probed by
flow cytometry as described above.

Results and discussion

Synthesis and characterization of NR-MS-Ce6

NR-CTAB were synthesized with dimensions of 47.5 + 1.0 nm
by 18.4 &+ 0.8 nm as determined from the TEM images (Fig. 2A).
Their aspect ratio of 2.6 produced a longitudinal surface
plasmon resonance (LSPR) peak at 664 nm (Fig. 2B), which
matched the 665 nm excitation wavelength of Ce6, thus allowing
a single laser wavelength excitation at 665 nm to simultaneously
excite both the NRs and Ce6 for combined PTT + PDT.
We observed a slight red-shift of ~3 nm in the LSPR peak when
the MS protein corona was formed on the NRs and Ce6 was loaded
on the protein corona to give NR-MS and NR-MS-Ce6, respectively.
This red-shift was expected as the absorption of serum proteins on
NR-CTAB altered their surface dielectric properties.®"*"*>44

With the protein corona formation and Ce6 loading, we
observed no significant spectrum broadening and the LSPR
peak remained distinct and narrow, which indicated the good
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Fig. 2 Characterization of NR-MS-Ce6 and the controls of as-synthesized NR-CTAB and NR-MS showing (A) the monodispersity of the synthesized

NR-CTAB used in this study using TEM with 200 000x magnification, (B) the

UV-vis spectrum, (C) histogram distribution of hydrodynamic diameter (D)

as determined by dynamic light scattering (DLS), and (D) zeta potential of all three samples. Error bars represent standard error for N = 3 samples.

colloidal stability of NR-MS-Ce6 (Fig. 2B). This was further
confirmed by the dynamic light scattering (DLS) measurements,
which showed appropriate increases in the average hydrodynamic
diameter (Dy;) of NR-CTAB from 49.4 £+ 0.6 nm to 92.8 £+ 1.8 nm
(ADy = 43.4 nm) and 106 + 2.1 nm (ADy = 56.6 nm) for NR-MS
and NR-MS-Ce6, respectively, with no aggregated size populations
observed in their histogram size distribution (Fig. 2C).

The successful MS protein corona formation was also con-
firmed by zeta potential measurements, which showed the
positively charged NR-CTAB with zeta potential, {xr-cTas, =
38.0 = 0.3 mV flipped negatively to —22.2 £ 0.4 mV and
—22.8 £ 0.5 mV for NR-MS and NR-MS-Ce6, respectively, due
to the adsorption of net negatively charged MS proteins on
NR-CTAB (Fig. 2D). Although the loading of Ce6 on the MS
protein corona caused minimal changes to both the Dy and
zeta potential, we were able to use Ce6 fluorescence measure-
ments together with an appropriate correction factor of 50.9 +
0.6% for fluorescence quenching determined empirically (see
ESLt Fig. S1) to quantify a loading of ~101 + 3 Ce6 molecules
per NR in NR-MS-Ce6.

Combined PDT + PTT on cancer cells with NR-MS-Ce6

We observed dose-dependent cell killing of B16-OVA cells
following combined PDT + PTT with NR-MS-Ce6, achieving
complete 100% cell killing at the lowest concentration of
0.2 nM NR-MS-Ce6 used in our study (Fig. 3A, blue solid).

10816 | J. Mater. Chem. B, 2020, 8,10812-10824

The equivalent concentration of 0.2 nM NR-MS for PTT alone
and 20 nM free unloaded MS-Ce6 for PDT alone exhibited
negligible cell killing and maintained relatively high cell
viabilities of 97.2 and 96.3%, respectively (Fig. 3A, red and
green solid, respectively). This indicated that while PTT or PDT
alone was unable to provide efficacious treatment at such low
concentrations, their combination using NR-MS-Ce6 enabled a
synergistic therapeutic outcome at extremely low concentrations,
consistent with our previous in vitro and in vivo studies.*"*>

The low concentrations used in our study also caused
negligible dark toxicity for all three samples up to 0.6 nM
NR-MS-Ce6, and its equivalently loaded 60 nM free MS-Ce6
(Fig. 34, dotted), which highlighted the biocompatibility of
NR-MS-Ce6 when used for treatment.*** Consistent observa-
tions on the cell killing were also made with EMT6 cells
(Fig. 3B), indicating that the efficacy of combined PDT + PTT
was not specific to any type of cancer cell.

We showed that NR-MS-Ce6 entered the B16-OVA and EMT6
cells to effect the cell killing during PDT + PTT, as evidenced
from the red fluorescence of Ce6 predominantly in the cyto-
plasmic regions where its uptake is likely facilitated by NR-MS,
as reported previously'** (Fig. 3C). We also observed
co-localization of NRs in the cytoplasmic regions although
the bright scattering signal from the NRs was not as extensive
under the superimposed dark field microscopy, likely due
to the low dosing concentration of NRs. The intracellular

This journal is © The Royal Society of Chemistry 2020
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co-localization of both Ce6 and NRs in the EMT6 cells. B16-OVA and EMT6 cells that are not dosed with NR-MS-Ce6 formed our control images.

Scale bar = 20 pm. Error bars represent standard error for N = 4 samples.

distribution of both NRs and Ce6 appeared non-homogenous
from the uneven distribution of the bright scattering signal and
red fluorescence, respectively, which agreed with the hetero-
genous nature of cancer cells in the uptake of NPs. Collectively,
the co-localization suggested that PDT and PTT occurred
concurrently.

Activation of J774A.1 and DC2.4 cells

The conditioned medium from EMTS6 cells following combined
PDT + PTT with 0.2 nM NR-MS-Ce6 was extracted and dosed to
investigate its ability to activate both J774A.1 and DC2.4 cells of
innate immunity. We chose to examine the expression levels of
antigen complexes (MHCI and MHCII) and co-stimulatory
molecules (CD40, CD80, and CD86) as our relevant surface
markers based on their interaction and activation of adaptive
T cells, where the CD4+ and CD8+ T cells interact with MHCII
and MHCI antigen complexes, respectively, as well as co-
stimulatory molecules via the CD40-CD40L and CD28-CD80/
86 axis. An increase in expression levels of the markers studied

This journal is © The Royal Society of Chemistry 2020

would provide an indication of the degree of activation of both
DC2.4 and J774A.1 macrophages, and serve to facilitate the
ligand-receptor interactions with effector T cells for increased
proliferation and trafficking to tumor sites.*’

The relative mean fluorescence intensity (MFI) of various
relevant surface markers obtained from the histogram data
following flow cytometry of the innate immune cells (see the
ESLt Fig. S2 for J774A.1 cells and Fig. S3 for DC2.4 cells)
showed significantly higher expression of co-stimulatory mole-
cules CD40, CD80 and CD86 (Fig. 4A-C), and antigen com-
plexes MHCI and MHCII (Fig. 4D and E) in J774A.1 cells dosed
with conditioned medium from EMTS6 cells following combined
PDT + PTT with NR-MS-Ce6 (Fig. 4, red bars) when compared
to non-activated J774A.1 cells as our negative control (Fig. 4,
black bars). In fact, the expression levels of CD80 and MHCI
were even higher than those of our positive control of J774A.1
cells activated by LPS (Fig. 4, white bars). The elevated expres-
sion levels of these surface markers, which indicated the
activation of J774A.1 macrophages, could be attributed to the
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Fig. 4 Relative mean fluorescence intensities (MFls) obtained from flow cytometry analysis indicating the expression levels of (A) CD40, (B) CD80,
(C) CD86, (D) MHCI and (E) MHCII surface markers on DC2.4 and J774A.1 cells dosed with conditioned medium from 9.0 x 10* EMT6 cells following
combined PDT + PTT with 0.2 nM NR-MS-Ce6 (red) (N = 3, * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Note: L and D denote EMT6 cells
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control refers to non-laser irradiated EMT6 cells (gray), both in the absence of NR-MS-Ce6. Negative control (black) refers to unstimulated immune cells,

while the positive control (blank) was stimulated with LPS.

release of antigens comprising DAMPs and pro-inflammatory
cytokines into the conditioned medium of EMT6 cells during
cell death by combined PDT + PTT.*”%'%%%7 The exact identity
of these secreted antigens is complex and beyond the scope of
our present study.

While the conditioned media obtained from EMT6 cells
dosed with 0.2 nM NR-MS-Ce6 but not subjected to PDT +
PTT irradiation also showed slightly higher expression levels of
all five cell surface markers (Fig. 4, green bars) compared to
non-activated J774A.1 (Fig. 4, black bars), most except CD86
were still significantly lower than that subjected to irradiation
(Fig. 4, red bars). This was likely due to the absence of any cell
death without irradiation, which consequently did not lead to
the release of significant levels of antigens or other immunos-
timulatory cytokines associated with cell death.

Nonetheless, our results also suggested that NR-MS-Ce6
themselves could also be capable of inducing the EMT6 cells
to secrete immunostimulatory factors into their conditioned
medium without killing the cells to induce a smaller extent of
J774A.1 activation. This could be attributed to the MS protein
corona on NR-MS-Ce6, as previous studies have reported
humoral mechanisms preventing tumor growth through a
concentration-dependent toxicity exerted by MS proteins on
mouse tumor cells in vitro.*® Here, the presence of MS proteins
on NR-MS-Ce6 could have exerted similar humoral effects to
trigger the secretion of immunogenic stress factors from EMT6
cells to activate J774A.1 macrophages, but yet be insufficient to
exert cytotoxicity of EMT6 cells given their much lower concen-
tration than that required for cytotoxicity, as shown in Fig. 3.
The uptake of Ce6 in EMT6 cells was unlikely responsible for
the small extent of J774A.1 activation since the conditioned
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media of EMT6 cells dosed with 20 nM MS-Ce6 mostly showed
no significant increase in expression levels of the three
co-stimulatory markers (p > 0.05) against their respective
control regardless of irradiation (see the ESI,f Fig. S4). This
suggested a low possibility of humoral effects exerted by 20 nM
MS-Ce6 on EMT6 cells.

Interestingly, our results showed that the conditioned
medium from EMT6 cells in itself without being dosed with
NR-MS-Ce6 could also induce a small level of activation of the
J774A.1 macrophages as observed from the slight increase in
expression of all five markers over the negative control of
unstimulated J774A.1 macrophages. This was regardless of
whether the EMT6 cells were irradiated (Fig. 4, blue bars) or
kept in the dark (Fig. 4, gray bars). This was expected since
studies have reported that cancer cells are capable of secreting
various factors during normal cellular metabolism that may
potentially be slightly immunogenic.***°

Apart from J774A.1 macrophages, the conditioned medium
from EMT®6 cells following combined PDT + PTT with NR-MS-Ce6
could also activate DC2.4 DCs although the level of activation may
seem weaker quantitatively compared to the macrophages. Here,
the expression levels of all markers expressed by DC2.4 dosed with
conditioned medium of EMT6 treated with combined PDT + PTT
were comparable to that of DC2.4 activated by LPS as our positive
control.

The conditioned medium from EMT6 cells itself could also
induce a statistically significant increase in expression of all
markers (p < 0.05) except CD86 and MHCII (Fig. 4C and 4E,
p > 0.05) regardless of whether the cells were dosed with
NR-MS-Ce6 as compared to the unstimulated DC2.4 population.
This could be attributed to the basal level of immunogenicity of
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EMT6 from normal cellular metabolism, as discussed earlier.
However, it was interesting to note that these expression levels
of the markers (Fig. 4, grey bars) were statistically comparable to
the slightly higher expression levels of all markers induced by the
conditioned media of PDT + PTT treated EMT6 cells (Fig. 4, red
bars), possibly suggesting that combined PDT + PTT on EMT6
cells may not generate conditioned medium that could activate
DC2.4 DCs to a significant degree. This was likely due to the less
efficient phagocytic uptake inherent to dendritic cells as com-
pared to macrophages, leading to a reduced uptake and proces-
sing of conditioned medium constituents and consequent
reduced activation.”*

The stronger activation of J774A.1 macrophages than the DC2.4
dendritic cells when these innate immune cells were dosed with the
treated conditioned medium as compared to other controls could
be due to differences in the biological responses between the two
cell lines. Macrophages contribute to the initiation of the inflam-
matory process and are able to sustain activation for longer periods,
while DCs have a relatively shorter activation lifespan as they lose
their antigen uptake capacity upon activation and interaction with
naive T cells for downstream adaptive responses.’>

Here, it is also noteworthy that the activation of macro-
phages and DCs was not exhaustive and other innate immune
cells, e.g., neutrophils and natural killer cells that were not
examined in our present study, could also be activated by the
conditioned medium of treated cancer cells.

Cell-line dependent activation of J774A.1

With the activation observed in J774A.1 macrophages by condi-
tioned medium of EMTS6 cells following combined PDT + PTT,
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we further examined whether the conditioned medium of other
cancer cell types could also activate the J774A.1 cells. Similar to
EMTS6 cells, the conditioned medium of B16-OVA in itself in the
absence of NR-MS-Ce6 also induced slight activation of J774A.1,
as evidenced by an increase in the expression of CD40 and
CD86 markers as compared to our negative control (p < 0.05)
(Fig. 5A and C). In the absence of NR-MS-Ce6, the relative MFI
showed similar expression levels of all five markers between
irradiated B16-OVA cells (Fig. 5, blue bars) and B16-OVA cells
kept in the dark (Fig. 5, gray bars) with no significant difference
between them. This slight activation was likely attributed to the
secretion of various immunogenic factors by B16-OVA cells
during normal cellular metabolism, as discussed earlier for
EMT6 cells, and could be considered the baseline immuno-
genicity of B16-OVA cells.

Furthermore, when the B16-OVA cells were treated with
0.2 nM NR-MS-Ce6, their resulting conditioned medium was
likewise also able to activate the J774A.1 macrophages, similar
to the conditioned medium of EMT6 cells. This was true
regardless of whether the cells were irradiated for combined
PDT + PTT (Fig. 5, red bars) or not (Fig. 5, green bars). In both
cases, we observed statistically significant increases in surface
expression over their respective controls without NR-MS-Ce6
(Fig. 5, blue and gray bars respectively), particularly for CD40,
CD86 and MHCII.

In the case of B16-OVA, however, the expression of CD80
and MHCI in J774A.1 was not increased significantly in the
presence of NR-MS-Ce6 unlike that of EMT6 where the com-
bined PDT + PTT with NR-MS-Ce6 caused a drastic increase in
the expression of CD80 and MHCI. The PDT + PTT-treated
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Fig. 5 Relative mean fluorescence intensities (MFls) obtained from flow cytometry analysis indicating the expression levels of (A) CD40, (B) CD80,
(C) CD86, (D) MHCI and (E) MHCII surface markers on J774A.1 macrophages dosed with conditioned medium of treated B16-OVA or EMT6 cells
(9.0 x 10* cells) (N = 3, * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001). Note: L and D denote EMT6
cells dosed with NR-MS-Ce6 and irradiated (red) or kept in the dark (green), respectively, light control refers to laser-irradiated EMT6 cells (blue) and dark
control refers to non-laser irradiated EMT6 cells (gray), both in the absence of NR-MS-Ce6. Negative control (black) refers to unstimulated J774A.1 cells,

while the positive control (white) refers to J774A.1 cells stimulated with LPS.
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conditioned medium from EMTS6 cells also caused significantly
higher CD80 (Fig. 5B, red bars, p < 0.001) and MHCI (Fig. 5D,
red bars, p < 0.05) expression levels in J774A.1 macrophages as
compared to the conditioned medium from B16-OVA. This was
likely due to the more immunogenic profile of antigens and
DAMPs present in the conditioned media of treated EMT6 than
that of B16-OVA, suggesting possible cancer cell-specific varia-
tions in J774A.1 activation, although this was inconclusive
considering the lack of statistically significant differences in
the CD40, CD86 and MHCII expression levels between both cell
lines (Fig. 5A, C and E, p > 0.05).

Apart from this, we also observed no significant difference
in the expression of all five surface markers on J774A.1 except
MHCII (Fig. 5E) when dosed with the conditioned medium of
B16-OVA cells regardless of whether the cells were previously
subjected to PDT + PTT or not after dosing with NR-MS-Ce6.
This was unlike the conditioned medium from EMT6, which
elevated the expression of CD40, CD80, MHCI and MHCII of
J774A.1 cells when PDT + PTT was performed on them com-
pared to the non-irradiated EMT6 cells after dosing with NR-
MS-Ce6. It is evident that the irradiation of NR-MS-Ce6 in EMT6
produced a conditioned medium capable of inducing a stronger
activation of J774A.1 cells than the conditioned medium gene-
rated from the irradiation of NR-MS-Ce6 in B16-OVA cells. Such
a cancer cell-dependent observation could also be due to the
MS proteins on NR-MS-Ce6 exerting greater humoral effects
as discussed earlier on B16-OVA cells than EMT6 cells, which
minimized the additional activation attributed to the irradiation.

Dependence of J774A.1 activation on number of cancer cells

Since the activation of innate immune cells was dependent
on their exposure to tumor antigens, DAMPs and pro-
inflammatory cytokines present in the conditioned medium
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of cancer cells, we further investigated whether the immune
response of a fixed number of 80000 J774A.1 cells could be
tuned by dosing them with the conditioned medium from an
increasing number of EMTS6 cells (between 30 000 and 12 000 cells)
following combined PDT + PTT with 0.2 nM NR-MS-Ce®6.

In general, we observed a positive correlation between the
expression levels of most markers, as quantified by the relative
MFI expression, and the conditioned medium with increasing
numbers of EMT6 cells from 30000 to 90 000 cells relative to
the non-irradiated controls (Fig. 6). Here, the release of anti-
genic cytokines following EMT®6 cell death from PDT + PTT was
likely proportional to the cell number. With the exception of
CD86 (Fig. 6C), the conditioned medium from 90000 EMT6
cells following combined PDT + PTT induced significantly
higher CD40, CD80, MHCI and MHCII expression compared
to the non-irradiated cells dosed with NR-MS-Ce6.

On the other hand, the conditioned medium from 30 000
EMT6 cells following combined PDT + PTT caused no signifi-
cant increase in expression levels of all markers (except CD8O0,
Fig. 6B) for the non-irradiated cells dosed with NR-MS-Ce6.
All these results suggested that the generation of a larger
antigenic load from more cancer cell killing could elicit a
stronger level of activation in J774A.1 macrophages.

A further increase in the activation of J774A.1 was not
observed when the EMT6 cell number increased beyond
90000 to 120000 cells as the relative MFI expression for all
markers did not increase any further. It appeared that an upper
limit or a saturation amount of antigenic load in the condi-
tioned medium existed to maximize the activation extent of
J774A.1 by the EMT6 conditioned medium based on the EMT6
cell numbers. This could be due to the finite phagocytic
capacity of macrophages for immunogenic antigens present in
the conditioned medium to the point beyond which macrophage
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Fig. 6 Relative mean fluorescence intensities (MFls) obtained from flow cytometry analysis indicating the expression levels of (A) CD40, (B) CD80,
(C) CD86, (D) MHCI and (E) MHCII surface markers on J774A.1 cells dosed with the treated EMT6 cell supernatant of varying cell numbers (N = 3, * represents
p < 0.05, ** represents p < 0.01). Note: L refers to laser-irradiated EMT6 cells dosed with NR-MS-Ce6 (red), D refers to EMT6 cells dosed with NR-MS-Ce6
without laser irradiation (green). Negative control (black) refers to unstimulated J774A.1, while the positive control (white) was J774A.1 stimulated with LPS.
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exhaustion occurs with impairment to its function in antigen
presentation,” as observed by the drop in CD40, CD86, MHCI and
MHCII levels (Fig. 6).°* Nonetheless, it is clear that combined
PDT + PTT on EMTS6 cells does significantly alter the profile of the
conditioned media to be highly immunogenic, and these findings
provided the rationale for us to perform combined PDT + PTT on
90000 cancer cells to induce activation of J774A.1 macrophages
(Fig. 4 and 5).

Furthermore, the same observations of significant increases
(p < 0.05) in expression levels of co-stimulatory molecules
(i.e., CD40, CD80 and CD86) in J774A.1 from conditioned medium
of non-irradiated EMT6 cells dosed with NR-MS-Ce6 over the
negative control were made (Fig. 6, green vs. black bars). Again,
this could potentially be due to humoral factors exerted by MS
proteins on EMTS6 cells, although the immunogenicity posed by the
minute amounts of NR-MS-Ce6 excreted by the EMT6 cells into the
conditioned medium could not be ruled out as discussed earlier.

However, the expression levels of surface markers on J774A.1
appeared to be independent of the number of non-irradiated
EMTS6 cells dosed with 0.2 nM NR-MS-Ce6. This was unexpected
but could also further suggest the immunogenicity to be largely
associated with the fixed dose of NR-MS-Ce6. Furthermore,
cancer cells could also release immunosuppressive factors such
as TGF-B, VEGF and IL-10 that were in homeostasis with the
secreted immunogenic cytokines during normal cellular meta-
bolism in the absence of PDT + PTT to maintain a constant
immunogenic profile of the EMT6 conditioned media regard-
less of EMT6 cell numbers.>*>*

Non-activation of innate immune cells by NR-MS-Ce6

While the conditioned medium from the cancer cells may
contain a small amount of NR-MS-Ce6 that were excreted out
and could contribute to the immunogenicity of the conditioned
medium as discussed earlier, we showed that such a low
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concentration range of 0.4 to 40 pM NR-MS-Ce6 dosed directly
to both J774A.1 and DC2.4 cells did not induce their activation
(Fig. 7). Here, we examined a wide concentration range of
NR-MS-Ce6 over two decades dosed to the innate immune cells
to mimic and cover their possible range of concentrations
present in the conditioned medium of EMT6 and B16-OVA
cells due to exocytosis. The concentration range used was
within an order of the ~0.8 fractional quantification of exo-
cytosis of the dosed NPs reported by Chithrani et al.,”” although
we note that the reported fraction of exocytosis was also
dependent on factors including cell type, initial dosing concen-
tration and surface protein corona characteristics.

The analysis of activation based on fluorescence histogram
profiles for co-stimulatory markers CD40, CD80 and CD86
showed no upregulation of co-stimulatory markers, as evi-
denced from the lack of right-shifting of the fluorescence
histogram profile for the three concentrations, as well as their
overlap with the unstimulated control for both J774A.1 (Fig. 7,
top row) and DC2.4 (Fig. 7, bottom row). In fact, a further
increase in the concentration of NR-MS-Ce6 by 6.25 times to
0.25 nM also showed non-significant immune activation across
all markers when dosed to J774A.1 cells (p > 0.05, see ESL ¥
Fig. S5). Since NR-MS-Ce6 did not activate J774A.1 and DC2.4
directly, these results thus showed that the activation of innate
immune cells induced by the conditioned medium was likely
not attributed to the excreted NR-MS-Ce6 from the cancer cells.

Cytokine secretion by activated J774A.1

Simultaneous expression of co-stimulatory surface molecular
markers and secretion of pro-inflammatory cytokines is often
observed in macrophage activation since they collectively prime

10,56,57 The secretion of

the cells to mount an immune response.
pro-inflammatory cytokines not only serves as a signal for the

activation of naive T cells, they also regulate the antigen sensitivity,
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Fig. 7 Fluorescence histograms of staining for CD40, CD80 and CD86 surface markers in J774A.1 (top) and DC2.4 (bottom) cells after dosing directly
with 0.4 pM (green), 4 pM (blue) and 40 pM (purple) NR-MS-Ce6. The overlapping fluorescence profiles indicated no observed activation of J774A.1 cells
relative to the negative control of non-activated J774A.1 cells (red). J774A.1 cells stimulated with LPS formed our positive control (orange) of activation.
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Fig. 8 Levels of pro-inflammatory cytokines (TNF-a and IL-6) secreted by J774A.1 macrophages dosed with conditioned medium of B16-OVA or EMT6
cells (90000 cells) following combined PDT + PTT as examined by ELISA (N = 3, * represents p < 0.05, *** represents p < 0.001, **** represents
p < 0.0001). Note: L refers to laser-irradiated cancer cells dosed with NR-MS-Ce6 (red), D refers to EMT6 cells dosed with NR-MS-Ce6 without laser
irradiation (green), light control refers to laser-irradiated cancer cells (blue) and dark control refers to non-laser irradiated cancer cells (grey), both in the
absence of NR-MS-Ce6. The negative control (black) refers to unstimulated J774A.1, while the positive control (white) was J774A.1 stimulated with LPS.

proliferation and trafficking of effector and memory T cells, which
will confer advantages for T cells to act against the target
pathogens.>® Hence, we examined if the activation of J774A.1 by
the conditioned medium of PDT + PTT treated B16-OVA and EMT6
cancer cells also induced their secretion of TNF-o. and IL-6 as the
pro-inflammatory cytokines of our interest. These cytokines are
commonly reported to promote pro-inflammatory responses
against cancers, where both TNF-o. and IL-6 serve as inflammatory
mediators for the generation of acute immune responses.’”*>*

We observed from our ELISA analysis that statistically signi-
ficant levels of TNF-o (p < 0.0001) and IL-6 (p < 0.05) were
secreted from J774A.1 macrophages when they were exposed to
the conditioned medium of B16-OVA cells following combined
PDT + PTT with 0.2 nM NR-MS-Ce6 (Fig. 8, red bars) compared
to the other controls without drug and light (Fig. 8). The level of
IL-6 was even comparable to our positive control of J774A.1
stimulated with LPS. Such levels of cytokine secretion corre-
lated well with the increase in most surface marker expressions
(i.e., CD40, CD86, and MHCII) seen earlier in Fig. 4, suggesting
that combined PDT + PTT with NR-MS-Ce6 on B16-OVA could
promote broad macrophage activation.

Even in the absence of light exposure, the dosing of NR-MS-
Ce6 to the B16-OVA cells could generate a conditioned medium
that induced significantly elevated TNF-o (p < 0.001) and IL-6
(p < 0.0001) secretion in J774A.1 macrophages (Fig. 8, green
bar) compared to the controls of B16-OVA cells without the NR-
MS-Ce6 dosing (Fig. 8, gray bars). This pro-inflammatory cyto-
kine secretion by J774A.1 macrophages was largely consistent
with their increased surface marker expression (Fig. 5), and
could further support the role of NR-MS-Ce6 in exerting
humoral effects on some cancer cells like B16-OVA that could
possess downstream immunological implications regardless of
whether phototherapy was initiated.

However, the levels of TNF-a and IL-6 secreted by J774A.1
macrophages on their exposure to the conditioned medium of
EMT6 cells following combined PDT + PTT (Fig. 8, red bars for
EMT6 cells) were significantly lower compared to B16-OVA. In
fact, the levels of both pro-inflammatory cytokines were lower
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than that induced by the conditioned media of EMT6 cells
dosed with NR-MS-Ce6 but not irradiated (Fig. 8, green bars for
EMT®6 cells). This was unexpected given the increased surface
marker expression observed in J774A.1 macrophages with the
same conditioned medium (Fig. 4). The absence of any corres-
ponding increase in pro-inflammatory cytokine secretion could
suggest that the macrophages may not be fully activated when
assessed against a more complete suite of activation markers
comprising both surface and secreted markers. It is also worth
noting that the conditioned medium of EMT6 without NR-MS-
Ce6 dosing also induced lower pro-inflammatory cytokine
levels in J774A.1 macrophages compared to its B16-OVA
counterpart, particularly for IL-6. This again highlights cancer
cell-specific differences in their propensity to stimulate the
innate immune cells with their humoral secretion.

While it was difficult to adequately account for the disparate
observations between the surface marker expression and cytokine
secretion arising from the conditioned medium of EMT6 cells, we
could only suggest the possibility that some DAMPs released from
combined PDT + PTT on EMT6 cells, such as HMGB1 and S100,
could contribute to both anti-tumor and pro-tumor effects and limit
the production of pro-inflammatory cytokines by J774A.1 cells.®*

Nonetheless, our results also suggested that pro-
inflammatory cytokine production in macrophages induced
by conditioned medium of PDT + PTT treated cancer cells
could be cell-line dependent. Here, B16-OVA and EMT6 cells
exhibited different intrinsic characteristics in vitro,°> where the
profile of DAMPs present in the conditioned media for both
B16-OVA and EMTS6 differed significantly to explain the varia-
tions in the surface marker expression and pro-inflammatory
cytokine secretion profiles of J774A.1. Unfortunately, a detailed
examination of DAMPs was beyond the scope of our study.

Conclusion

Our present study demonstrated the ability of combined PDT +
PTT with NR-MS-Ce6 on cancer cells to activate innate immune
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cells upon cancer cell death in vitro as marked by increased
surface marker expression and pro-inflammatory cytokine
secretion in J774A.1 macrophages when dosed with the condi-
tioned media from the cancer cells. The activation of DC2.4
appeared weaker given its weaker surface marker expression and
phagocytic properties compared to J774A.1, and would therefore
play a lesser role than the macrophages in the immune-related anti-
tumor responses proposed in our previous in vivo study.’! The
extent of activation also depended on the cancer cell type and cell
number, which influenced the released antigen load.

Given the gaps in our present understanding of innate
immune activation associated with combined PDT + PTT, our
study uncovered differences in cancer cell line-specific responses,
which implied that the same extent of post-therapy immunological
response could not be expected between different cancer cell types.
This would consequently affect the overall efficacy of the photo-
therapy between different types of cancers, necessitating further
verification with in vivo studies. The dependence on cell number
in vitro below a certain threshold also highlighted potential
implications in having a limited tumor size before the amount of
tumor antigens and endogenous adjuvants released ceased to have
any incremental effect on the innate immune activation.

Collectively, our study therefore highlighted the importance
of immunological investigations to complement any studies on
nanoparticle-based therapeutic interventions either in vitro or in vivo
to better evaluate them. Specifically, we argue for consideration of
the potential role and involvement of the immune system in
recognizing and eradicating cancers when designing nanomedicine
to effectively reduce or prevent the re-growth of tumors.

Although the focus of our study on innate immune cells
might not be as comprehensive compared to animal studies,
we propose that our approach could provide a simple way to
screen for the first line of immune responses arising from
nanoparticle-based therapies prior to in vivo studies. With a
better understanding of the post-therapy innate immune
effects, we can further improve the design of nanomedicines that
exploit not just their inherent properties, but also harness the
immune system to achieve even better therapeutic outcomes.
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