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Abstract: Cancer therapies that generate T cell-based anti-cancer immune responses are critical for clinical suc-
cess and are favored over traditional therapies. One way to elicit T cell immune responses and generate long-lasting 
anti-cancer immunity is through induction of immunogenic cell death (ICD), a form of regulated cell death that 
promotes antigenicity and adjuvanticity within dying cells. Therefore, research in the last decade has focused on 
developing cancer therapies which stimulate ICD. Herein, we report novel photodynamic therapy (PDT) compounds 
with immunomodulatory and ICD inducing properties. PDT is a clinically approved, minimally invasive anti-cancer 
treatment option and has been extensively investigated for its tumor-destroying properties, lower side effects, and 
immune activation capabilities. In this study, we explore two structurally related ruthenium compounds, ML19B01 
and ML19B02, that can be activated with near infrared light to elicit superior cytotoxic properties. In addition to its 
direct cell killing abilities, we investigated the effect of our PSs on immunological pathways upon activation. PDT 
treatment with ML19B01 and ML19B02 induced differential expression of reactive oxygen species, proinflamma-
tory response-mediating genes, and heat shock proteins. Dying melanoma cells induced by ML19B01-PDT and 
ML19B02-PDT contained ICD hallmarks such as calreticulin, ATP, and HMGB1, initiated activation of antigen pre-
senting cells, and were efficiently phagocytosed by bone marrow-derived dendritic cells. Most importantly, despite 
the distinct profiles of ICD hallmark inducing capacities, vaccination with both PDT-induced dying cancer cells estab-
lished anti-tumor immunity that protected mice against subsequent challenge with melanoma cells. 
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Introduction

Cancer immunotherapies hold tremendous 
promise in clinics due to their ability to harness 
the patient’s own immune system to attack 
tumor cells [1]. Several immunotherapies have 
been developed by targeting different phases 
of the cancer-immunity cycle, such as immune 
checkpoint inhibitors, adoptive T cell transfer 
therapies, and cancer vaccines [2-5]. T cell-
based immunotherapies have become a cen-

tral focus for generating durable anti-cancer 
immune responses, due to their capacity for 
recognizing and eradicating malignant cells 
through cancer-specific antigen-directed cyto-
toxicity [5]. Furthermore, T cell infiltration in the 
tumor microenvironment (TME) has been corre-
lated with control of tumor progression and is 
deemed a critical factor in the efficacy of immu-
notherapies [5-8]. Professional antigen pre-
senting cells (APCs) such as dendritic cells 
(DCs) play a crucial role in the initiation of these 
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T cell-based immune responses by presenting 
tumor antigens to T cells thereby activating 
them [9]. Consequently, therapeutic interven-
tions that promote the DC-T cell-based anti-
cancer immunity are highly desired.

In this context, immunogenic cell death (ICD) 
has garnered attention in recent times, as this 
form of regulated cell death can activate DCs, 
induce anti-tumor T cell responses, and gener-
ate beneficial long-lasting immunity [10-12]. 
ICD encompasses diverse ‘hallmarks’ that ulti-
mately involve two major aspects of anti-tumor 
T cell response: antigenicity and adjuvanticity. 
Dying cells undergoing ICD provide access to 
cancer antigens, which contributes to the anti-
genicity aspect of ICD [13, 14]. In addition,  
danger-associated molecular patterns (DAMPs) 
are emitted spatiotemporally and function as 
adjuvants in ICD mediated anti-tumor immuni-
ty. These DAMPs promote the recruitment and 
activation of APCs such as DCs by binding to 
specific pattern recognition receptors (PRRs) 
on their surface [9, 15, 16]. Activated DCs 
engulf dying cancer cells, process cancer anti-
gens, and participate in cross-presentation of 
antigenic peptides to CD8+ T cells, hence  
activating them and initiating the anti-tumor 
immune response [9, 17-20]. Numerous pre-
clinical and clinical studies suggest the prog-
nostic and predictive value for DAMPs and 
associated processes in cancer treatment 
prognosis [21]. Together, ICD facilitates over-
turning the TME by recruiting immune cells to 
the tumor site and converting “cold” tumors  
to “hot”. Therefore, the development of next 
generation anti-cancer modalities with ICD-
inducing properties can improve the clinical 
outcomes for cancers. Recent efforts have 
focused on evaluating previously approved che-
motherapeutics and developing new agents 
and therapies for ICD-inducing capabilities 
[22]. 

Photodynamic therapy (PDT) is a clinically 
approved anti-cancer modality that can be 
used alone or as an adjuvant delivered along-
side surgery or other therapies [23]. PDT 
employs a light-responsive prodrug, known as a 
photosensitizer (PS), to sensitize cytotoxic reac-
tive oxygen species (ROS) that directly destroy 
tumors and tumor vasculature [24-28]. The PDT 
reaction is confined to regions where the PS, 
light, and oxygen overlap in space and time, 

thus providing tumor selectivity and fewer side 
effects compared to conventional therapies. 
Besides its cytotoxic properties, studies have 
shown that PDT-induced oxidative stress effec-
tively initiates an inflammatory response and 
causes the infiltration of immune cells at the 
treatment site [26, 29, 30]. The acute inflam-
matory response from PDT is also implicated  
in the development of adaptive anti-tumor 
immune responses [31-33]. Recently, PDT has 
been investigated for its ability to produce ICD 
and anti-tumor immune responses [34-36], 
and approaches to improve ICD-inducing capa-
bilities of PDT are being developed [37, 38]. 
Here, we report the discovery of new ICD-
inducing, near infrared (NIR) absorbing rutheni-
um-based PSs as PDT agents for targeting 
aggressive melanoma [39, 40].

ML19B01 and ML19B02 are tris heteroleptic 
Ru(II) complexes containing a chromophoric 
ligand to shift the absorption into the NIR and  
a PDT ligand for sensitizing singlet oxygen. 
Activation of the PS in the NIR window is  
advantageous for deeper tissue penetration 
and thus treating a wider tumor margin and 
may be especially important for highly pigment-
ed melanomas where melanin can effectively 
compete for light absorption of the shorter 
wavelengths. PDT generally employs red light 
and designing new PSs that can be activated 
with longer wavelength NIR light while main-
taining potent photocytotoxic effects has been 
a major challenge to the field of PS design for 
PDT. Herein, we not only overcome this hurdle 
but also demonstrate that both PSs have  
similar cytotoxic potential but differ in their ICD 
hallmark-promoting capacities. Additionally, 
both PDT treatments emit DAMPs in vitro and 
are efficiently phagocytosed by bone marrow-
derived dendritic cells (BMDCs). Using dying 
cancer cells as tumor vaccination modalities, 
we demonstrate that the PSs lead to a delay in 
tumor growth and improve tumor-free survival 
in the highly aggressive B16F10 mouse mela-
noma model. 

Materials and methods

Spectroscopy

UV-visible-NIR: Electronic absorption spectra 
were measured on a Jasco v730 spectrometer 
using dilute (<25 μM) solutions of the complex-
es in spectroscopy grade acetonitrile in 5 mm 
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pathlength quartz cuvettes at room tempera-
ture. The molar extinction coefficients (ε) were 
determined by the regression fit of absorption 
vs concentration for five concentrations.

Ru(II) compound solutions

Stock solutions of metal compounds were pre-
pared at 5 mM in 10% v/v DMSO: water (type 1, 
≥ 18.2 MΩ·cm). Stock solutions were stored in 
glass vials with PTFE-lined caps, protected from 
light with aluminum foil, and stored at −20°C 
when not in use. Cellular assays involved ≤ 
0.6% v/v DMSO at the highest compound 
concentration.

Cell culture and PDT treatments

Mouse melanoma cell line B16F10 (ATCC, CRL-
6475) was maintained in DMEM cell culture 
media (Gibco, 11965118) and supplemented 
with 10% v/v fetal bovine serum (FBS, Gibco, 
26140079), 1 mM sodium pyruvate (Gibco, 
11360070), 1% v/v non-essential amino acids 
(Gibco, 11140050), and 1 × antibiotic-antimy-
cotic (Gibco, 15240096). Cells were incubated 
at 37°C in a humidified atmosphere containing 
5% CO2 and used within 15 passages for all 
experiments. For all experiments, briefly, B16- 
F10 cells are seeded into plates and let incu-
bate for 3 h in the incubator before the addition 
of the photosensitizers at respective concen-
trations. These plates are then covered in alu-
minum foil to protect from light and are incu-
bated at 37°C, 5% CO2 for 16 h upon which PDT 
treatment plates are exposed to a 630 nm  
light (Prizmatix LED, UHP-T-LED-630) or 730 nm 
((2 W, CivilLaser; (9-10 Mw-2) coupled to a  
600 µm optical fiber with a 2 mm flat-cut dif-
fuser (Medlight, FD1)) to achieve required light 
dosage.

Cytotoxicity assays

Alamar blue cell viability assays were per-
formed according to the protocol previously 
published [41]. Briefly, 2.5 × 104 B16F10 cells 
were plated in 96-well plates and treated with 
PSs in the ranges of 0 to 10 μM. PBS was used 
as a control. After 16 h incubation in the dark, 
plates were exposed to 100 J cm-2 of 630 nm or 
730 nm irradiation. Freshly prepared resazurin 
sodium salt (Sigma, R7017) was added to the 
plates 48 h post-PDT treatment, and plates 
were left in the dark for 3 h before analysis on 

a Spectramax M3. Flow cytometry-based cell 
death was assessed by Annexin V (Biolegend, 
640905) and 7AAD (eBioscience, 00-6993) 
staining. A total of 2.5 × 105 cells were plated in 
12-well plates and treated with the determined 
EC50 of compounds and 25 J cm-2 of 630 nm 
irradiation. Briefly, cells were collected 4 h  
post-treatment, washed, and resuspended in 
an incubation buffer (10 mM HEPES/NaOH  
(pH 7.4), 140 mM NaCl, and 5 mM CaCl2) at a 
total cell concentration of 0.5-1 × 106 cells 
mL-1. Annexin V (5 μL) followed by 7AAD (5 μL) 
was added to the cell suspension, samples 
were incubated in the dark for 15 min at room 
temperature and live samples were acquired 
on a BD FACS Canto II or BD FACS Celesta flow 
cytometer.

Flow cytometry assays for surface calreticulin 
and intracellular ROS analysis

A total of 2.5 × 105 cells were plated in 12-well 
plates and treated with the determined EC50 of 
compounds and 25 J cm-2 of 630 nm irradia-
tion. For calreticulin staining, cells were collect-
ed by gentle trypsinization 4 h post-treatment, 
washed twice in cold PBS, incubated for 45 min 
with the rabbit anti-calreticulin primary anti-
body (Abcam, ab2907), diluted in cold block- 
ing buffer (1% FBS in PBS), followed by wash- 
ing and incubation with the Alexa Fluor 647- 
conjugated secondary antibody (Invitrogen, A- 
21246) in a blocking buffer for 30 min. Cells 
were again washed twice with PBS and fixed  
in 2% paraformaldehyde in PBS for 15 min.  
For intracellular ROS analysis, trypsinized and 
washed cells were incubated with CM-H2D- 
CFDA (Molecular Probes, C6827, 1 μM) or 
MitoSOX (Molecular Probes, M36008) for 30 
min at 37°C in PBS before live cell analysis. In 
both experiments, samples were analyzed on 
the BD FACS Canto II or BD FACS Celesta to 
identify cell surface calreticulin.

Detection of ATP secretion and HMGB1 re-
lease

A total of 2.5 × 105 cells were plated in 12-well 
plates and treated with the determined EC50 of 
compounds and 25 J cm-2 of 630 nm irradia-
tion. Supernatants were collected 12 h post-
treatment and their ATP concentrations were 
measured through an ATP Determination Kit 
(Invitrogen, A22066), according to the manu-
facturer’s protocol. Similarly, supernatants 
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were collected 24 h post-treatment and imme-
diately assessed for HMGB1 levels by enzyme-
linked immunosorbent assay according to the 
manufacturer’s instructions (IBL International, 
ST51011). Readings in both cases were taken 
on a SpectraMax M3 well plate reader.

Real-time qPCR characterization of PDT-
treated B16F10 cells 

A total of 5 × 105 B16F10 cells were plated in 
6-well plates and treated with the determined 
EC50 of compounds and 25 J cm-2 of 630 nm 
irradiation. Cells were collected 12 h post- 
treatment in TRIzol (Thermo, 15596026) for 
RNA extraction. RNA extractions were conduct-
ed using standard TRIzol methodology as per 
manufacturer guidelines (Invitrogen, 155960- 
26 & 12183025). Extracted RNA was quanti-
fied, diluted to a total of 2 μg, and synthesized 
into cDNA using SuperScript II Reverse Trans- 
criptase (Invitrogen, 18064014). The Bio-Rad 
CFX96 PCR machine was used for qPCR, using 
Ssoadvanced universal SYBR green supermix 
(Bio-Rad, 1725274) according to the manufac-
turer’s instructions for amplification and quanti-

8-12-week-old mice, housed at Dalhousie 
University Animal Care Facility. Animal proto-
cols are approved by the Dalhousie University 
Committee on Laboratory Animals (UCLA; pro-
tocol number 18-151).

Generation of bone marrow-derived dendritic 
cells

Generation of BMDCs followed a stepwise  
protocol previously described [42]. In short, 
flushed bone marrow cells collected from 
mouse femur and tibia were treated with red 
blood cell-lysing ammonium-chloride-potassi-
um (ACK) buffer (150 mM NH4Cl, 10 mM KHCO3, 
0.1 mM Na2EDTA). In total, 3 × 106 bone mar-
row cells were cultured per well in a 6-well plate 
in RPMI 1640 (Invitrogen, 11875135) supple-
mented with 10% v/v FBS, 1% v/v Glutamax 
(Invitrogen, 35050061), 1 mM sodium pyru-
vate, 1% v/v non-essential amino acids, 1 × 
antibiotic-antimycotic and 20 ng ml-1 growth 
factor GM-CSF (Biolegend, 576302). On day 3 
and day 6, fully supplemented media was 
added to cultures. Experiments were performed 
with suspension cells from day 7 to day 9 post 
differentiation. 

Table 1. qRT-PCR primer sequences
Gene name Forward primer Reverse primer
CXCL10 GTTGAGATCATTGCCACGATGAAA CTGCTGTCCATCCATCGCA
IFNβ GTCCGAGCAGAGATCTTCAGG GAGTCCGCCTCTGATGCTTA
HSP90 CTCCAATTCATCGGACGCTCT AAGTCGGCCTTGGTCATTCC
HSP70 CAGGACCCACCATCGAGGA ACAGTAATCGGTGCCCAAGC
TLR3 TCCTGCTGGAAAACTGGATGG AGCCTGAAAGTGAAACTCGCT
β2M ATGCTATCCAGAAAACCCCTCA TTTCAATGTGAGGCGGGTGG
IL6 TCTCTGCAAGAGACTTCCATCC TTGTGAAGTAGGGAAGGCCG
IFIT1 ACCATGGGAGAGAATGCTGATG TTGTGCATCCCCAATGGGTT
TNFα TGTTGCCTCCTCTTTTGCTT TGGTCACCAAATCAGCGTTA
TAP1 CCACGAGTGTCTCGGGAAT ATGAGACAAGGTTGCCGCT
H2D GAGTGAGCCTGAGGAACCTG AGCCAGACATCTGCTGGAGT
GAPDH TGGCAAAGTGGAGATTGTTG AAGATGGTGATGGGCTTCCC
CD40 TGTCATCTGTGAAAAGGTGGTC ACTGGAGCAGCGGTGTTATG
CD80 GCAGGATACACCACTCCTCAA AAAGACGAATCAGCAGCACAA
CD83 CGCAGCTCTCCTATGCAGTG GTGTTTTGGATCGTCAGGGAATA
CD86 TGTTTCCGTGGAGACGCAAG TTGAGCCTTTGTAAATGGGCA
CTLA4 AGAACCATGCCCGGATTCTG CATCTTGCTCAAAGAAACAGCAG
IcosL TAAAGTGTCCCTGTTTTGTGTCC ATTGCACCGACTTCAGTCTCT
IL12β TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT
Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
PD-L1 CCTCGCCTGCAGATAGTTCC AGCCGTGATAGTAAACGCCC
Tim3 TCAGGTCTTACCCTCAACTGTG GGCATTCTTACCAACCTCAAACA

fication. Gene-specific prim-
ers (Table 1) for murine 
HSP90, HSPA1B, CXCL10, 
TNFα, IL6, IFNβ, IFIT1, TLR3, 
H2D, TAP1, β2M, CD40, 
CD80, CD83, CD86, IL12β, 
IcosL, PD-L1, TIM3, Arg1, 
CTLA4, and GAPDH were 
synthesized and purchased 
from Invitrogen. The data 
from the qPCR were collect-
ed and analyzed using Livak 
and Schmittgen’s 2-ΔΔCT 
method. The fold change 
was calculated by first nor-
malizing the cycle threshold 
(ct) of the indicated gene 
against GAPDH, followed  
by comparison against the 
control untreated sample. 

Mice

Wildtype C57BL/6 mice ob- 
tained from Charles River 
(strain code: 027) were uti-
lized for experimental pur-
poses. All in vivo as well as 
ex vivo experiments used 
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BMDC phagocytosis and functional character-
ization experiments

For phagocytosis experiments, CFSE (Biole- 
gend, 423801) labelled B16F10 cells were 
treated with determined EC50 of compounds 
and 25 J cm-2 of 630 nm irradiation. Cells were 
collected 4 h post-PDT and co-cultured with 
harvested BMDCs at 1:1 or 1:5 ratio, for 2 h at 
37°C. After co-culture, cells were washed and 
incubated with anti-mouse CD16/CD32 (BioX- 
Cell, BE0307) for 30 min followed by labelling 
with CD11c-APC/Cy7 (Biolegend, 117323) for 
30 min. Cells were acquired on BD FACS Canto 
II or BD FACS Celesta. For functional character-
ization, harvested BMDCs were cultured in PDT-
treated B16F10 conditioned media (50% of 
total volume and 50% base DC media as 
described above) for 24 h at 37°C. LPS treated 
sample was used as a positive control. Cells 
were collected in TRIzol (Thermo, 15596026) 
post-activation with appropriate conditioned 
medium treatment for qRT-PCR analysis. 

Confirmation of ICD with gold-standard in vivo 
vaccination experiment

A total of 5 × 105 B16F10 cells per well in a 
6-well plate were treated with the determined 
EC50 of compounds and 50 J cm-2 of 630 nm 
irradiation. For the vaccination, 4 and 12 h 
post-treatment cells were combined, and 5 × 
105 cells in 100 μL PBS were injected subcuta-
neously into the left flank of male and female 
C57BL/6 mice. A week after vaccination, mice 
were challenged with 1 × 105 untreated B16F10 
cells in 100 ul PBS into the right flank. Tumor 
sizes were measured using a digital vernier cali-
per and volumes were calculated using formula 
pi × (length × width × height)/3. Data is col-
lected from 15 animals per group in all groups, 
except for the group for unvaccinated males 
which consisted of 13 animals.

Data analysis

Flow cytometry data were analyzed using FCS 
Express 6 software. Mean fluorescence inten-
sity values (MFI) were reported after subtract-
ing the background fluorescence of respective 
treatments. qRT-PCR analysis was done using 
Bio-Rad CFX Manager software. All statistical 
analyses were performed in GraphPad Prism 7. 
Hazard ratios were calculated with the Mantel-
Haenszel method using GraphPad Prism 7. The 

hazard ratios represent the hazard rate of the 
unvaccinated group over the vaccinated group. 
One-way ANOVA coupled with Bonferroni post-
test or Student’s t-test was performed and  
significance is listed as follows: *=P<0.05, 
**=P<0.01, ***=P<0.001, ****=P<0.0001. 
All experiments represent data from a mini-
mum of n=3 experiments.

Results

Synthesis and characterization of ruthenium 
compounds 

Ruthenium compound ML18H01 was reported 
previously [39]. Compounds ML19B01 and 
ML19B02 were synthesized in 63% and 47% 
yields, respectively, following a synthetic pro- 
tocol that we recently described for the synthe-
sis of analogous Ru(II) complexes [39]. Briefly, 
intermediate [Ru(tpbn)(dppn)(Cl)]Cl [39] was 
treated with an excess of monodentate pyri-
dine ligand (4-phenylpyridine or 4-dimethylami-
nopyridine) and subjected to microwave irradia-
tion while heating at 140-150°C. Compounds 
ML19B01 and ML19B02 were purified using 
flash column chromatography on alumina and 
size-exclusion chromatography on Sephadex® 
LH-20. After purification, the molecular struc-
tures of isolated compounds were confirmed 
with 1D and 2D 1H NMR and high-resolution 
mass spectrometry, and their purities were 
confirmed by HPLC analysis. 

NMR assignments: The assignments of the 1H 
NMR signals of Ru(II) complexes ML19B01 and 
ML19B02 were made based on correlations 
observed by 1H-1H COSY NMR, based on the 
values of observed J-values, and based on our 
previously reported assignments of related 
complexes. Hydrogens from the tpbn ligand (3, 
3′, 4′, 5′, 6′, 7′, and 4-tBu) and hydrogens from 
the dppn ligand (a, b, c, d, e, f, g, h, i, j, k, l)  
were assigned as we previously described for 
analogous Ru(II) complexes [39]. Hydrogens 
from the monodentate pyridine ligands (4-phe-
nylpyridine and 4-dimethylaminopyridine) were 
assigned similarly as we previously described 
for the hydrogens of 4-picoline ligand [39]. In 
the monodentate pyridine ligands, the signal 
for hydrogen 2″ was the most downfield shifted 
due to its ortho-position relative to the nitro-
gen. In ML19B01, the next most downfield sig-
nal appeared as a doublet of doublets and was 
assigned to hydrogen 6″ due to the best fit for 
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this multiplicity. Hydrogen 3″ is expected to be 
a clear doublet with a J-value matching the 
J-value of a doublet corresponding to 2″, hydro-
gen 7″ is expected to be a doublet of doublets 
with two close J-values, and hydrogen 8″ is 
expected to be a triplet of doublets with a small 
J2-value, but these three signals (3″, 7″, and 8″) 
fully overlapped so fine splitting was obscured. 
In ML19B02, hydrogen 3″ was assigned based 
on its 1H–1H correlation to 2″.

The electronic absorption spectra of the com-
pounds are shown in Figure 1, and the local 
absorption maxima and extinction coefficients 
at those peak maxima are tabulated in Table 2. 
The shorter wavelength, sharper peaks (<425 
nm) can be ascribed to ππ* 1IL transitions on 
the ligands and vary in intensity. The dominant 
peak at approximately 318 nm is diagnostic of 
the tpbn ligand. Weaker absorptions in the  
longer wavelength region occur near 540,  

Figure 1. Structures and spectral profiles of the compounds investigated in this study. A. Molecular structures of 
the two NIR-absorbing and PDT-active ruthenium compounds of this study and the parent complex ML18H01. B. 
Hydrogen labeling for the purpose of assigning the one and two-dimensional NMR spectra. C. UV-Vis-NIR absorption 
spectra of the NIR-absorbing and PDT-active ruthenium compounds.

Table 2. Absorption peak maxima (nm) and corresponding molar extinction coefficients (log ε)
COMPOUND λabs/nm (log10(ε/M-1 cm-1))

ML18H01 240 (4.79), 318 (4.95), 371 (4.37), 408 (4.14), 494 (3.89), 540 (3.75), 634 (3.22), 716 (2.99)
ML19B01 240 (4.93), 318 (5.08), 371 (4.56), 408 (4.34), 492 (4.01), 542 (3.88), 639 (3.33), 710 (3.07)
ML19B02 240 (4.98), 319 (5.19), 408 (4.37), 502 (4.01), 558 (3.93), 671 (3.41), 736 (3.20)
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635, and 720 nm, corresponding to 1MLCT 
transitions. The longest wavelength absorption 
is assigned as the spin-allowed singlet 
Ru(dπ)→tpbn(π*) transition, in accordance with 
our earlier findings [39], and is unusually long 
for a Ru(II) polypyridyl-type complex [43]. The 
three MLCT peaks observed for ML19B02,  
having the dimethylaminopyridine monoden-
tate ligand, are bathochromically shifted by 
around 0.07, 0.10, and 0.05 eV, respectively, 
compared to the other two complexes. This is 
consistent with a higher Ru(dπ) energy due to 
the increased electron density on the metal by 
this electron-donating monodentate ligand. 
The result is a red shift of the longest wave-
length 1MLCT absorption bands. We have 
observed this shift in NIR absorption energy 
previously for analogous chloro complexes. The 
data indicate that the two new photosensitiz-
ers, like ML18H01, are panchromatic light 
absorbers from the ultraviolet to the visible 
region as well as the NIR. The [Ru(tpbn)(dppn)
(L)]Cl2 construct is a robust scaffold for gener-
ating NIR absorption well past 700 nm and 
extending all the way out to 800 nm. Further, 
the scaffold not only tolerates changes to the 
monodentate ligand L without compromising 
its NIR absorption but can be fine-tuned by 
minor substituent changes to this ligand in 
order to improve its NIR absorption character- 
istics.

ML19B01-PDT and ML19B02-PDT induce cell 
death in melanoma cells

Next, to understand the anti-cancer potential 
of ML19B01 and ML19B02 PSs, we first ana-
lyzed their capacity to induce cell death in 
B16F10 mouse melanoma cells upon activa-
tion with 630 nm red light or 730 nm NIR light. 
The shorter wavelength was selected because 
it is the wavelength used for clinically approved 
Photofrin-PDT, and 730 nm was used as the 
NIR wavelength because it is the longest wave-
length that produced a PDT effect for our previ-
ously reported ML18H01 [39]. Briefly, B16F10 
cells were treated with increasing concentra-
tions of the PS, incubated in the dark for 16 h, 
and then irradiated for a total fluence of 100 J 
cm-2 at an irradiance of 22.8 mW cm-2 (Figure 
2A). An analogous set of controls were included 
that were treated in the same manner; except 
they did not receive a light treatment but 
instead were incubated in the dark throughout 

the experiment. The alamar blue cell viability 
assay revealed that ML19B01 and ML19B02 
did not induce cell death in concentrations of 
up to 50 µM in dark conditions. Irradiation of 
PS-treated cells with 630 nm red light resulted 
in cell death (Figure 2B) wherein ML19B01- 
and ML19B02-PDT had EC50 values of 1.14 µM 
and 2.19 µM, respectively. ML19B01 and 
ML19B02 showed a similar EC50 profile (1.59 
µM and 2.51 µM, respectively) with 730 nm 
NIR light, confirming activation and cell death 
at both wavelengths. Further analysis was  
performed with 630 nm as the clinically 
approved wavelength for PDT with Photofrin. 
Cell death analysis with Annexin V/7AAD flow 
cytometry using cells treated with ML19B01 
and ML19B02 at their respective EC50 values 
and irradiated with a fluence of 25 J cm-2 
revealed similar cell death characteristics for 
both the PSs, as represented by percentages of 
pre-apoptotic and apoptotic cell populations 
(Figure 2D). The data confirmed that no cell 
death occurred in the absence of the light treat-
ment. Therefore, the red EC50 values were used 
for subsequent immunological analysis for both 
the PSs.

ML19B01-PDT and ML19B02-PDT produce 
distinct immunomodulatory responses

Recent studies have revealed the potential for 
PDT-induced oxidative stress to result in an 
inflammatory response [29]. We previously 
designed one such Ru(II) PS, ML18H01, which 
efficiently induced multiple proinflammatory 
pathways that can overturn the immunosup-
pressive TME in most cancers [39]. To this  
end, we examined the immunomodulatory 
effects of ML19B01- and ML19B02-PDT in 
B16F10 melanoma cells. Treatment of B16F10 
cells with ML19B01 and ML19B02 at their 
respective EC50 values, followed by irradiation 
(630 nm, 25 J cm-2, 22.8 mW cm-2) resulted in 
differential modulation of immunological path-
ways. ML19B01-PDT resulted in superior induc-
tion of heat shock proteins (HSPs), HSP70, and 
HSP90 whereas ML19B02 did not result in a 
significant induction (Figure 3B). While both the 
PSs resulted in induction of proinflammatory 
cytokines CXCL10 [13], IL6 [13, 44], TNFα [13], 
and the type 1 interferon (T1 IFN) pathway [13, 
45] associated gene IFIT1, the magnitude of 
expression was higher upon ML19B02-PDT as 
compared to ML19B01-PDT (Figure 3C, 3D). 
Neither PS altered the expression of other 
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genes related to the T1 IFN pathway, (IFNβ, 
TLR3) or those associated with the MHC-I mol-
ecule [46, 47] (H2D, β2M, TAP1). Additionally, 
ML19B01 and ML19B02 under the dark  
condition did not affect the expression of  
any of the genes tested (Figure 3B). Together 
these results demonstrate the differential 
immunomodulatory capacities of ML19B01- 
and ML19B02-PDT.

PDT-induced cell death is usually characterized 
by an oxidative stress response and generation 

of ROS, both of which are implicated in ICD [11, 
13]. Moreover, HSPs function as molecular 
chaperones in response to ICD induced oxida-
tive stress [11, 34, 48]. Therefore, we studied 
the generation of ROS with ML19B01- and 
ML19B02-PDT using B16F10 cells. Treatment 
with ML19B01-PDT but not ML19B02-PDT 
resulted in an increase in cellular ROS expres-
sion, quantified by flow cytometry staining with 
DCFDA (Figure 3E). Flow cytometry staining 
with Mitosox revealed an increase in mitochon-
drial ROS with both PSs, but a higher increase 

Figure 2. Cell death analysis in B16F10 cells treated with ML19B01-PDT or ML19B02-PDT. A. Schematic represen-
tation of alamar blue cell viability assay. B. Cell viability graphs indicating respective EC50 values for different condi-
tions. Treatments include both PSs or PBS with and without light treatment (630 nm and 730 nm). C. Schematic 
representation of the experimental strategy for cell death analysis via flow cytometry. D. Bar plots indicating the per-
centages of cell death in different phases. Percentages of pre-apoptotic (7AAD- Annexin V+), post-apoptotic (7AAD+ 
Annexin V+), early necrotic (7AAD+ Annexin V-) and live (7AAD- Annexin V-) cell populations are plotted. 
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Figure 3. ML19B01 and ML19B02-PDT induce differential modulation of immunological pathways. (A) Schematic 
representation of the experimental strategy for immune marker analysis and ROS analysis upon PDT treatment. 
(B-D) qRT-PCR analysis of PDT treated B16F10 cells for genes associated with (B) heat shock proteins, HSP90 and 
HSP70. (C) Proinflammatory cytokines, CXCL10, IL6, TNFα. (D) Type 1 interferon pathway associated gene IFIT1. 
Fold changes are relative to untreated samples and normalized to the control gene, GAPDH. (E) Mean fluorescence 
intensities for ROS, analyzed by flow cytometry for cellular ROS (DCFDA) and mitochondrial ROS (MitoSOX). PS: 
compound. hv: light treatment. 
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was observed with ML19B01-PDT compared  
to ML19B02-PDT (Figure 3E). These observa-
tions demonstrate the differential regulation  
of ROS upon treatment with ML19B01- and 
ML19B02-PDT.

Cell death by ML19B01-PDT and ML19B02-
PDT is associated with the emission of DAMPs

ICD has been recognized as one of the pro- 
mising ways to reverse cancer cell immune  
evasion and the immunosuppressive TME [49]. 
Considering the immunomodulatory capacity of 
ML19B01- and ML19B02-PDT (Figure 3) and 
the roles of HSPs as well as ROS in ICD, we then 
explored whether the cell death associated 
with ML19B01- and ML19B02-PDT resulted in 

mark-inducing capacity of ML19B01- and 
ML19B02-PDT in mouse melanoma cells in 
vitro.

ML19B01- and ML19B02-PDT treated cancer 
cells are phagocytosed by and induce func-
tional markers in BMDCs

DCs, professional antigen presenting cells, play 
an important role in antigen presentation and 
priming of CD8+ T cells [9]. As such, successful 
activation and maturation of DCs have been 
identified as essential for initiation of the anti-
tumor immune responses during ICD [16]. Here, 
we used GM-CSF differentiated DCs from 
mouse bone marrow [42] to assess in vitro 
phagocytosis of B16F10 cells treated with 

Figure 4. Cell death generated by ML19B01 and ML19B02-PDT induces 
hallmarks of immunogenic cell death in B16F10 cells. A. Schematic rep-
resentation of the experimental strategy for analysis of surface calreticulin 
(CALR) expression, ATP secretion, and HMGB1 release upon PDT treatment 
of B16F10 cells. B. Flow cytometry analysis of surface expression of CALR 
in B16F10 cells in vitro. C. Extracellular ATP analysis in B16F10 cells in 
vitro. D. Analysis of HMGB1 release in supernatant samples of PDT treated 
B16F10 cells. PS: compound. hv: light treatment.

the emission of DAMPs. Here, 
we investigated the major ICD 
hallmarks [13], calreticulin (CA- 
LR) surface translocation [50], 
ATP secretion [51], and HMG- 
B1 release [52], (which play an 
important role in anti-tumor 
immunity due to interactions 
with the innate immune sys-
tem) in B16F10 cells treated 
with ML19B01- and ML19B02-
PDT (Figure 4A). Surface CALR 
in ICD stimulates the uptake of 
dead-cell-associated antigens 
by DCs, ATP facilitates the 
recruitment of APCs and their 
activation, and HMGB1 pro-
motes the activation of DCs 
and antigen presentation by 
DCs to T cells [11, 13]. Flow 
cytometry analysis of B16F10 
cells revealed a significant in- 
crease of surface CALR ex- 
pression upon ML19B01-PDT 
(Figure 4B). While ML19B02-
PDT resulted in a statistically 
significant increase in CALR 
expression, it is much lower 
compared to ML19B01-PDT. 
Additionally, ML19B01- and 
ML19B02-PDT treatment incr- 
eased the extracellular secre-
tion of ATP (Figure 4C) as well 
as HMGB1 (Figure 4D) in the 
culture supernatants of B16- 
F10 cells. Together, these data 
revealed the distinct ICD hall-
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ML19B01- and ML19B02-PDT (Figure 5A). 
Co-culture of DCs with live vs PDT-treated 

resulted in phagocytosis of only PDT-treated 
cells (Figure 5B). ML19B01-PDT treated cells 

Figure 5. ML19B01 and ML19B02-PDT treated cells are engulfed by BMDCs and induce BMDC functional mark-
ers. A. A schematic representation of the workflow for BMDC phagocytosis experiment. B. Contour plots depicting 
uptake of CFSE labelled B16F10 cells by CD11c+ cells. CD11c+ CFSE+ population in the upper right quadrant 
indicates the percentage of phagocytosed cells. Representative contour plots represent 1:5 ratio of BMDC: cancer 
cells. Corresponding bar plot on the right-side depicting percentage CD11c+ CFSE+ cells with 1:1 and 1:5 ratio of 
BMDC: cancer cells. C. A schematic representation of the experimental strategy for immune marker analysis in DCs 
upon incubation with PDT-treated conditioned media. D. qRT-PCR analysis of immunogenic markers CD40, CD80, 
CD83, CD86, IcosL, IL12b and regulatory markers PDL1, TIM3, CTLA4, ARG1. Fold changes are relative to untreated 
samples and normalized to the control gene, GAPDH. LPS treated sample was used as a positive control.
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were phagocytosed better than ML19B02-PDT 
treated B16F10 cells. The rate of phagocytosis 
also increased with an increase of BMDCs: can-
cer cell ratio from 1:1 to 1:5. This data shows 
that dying cancer cells upon PDT-treatment are 
being phagocytosed by DCs.

Next, we evaluated the immunomodulatory 
effects of DAMPs released upon PDT-treatment 
on BMDC maturation, by treating the BMDCs 
with culture supernatant from ML19B01- or 
ML19B02-PDT treated B16F10 cells (Figure 
5C). Analysis of mRNA expression of immuno-
genic or activation markers of DCs revealed  
an increase in expression of CD40 [53], CD80 
[54, 55], and CD83 [56] upon culture with  
PDT-treated supernatants. Both ML19B01-  
and ML19B02-PDT-treated conditioned media 
increased the expression of these markers but 
by different magnitudes (Figure 5D). In addition 
to the immunogenic markers, we assessed the 
expression of several regulatory markers in 
BMDCs treated with conditioned media from 
PDT-treated B16F10 cells. Here, we identified 
an increase in expression of inhibitory PDL1 
[57, 58] as well as CTLA4 [59, 60] in BMDCs 
cultured in ML19B01- and ML19B02-PDT treat-
ed B16F10 supernatants. There was no effect 
on additional immunogenic markers CD86, 
IL12b, and regulatory markers TIM3 [61] and 
Arg1 [62]. This data shows that conditioned 
media from PDT-treated B16F10 cells promotes 
the expression of immunogenic as well as regu-
latory markers on DCs.

Collectively, these results indicate that along 
with the secretion of immunogenic DAMPs, the 
ML19B01- and ML19B02-PDT-compromised 
cells are efficiently engulfed by BMDCs, and 
ML19B01- and ML19B02-PDT increases the 
expression of DC functional markers.

Vaccination with ML19B01-PDT and 
ML19B02-PDT-treated cancer cells results in 
delay of tumor growth and enhanced survival

To evaluate the therapeutic potential of ICD 
induced by our PSs, we performed the gold 
standard ICD confirmation experiment [13, 63]. 
First, mouse B16F10 melanoma cells were 
treated in vitro at concentrations correspond-
ing to the EC50 values of ML19B01- or ML19B02-
PDT, and dying cells were collected 4 and 12 h 
post-treatment and injected into the left flank 
of C57BL/6 mice for vaccination (Figure 6A). 

These mice were then challenged with untreat-
ed B16F10 cells on the right flank 7 days post-
vaccination and assessed for tumor growth 
and tumor-free survival. Mice vaccinated with 
ML19B01- and ML19B02-PDT treated dying 
cancer cells displayed improved tumor-free sur-
vival and delay in tumor growth compared to 
unvaccinated control mice (Figure 6B). Despite 
the differential ICD-inducing capacities, the in 
vivo anti-tumor effects imparted by ML19B01- 
and ML19B02-PDT were comparable and sta-
tistically indistinguishable. This data shows 
that vaccination with B16F10 cells treated with 
ML19B01- and ML19B02-PDT produced simi-
lar protection against tumor challenge.

The influence of sex differences on cancer inci-
dence, mortality, and treatment outcomes has 
become increasingly evident in the past decade 
[64, 65]. To understand the impact of sex on 
the outcome of ICD-induced anti-tumor protec-
tion against melanoma, we performed the vac-
cination experiment in both female and male 
mice. Comparison between male and female 
C57BL/6 mice showed equivalent tumor-free 
survival. However, vaccinated female mice 
demonstrated statistically significant superior 
tumor growth control as compared to vaccinat-
ed male mice (Figure 6C, 6D). Together, these 
results indicate the induction of beneficial anti-
tumor protection in C57BL/6 mice upon vacci-
nation with ML19B01 and ML19B02-PDT treat-
ed B16F10 cells in a sex-biased manner.

Discussion

In our quest to develop effective immunostimu-
latory PDT as adjuvant therapy for the most 
aggressive melanomas, we recently reported 
Ru-based coordination complexes designed to 
absorb and be activated with NIR light to 
achieve potent cytotoxicity in melanoma cells. 
In our previous study, we used coordination 
chemistry as a powerful tool to rapidly generate 
a library of Ru-based PSs with ideal properties 
for melanoma PDT. Importantly, we established 
structure-activity relationships to develop the 
relevant photophysical models for optimizing 
NIR PDT effects toward melanoma cells and 
identified several lead Ru(II) PSs. We further 
explored the immunomodulating properties of 
PDT with lead ML18H01. The structural scaf-
fold of ML18H01 allows for variation of a mono-
dentate pyridyl-based ligand without compro-
mising the attractive features of NIR absorption 
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and PDT potency. Modifications at this position 
provide a convenient handle for fine-tuning bio-
logical activity, and our current study with 
ML19B01 and ML19B02 as next-generation 

NIR Ru PSs illustrates that the favorable bulk 
PDT properties are retained while the in vitro 
immunological signatures can be varied. In the 
longer term, optimization of these signatures 

Figure 6. Immunization with ML19B01 and ML19B02-PDT treated cancer cells prolongs tumor-free survival and 
delays tumor growth in the B16F10 mouse melanoma model. A. Schematic representation of the workflow for the 
in vivo vaccination experiment. Male and female C57BL/6 mice were first immunized with PDT-treated cells on the 
left flank, challenged 7 days later with untreated live cells on the right flank, and monitored for tumor growth and 
survival. B. Tumor-free survival graphs in male and female mice vaccinated with ML19B01 or ML19B02-PDT treated 
B16F10 cells. Hazard ratio (HR) values are indicated within the graphs. C, D. Tumor growth comparison for unvacci-
nated vs vaccinated male and female mice, individual groups as well as combined mean tumor growth graphs. Each 
group represents data from 15 mice, except for the unvaccinated male group, which has 13 mice.
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through structural variation may prove useful 
for directing anti-tumor responses in vivo, with 
the goal being to maximize immunoprotective 
effects in melanoma treatment.

Recent studies, both preclinical and clinical, 
have demonstrated the ability of PDT to initiate 
innate and adaptive immune responses against 
tumors. In this context, ICD of cancer cells is 
considered a promising way to activate the anti-
tumor T cell and DC-based immune responses 
and achieve ultimate tumor cell clearance. We 
evaluated the immunological consequences in 
the context of ML19B01- and ML19B02-PDT-
associated cytotoxicity in the B16F10 melano-
ma model. By analyzing qRT-PCR based gene 
expression, we found that the two PSs diff-
erentially modulate proinflammatory markers 
and heat shock proteins, both of which play a 
key role in PDT-associated anti-tumor immuni-
ty. While ML19B01-PDT led to a significant 
increase in HSP90 and HSP70, ML19B02-PDT 
produced a higher increase in proinflammatory 
cytokines IL6, TNFα, and CXCL10 compared to 
ML19B01-PDT. Light treatment alone or PS in 
the dark condition did not affect the expression 
of these genes, confirming that the increase 
only occurred when the PS was activated by 
light. Interestingly, analysis of ROS revealed 
that ML19B01-PDT induces higher cellular as 
well as mitochondrial ROS as compared to 
ML19B02-PDT. HSPs and ROS are both involv- 
ed in PDT-mediated oxidative stress, and are 
also implicated in ICD; here, HSPs act as eat 
me signals [66], and ROS is involved in the 
unfolded protein response-mediated exposure 
of endoplasmic reticulon chaperone CALR to 
the cell surface [11, 67].

Several hallmarks or signatures of ICD have 
been discovered in the context of different ther-
apies [13, 49]. For PDT, where ICD is not com-
pletely characterized, CALR surface expression, 
ATP secretion, and HMGB1 release are sug-
gested as core hallmarks. CALR exposure in 
dying cells is a crucial “eat me” signal during 
ICD and facilitates the recognition of dying  
cancer cells by phagocytic cells such as DCs. 
Along similar lines with HSP and ROS expres-
sion, surface translocation of CALR was higher 
upon ML19B01-PDT treatment than ML19B02-
PDT in B16F10 melanoma cells. After CALR 
exposure, late-stage dying cells secrete ATP 
and HMGB1 molecules extracellularly, both of 

which can interact with PRRs on DCs and acti-
vate them in vivo. Studies on ATP secretion and 
HMGB1 release showed a similar increase of 
both hallmarks with ML19B01- as well as 
ML19B02-PDT. Together, these findings reveal 
the immunomodulatory and ICD hallmark-
inducing potential for ML19B01- as well as 
ML19B02-PDT. 

Since DAMPs interact with DCs, which play a 
crucial role in stimulating anti-tumor immune 
responses, we sought to identify the capacity  
of PDT-treated dying cancer cells to be phago-
cytosed. Phagocytosis of cancer cells is a key 
event which leads to the processing of antigens 
and eventually, the presentation of antigen by 
DCs to T cells, therefore impacting the anti- 
cancer immunity. Both ML19B01 and ML19- 
B02-PDT treated B16F10 cells were efficiently 
engulfed by BMDCs in a dose-dependent man-
ner, with ML19B01-PDT treated cells resulting 
in higher phagocytosis. Because CALR plays an 
important role in DC phagocytosis [68-70],  
this data agrees with our observation wherein 
ML19B01-PDT induced higher surface CALR 
than ML19B02-PDT. Despite the differences in 
levels of phagocytosis, culture media from both 
ML19B01- and ML19B02-PDT treated cells 
was able to upregulate the expression of immu-
nogenic markers in BMDCs. It is possible that 
while the ER chaperones HSPs and CALR  
were differentially regulated by ML19B01- and 
ML19B02-PDT, leading to a difference in 
phagocytosis, other DAMPs which were compa-
rable between both groups were able to com-
pensate for the difference in BMDC stimula-
tion. Both ML19B01- and ML19B02-PDT in- 
creased the expression of CD40, CD80, and 
CD83 genes, all associated with activation of 
BMDCs, but to different extents. Interestingly, 
we also noted the upregulation of inhibitory 
genes upon treatment with conditioned media 
from both compounds. Conditioned media from 
ML19B01 and ML19B02-PDT treated B16F10 
cells increased the expression of PDL1 and 
CTLA4 genes, both identified as regulatory 
markers of DC maturation.

While in vitro release of DAMPs provides an 
indication of ICD, ultimately, their ability to trig-
ger anti-tumor immune responses in vivo is the 
end goal. To validate the ICD in vivo and further-
more, to understand whether the differences in 
levels of some ICD hallmarks in vitro translates 
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to the response in vivo, we performed the gold 
standard vaccination experiments in immuno-
competent C57BL/6 mice [63]. Of note, to 
understand the possible sex-biased immune 
responses in the ICD mediated response, we 
performed this experiment with both male and 
female C57BL/6 mice. Vaccination of mice with 
dying B16F10 cancer cells from ML19B01- or 
ML19B02-PDT treatment resulted in a delay  
in tumor growth and overall improvement in 
tumor-free survival as compared to unvaccinat-
ed mice, upon challenge with live B16F10 cells. 
Additionally, both ML19B01-PDT, as well as 
ML19B02-PDT treated cells provided compa-
rable protection from tumor growth. 

Although both male and female mice showed 
improved tumor-free survival upon vaccination 
with PDT-treated cells, the control of tumor 
growth was greater and statistically significant 
in female mice compared to male mice, indicat-
ing a better anti-tumor immune response in 
female mice. This agrees with our previous find-
ings with ML18H01-PDT, where we found sex-
biased differences in the vaccination efficacy 
of Ru(II) PDT-treated cells in female and male 
mice. Moreover, preclinical and clinical data in 
melanoma provides evidence for sex-biased 
differences in immune responses, tumor devel-
opment as well as response to therapies, par-
ticularly immunotherapies [65, 71-74]. How- 
ever, neither group was fully protected against 
tumor growth, and mice vaccinated with either 
ML19B01- or ML19B02-treated cancer cells 
eventually formed tumors. There could be two 
explanations behind this observation. While we 
noticed efficient induction of immunostimula-
tory DAMPs, studies have associated the hin-
drance of ICD with inhibitory DAMPs (iDAMPs), 
which could play a role in the context of our 
treatment [68, 75]. A recent study identified 
prostaglandin E2 as an iDAMP released in 
response to gemcitabine treatment and block-
ing this iDAMP reversed the outcome of gem-
citabine-induced ICD [76, 77]. Some ICD asso-
ciated DAMPs are shown to have dual roles, 
both immunogenic as well as immune-inhibito-
ry or suppressive, depending on their muta-
tions, epigenetic modifications, dose, mode, 
time of release, and interactions in the TME 
[75, 78-81]. Additionally, our findings from the 
in vitro BMDC experiments identified upregula-
tion of inhibitory genes PDL1 and CTLA4 in 
BMDCs exposed to conditioned media from 

PDT-treated cells, suggesting that PDT with 
ML19B01 and ML19B02 triggers the release 
of these important regulatory molecules. A sim-
ilar increase of these checkpoint molecules in 
vivo upon vaccination can result in inefficient 
stimulation of DC activation, maturation, and T 
cell activation [57, 82-85]. By exploiting these 
observations, we hope to design combination 
therapies with checkpoint inhibitors or by block-
ing iDAMPs to improve the efficacy of these 
treatments [86]. However, considering the high-
ly aggressive and poorly immunogenic nature 
of B16F10 melanoma, the extent of protection 
observed from our study was notable. Moreover, 
our study confirms yet again, the importance of 
performing in vivo vaccination to validate the 
concept of ICD. Overall, we report two novel 
ruthenium compounds with cytotoxic as well as 
immunomodulatory capacities for PDT of meta-
static melanoma.
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