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Abstract

In our recent published study entitled “Targeted Photodynamic Therapy using a Vectorized Photosensitizer
coupled to a Folic Acid Analog induces Ovarian Tumor Cell Death and inhibits IL-6-mediated Inflammation’,
we explore the effect of a new approach for the treatment of ovarian cancer. We found that photosensitizer
coupled to an analog of folic acid (PS™*) selectively accumulates in ovarian cancer cells and, upon light
activation, induces an efficient photodynamic cytotoxicity. Moreover, we demonstrate that FRa-targeted
PDT induces an inhibition of the pro-tumoral and immunosuppressive IL-6 cytokine secretion. The results
support that FRa-targeted PDT not only eradicates residual ovarian tumor cells but could also modulate
the immune microenvironment. In this commentary, we introduce more in-depth ovarian cancer immune
background, summarize key findings of the published work, and discuss emerging questions and future
research directions, focusing on FRa PDT-induced immune re-activation and its potential to re-sensitize
ovarian cancer to immunotherapies.

FRa Targeted Photodynamic Therapy for Ovarian Cancer Cell Death

Epithelial ovarian cancer (EOC) is a highly aggressive malignant tumor. In 80% of cases, it is
diagnosed at an advanced stage (Stage III/IV according to the International Federation of Gynecology
and Obstetrics (FIGO)) when the disease has spread from the ovaries to the entire surface of the
peritoneum and is therefore classified as peritoneal carcinomatosis of ovarian origin [1]. This disease
is characterized by extensive intraperitoneal dissemination and a high relapse rate, mainly due to the
persistence of residual tumor lesions after initial treatment [1,2]. This is despite standard management
combining cytoreductive surgery and platinum-based chemotherapy [1], as well as targeted therapies
such as PARP inhibitors or antiangiogenic agents [2]. Ovarian cancer remains a highly lethal disease,
with approximately 314,000 new cases and 207,000 deaths reported worldwide in 2020 [3]. The
majority of patients relapse within two years, and chemoresistance is accompanied by an extremely
poor prognosis [4,5]. Tumor progression occurs in a complex microenvironment that is both
chronically inflammatory and deeply immunosuppressive, contributing to immune escape of the
tumor and therapeutic failure [6].

In recent years, immune checkpoint inhibitors (ICIs) have significantly improved patient
prognosis in a variety of solid tumors [7,8], but unfortunately, EOC has proven to be unresponsive
to immunotherapies (particularly anti-PD1 and anti-PDL1). Indeed, pembrolizumab (anti-PD1)
monotherapy showed an overall response rate of 8% in the KEYNOTE-100 study, the largest study to
date [9,10]. This therapeutic failure can be explained by several reasons. First, EOC has a low tumor
mutational burden (TMB), which limits the production of immunogenic neoantigens [11]. Indeed,
the less mutations there are, the less likely the tumor is to produce neoepitopes, such as abnormal
proteins, that can be recognized by the immune system. Secondly, ovarian cancer is characterized
by a profoundly immunosuppressive tumor microenvironment, that limits the activation of the
immune system [12]. Regulatory T cells (Tregs) play a central role in this process by participating
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in the establishment of immune tolerance. Notably, they secrete
immunosuppressive cytokines such as IL-10 and TGF-f3 and exert a
negative control on effector T cells and dendritic cells (DCs) via the
expression of inhibitory molecules [13,14]. At the same time, CD8*
T cells infiltrating the tumor exhibit a phenotype of functional
exhaustion due to tumor’s inhibitory checkpoints overexpression
and an immunosuppressive cytokinic microenvironment, thereby
compromising the effectiveness of the antitumor immune response
[8,7]. Finally, tumor-associated macrophages (TAMs), which are
predominantly polarized toward a pro-tumor and anti-inflammatory
phenotype, exert powerful immunosuppressive functions, especially
on dendritic cell function [15,16]. TAMs are also responsible for
high secretion of pro-inflammatory and immunosuppressive
cytokines, such as IL-6 and IL-10 [17,16]. For all these reasons,
the EOC is classified as a “cold tumor” and therefore is not defined
as immunogenic and is unresponsive to immunotherapy. This
complexity highlights the need for detailed characterization and
appropriate therapeutic targeting for the immune landscape of
ovarian tumors.

Based on the observation that current therapeutic approaches
struggle to effectively eliminate the disease, our study proposes
a targeted photodynamic therapy (PDT) strategy based on a
vectorized photosensitizer coupled to a folic acid analog, exploiting
the overexpression of the folate receptor a (FRat) on the surface of
ovarian tumor cells [18]. This approach led to the tumor selectivity
of PDT, the limitation of off-target effects, and the optimization of
ovarian tumor cells elimination [18]. PDT induces cell death mainly
through the generation of reactive oxygen species (ROS) following
the activation of a photosensitizer by appropriate light irradiation
[19,20]. These ROS cause major oxidative damage to membranes,
proteins, and DNA, triggering various cell death programs,
including apoptosis and necrosis [19]. The induction of these deaths
depends on the subcellular location of the photosensitizer, the
light dose, and the intensity of the oxidative stress generated [19].
PDT-induced apoptosis causes the outer mitochondrial membrane
permeabilization and leads to the release of pro-apoptotic factors,
therefore promoting the recognition of dying cells by the immune
system [21,22]. Similarly, PDT-induced lytic cell death, such as
necrosis, is characterized by a rupture of the plasma membrane and
release of intracellular contents, which may include enzymes and
danger signals [22,23]. Necrotic cell death types are associated with
a marked inflammatory response, which may contribute to the re-
activate a strong immune response [24]. In this way, the identification
of cell death type generated by our FRa-targeted PDT developed
could be interesting, especially in the context of immunogenic cell
death identification. Interestingly, we also show that FRa-targeted
PDT induced significant and sustainable reduction of IL-6 secretion,
a pivotal cytokine driving tumor progression and transformation
while fostering an immunosuppressive tumor microenvironment
[18], and dysregulated immune cell activation [25]. These results
suggest that the impact of targeted PDT could go beyond simple
local cytotoxicity and could trigger a more favorable reprogramming
of the tumor microenvironment.

Hence, broader reflection on the immunomodulatory potential
of FRa-targeted PDT and its ability to transform localized tumor
destruction into a biologically relevant signal for antitumor
immunity is not described and therefore needed, especially in the
EOC, classically described as immunologically “cold”. In this way, in
this commentary, we raise a central conceptual question:

“Can FRa-targeted PDT transform local tumor destruction into an
immunaogenic signal capable of attenuating the pro-tumor IL-6 axis and
restoring effective anti-tumor immunity in ovarian cancer?”

PDT-Induced Immunogenic Cell Death

In recent advances, PDT has been described as causing
“immunogenic” cell death (ICD) [21]. According to Galluzzi ez al.,
ICD is defined as a form of regulated cell death sufficient to activate
an adaptive immune response in an immunocompetent syngeneic
host [26], i.e., cell death that is capable of inducing the maturation
of dendritic cells, which can then effectively present tumor antigens
and thereby lead to the initiation of a tumor-directed T-cell response.
In this context, the oxidative stress induced by ROS generation
during PDT causes damage to the endoplasmic reticulum, lysosomes,
cell membranes, and mitochondria and promotes the exposure or
release of danger associated molecular patterns (DAMPs), which
play a central role in the activation of innate and adaptive immunity
[26-28]. (Figure 1). In several cancers, different types of DAMPs
are described to be associated with PDT induced immunogenic cell

death.

First, there are membrane DAMPs, such as phosphatidylserine
(PS), normally found in the inner leaflet of the plasma membrane,
that is externalized during cell death induced by PDT, where it
acts as an “eat-me” signal facilitating phagocytosis by immune
cells [28]. Similarly, the exposure of heat shock proteins (HSP70,
HSP90, GRP78/94) on the surface of dying cells has been reported
to contribute to the absorption and presentation of tumor antigens
[28-30]. Calreticulin (CRT), which can be exposed early on
to the plasma membrane in response to endoplasmic reticulum
stress, is considered one of the major signals of ICD and greatly
enhances the immunogenicity of tumor cells treated with PDT
[31,32]. This connection allows antigen-presenting cells (APCs) to
migrate towards dying cells. Following oxidative stress induced by
PDT, phosphatidylcholine (PtC) is oxidized to generate oxidized
hosphatidylcholines (Ox-PtC) [28], which serve as recognition
signals for phagocytic cells such as macrophages or dendritic cells.
Among the membrane DAMPs, annexin Al, recognized by the
FPRI receptor, may also contribute to the guidance of antigen-

presenting cells (APCs) to dying cells [28,29,33-35].

At the same time, several DAMPs can be released or secreted.
High—mobility group box 1 (HMGB1), which is released upon loss
of membrane integrity, has been shown to activate receptors such as
Toll-like receptor 4 (TLR4) [31,32,36]. Other mediators, such as
peroxiredoxin-1 (Prx1), may stimulate cytokine secretion via TLR4-
dependent pathways, while ATP and UTP could play a central role
in the recruitment and activation of antigen-presenting cells, as well
as inflammasome activation [28,29].

In addition, cellular nucleic acids from dying cells, including
cellular RNA, double-stranded RNA may be recognized by pattern
recognition receptors such as TLR3 and TLRY, respectively, leading
to the production of type I interferons. This production could
promote the secretion of chemokines such as CXCL10, which is
involved in the recruitment of effector T cells via CXCR3 [28,29,37].

Hence, the presence of such DAMPs types could be investigated
after cell death induced by our FRa-targeted PDT in iz vitro ovarian
cancer cell models to validate its immunogenic potential.
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Beyond these classic DAMPs, other signals remain less well
characterized, including tumor cell-derived exosomes, which may
exert immunomodulatory effects [25,28,38]. These extracellular
vesicles could potentially be internalized by dendritic cells and
contribute to antigen cross-presentation and T cell activation. In the
context of ovarian cancer, a study by Baydoun e a/. demonstrated
that another FRa-targeted PDT induces the release of extracellular
vesicles with immunoactivating properties, capable of increasing the
proliferation of immune cells and thereby enhancing the antitumor
response [25,28].

In line with these studies, a recent study conducted in our
laboratory demonstrated that 5-ALA-based PDT in nasopharyngeal
carcinoma profoundly alters the immunological properties of
tumor-derived small extracellular vesicles (SEVs) [39]. While tumor-
derived exosomes are typically associated with immunosuppressive
functions, including impaired dendritic cell maturation and Treg
recruitment [39,40]. PDT-modified sEVs displayed enhanced
immunostimulatory properties. sEVs isolated from PDT-treated
tumor cells induced a marked increase in PBMC proliferation and
were enriched in double-stranded DNA [39]. These findings suggest
that PDT reshapes the extracellular vesicle-mediated dialogue
within the tumor microenvironment, potentially favoring immune
activation.

Altogether, these signals provide a mechanistic framework linking
innate and adaptive immunity, promoting dendritic cell maturation,
cross-presentation of tumor antigens, and activation of cytotoxic T
cells [29,41] (Figure 1). This process could thus counterbalance the
suppressive state acquired by DCs during tumor progression and
restore their ability to initiate an effective cytotoxic T cell response
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in EOC [32,42]. However, in the context of FRa-targeted PDT
developed in our study, the induction of these key ICD hallmarks,
including calreticulin exposure, HMGBI1 and ATP release, and
dendritic cell activation, has not yet been directly demonstrated.
Therefore, while our current findings, including tumor cell death,
reduced IL-6 secretion, and the absence of overt immunosuppressive
effects on proliferation, suggest a potential
immunomodulatory role, additional experimental validation is
required to formally establish the capacity of this approach to induce
ICD. The evaluation of such DAMPs with the FRa-targeted PDT
developed in our study [18] thus represents a critical first step toward
determining whether FRa-targeted PDT can effectively trigger

immune cell

immunogenic cell death.

The Role of Dendritic Cells in PDT-Induced Immune
Activation

The release of DAMPs following PDT-induced tumor cell death,
does not guarantee the establishment of a lasting antitumor immune
response, as the effectiveness of these immunogenic signals depends
on their processing by dendritic cells (DC), the central orchestrators
of antitumor immunity [29,43]. The concept of the cancer-
immunity cycle, described by Mellman ez 4/., further reinforces the
central role of dendritic cells in this antitumor immunity [44]. They
showed that T cells activation in lymph nodes is highly dependent on
DC throughout the antitumor response, but also that DC are now
considered essential within the tumor itself to support the activity
of infiltrating T cells [45]. Thus, DC maturation and activation
appear to be central elements in ensuring an effective and sustained
antitumor immune response (Figure 1).
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Figure 1. Overview of key molecular mechanisms of PDT-induced immunogenic cell death. Photodynamic therapy (PDT) induces immunogenic
cell death associated with the release of danger signals (DAMPs), such as HSP70, calreticulin (CRT), high-mobility group box 1 (HMGB1), oxidized
phosphatidylcholines (OxPtC), ANXA1.These signals are recognized by immature dendritic cells, notably via Toll-like receptors (TLRs), promoting their
maturation. Mature dendritic cells subsequently present tumor antigens to naive T lymphocytes through MHC-TCR complexes and co-stimulatory
molecules (CD80/CD86, CD28), while secreting immunostimulatory cytokines like IL2, IL15, and IL12, ultimately leading to an antitumor immune
response. This PDT-induced immune reactivation could be investigated in the context of FRa-targeted PDT in epithelial ovarian cancer. (Figure

created on Biorender and adapted from [54&55]).
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In ovarian cancer, the tumor progression is accompanied by a
profound reprogramming of dendritic cells (DCs), which causes
the shift from effective antitumor immunity to a state of immune
escape [42]. It has been shown that DCs from advanced stages
of tumor growth have significantly lower levels of activation of
the major histocompatibility complex class II (MHC II) and the
costimulatory co-receptor CD40, impaired IL-12 production, and a
diminished capacity to activate CD8" T cells, ultimately promoting
immune escape [42,46,47]. Thus, tumor progression in ovarian
cancer is not solely based on mechanisms intrinsic to cancer cells,
but also relies on a suppressive reprogramming of DCs, preventing
their maturation, T cell activation, and expression of their effector
function [48,49]. Therefore, beyond inducing immunogenic signals,
an effective therapeutic strategy must also restore DC functionality
within the tumor microenvironment.

In this context, several studies suggest that PDT has a major
impact on DC maturation and migration, thereby contributing to
the reactivation of antitumor immunity. In ovarian cancer, Baydoun
et al. showed that PDT targeting the folate receptor induces a
significant increase in PBMC proliferation in vitro and in vivo,
indicating a generally immunostimulatory effect post-PDT [50,51].
Although DCs were not directly analyzed in these studies, these
results may indirectly suggest DC activation. Similarly, studies of
Gollnick er al. and Ji e al. demonstrated that exposure of DCs to
DAMPs and antigens released by breast and skin cancer cells killed
by PDT induces their functional maturation, characterized by the
expression of MHC II markers and an increase in IL-12 production;
[52]. Beyond maturation, PDT can also promote DC migration.
Trempolec et al. highlights a significant increase in the expression of

CCR?7 on DC, favoring their migration [41,53].

These characteristics are important for the establishment of an
effective adaptive immune response, even in tumors that are initially
not very immunogenic. In the context of EOC, it seems crucial
to examine not only the ability of PDT to induce immunogenic
signals, but above all its ability to functionally reprogram dendritic
cells that have become dysfunctional in the advanced stages of the
disease. We hypothesize that FRa-targeted PDT could generate
DAMDPs that could rescue the dysfunctional phenotype of ovarian
tumor-associated DCs by restoring MHC II and CD40 expression
and promoting IL-12 secretion. This could be verified in vitro by
co-culturing dendritic cells isolated from the ascites of patients with
EOC with the culture medium from ovarian cancer cells treated
with PDT or with 7z vivo models of humanized EOC [50]. Thus,
careful evaluation of the impact of FRa-targeted PDT proposed in
our study [18,25] on DC maturation, antigen-presenting capacity,
and immunostimulatory function appears to be a future key step
in considering this targeted PDT as an immune reprogramming
strategy in ovarian cancer (Figure 1).

Modulation of the Cytokine Microenvironment by
PDT to Re-Polarize the Imnmune Response

In addition to the potent stimulation of an immunogenic cell
death, PDT could act indirectly on the cytokine microenvironment
that led the immunosuppressive capacity of ovarian carcinomatosis.

In EOC metastatic states, ascite is a central biological
compartment of the tumor microenvironment, characterized by a
high concentration of pro-inflammatory and immunosuppressive
cytokines. Ascites is particularly enriched in pro-inflammatory

cytokines such as IL-6, IL-8, TNF-a, and IL-1f, which contribute
to chronic inflammation, tumor survival, and peritoneal
dissemination [56-58]. At the same time, it contains high levels
of immunosuppressive cytokines and mediators, including IL-10,
TGEF-B [59], and VEGE promoting the expansion of regulatory T
cells, the polarization of M2-type tumor-associated macrophages
[60], and the inhibition of dendritic cell maturation and function
[6]. This inflammatory paradox, combining persistent inflammation
and immune suppression, leads to a state of dysfunctional immunity
in ascites, limiting the activation of effector T cells and contributing
to the failure of antitumor responses and immunotherapy strategies

[59,60].

PDT could act indirectly on this inflammatory microenvironment
by regulating the IL-6 axis, whose chronic activation is
strongly implicated in DC dysregulation and CD8' and NK
immunosuppression in EOCs [61-63]. The decrease in IL-6
secretion observed in the post-PDT secretome of the OVCAR3 and
SKOV3 cell lines in vitro in the study by Boidin er a/. [18] suggests
a downregulation of this pro-tumor pathway, which could lift the
inhibition of dendritic cell maturation and T-cell effector function
(Figure 2). However, extensive data on the effect of such PDT in
humanized in vivo EOC models are needed to confirm these in vitro
observations. To support this hypothesis, a recent contribution has
been made by the study by Amer et al. (2025), which demonstrates
that IL-6 is a decisive factor in defining the “hot” or “cold” nature
of the ovarian tumor microenvironment [61]. The authors show
that high levels of IL-6 shape a profoundly immunosuppressive
TME, maintaining chronic deleterious inflammation and
promoting resistance to immune surveillance. Amer ez al. also
suggest that inhibiting IL-6, particularly in combination with
checkpoint inhibitors (anti-PD-1/PD-L1), could help overcome
this immunosuppressive barrier and promote the transition toward a
more immunotherapy-responsive tumor phenotype.

Furthermore, Baydoun ez a/. show in vitro and in vivo that FRo-
targeted PDT in ovarian cancer models can rebalance the cytokine
inflammatory microenvironment. They demonstrate that PDT can
reduce TGF-B, an immunosuppressive cytokine responsible for
the expansion of regulatory T cells and the inhibition of effector
T cells. Conversely, PDT promotes an increase in IL-2 and IFN-y,
two key cytokines in antitumor immunity, with IL-2 supporting
the proliferation and survival of activated T lymphocytes and
IFN-y enhancing CD8" cytotoxicity and Thl polarization. Taken
together, these results show that PDT could modulate the tumor
microenvironment and could induce a reactivation of the immune

system in EOC [25,50].
Future Therapeutic Direction

Thus, while the absence of an immunosuppressive effect on
immune cell proliferation observed in our article is an encouraging
sign toward immunomodulation, it does not in itself allow us to
conclude that there is antitumor immune activation. To fully
demonstrate the immunogenicity of FRa-targeted PDT, additional
analyses would be necessary, including iz vitro post-PDT DAMPs
release analysis, dendritic cell maturation with PDT conditioned
media, and co-culture with CD8 T cells to verify the modulation
of immune system reactivation. Furthermore, in vivo validation
using humanized murine models would be essential to determine
whether these effects translate into a reprogramming of tumor
microenvironment and a durable antitumor immune response.
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Figure 2. Modulation of the cytokine microenvironment by photodynamic therapy in ovarian cancer. FRa-targeted PDT modulates the ascites
microenvironment in EOC in vitro, reducing immune suppressive cytokines IL-6 and TGF-f3 and increasing immunomodulatory cytokine IL-2 and
IFN-y. These changes may be associated with the lifting of immunosuppression and an activation of DCs, cytotoxic T lymphocytes, and NK cells in

EOC[18,50,51]. (Figure created on Biorender).

Therapeutically, the combination of targeted PDT with
immunotherapies, particularly ICIs, appears particularly promising
[64]. By inducing immunogenic cell death and relieving IL-6—
mediated immunosuppression, FRa-targeted PDT could create an
environment permissive to CD8* T cell infiltration and function,
thereby rendering the tumor more sensitive to PD-1/PD-L1
blockade. In this context, FRa-targeted PDT could transform the
“cold” microenvironment of EOC into “hot” one and improve its
sensitivity to checkpoint blockade by restoring effective antitumor
immune responses [65]. Hence, FRa-targeted PDT could contribute
to the eradication of residual metastases after surgery of EOC, which
could reduce the risk of relapses [66].

Conclusions

In conclusion, the FRa-targeted PDT is not limited to a
localized tumor destruction strategy but emerge as a potential
tool for immuno-inflammatory reprogramming of the peritoneal
carcinomatosis microenvironment in ovarian cancer. By combining
tumor selectivity and the induction of immunogenic cell death
and cytokines modulations, FRa targeted PDT could open
up innovative prospects for limiting peritoneal recurrence and
improving the prognosis of patients with advanced EOC by favoring
an immune “hot” microenvironment, potentially more sensitive to
immunotherapies.
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