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21.1 Introduction

Despite high investment in the field of cancer
research, the overall results have been somewhat
discouraging and have only produced marginal
improvements in some types of cancer [1-4].
New-generation cancer drugs are now being tai-
lored according to the patient and tumor genetic
signatures and designed to exploit biochemical
characteristics associated with tumors (such as
ligands, receptors, and signaling pathways). But
these approaches come with certain limitations,
such as high cost, and more importantly, they are
not applicable to a broad range of cancer patients
and thus have limitations in comparison with
older cheaper chemotherapeutic drugs [5].
Moreover, there are other difficulties, which arise
due to the fact that the tumor often develops drug
resistance and is often only detected at an
advanced stage [6—12]. To complicate and worsen
the situation further, some tumors appear to accli-
matize and adapt to these initially active tailored
drugs. Any time a specific pathway is blocked,
the tumor tends to overcome this obstacle to its
survival by developing an alternative pathway to
continue its growth. Regardless of advances in
cancer treatment, the conventional treatment
package including surgery + radiation ther-
apy + chemotherapy remains the most prevalent
option for oncologists. In this chapter, we will
discuss in detail an alternative antitumor tech-
nique called photodynamic therapy (PDT) and its
ability to stimulate antitumor immune responses.

21.2 Photodynamic Therapy

There have been many preclinical and clinical
studies carried out worldwide, showing that PDT
has been proven to be a promising modality for
the treatment of cancer and other malignancies
[13-16]. PDT is now a clinically approved
modality for the treatment and management of
both nonmalignant and neoplastic diseases. It has
the potential to overcome many of the shortcom-
ings and problems associated with conventional
cancer treatments. In photodynamic therapy a PS
is the administered either systemically, locally, or

topically to a patient bearing a lesion (mostly
cancer), followed after some time by the illumi-
nation of the lesion with visible light of appropri-
ate wavelength. In the presence of oxygen, the
excited PS generates cytotoxic reactive oxygen
species (ROS) and therefore leads to cell death
[17-21].

Since the lifetime of the ROS such as singlet
oxygen is very short, approximately 10-320 ns, it
has very limited cellular diffusion (10-55 nm),
therefore PDT is highly localized [22], and the
photodynamic damage only occurs in the vicinity
of the PS molecular location. The PDT effect on
the tumor occurs by three interrelated mecha-
nisms: (1) killing of tumor cells directly; (2)
tumor vasculature damage; and (3) induction of a
strong inflammatory reaction that can lead to
development of systemic immunity. The interac-
tion between these three mechanisms and the
tumor mass depends on factors such as the type
and dose of the PS, the time frame of the PS
administration (drug-light interval), the light
characteristics (wavelength, total energy expo-
sure or light dose, fluence rate, etc.), and the oxy-
gen concentration in the tumor (Fig. 21.1).

PDT has numerous advantages over other can-
cer treatment options presently in use. In addition
to its selectivity and the possibility of repeated or
multiple application, it is considered inexpensive
(in comparison with some recent targeted agents)
and has tolerable side effects. Moreover, tumors
are rarely resistant to PDT [23, 24]. Several types
of economical PS compounds are commercially
available, and some are already approved to be
used on patients. Most of the PS classes in com-
mon use are based on porphyrin or chlorin-type
backbones or their derivatives. With the newer PS
classes, problems such as prolonged skin photo-
sensitization have been virtually eliminated [25].
In addition, these compounds absorb in the far-
red region of the visible spectrum, optimal for
deep tissue penetration. The list of benefits can be
extended to include the absence of the adverse
effects produced by radiation therapy and chemo-
therapy, lack of any significant change in tissue
temperature during illumination, preservation of
the connective tissue structures (collagen) at the
site of PDT application, minimal induction of
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Fig. 21.1 PDT-induced antitumor effects. In tumors,
cells loaded with PS absorb light and generate ROS spe-
cies, which leads to predominantly apoptotic and necrotic
cell death. Tumor cell death is accompanied with activa-
tion of the complement cascade, pro-inflammatory cyto-
kine activation, rapid accumulation of neutrophils,
followed by DCs and macrophages. Dying tumor cells

fibrosis compared to radiation therapy, and an
improved cosmetic outcome. Therefore, PDT is a
very promising treatment modality that needs
further translational and clinical studies.

Studies have shown several and intercon-
nected biological and physiological effects that
occur during in vivo PDT. These effects depend
on various factors such as the PS concentration,
the location of PS in the organism/tumor site, and
the dosage and rate of the applied irradiation.
PDT effects include direct cell killing, occlusion
of the tumor-associated vasculature, and modula-
tion of the immune system, and sometimes all of
these effects can be observed occurring
simultaneously in a tumor model. At the cellular
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and their debris are phagocytosed by phagocytic cells and
DCs, which then migrate to the local lymph nodes and
differentiate into antigen-presenting cells. Tumor antigen
presentation is then followed by clonal expansion of
tumor-specific lymphocytes that home to tumor sites and
eliminate residual tumor cells

level, both necrosis and apoptosis have been
observed to occur after PDT [14, 26-29]. Itis a
known fact that direct damage of the tumor cells
and the nearby vasculature initiates several cell
signaling cascades. Besides this, damage to
endothelial cells leads to formation of thrombosis
and consequently leads to occlusion of the tumor
vasculature. In all these cases, the released frag-
ments from the damaged cells and cytokines trig-
ger a range of inflammatory mediators, which in
turn activate the body’s defense mechanism, i.e.,
the innate immune response, which can also
affect adaptive immunity. Thus, we can say that
PDT generates a distinct systemic effect as well
as working in sync with the body’s natural
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defense mechanisms. The overall success of PDT
lies in the fact that it employs the body’s “natural
pathways” of defense. PDT has been clinically
applied to the treatment of early stage pulmonary,
gastric, and esophageal carcinoma and has been
examined for application to other diseases such
as retinal diseases [30, 31] or cardiovascular dis-

orders [32, 33].

21.3 DAMPs (Damage-Associated
Molecular Patterns)
and Tumor Ablative
Therapies

The immunogenicity of cancer cells is an emerg-
ing determinant of anticancer immunotherapy
[34]. One of the most attractive features of PDT
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is that besides destroying the tumor itself, it can
also trigger an acute inflammatory reaction, thus
activating the body’s immune system against the
cancer cells as discussed above (Fig. 21.2).
Thus, induction of a strong inflammatory reac-
tion is a vital part of the antitumor effect of
PDT. The local effect of PDT is localized edema
and a strong acute inflammation reaction [35,
36]. PDT ends up generating an acute chemical
insult within the tumor tissue which is recog-
nized by the body as a type of localized trauma.
After this trauma, there occurs a protective
mechanism to reestablish tissue integrity and
restore homeostasis at the damaged site. This
includes removal of damaged cells, and then
promoting the healing process at the affected
area, in order to reinstate normal homeostasis.
This elicited inflammation is initially nonspe-
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Fig. 21.2 PDT-induced inflammation. Damaging the
endothelial cells (ECs) activates a cascade of events lead-
ing to local inflammation, vessel dilation, and platelet
aggregation. Much of these effects are caused by the
release of thromboxane (7BX), cytokines (such as inter-

leukins IL1p, IL6, IL8, tumor necrosis factor-a), and infil-
tration of immune system cells (necrotic and apoptotic
cells provide antigens to the DCs that migrate to lymph
nodes)



21 Photodynamic Therapy and Antitumor Immune Response

387

cific for the tumor antigens and is orchestrated
by the innate immune system [37].

PDT generates rapid and prolific “danger”
signals, called damage-associated molecular pat-
terns (DAMPs) or cell death-associated molecu-
lar patterns (CDAMPs), at the site of treatment,
which are detected by the innate immune system
[38—42]. The pattern of recognition receptors is
responsible for detecting the PDT-caused local-
ized insult perceived as “altered self” [37]. This
response has probably developed over evolution
to protect the host against pathogen invasion at
sites of tissue damage. At the onset of inflamma-
tion, the tumor vasculature undergoes significant
changes and becomes adhesive for inflammatory
cells and permeable/leaky for blood proteins
[37]. Numerous inflammatory cells, first neutro-
phils followed by mast cells, monocytes, and
macrophages, infiltrate the PDT illumination site
[43]. At this stage, the primary function of these
cells is to “neutralize” the DAMPs/CDAMPs by
eliminating cellular debris, compromised tissue
components, etc. [37]. The vascular occlusion,
observed after PDT illumination, effectively
“walls off” the damaged area, until the damaged
cells are removed by phagocytosis, thus prevent-
ing further spreading of the tissue damage [37].
Studies have shown that depletion of these
inflammatory cells or inhibiting their activity
diminishes the therapeutic effect of PDT [44—47].
Moreover, it has been shown that interleukins
IL-1pP and IL-6 are among the most critical cyto-
kines in this process. Furthermore blocking the
function of various adhesion molecules can ren-
der PDT ineffective [48, 49]. On the other hand,
blocking the anti-inflammatory cytokines, IL-10
and TGF-f, can remarkably improve the outcome
of PDT [37, 50].

In recent years a large volume of data has
emerged on the effect of in situ tumor destruction
(radiotherapy, chemical and biological ablation,
PDT, cryoablation, high-temperature ablation
(radiofrequency, microwave, laser, and ultra-
sound), and electrical-based techniques) on the
inflammatory and immune components resulting
in systemic antitumor immune responses. It is
clear that in situ tumor ablation can allow release
of tumor antigens, antigen cross-presentation,

and the release of DAMPS, thus making the
tumor act as its own cellular vaccine [51]. It is
now clear that cancer cells can succumb to some
anticancer therapies by undergoing a particular
form of cell death that is characterized by an
increased immunogenic potential, owing to the
production of DAMPs. The release of DAMPs
and other immunostimulatory factors by the cells
gives rise to an immunogenic cell death (ICD)
favoring the establishment of a productive inter-
face with the immune system. ICD results in the
elicitation of tumor-targeted immune responses
associated with the elimination of residual,
treatment-resistant cancer cells, as well as with
the establishment of long-term immunological
memory. Although ICD has been characterized
with increased precision since its discovery, sev-
eral questions remain to be addressed [52].

21.4 PDT and Adaptive Immunity
Recognizing Specific
Antigens

As discussed earlier, the long-term efficiency of
the PDT treatment strongly depends on the initia-
tion of antitumor immunity; and this response is
reduced in immunocompromised mice [44, 53].
Moreover this reduced efficacy can be restored
by transfer of bone marrow or T-cells, from
immunocompetent mice. In this process, recogni-
tion of the major histocompatibility complex
class I (MHC-]) is critical for activation of CD8*
T-cells; thus tumors that lack MHC-I expression
are generally resistant to cell-mediated antitumor
immune reactions [54, 55]. In a case in point,
patients with vulvar intraepithelial neoplasia
(VIN) who lacked high expression of MHC I
molecules did not respond as well to PDT treat-
ment, as did patients expressing high levels of
MHC-I [56, 57]. Moreover, patients who
responded well to PDT treatment had increased
CDS8* T-cell infiltration into the treatment site as
compared to nonresponders.

Research has shown that PDT treatment of
cancer involves both innate and adaptive immune
response by stimulating the release or expression
of different pro-inflammatory mediators [35, 36,
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49]. As a result, a powerful acute inflammatory
response is launched causing accumulation of
extensive numbers of neutrophils and other
inflammatory cells at the PDT-treated site that
can attack the cancer cells [36, 43]. The fact is
that this initial reaction is not only a powerful
tool to elicit direct antitumor effects [58—60], but
as importantly, it stimulates the cells to release
secondary inflammatory mediators (including the
cytokines IL-1p, TNF-a, IL-6, and IL-10 and
prostaglandins, histamines, leukotrienes, etc.)
[61]. The one area that needed to be further
explored was to study the local treatment effects
on eliciting systemic immunological response, in
particular, establishing the link between PDT-
mediated immunity and tumor antigen recogni-
tion. Our laboratory was one of the first to
recognize this effect. The authors designed a
study in which a pair of equally lethal BALB/c
colon adenocarcinomas were used: firstly, CT26
wild-type tumors (CT26WT), i.e., antigen nega-
tive, and, secondly, CT26.CL25 transduced with
lacZ gene, thus expressing the tumor antigen
B-galactosidase (B-gal). The idea was to study if
PDT treatment would elicit a systemic antigen
and epitope-specific antitumor immune response
in otherwise identical cancer cells [62]. In this
study, both used cell lines were equally lethal,
and the level of p-gal expression in CT26.CL25
cells was low enough to allow the tumor to grow
without triggering any clinically significant
immune response (often seen in cancer patients).
The PDT application could therefore generate
significant differences in the therapeutic outcome
and the observed elicitation of immune response.

The outcome was that PDT induced a local
response in all B-gal antigen-negative CT26WT
tumors, with clear reduction in size, but this
lasted only until day 18 (Fig. 21.3) after that local
regrowth occurred. The net result was that the
growth was only stalled for 8-10 days. In the
case of CT26.CL25 tumors, however, the differ-
ence was dramatic (Fig. 21.4); tumor reduction
was not only complete after day 20, but most
importantly, 100% of these 3-gal antigen-positive
tumors stayed in remission during the complete
trial period of 90 days [62]. During the study, the
PDT-induced immune response leading to ele-
vated levels of released IFN-y and TNF-a cyto-

kines was also observed. Our study also showed
that PDT can induce a very strong antigen-
specific immune response, capable of generating
memory immunity which allows mice to reject a
rechallenge with the same antigen-positive cells.
The induced immune response was potent enough
to cause regression of a distant well-established
antigen-positive tumor outside the treatment area
(on the opposite flank) [62] (Fig. 21.5). The pres-
ence of activated antigen-specific and epitope-
specific effector CTLs was also confirmed.
During the study, it was found that regression of
distant and untreated tumors took place in 70% of
the treated mice.

For the first time it was demonstrated that
tumor cells may escape PDT-induced immuno-
surveillance due to loss of the tumor antigen. In
clinical settings, it is known that some tumors
escape from immune recognition and resist elim-
ination; only now, we realized that this is occurs
due to tumor antigen loss. We also demonstrated
that PDT-induced antitumor effects are abrogated
when there is no functional adaptive immune
response as in athymic nude mice (Fig. 21.4).
Clearly, effective vascular PDT treatment can not
only destroy a local tumor but also induce sys-
temic strong antigen-specific antitumor immune
response. In addition, this immunity is so potent
that it is able to induce regression and destruction
of distant, antigen-positive tumors outside the
irradiation field. The treatment also proved to be
effective in inducing long-term immune memory
effect, imparting a resistance to rechallenge. Our
study was successful in proving that the observed
tumor-destructive effect was mediated by tumor
antigen-specific cytotoxic T-cells, induced after
PDT, which are capable of recognizing the
immuno-dominant epitope of the p-gal antigen.

To examine antigen-specific PDT-induced
antitumor immune response in a more clinically
relevant tumor model, the authors designed a dif-
ferent study, where a naturally occurring cancer
antigen, namely, P1 A, a mouse homologue of the
human MAGE-type antigen, was employed [63].
We decided to use this specific cancer-testis anti-
gen, since it is not only well-established, but
more importantly, it is mostly expressed in testis
and cancers and only at very low levels in other
tissues [64-67]; PIA antigen-positive mouse
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Fig.21.3 In vivo PDT of tumor (one leg model). (a) Mean tumor volumes of CT26WT tumors and (b) CT26.
CL25 tumors; means of 10-15 tumors. (¢) Kaplan-Meier survival curves of % of mice cured from CT26.CL25
tumors and rechallenged either with CT26.CL25 or CT26WT tumor cells. (d) Mean level of cytokines TNF-a,
INF-vy, IL-2, and IL-4; measured 5 days after PDT in CT26.CL25 and CT26WT tumor-bearing mice and control

mice (Used with permission from Ref. [62])

mastocytoma P815 wild-type (parental) and P1A
antigen-negative P1.204 (P815 derived) cell lines
were compared.

Murine methylcholanthrene-induced masto-
cytoma P815 cancer cells are known to generate
very interesting immunologic response patterns.
The significance of P815 antigen arises from the
fact that it shares many characteristics identified
in TAA genes in human, such as those belonging
to melanoma MAGE family and other tumors
[68, 69]; these antigens are not expressed in most
mature tissues with the exception of testis and

placenta [70]. It is known that P815 can elicit
CTL response against at least four distinct anti-
gens: AB, C, D, and E [70-79]. It appears that the
main CTL response against P815 tumor is geared
toward AB and E antigens [73]. Also, it has been
shown that T-cells isolated from DBA/2 mice
implanted with P815 tumors primarily recognize
either antigen AB or C-D-E, but not both [79].
Moreover, the two epitopes of the P815AB,
P815A, and P815B are recognized by two differ-
ent CTLs. Another gene codes for P815E and dif-
ferent CTLs recognize this antigen. On the other
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hand, the P815-derived P1.204 cell line is an
immune system escape variant [80]; it has lost
the PS15AB antigen and only retains the P§15E
antigen.

During in vivo experiments performed by the
authors, the majority of mice with P815 tumors
demonstrated tumor regression after PDT irra-
diation and no recurrence during the trial period
of 90 days. In stark contrast, mice with P1.204
tumors did not respond with tumor regression
but rather with progression. The difference in
response between the two tumor types was
hypothesized to be due to differential triggering
of immune response. To confirm the PDT-
generated long-term immune system ‘“‘activa-
tion” in this clinically relevant tumor model, we
rechallenged the cured mice with the same tumor
from which they were originally cured. Only
mice cured for PIA antigen-positive P815
tumors rejected the rechallenge with P815, while
all the naive mice injected with either tumor cell
type grew tumors. The implication of the finding
is that P1A antigen-positive P815 tumors, after
PDT treatment, develop strong and robust
enough immune response that prevents tumor
growth upon challenge with a tumorigenic dose
of cells [80].

In the ex vivo study, the extent of induction of an
antitumor immune response, as a result of PDT
treatment of PIA expressing P815 tumors, and
whether the antigen activated T-cells before and/or
after PDT, was investigated. Cytokines secreted
from CD4* and CD8* T-cells were measured upon
stimulation. Our results showed that PDT of P1A
antigen-positive tumors led to marked increase in
IL-2 and TNF-a levels. Moreover, we were able to
identify a population of CD8* T-cells that were
able to recognize the known epitope
(LPYLGWLVF) of the P1A antigen using a pen-
tamer approach and flow cytometry. In addition,
when nude mice (lacking an adaptive immune sys-
tem) bearing the PlA antigen-positive P815
tumors were treated with PDT, the antitumor effec-
tiveness of PDT was curtailed to nil. Interestingly,
the survival of these mice could be significantly
prolonged by adoptive transfer of activated lymph
node cells isolated from PDT-treated immunocom-
petent mice bearing the P815 tumor.

The initial escape of P§15 tumors from immu-
nosurveillance (and accordingly lack of response)
has been documented to be due to antigenic loss
[22, 38, 39]. It has been shown [74] that there are

three different escape mechanisms employed by
P1A tumors, presenting the peptide epitope
LPYLGWLVF (expressed in different tumor
models). In P815 tumors, all progressions
occurred due to antigenic loss, while in J558
tumors (another P1A-positive tumor), all pro-
gressions took place due to antigenic drift (anti-
gen mutation) [38], whereas all progressing
methA tumors (a third PlA-positive tumor)
developed resistance to CTLs.

Green fluorescent protein (GFP) is used as an
optical reporter to noninvasively image the pro-
gression of mouse tumors (using whole-body
fluorescence imaging) and, in addition, may act
as a foreign (jellyfish) antigen. We asked whether
GFP-expressing tumors could be used to monitor
the response of tumor-bearing mice to PDT and
whether the tumor response differed when a non-
immunogenic tumor cell line was transduced
with GFP. RIF-1 or RIF-1 EGFP (stably trans-
duced with a retroviral vector) cells were injected
in the leg of C3H/HeN mice and both cells and
tumors grew equally well. We used PDT with
benzoporphyrin derivative and a short drug-light
interval. There were complete cures and 100%
mouse survival of RIF-1 EGFP while RIF-1
wild-type tumors all recurred. Cured mice were
resistant to rechallenge with RIF-1 EGFP cells
and a rechallenge with wild-type RIF-1 cells
grew significantly slower. There was also slower
RIF-1 EGFP rechallenge growth but no rejection
when RIF-1 EGFP tumors were surgically
removed. There was a low rate of PDT cure of
tumors when RIF-1 cells were transduced with
an empty retroviral vector. The presence of anti-
bodies against EGFP in mouse serum suggests
EGFP can act as a foreign antigen and PDT can
then stimulate a long-term memory immune
response [81].

21.5 Cancer
and Immunosuppression

Cancer often develops as a complication of severe
immunosuppression. Tumor cells proliferate in
an immunosuppressive microenvironment, which
can be an obstacle in the immunotherapy of can-
cer. Cancers take advantage of the immune regu-
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latory mechanism of the host that prevents
autoimmunity, resulting in evasion of immuno-
surveillance and resistance to immune destruc-
tion. Regulatory T-cells, myeloid suppressor
cells, inhibitory cytokines, and immune check-
point receptors are the major components of the
immunosuppression mechanisms in cancer pro-
gression [82]. Advances in the understanding of
tumor immunology are opening up a new range
of therapeutic targets, including overcoming
immunosuppressive factors in the tumor micro-
environment  [83]. Manipulating immune
responses may thus provide an exciting new
option for cancer immunotherapy [84].

21.5.1 Regulatory T-Cells

CD4* regulatory T-cells (Tregs) are a highly
immunosuppressive subset of CD4* T-cells that
protect the host from developing autoimmune
diseases and allergies, whereas in malignancies,
they promote tumor progression by suppressing
antitumor immunity. The elucidation of factors
influencing Treg homeostasis and function has
important implications for anticancer therapies.
Thus, the manipulation of Tregs for up- or down-
regulation of their suppressive function is a new
therapeutic strategy for treating cancer and auto-
immune diseases [85]. Treg depletion augments
antitumor immune responses in animal models.
Additionally, increased numbers of Tregs and, in
particular, decreased ratios of CD8(+) T-cells to
Tregs among tumor-infiltrating lymphocytes are
correlated with poor prognosis in various types of
human cancers. Thus, implementation of a strat-
egy restricting Treg-mediated immune suppres-
sion may expand the therapeutic spectrum of
cancer immunotherapy, especially in patients
with a lower number of neoantigens [86].

21.5.2 Myeloid Suppressor Cells

Tumor-associated myeloid cells comprise a het-
erogeneous population acting systemically
(myeloid-derived suppressor cellsyMDSCs) and/
or locally in the tumor microenvironment
(MDSCs and tumor-associated macrophages/

TAMs). Both populations promote cancer cell
proliferation and survival, angiogenesis, and
lymphangiogenesis and elicit immunosuppres-
sion through different pathways, including the
expression of immunosuppressive cytokines and
checkpoint inhibitors. Several studies have dem-
onstrated that myeloid cells can express different
functional programs in response to different
microenvironmental signals, a property defined
as functional plasticity. Myeloid suppressor cells
can on one hand support tumor growth and, on
the other, limit autoimmune responses, indicating
that their therapeutic reprogramming can gener-
ate opportunities in relieving immunosuppres-
sion in the tumor microenvironment or reinstating
tolerance in autoimmune conditions [87].

Development of metastasis is determined by
both the accretion of essential changes in cancer-
ous cells and by their communication with differ-
ent stromal elements in the tumor
microenvironment. Specifically, the inflamma-
tory response and emergence of immune regula-
tory cells, such as myeloid-derived suppressor
cells (M2-activated macrophages, tolerogenic
dendritic cells, neutrophils, myeloid-derived sup-
pressor cells (MDSCs)) and lymphoid-derived
regulatory cells (regulatory T, B, and NK cells) to
the tumor site have all been reported to support
tumor growth, in addition to tumor invasion and
metastasis. Although the potential role for
myeloid regulatory cells in tumor invasion and
development of the pre-metastatic niche has been
suggested, the concept still requires further sup-
portive experimental and clinical evidence, as
well as data related to specific factors and mecha-
nisms responsible for myeloid regulatory cell
functioning at malignant sites [88]. Different
approaches are currently being explored to target
MDSC with the aim to enhance immune-based
therapies [89].

21.5.3 Immature Dendritic Cells

Dendritic cells (DCs) comprise a heterogeneous
population of cells that play a key role in initiat-
ing, directing, and regulating adaptive immune
responses, including those critically involved in
tumor immunosurveillance. The efficiency of
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anticancer therapy exploiting dendritic cells
depends upon the maturation status of the DCs
and how it changes following their interaction
with cancer cells. In a study, using mouse xeno-
graft models of human tumors, it was shown that
fast-growing “angiogenic” tumors were infiltrated
by a more immature DC population than compa-
rable dormant nonvascular tumors. Since imma-
ture DCs actively promote angiogenesis and
tumor growth, strategies to promote DC matura-
tion or methods for DC ablation suppresses this
response. It was thus concluded that angiogenesis
could be dependent on the presence of immature
DCs. Thus, cancer immunotherapies that promote
DC maturation may act by both augmenting the
host immune response to the tumor and by sup-
pressing tumor angiogenesis [90].

DCs are the sentinel antigen-presenting cells
of the immune system, such that their productive
interface with the dying cancer cells is crucial for
proper communication of the “nonself” status of
cancer cells to the adaptive immune system. The
efficiency and the ultimate success of this com-
munication depends upon the maturation status
of the DCs and their interaction with cancer cells.
Immature DCs facilitate tolerance toward cancer
cells, while fully mature DCs that secrete the cor-
rect combinations of cytokines can strongly pro-
mote anticancer immunity [91].

21.5.4 Indoleamine 2,3-Dioxygenase

Indoleamine 2,3-dioxygenase (IDO) is an induc-
ible enzyme that catalyzes the rate-limiting first
step in tryptophan catabolism. This enzyme is
overexpressed in response to IFN gamma in a
variety of different malignancies. IDO causes
immunosuppression through breakdown of tryp-
tophan in the tumor microenvironment and the
tumor-draining lymph nodes. The depletion of
tryptophan and production of toxic catabolites
renders effector T-cells inactive and dendritic
cells immunosuppressive. Thus, the IDO path-
way is an important mechanism for tumor-related

immunosuppression, and blocking it could
improve cancer immunotherapy outcomes.
Preclinical data suggest that IDO inhibition can
delay tumor growth, enhance dendritic cell vac-
cines, and synergize with chemotherapy through
immune-mediated mechanisms [92]. IDO is an
immunosuppressive enzyme, which mediates
tumor immune escape in various cancers includ-
ing hepatocellular carcinoma (HCC). Therefore,
IDO inhibitors as adjuvant therapeutic agents
may have clinical implications in HCC. This
review proposes future prospects of IDO not only
as a therapeutic target but also as a prognostic
marker for HCC [93].

21.6 PDT and Immunostimulant
Combinations

Treatment with PDT alone is often non-curative
due to tumor-induced immune cell dysfunction
and immune suppression. Motivated by this fact
PDT can be combined with immunostimulants
and other strategies designed overcome the
tumor-induced immune suppressive mechanisms
described above, in order to enhance antitumor
immunity. There have been many studies report-
ing good results using this approach.

A study was performed in an animal model of
metastatic cancer, to compare PDT alone with
PDT combined with low-dose cyclophosphamide
(CY). Low-dose CY is a treatment that has been
suggested to deplete regulatory T-cells (T-regs)
and augment the immune response to some
tumors. We used J774 tumors (a highly meta-
static reticulum cell sarcoma line) and PDT with
benzoporphyrin derivative monoacid ring A,
verteporfin for injection, and a short (15 min)
drug-light interval. CY (50 or 150 mg/kg i.p.)
was injected 48 h before light delivery. PDT
alone led to tumor regressions and a survival
advantage but no permanent cures were obtained.
BPD-PDT in combination with low-dose CY (but
not high-dose CY) led to 70% permanent cures.
Low-dose CY alone gave no permanent cures but
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did provide a survival advantage and was shown
to reduce CD4+FoxP3+ T-regs in lymph nodes,
whereas high-dose CY reduced other lymphocyte
classes as well. Cured animals were rechallenged

Fig.21.6 Kaplan-
Meier survival curves of
mice treated with PDT
combined with low-dose
CY. (a) Plots represent
no tumor treatment (as
control), only PDT,
low-dose CY, and
low-dose CY + PDT. (b)
Plots represent no tumor
treatment (as control),
only PDT, high-dose
CY, and high-dose

CY + PDT. Mice were
killed in cases when the
primary tumor diameter
reached 1.5 cm or body
weight dropped >15%

% surviving

% surviving

with J774 cells, and the

tumors were rejected in

71% of mice. Cured mice had tumor-specific
T-cells in spleens as determined by a (51)Cr

release assay (Fig. 21.6) [94].
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Our lab also investigated PDT mediated by
verteporfin and 690 nm light delivered 15 min
later, in combination with an immunomodulation
approach using CpG oligodeoxynucleotide for
the treatment of 4T1 metastatic breast cancer in a
BALB/c immunocompetent mouse model. In
vitro, CpG primed immature dendritic cells (DC)
via toll-like receptor 9 to phagocytose PDT killed
tumor cells leading to DC maturation and activa-
tion. Peritumoral injection of CpG after PDT in
mice gave improved local tumor control and a
survival advantage compared to either treatment
alone (p < 0.05). CpG may be a valuable den-
dritic cell targeted immunoadjuvant to combine
with PDT [95].

In another study, we investigated whether the
combination of PDT with low-dose CY could
foster immunity against wild-type CT26 tumors
expressing self-antigen (gp70) [96]. We had pre-
viously shown that CT26 wild-type tumors did
not produce a long-term memory immune
response when treated with PDT alone [62].
Administration of CY before PDT led to deple-
tion of Treg and potentiated PDT-mediated
immunity, leading to long-term survival. However
the development of memory immunity (resis-
tance to rechallenge) was only uncovered by a
second round of Treg depletion using a second
administration of low-dose CY [96].

It was recently reported that PDT can induce
strong antitumour immunity toward tumor cells
expressing the tumor-associated antigen
P1A. Using four different mouse tumor models,
we showed that antitumor immune response
could be further improved when PDT is com-
bined with a clinically approved epigenetic rever-
sal agent that induces expression of an
epigenetically silenced P1A antigen. Taken
together these findings showed that PDT leads to
strong specific antitumor immune responses and
that epigenetic modification of tumor antigens
levels may be a novel approach to further enhance
the effectiveness of PDT providing a strong ratio-
nale for clinical development of this therapeutic
approach [97].

The purpose of one of the studies was to deter-
mine if local PDT followed by intratumoral
injection of naive dendritic cells (IT-DC) could

induce systemic antitumor immunity that could
inhibit the growth of untreated tumors. It was
concluded that PDT plus I'T-DC administered to
one tumor site led to tumor regression at distant
sites, including multiple lung metastases.
PDT + IT-DC induced potent systemic antitumor
immunity in mice and should be evaluated in the
treatment of human cancer [98].

21.7 PDT and Checkpoint
Inhibitors

In recent years the introduction of checkpoint
inhibitors has revolutionized the clinical treat-
ment of many forms of advanced cancer [99].
Checkpoint inhibitors are particularly useful for
potentiating T-cell-mediated immune attack
against tumors. Ipilimumab (Yervoy), a mono-
clonal antibody targeting CTLA-4 receptor, is
approved for the treatment of melanoma.
Normally the CTLA-4 receptor antagonizes
T-cell-mediated immunity; ipilimumab blocks
this receptor leading to increased tumor killing
by cytotoxic T-cells [100]. Another new antican-
cer drug is pembrolizumab (Keytruda), a mono-
clonal antibody, which targets the programmed
cell death 1 (PD-1) receptor. Pembrolizumab is
approved for the use against melanoma [101].
PD-1 is expressed on the surface of T-cells and
B-cells and negatively regulates immune
response. Inhibiting PD-1 prevents its cognate
ligand PD-L1 (which is expressed on tumor cells)
from binding to PD-1 and thereby killing the
attacking T-cells. There are now other checkpoint
inhibitors that target PD-1 or its cognate ligand
PDL-1, such as nivolumab (Opdivo), atezoli-
zumab, avelumab, and durvalumab.

There have recently been several papers that
have explored the combination of PDT with
checkpoint inhibitors in experimental animal
tumor models. A study by Kleinovink et al. [102]
studied PDT mediated by Bremachlorin and
660 nm light with a 6-h drug light interval on day
8 after MC38 tumors were implanted in C57BL/6
mice. PDT was combined with anti-CTLA4 anti-
body injected three times on days 7, 10, and 14
after tumor inoculation. The combination had an
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improved effect on double-tumor-bearing mice
(only one tumor treated with PDT). Muchowicz
et al. [103] tested the combination of BPD-PDT
(15-min drug light interval) with anti-PDL-1
antibody injected every second day, in six doses,
starting from 1 day before PDT in BALB/c mice
with orthotopic 4T1 tumors. The combination led
to 50% cures in this difficult model. A study by
Gao et al. [104] looked at a combination of PDT
using an integrin avfB6-targeted phthalocyanine
with an anti-PD-1 antibody in a 4T1 tumor
model. The combination gave improved antitu-
mor immunity and suppressed lung metastases
metastasis.

The laboratory of Wenbin Lin at the
University of Chicago has published a series of
papers describing the combination of various
nanotechnology-based PDT agents and check-
point inhibitors in mice. One study [105] inves-
tigated the combination of nanoscale
coordination polymer (NCP) core-shell
nanoparticles loaded with oxaliplatin in the core
and the PS pyropheophorbide attached to the
shell, with anti PD-L1 antibody against CT26
tumors in BALB/c mice. They showed regres-
sion of both PDT treated primary tumors and
nonirradiated distant tumors. Another study
[106] used core-shell nanoparticles with zinc
pyrophosphate  and a  lipid-conjugated
pyropheophorbide PS in combination with anti
PDL-1 antibody to produce antitumor immunity
against 4T1 tumors. A third paper [107] reported
PDT using a chlorin-based metal-organic frame-
work (MOF) that also contained the indole-
amine  2,3-dioxygenase (IDO) inhibitor
(4-amino-N-(3-chloro-4-fluorophenyl)-N’-
hydroxy-1,2,5-oxadiazole-3-carboximidamide)
encapsulated in the channels of the MOF
nanoparticles. PDT with this nanovehicle caused
effective tumor regression of both primary,
treated tumors and distant, untreated tumors in
two syngeneic mouse models of colorectal
cancer.

Xu and coworkers [108] constructed upcon-
version nanoparticles (UCNPs) loaded with the
PS chlorin e6 and imiquimod (R837), a toll-like-
receptor-7 agonist. PDT using NIR light excited
the UCNP-Ce6-R837 nanoparticles when com-

bined with anti-CTLA-4 antibody resulted in
strong antitumor immune response to inhibit the
growth of untreated distant tumors and produce
memory immunity.

It should be noted that two very recent papers
[109, 110] have reported that the response to
checkpoint inhibitors has been shown to depend
on the precise composition of the intestinal
microbiome in both experimental models and
also in patients. Apparently some bacteria in the
gut encourage the development of antitumor
immunity, while other bacterial species inhibit
this response [111].

21.8 Concluding Remarks
and Clinical Applications

There have been few reports as yet of antitumor
immunity in patients treated with PDT. Abdel-
Hady et al. [69] reported that high-risk
HPV-infected premalignant genital lesions
showed a poor response to ALA-PDT when the
patients showed loss of HLA class I in the lesion,
and when there was high CD8 infiltration in the
lesion after PDT, the response was likely to be
better. Kabingu et al. [112] reported that patients
with cutaneous basal cell carcinomas (BCC)
treated with ALA-PDT were more likely to have
peripheral blood leukocytes that recognized
Hipl, a transmembrane protein, which is overex-
pressed in BCC and can function as a tumor anti-
gen, compared to patients that underwent surgery.
Superficial lesions appeared to be especially sus-
ceptible to increased systemic antitumor immu-
nity. Thong et al. showed [101] using Fotolon (a
chlorin-based PS) in a single angiosarcoma
patient that high fluence rate PDT showed suc-
cess in local control, but only for up to 1 year.
After recurrence, the tumor was treated again
with low fluence rate PDT, but this time the treat-
ment achieved tumor eradication, and spontane-
ous remission of non-treated distant lesions was
observed, showing that an antitumor immune
response had been activated.

Nevertheless, it is clear that antitumor sys-
temic immunity after clinical PDT remains the
exception rather than the rule. The reasons for
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this variability are many and diverse. The PDT
parameters such as choice of PS, doses of both
PS and light, fluence rate, and drug-light interval
are all important in optimizing the immune
response. The expression of the appropriate type
and amount of antigens and neoantigens within
the tumor is of critical importance. Another pos-
sible reason for this failure is the weakness of the
immune system in older people as well as in
patients with advanced tumor stages. Stage 4
cancer patients can often suffer from severe
immunosuppression. Identifying and overcoming
the immunosuppressive mechanisms that allow
the tumor to grow in the first place provides a
wealth of opportunities for combination treat-
ments. These may include coadministration of
various immunostimulatory adjuvants, strategies
that involve dendritic cells, depletion of regula-
tory T-cells, and epigenetic reversal agents. In
particular, the recent growth in popularity of
checkpoint inhibitors, many of which are already
approved for use in cancer patients, urgently sug-
gests these agents should be clinically tested in
patients who are receiving PDT. Future research
will be able to test and optimize many of these
PDT-based combinations.
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