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Abstract
Photodynamic therapy (PDT) is an FDA-approved modality that rapidly eliminates local tumors,
resulting in cure of early disease and palliation of advanced disease. PDT was originally considered
to be a local treatment; however, both pre-clinical and clinical studies have shown that local PDT
treatment of tumors can enhance systemic anti-tumor immunity. The current state of investigations
into the ability of PDT to enhance anti-tumor immunity, the mechanisms behind this enhancement
and the future of PDT as an immunotherapy are addressed in this review.
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Photodynamic therapy
Photodynamic therapy (PDT) is an anti-tumor modality that is approved for clinical use in a
number of countries, including the US, for the elimination of early-stage malignancies and the
palliation of symptoms in patients with late stage tumors [1,2]. The treatment involves the
systemic or topical application of a photoreactive drug known as a photosensitizer, which is
inert until activated by the light of a specific wavelength [3]. Photosensitizers generally localize
within cellular organelles including mitochondria and lysosomes and have some selectivity for
tumor cells; however, selectivity is generally achieved by directed light delivery. Directed light
delivery is obtained by placement of optical fibers at the tumor site. Light activation of the of
the photosensitizer leads to the production of reactive oxygen species and direct tumor cell
death.

The first photosensitizer approved for clinical use in the US was Photofrin® or Porfimer
sodium, which was discovered and developed at Roswell Park Cancer Institute. Photofrin-PDT
is approved by the FDA for the treatment of early and late stage non-small-cell lung carcinoma
and the treatment of high-grade dysplasia associated with Barrett’s esophagus [2,4]. Since the
discovery and approval of Porfimer sodium, a number of second generation photosensitizers,
which have increased tumor selectivity and reduced normal tissue phototoxicity, have been
developed and are currently in clinical trials [1,2,5].

Tumor destruction by PDT is not only a result of direct tumor destruction via generation of
reactive oxygen. PDT also induces secondary events including microvascular disruption and
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local acute inflammation that are known to contribute significantly to the long-term tumor
growth control by PDT [6].

The local acute inflammatory response to PDT is characterized by increased expression of
several pro-inflammatory cytokines, including IL-1β, TNF-α and IL-6 [7–10], adhesion
molecules E-selectin and ICAM-1 [9] and rapid leukocyte infiltration into the treated tumor
site [11–14]. The initial infiltrating leukocyte population was identified as CD11b+Gr1Hi and
classified as neutrophils. Depletion of Gr1-expressing cells resulted in diminished long-term
tumor growth control by PDT [12,14–16], leading to the hypothesis that neutrophils are critical
to PDT outcome. Recently, however, characterization of cell populations have revealed that
multiple leukocyte populations express Gr1, including neutrophils, inflammatory and
plasmacytoid dendritic cells (DCs), as well as granulocytic myeloid derived suppressor cells
[17–19], thus one of the current focuses of our laboratory is distinguishing which of the Gr1-
expressing leukocyte populations is critical to long-term tumor control by PDT.

Although PDT was initially considered a local treatment, several studies have indicated that
local PDT treatment can result in systemic neutrophilia [20], induction of acute phase proteins
[9,20], increased circulating levels of complement proteins [21] and systemic release of pro-
inflammatory cytokines [9,22–26], all of which indicate the presence of a systemic
inflammatory response. Subsequent studies showed that local PDT treatment of murine tumors
could lead to the induction of anti-tumor immunity [27,28].

PDT enhancement of anti-tumor immunity
Induction of anti-tumor immunity by PDT of tumors was first postulated by Canti et al. who
showed that cells isolated from the tumor-draining lymph nodes of PDT-treated mice were
able to suppress subsequent tumor challenge when transferred to naïve hosts [29], and that
PDT-treated mice that remained tumor free for 100 days were able to resist subsequent tumor
challenge. Korbelik and Dougherty [13] later demonstrated the presence of immune memory
following PDT. The importance of the immune response in PDT was definitively shown by a
series of experiments in immunocompromised scid (severe combined immunodeficient) and
nude mice [11,16]. PDT treatment, at a dose that was curative in immunocompetent BALB/c
mice, provided only short-term cures of EMT6 tumors in scid and nude mice. The ability to
provide long-term cures was restored when immunodeficient animals were reconstituted with
bone marrow cells from BALB/c mice.

The ability of PDT to induce systemic anti-tumor immunity led us to hypothesize that PDT
treatment may have an effect on established tumors present outside the local treatment field.
Previous studies that examined the effect of local PDT on distant tumors did so in the absence
of an intact immune system [30], were unable to detect the control of distant disease [31],
performed PDT prior to establishment of distant tumors [32], or did not discerned a mechanism
by which PDT inhibits the growth of tumors outside the treatment field [33–35]. We
demonstrated that control of the growth of tumors present outside the treatment field was
dependent upon an intact immune system, was mediated by CD8+ cells and was accompanied
by the induction of anti-tumor immunity [36]. Furthermore, while it is generally accepted that
the generation and maintenance of effective immune memory CD8+ cells is dependent upon
the presence of CD4+ T cells (reviewed in [37]), there are conflicting reports [38,39], and we
showed that in the absence of CD4+ T cells, local PDT treatment is able to stimulate the
generation of effective and persistent CD8+ T cell-mediated immune memory responses. We
further showed that PDT induction of CD8+ T cell-dependent control of distant tumor growth
requires NK cells. These studies demonstrated that PDT-induced anti-tumor immunity can be
independent of CD4+ T cells and suggested that PDT may be beneficial in the control of distant
disease.
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Establishment of CD8+ T cell memory responses in the absence of CD4+ T cells also appears
to be related to the extent and nature of the inflammatory response generated at the time of
antigen exposure, which can affect the activation status of antigen-presenting cells [40–42].
The activation status of antigen-presenting cells (APC), particularly that of DCs is critical to
their ability to fully stimulate the generation of CD8 memory T cells [43,44]. We have shown
that PDT enhances maturation and activation of DCs and that DCs isolated from PDT-treated
mice are able to stimulate T cell effector functions [45].

Although these pre-clinical studies establish that PDT of tumors leads to enhancement of anti-
tumor immunity, the mechanisms are unclear. Innate immune cell presence and activation, a
hallmark of PDT, is critical to the development of immunity [46], and elimination of Gr1-
expressing leukocytes reduces long-term tumor growth control by PDT. The role of
Gr1+CD11b+ cells in induction of anti-tumor immunity is not well defined. However, mouse
tumors genetically modified to increase Gr1HiCD11b+F4/80− leukocyte infiltration into the
tumor bed exhibited enhanced T cell infiltration and subsequent tumor regression [47–49].
Furthermore, depletion of Gr1HiCD11b+F4/80− leukocytes reduced the number of CD8+ T
cells infiltrating the tumor and abrogated tumor regression.

We have recently shown that PDT regimens that induce a high level of Gr1HiLy6-
GHiCD11b+F4/80− leukocytes, hereafter referred to neutrophils, infiltration into the treated
tumor, lead to enhancement of anti-tumor immunity and strong primary and memory CD8+ T
cell responses [50]. Mice defective in neutrophil homing to peripheral tissues (CXCR2−/− mice)
or mice depleted of Gr1Hi leukocytes were unable to mount strong anti-tumor CD8+ T cell
responses following PDT. The mechanism by which Gr1HiLy6GHiCD11b+F4/80− leukocytes
regulate anti-tumor immunity following PDT is unclear. These cells have been shown to
influence pathogen immunity through (1) secretion of chemotactic signals that recruit
monocytes and immature DCs [51], (2) activation of DCs via cell-to-cell contact and secretion
of TNF-α [52,53] and (3) stimulation of monocyte and T cell differentiation through secretion
of interferon (IFN)-γ [51,54]. We have shown that Gr1HiLy6GHiCD11b+F4/80− leukocytes
express cell surface TNF-α following PDT [50] and have proposed a working model, depicted
in Fig. 1, in which Gr1HiLy6GHiCD11b+F4/80− leukocytes infiltrate the PDT-treated tumor
bed within minutes following treatment, peaking between 4 and 8 h following treatment. The
migration of these cells into the tumor bed following PDT is regulated, at least in part, by the
chemokines KC and MIP-2 and their cognate receptor CXCR2. Following migration into the
tumor, the Gr1HiLy6GHiCD11b+F4/80− leukocytes express TNF-α on their cell surface and
within 4 h, this population of cells can be detected in the tumor-draining lymph node. We
predict that these TNF-α-expressing leukocytes interact with DCs, licensing them and
promoting CD8+ T cell activation and increased anti-tumor immunity. The current questions
being addressed in the laboratory are (1) how do Gr1HiLy6-GHiCD11b+F4/80− leukocytes gain
access to the tumor-draining lymph node; (2) what regulates Gr1HiLy6GHiCD11b+F4/80−
leukocytes access to the tumor-draining lymph node and (3) where and by what mechanism
do Gr1HiLy6GHiCD11b+F4/80− leukocytes license DCs?

PDT-generated anti-tumor vaccines
We have shown that effective anti-tumor vaccines can be generated by in vitro PDT treatment
of tumor cells [55]. Our studies demonstrated that PDT-treated tumor cells were more effective
as preventative vaccines than tumor cells treated with UV or ionizing irradiation or than cells
subjected to freeze–thaw (F/T) cycles. Cell lysates generated by ex vivo PDT of tumor cells
were able to stimulate the maturation and activation of DCs as measured by increased
expression of major histocompatibility complex (MHC) class II and co-stimulatory (CD80,
CD86 and CD40) molecules and the expression of IL-12. Increased DC maturation and
activation resulted in greater T cell stimulation, and vaccination with PDT-treated tumor cells
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resulted in increased activation and function of tumor-specific CD8+ T cells. Since our initial
findings, other groups have recapitulated our findings in other models [56] and have shown
that PDT-treated tumor cells could also act as therapeutic anti-cancer vaccines [57,58]. A study
by Jalili et al. [59] showed that immature DCs engulf PDT-treated tumor cells. Thus, it appears
as though PDT treatment of tumor cells enhances their ability to be recognized by DCs and
that this recognition leads to DC maturation, activation and increased ability to stimulate T
cells. However, the mechanisms by which PDT-treated tumor cells are able to stimulate
functional maturation of DCs are unclear.

DC maturation and activation is critical to initiation of immunity, as mature activated or
“licensed” DCs are uniquely able to activate naïve T cells and provide critical signals for
determining the nature of the adaptive immune response [60–62]. DC maturation and activation
are stimulated by recognition of “danger signals” that indicate the presence of infection or cell
stress [41,63–67]. Membrane bound and cytoplasmic danger signal sensors/receptors mediate
danger signal recognition. Activation of immunity by recognition of danger signals forms the
core of the “danger” model of immunity [68–70]. Danger signal sensors/receptors are
traditionally grouped into three categories: (1) Toll-like receptors (TLRs), which are type I
integral membrane glycoproteins; (2) NOD-like receptors (NLRs), which can be divided into
two subfamilies: the NOD subfamily and the NALP (NACHT-LRR-PYD-containing protein)
subfamily; and (3) the RLH [retinoic-acid-inducible gene (RIG)-like helicase] family [67,71,
72]. TLRs are localized to either cell surface or organelle (ER and endosome) membranes,
while NLRs and RLHs are cytoplasmic sensors.

Danger signal receptors play a critical role in recognition of stressed and dying cells [67,73].
PDT treatment of tumor cells causes both cell death and cell stress [6,74,75], and we and others
have hypothesized that the activation of DCs by PDT-treated cells is the result of recognition
of danger signals release by PDT from dying cells [27,28,45,76,77].

Initial attempts to identify the active component in PDT-generated vaccines focused on the
role of TLR ligands released during cell stress/death and in particular on heat shock protein 70
(HSP70). HSP70 is a well-characterized danger signal that interacts with TLRs 2 and 4 [78]
and is induced by PDT [79]. The level of expression of HSP70 in PDT-treated tumor cells
appears to correlate with an ability to stimulate DC maturation [80]. In addition, Korbelik et
al. demonstrated that secretion of TNF and expression of complement protein genes by
macrophages incubated with PDT-treated cells were blocked in the presence of antibodies to
HSP70 [76,81]. However, our subsequent studies indicated that elimination of HSP70 from
PDT-treated cells did not impair DC activation [19]. Additionally, Jalili et al. [59] showed that
PDT treatment of tumor cells could stimulate DC maturation in a HSP70-independent manner,
and Korbelik et al. showed that blocking of TLRs 2 and 4 only partially inhibited TNF-α
secretion by macrophages incubated with PDT-treated cells [76].

It is important to recognize that cell surface receptors other than members of the TLR/NLR/
RLH families may also act as danger sensors for dying cells. Members of the scavenger receptor
and C-lectin families have been associated with phagocytosis of apoptotic cells[73,82], and
Korbelik et al. [58] have suggested that opsonization of PDT-treated tumor cells by
complement proteins is critical to the efficacy of PDT-generated vaccines. Thus, it appears that
PDT treatment of tumor cells induces multiple danger signals capable of triggering antigen-
presenting cell activation critical for activation of anti-tumor immunity.

The promise of PDT-generated vaccines has encouraged us to begin to determine whether such
vaccines have clinical efficacy. Toward that end, we have recently begun initiation of a Phase
I clinical trial to ascertain whether PDT-generated anti-tumor vaccines can augment immune
responses to melanoma in a clinical setting. Autologous vaccines will be generated by PDT
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treatment of surgically removed melanomas and used to treat patients with advanced stage II
in transit melanoma.

Clinical studies
Although numerous pre-clinical studies have demonstrated that PDT can result in an increase
in anti-tumor immunity (reviewed in [28]), until recently few studies have examined the ability
of PDT to enhance anti-tumor immunity in a clinical setting. In a study of PDT of vulval
intraepithelial neoplasia (VIN), Abdel-Hady et al. [83] were the first to provide evidence that
anti-tumor immunity following PDT may be important to clinical outcome. They showed that
patients VIN who did not respond to ALA-PDT were more likely to have MHC-I negative
tumors than patients who responded to ALA-PDT. Patient response was accompanied by
increased CD8+ T cell infiltration into the treated tumors when compared to nonresponders. A
study on the use of ALA-PDT to treat actinic keratoses and Bowen’s disease in
immunosuppressed and immunocompetent patients showed that while both patient groups had
similar initial response rates of greater than 80% and immunosuppressed patients exhibited
greater persistence of disease or appearance of new lesions [84]. Finally, a recent case report
shows that PDT of multifocal angiosarcoma of the head and neck resulted in increased immune
cell infiltration into distant untreated tumors that was accompanied by tumor regression [77].

While these reports supported the pre-clinical studies indicating that PDT of tumors could
enhance anti-tumor immunity, the lack of known tumor antigens associated with tumors
commonly treated with PDT prevented more controlled mechanistic studies. To address this
deficiency, we examined the effect of PDT of basal cell carcinoma (BCC) on immune reactivity
to Hip1, a type 1 transmembrane protein, which binds to all members of the hedgehog signaling
pathway transcription factor family. Hip1 is a new member of the hedgehog signaling pathway
receptor family that is encoded by the HIP (hedgehog-interacting protein) gene [85].

Mutations in the gene for the receptor for sonic hedgehog protein (SHH), patched-1 (PTCH1)
are causally involved in the development of basal cell carcinoma (BCC) [86,87]. Patched-1
negatively regulates the function of smoothen and mutations of PTCH1, which primarily result
in truncated nonfunctional proteins, lead to unregulated activation of the hedgehog signaling
pathway transcription factor family known as GLI. mRNA levels for PTCH1 and the GLI
family members, GLI1, GLI2 and GLI3, have all been shown to be up regulated in BCC [88,
89]. Hip1 binds to all members of the hedgehog family with an affinity similar to that of
patched-1 and is thought to have a similar negative regulatory function [85]. HIP is also over
expressed in BCC [88,89], but it appears to have lower expression in normal skin than PTCH1
and does not appear to be mutated in BCC. Thus, it is possible that Hip1 can act as a tumor-
associated antigen (TAA), and that its over expression can provide a target for the immune
response. Vogt et al. [90] demonstrated that immunization of mice prone to BCC (Ptch1+/−

mice) with Hip1 resulted in increased immune reactivity to Hip1 and reduced incidence of
BCC, further indicating the potential of this protein as a TAA. Kabingu et al. [91] we showed
that treatment of BCC with either Porfimer sodium or ALA-PDT resulted in an enhancement
of the ability of immune cells to recognize and respond to the tumor-associated antigen, Hip1.
This increase in reactivity was significantly greater than reactivity observed in patients whose
lesions were surgically removed.

Previous clinical studies showed increased CD8+ T cell infiltration into the treated tumor
following PDT [77,83]. Kabingu et al. [91] demonstrated that PDT enhanced recognition of
MHC-I: antigen complexes by immune cells, suggesting that PDT of BCC enhances activation
of tumor-specific CD8+ T cells, which require MHC-I: antigen recognition for activation. The
effects of PDT on immune recognition appeared to be greater in patients with superficial lesions
when compared to those with nodular lesions. These patients also exhibited better clinical
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responses 6 months following treatment, suggesting that immune reactivity may contribute to
outcome.

PDT enhancement of anti-tumor immunity appears to be inversely correlated with both fluence
and fluence rate in preclinical and clinical studies [50,92]. Treatment with higher light doses
and fluence rates leads to vascular shut down and limited immune cell infiltrate into the treated
area [14,50] and subsequent lower anti-tumor immunity [50]. In clinical settings, treatments
with lower light dose and fluence rate resulted in remission of neighboring and distant untreated
lesions [92] and greater enhancement of immune recognition of tumor-associated antigens
(TAA) [91],

Certain PDT regimens have been shown to systemically suppress immune reactivity in pre-
clinical models (reviewed in [93,94]). The switch from immune enhancing to immune-
suppressing effects of PDT appears to be linked to the area of skin treated; whole body light
irradiation in combination with photosensitizer resulted in immune suppression and reduction
in autoimmunity in several model systems [93,94]. Enhancement of anti-tumor immunity
following PDT of BCC was inversely related to the area treated [91], which may indicate that
treatment of large-surface areas leads to immune suppression rather than immune stimulation.

The ability of PDT to enhance anti-tumor immunity suggests that this treatment modality may
be used in an adjuvant setting with treatments that have either no or a negative effect on the
patients’ immune response, such as surgery. Friedberg et al. [95] reports increased survival for
patients with non-small-cell lung cancer with pleural spread who receive surgery and PDT
when compared to patients receiving surgery alone.

Although each of the studies discussed above support a role for PDT enhancement of anti-
tumor immunity in a clinical setting, they are largely based upon relatively small patient
samples, and confirmation of the findings in larger trials is needed. This is particularly
important in determining whether enhanced immune responses contribute to improved local
or systemic tumor control, which will require well-designed clinical trials with large enough
patient populations to provide statistical relevance and correlative immunologic endpoints.

Summary
PDT has proven to be an effective therapy for a growing number of malignancies, and its
clinical use has increased dramatically, since PDT was first employed. Pre-clinical and clinical
studies have suggested that in addition to its direct effects on tumor cell, PDT augments anti-
tumor immunity and enhances tumor cell immunogenicity. However, the optimization of PDT
regimens that lead to enhanced anti-tumor immunity have been limited due to a lack of
mechanistic understanding and the complexity of the effects of PDT on both tumor and host
cells. The long-range goal of this laboratory is to define the mechanisms by which PDT is able
to enhance tumor cell immunogenicity and anti-tumor immunity and to use this information
to develop protocols that optimally control primary tumor growth and augment systemic anti-
tumor immunity for control of distant disease. We further hope to develop protocols in which
PDT or PDT-generated vaccines are used as adjuvants in a clinical setting to enhance anti-
tumor immunity. We predict that understanding of the mechanisms used by PDT to augment
anti-tumor immunity will permit optimization and exploitation of this aspect of PDT in a
clinical setting.
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Fig. 1.
Working model of PDT-induced anti-tumor immunity: PDT treatment of tumors leads to acute
local inflammation characterized by infiltration of tumor by Gr1HiLy6GHiCD11b+F4/80−
leukocytes. These cells become activated and express TNF-a and migrate to the tumor-draining
lymph node, where they interact with dendritic cells. Gr1Hi leukocytes interaction with
dendritic cells leads to dendritic cell activation, stimulation of CD8+ T cells and enhanced anti-
tumor immunity
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