
IL-6 Potentiates Tumor Resistance to Photodynamic Therapy
(PDT)

Craig M. Brackett, BS, Barbara Owczarczak, BS, Kimberley Ramsey, BS, Patricia G. Maier,
BS, and Sandra O. Gollnick, PhD*

Departments of Immunology and Cell Stress Biology, Roswell Park Cancer Institute, Buffalo, New
York 14263

Abstract
Background and Objective—Photodynamic therapy (PDT) is an anticancer modality
approved for the treatment of early disease and palliation of late stage disease. PDT of tumors
results in the generation of an acute inflammatory response. The extent and duration of the
inflammatory response is dependent upon the PDT regimen employed and is characterized by
rapid induction of proinflammatory cytokines, such as IL-6, and activation and mobilization of
innate immune cells. The importance of innate immune cells in long-term PDT control of tumor
growth has been well defined. In contrast the role of IL-6 in long-term tumor control by PDT is
unclear. Previous studies have shown that IL-6 can diminish or have no effect on PDT antitumor
efficacy.

Study Design/Materials and Methods—In the current study we used mice deficient for IL-6,
Il6−/−, to examine the role of IL-6 in activation of antitumor immunity and PDT efficacy by PDT
regimens known to enhance antitumor immunity.

Results—Our studies have shown that elimination of IL-6 had no effect on innate cell
mobilization into the treated tumor bed or tumor draining lymph node (TDLN) and did not affect
primary antitumor T-cell activation by PDT. However, IL-6 does appear to negatively regulate the
generation of antitumor immune memory and PDT efficacy against murine colon and mammary
carcinoma models. The inhibition of PDT efficacy by IL-6 appears also to be related to regulation
of Bax protein expression. Increased apoptosis was observed following treatment of tumors in
Il6−/− mice 24 hours following PDT.

Conclusions—The development of PDT regimens that enhance antitumor immunity has led to
proposals for the use of PDT as an adjuvant treatment. However, our results show that the
potential for PDT induced expression of IL-6 to enhance tumor survival following PDT must be
considered.
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INTRODUCTION
Photodynamic therapy (PDT) is a FDA-approved anticancer modality for the treatment of
early disease and palliation of late stage malignancies [1,2]. The treatment involves the
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systemic or topical application of a photoreactive drug known as a photosensitizer, which is
inert until activated by light of a specific wavelength [3]. Light activation of the
photosensitizer leads to the production of reactive oxygen species and direct tumor cell
death. PDT also induces secondary events, including microvascular disruption, that
contribute significantly to the long-term tumor growth control by PDT [2].

PDT induced tumor cell death and microvascular disruption can lead to increased local and
systemic expression of proinflammatory cytokines and activation of innate immune cells
[2,4–6] that culminates in the generation of T-cell mediated antitumor immunity [6,7]. The
extent to which PDT stimulates inflammation and antitumor immunity is strongly influenced
by both fluence and fluence rate [6,8,9]. The activation of innate cells is critical to efficacy
of PDT regimens that induce inflammation [10–12] and antitumor immunity [8]. PDT
enhancement of antitumor immunity has the potential to expand the use of PDT beyond that
of a local treatment into one that can combat distant disease [13]. Unfortunately, acute
inflammation can transit to chronic inflammation that may result in the generation of an
immuno-suppressed, protumorigenic environment [14]. Therefore, greater understanding of
the role of inflammation in PDT-induction of antitumor immunity is needed prior to
development of clinical PDT protocols that induce antitumor immunity.

In contrast to the role of innate cells, the role of PDT induced proinflammatory cytokines in
PDT efficacy and induction of antitumor immunity is poorly understood. Interleukin 6
(IL-6) is a prototypic inflammatory cytokine that plays a major role in the resolution of
inflammation and transition to T-cell mediated antitumor immunity [15]. Multiple clinical
and preclinical studies have shown that PDT of tumors leads to increased IL-6 expression
[8,16–20]. Blockade of IL-6 activity has been shown to have either no effect [19,21] or to
diminish PDT efficacy [22]. None of these reports examined the influence of IL-6 on PDT
induction of antitumor immunity.

IL-6 is an important regulator of T-cell proliferation, differentiation, and survival [15]; PDT
induced antitumor immunity is dependent upon T cells [7]. Therefore, we predicted that
PDT induction of IL-6 would contribute to induction of antitumor immunity by PDT and
that loss of IL-6 would impair PDT efficacy in PDT regimens that induce antitumor
immunity. However, in this report we demonstrate that IL-6 does not contribute to the initial
activation of antitumor-immunity by PDT. T-cell activation postPDT was similar in wild
type and IL-6 deficient strains of mice; although immune memory was enhanced following
PDT of Colo26 tumor bearing IL6−/− mice. Furthermore, both the inhibition of tumor
growth and the tumor cure rate following PDT were enhanced in the absence of IL-6 in
colon and mammary carcinoma models. Subsequent study showed that IL-6 appears to
impair expression of the proapoptotic protein Bax post-PDT.

MATERIALS AND METHODS
Animals and Tumor Models

Pathogen-free BALB/c/ByJ mice were obtained from the National Cancer Institute. CByJ.
129S2(B6)-Il6tm1Kopf/J mice were obtained from Jackson Laboratories and bred in the
Roswell Park Cancer Institute Department of Laboratory Animal Resources. CByJ.
129S2(B6)-Il6tm1Kopf/J (hereafter referred to as IL6−/−) mice were generated at Jackson
Laboratories and exhibit similar characteristics to IL6−/− mice on the C57BL/6 background
[23,24]. SCID mice were obtained from the Roswell Park Department of Laboratory Animal
Resources. Bone marrow chimeras were generated by treatment of IL6−/− and BALB/c mice
with two doses of 6 Gy irradiation 24 hours apart. Six hours after the second dose of
irradiation the mice were rescued with 4 × 106 bone marrow cells injected intravenously.
The bone marrow cells were harvested by flushing femurs and tibias with PBS. Red blood
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cells (RBCs) were lysed and the cells were resuspended in physiological saline. The cell
suspension was filtered immediately before injection. All mice used in experimental
procedures were female and were housed in microisolator cages in a laminar flow unit under
ambient light. The RPCI Institutional Animal Care and Use Committee approved all
procedures carried out in this study.

Colon 26 murine colon carcinoma cells [8] and 4T1 murine mammary carcinoma cells [25]
were grown in RPMI 1640 supplemented with 10% FBS and antibiotics. All cells were
cultured in a humidified atmosphere of 5% CO2 in air at 37°C.

Photodynamic Therapy
Six-week to 10-week old animals were inoculated intradermally on the shoulder or
abdominal mammary fat pad with live tumor cells (106 Colo 26 or 105 4T1 cells). When the
tumors had reached 5 mm × 5 mm, the mice were injected i.v. with clinical-grade, pyrogen-
free 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH; 0.4 mM; Roswell Park
Pharmacy, Buffalo, NY), or porfimer sodium (PII; 7.5 mg/kg; Axcan Pharma, Birmingham,
AL). After 18–24 hours, tumors were exposed to 635 nm (HPPH) or 630 nm (PII) light
delivered by an argon laser-pumped dye laser (Spectra Physics, Mountain View, CA) as
previously described [6,13]. Colo26 tumor bearing mice were treated with either 88 or 48 J/
cm2 given at 14 mW/cm2. 4T1 tumor bearing mice were treated with 88 J/cm2 given at 20
mW/cm2. Control groups included mice that were either treated with photosensitizer or light
alone, or received no treatment.

Neutrophil Detection
The number of neutrophils present in the blood was determined microscopically. Peripheral
blood was collected from untreated and PDT-treated animals at various times posttreatment.
Blood smears were prepared on microscope slides and cells were fixed by treatment with
95% ethyl alcohol. Slides were stained with Wright–Giemsa stain and the number of
segmented, mature neutrophils/ml was determined microscopically. Each slide was counted
at least twice and a minimum of 100 cells/slide/analysis were examined.

The number of neutrophils present in bone marrow, tumor, and tumor draining lymph node
(TDLN) was determined by flow cytometry. Femurs were isolated from untreated and PDT-
treated mice at various times postPDT. Bone marrow cells were harvested by flushing each
femur with phosphate buffered saline; RBC were removed by treatment with ammonium
chloride. RBC-depleted cells were suspended in PAB buffer (HBSS without Ca2+Mg2+

containing 5 mg/ml BSA). Single cell suspensions were generated from tumors as
previously described [20]. Briefly, tumors were disaggregated in HBSS containing
collagenase (type II, Worthington Biochemical Corp., Freehold, NJ) and BSA. Single cell
suspensions were generated from TDLNs by mechanical disruption using a tissue sieve.
RBC were depleted from both tumor and TDLN single cell suspensions and the RBC-
depleted cells were suspended in PAB.

Cells were stained with a panel of monoclonal antibodies (mAb) to detect specific cell-
surface antigens (CD11b, Gr1, and F4/80), as previously described [6]. The mAbs were
directly conjugated with the following fluorochromes: Fluorescein (FITC), phycoerythrin
(PE), PerCPCy5.5, and allophycocyanin (APC) (all from Phar-Mingen, except F4/80, which
was purchased from e-bioscience). A BD FACSCalibur was used for flow cytometric
analysis; data was acquired from 200,000 cells stored in collateral list mode and analyzed
using the WinList processing program (Verity Software House, Inc.). For the determination
of the absolute number of specific cell populations, the percentage of each population was
multiplied by the number of cells recovered from the respective tumor or TDLN.
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Cytokine Analysis
Tumors and TDLNs were harvested at the indicated time points and flash frozen on dry ice.
Tissue was homogenized in CelLytic™MT from Sigma (Saint Louis, MO) containing
protease inhibitor cocktail (Sigma, St. Louis, MO); protein concentration of the lysate was
determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). ELISA
kits specific for KC, MIP2, and IL-6 were purchased from R&D systems (Minneapolis, MN)
and used according to the manufacturer’s instructions. The results were normalized to per
μg total protein.

T-Cell Activation
T-cell activation was determined by assessing the phenotype of T cells present in the TDLN
after PDT using flow cytometry [6]. Axillary TDLNs were harvested at the indicated time
points and single-cell suspensions were generated. Cells were stained with a panel of mAb
to detect specific cell-surface antigens (CD8 and CD44), as previously described [20]. The
mAbs were directly conjugated with the following fluorochromes: FITC, PE, PerCPCy5.5,
and APC (all from PharMingen). A BD FACSCalibur was used for flow cytometric
analysis; data was acquired from 200,000 TDLN cells stored in collateral list mode and
analyzed using the WinList processing program (Verity Software House, Inc.). For the
determination of the absolute number of specific cell populations, the percentage of each
population was multiplied by the number of cells recovered from the respective TDLN.

Assessment of Tumor Response
Following treatment, orthogonal diameters of tumors were measured once every 2 days with
calipers. The tumor volume, V, was calculated with the formula V = (lw2/2), were l is the
longest axis of the tumor and w is the axis perpendicular to l. The tumors were monitored
until they reached a volume greater than 400 mm3, at which time the mice were euthanized.
No tumor regrowth was ever observed later than ~day 50 and therefore animals were
considered cured if they remained tumor free for at least 60 days after PDT.

Photosensitizer Concentration in Tumors
Photosensitizer uptake in tumor tissue was determined using 14C-labeled HPPH or by
fluorescence 24 hours after a single i.v. injection of drug as described [26,27]. HPPH uptake
by tumors was determined by administration of 14C-labeled HPPH (0.2 ml/5 μCi) to tumor
bearing mice; 24 hours following injection tumors were collected, weighed and placed in 1
ml of Solvable (Packard Instruments) and heated to 53°C in the dark for 16–18 hours.
Samples were cooled and bleached by addition of 80 μl of bleach. Radioactivity was
determined after addition of Ultima Gold scintillation fluid. To determine sodium Porfimer
uptake 50 mg of tumor was placed in 1 ml of Solvable and heated to 53°C in the dark for
16–18 h. Samples were cooled and fluorescence spectra with λex = 406 nm and λem = to
627 nm. Drug concentrations were calculated by comparing experimental fluorescence
intensities to internal standards obtained by spiking samples with known amounts of drug
immediately before solubilization.

Western Analysis
The analysis of STAT3 cross-linking by PDT was performed as described [28]. Briefly
tumor tissue was collected immediately after PDT and homogenized in
radioimmunoprecipitation assay buffer [29]. Protein extracts were separated on 6% SDS-
polyacrylamide gels and transferred to PDVF membranes (Hybond-P, Amersham Pharmacia
Biotech, Piscataway, NJ). Membranes were then reacted overnight at 4°C with antibodies to
STAT3 (Santa Cruz Biotechnology, Santa Cruz, CA), phosphotyrosine-STAT3 (New
England Biolabs, Inc., Ipswich, MA), or Bax (Santa Cruz Biotechnology). Detection of the

Brackett et al. Page 4

Lasers Surg Med. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immune complexes was done using peroxidase-coupled secondary antibodies and enhanced
chemiluminescence detection (Pierce Chemical, Rockford, IL). Luminescence was detected
using a Molecular Imager Gel Doc XR+ System (Bio-Rad Laboratories). Images were
quantified using Image Lab software (Bio-Rad); the ability of PDT to cross-link STAT3 was
expressed as the percentage conversion of monomeric STAT3 into oligomers.

Immunohistochemistry
Immunohistochemistry was performed as described [8]. Briefly, tumors harvested with
overlying and adjacent skin were immediately placed in Tris- buffered zinc fixative (0.1 M
Tris HCl buffer at pH 7.4 containing 3.2 mM calcium acetate, 22.8 mM zinc acetate and
36.7 mM zinc chloride), transferred to 70% ethanol, dehydrated and embedded in paraffin.
Sectioning and staining was carried out by the Roswell Park Cancer Institute Pathology
Resource using routine immunohistochemical methods [8]. Caspase 3 was detected with
rabbit IgG specific for caspase 3 (Cell Signaling Tech., Danvers, MA). Apoptosis was
detected using the Apoptag® Plus Peroxidase in situ Detection Kit (Chemicon International,
Inc. Temecula, CA), which labels single and double stranded DNA breaks by the TUNEL
(Terminal deoxynucleotidyl transferase-mediated d-UTP Nick End Labeling) method.
Positive staining cells appear as brown cells. Slides were counterstained with hematoxylin,
which results in the nuclei appearing blue.

Colony Forming Assays
Tumors were harvested at various times following PDT and single cell suspensions were
generated by digestion with pronase, DNase I, and collagenase [30]. Cell viability was
determined by trypan blue exclusion. Appropriate numbers of tumor cells were plated in
100-cm dishes in growth media. Dishes were incubated in the dark in a humidified
atmosphere of 5% CO2 for 7–9 days at which time the cultures were fixed, stained, and
macroscopic colonies were counted. Clonogenicity was determined by multiplying the
number of viable cells/g of tissue by the plating efficiency, which is determined by dividing
the number of colonies observed by the number of cells seeded in the assay.

Statistical Evaluation
All measured values are presented as means ± SEM (standard error of the mean). The one-
tailed Student’s t-test was used for comparison between groups in all experiments except for
tumor response determinations. For tumor response data analysis, hours-to-event, i.e., to 400
mm3 tumor volume, was calculated for each animal by linearly interpolating between the
times just before and after this volume was reached, using log (tumor volume) for the
calculations; both tumor volume and hours-to-event calculations were performed using
Excel™ (Microsoft, Redmond,WA). Tumor responses between groups were compared using
the Kaplan–Meier analysis [8].

RESULTS
IL-6 Does Not Control Inflammation Post-PDT

PDT induced inflammation is characterized by (i) infiltration of neutrophils into the treated
tumor bed and TDLN and (ii) increases in proinflammatory cytokine expression [7,8,19].
Blood, bone marrow, tumor, and TDLN were examined for the presence of neutrophils
following HPPH-PDT of Colo26 tumors grown in BALB/c or IL6−/− mice. Neutrophils
were characterized morphologically in the blood. Bone marrow, tumor, and TDLN
infiltrating neutrophils were defined by expression of CD45, CD11b, and Gr1 in the absence
of the macrophage marker F4/80. The number of neutrophils present in the blood
significantly increased within 4 hours of HPPH-PDT of Colo26 tumors in BALB/c mice and
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remained high up to 8 hours after treatment (P ≤ 0.001; Fig. 1A). In contrast there was no
significant change in the number of systemic neutrophils following PDT of IL6−/− tumor
bearing mice, suggesting that IL-6 plays a role in neutrophil release from the bone marrow.
This hypothesis was confirmed by examination of the bone marrow posttreatment.
Treatment of tumor bearing BALB/c mice led to a significant reduction in the number of
neutrophils present in the bone marrow at 4 and 8 hours post-PDT that was the inverse of the
increase in circulating neutrophils (P ≤ 0.01; Fig. 1B). With the exception of the 8-hour time
point, no significant reduction in neutrophil number was observed in the bone marrow of
IL6−/− tumor bearing mice following PDT. HPPH-PDT of Colo26 tumors resulted in
accumulation of neutrophils in the treated tumor and TDLN regardless of the strain of
mouse (Fig. 1C/D).

PDT treatment of Colo26 tumors in both BALB/c and IL6−/− mice resulted in significant
increases in expression of the proinflammatory cytokines, KC, and MIP-2 at all time points
examined (P ≤ 0.01; Fig. 2A/B). Treatment of tumors in BALB/c mice leads to a
characteristic increase in IL-6 and a small but significant increase in IL-6 expression IL6−/−

mice (Fig. 2C). The source of IL-6 in IL6−/− was likely the tumor cells themselves as there
is no corresponding increase in systemic levels of IL-6 (Fig. 2D) or expression of IL-6 in the
TDLN (data not shown).

IL-6 Inhibits PDT Enhancement of Immune Memory
We next investigated the effect of IL-6 on PDT enhancement of T-cell activation and
antitumor immunity. TDLNs were collected from Colo26 BALB/c and IL6−/− tumor bearing
mice treated with HPPH only or with HPPH-PDT at various time points posttreatment. The
number of activated CD8+ T cells per TDLN was determined by flow cytometric analysis;
activated CD8+ T cells were defined by expression of high levels of CD44 [6]. PDT of
Colo26 tumors in both strains of mice led to significantly increased numbers of activated
CD8+ T cells 1 day after treatment (Fig. 3A; P ≤ 0.01 as compared to 0 hour); although the
number of activated CD8+ T cells following PDT was significantly lower in IL6−/− mice
one day post-PDT as compared to that observed in BALB/c mice (P ≤ 0.01). However, by
day 2, the number of activated CD8+ T cells present in TDLN following PDT was
equivalent in BALB/c and IL6−/− mice. When T-cell activation was further defined by
coexpression of the early activation markers CD69 and CD25, similar results were observed
(data not shown).

To determine the effect of IL-6 on formation of immune memory, splenocytes were isolated
from BALB/c and IL6−/− mice whose Colo26 tumors had been eradicated by PDT and who
remained tumor free for at least 60 days. The splenocytes were depleted of myeloid cells by
adherence and transferred to naïve SCID mice. Recipient mice were challenged by i.v.
injection with live tumor cells. Lung tissue was isolated 18 days after challenge and
examined for the presence of lung tumors. Adoptive transfer of splenocytes isolated from
BALB/c or IL6−/− mice significantly inhibited lung tumor formation in the recipient mice
when compared to control mice (Fig. 3B; P ≤ 0.001). Additionally, significantly fewer lung
tumors were found in PDT treated and cured IL6−/− mice when compared to cured BALB/c
mice (P ≤ 0.05).

IL-6 Potentiates Tumor Resistance to PDT
IL-6 has been shown to either have no effect or enhance PDT efficacy [19,22,31]. In those
studies IL-6 was blocked using neutralizing antibodies or by administration of soluble
gp130, which inhibits IL-6 trans-signaling; thus the observed differences in the results could
be due to incomplete neutralization or inhibition. Therefore we tested tumor responses in
BALB/c and IL6−/− mice. To ensure that the observed results were not tumor specific, the
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effect of IL-6 on tumor response to PDT was tested in two different tumor models: Colo26,
a murine colon carcinoma (Fig. 4A) and 4T1 (Fig. 4B), a murine mammary carcinoma. In
each tumor model system, the tumor growth kinetics were marginally, but not significantly,
delayed in the absence of IL-6. The response of Colo26 tumors to HPPH-PDT has been
well-characterized [8]. The increase in immune memory observed in the absence of IL-6
suggested that PDT efficacy may increase in the absence of IL-6; therefore, Colo26 tumor
bearing mice were treated with HPPH-PDT at two suboptimal doses, 88 J/cm2 and 48 J/cm2.
Similarly, 4T1 tumor bearing mice were treated with a suboptimal dose of Porfimer sodium
(PII)-PDT (80 J/cm2), which allowed determination of whether the observed effects were
duplicated when another photosensitizer was used. The Colo26 tumor response to HPPH-
PDT significantly increased in the absence of IL-6 regardless of treatment dose (P ≤ 0.03).
The 4T1 tumor response also improved from 30% tumor-free mice to 77% in the absence of
IL-6 (P ≤ 0.02). Photosensitizer uptake was equivalent in tumors grown in BALB/c and
Il6−/− mice (Fig. 4C).

Bone marrow chimeras were generated to determine whether IL-6 expression in
hematopoietic or nonhematopoietic cells was required for increase tumor resistance to PDT.
Bone marrow from BALB/c (wt) or IL6−/− mice was adoptively transferred to lethally
irradiated recipient mice 9 weeks after reconstitution. Colo26 tumor bearing reconstituted
recipient mice were treated with HPPH-PDT and the tumor response was followed for 60
days. The Colo26 tumor response to HPPH-PDT was significantly lower in animals
expressing IL-6 in either the hematopoietic or nonhematopoietic cellular compartment (P ≤
0.003; Fig. 4C). Thus, it appears that IL-6 expression in the tumor microenvironment,
regardless of cellular source, is sufficient for increased tumor resistance to PDT.

It is possible that the increased PDT efficacy observed in IL6−/− mice is a result of
differences in the delivered PDT dose. PDT dose is correlated with the degree of STAT3
cross-linking present immediately after PDT [28,29]. The degree of STAT3 cross-linking
observed immediately following PDT of Colo26 tumors was similar regardless of the mouse
strain (Fig. 5A/B) suggesting that equivalent PDT dose was delivered to tumors grown in
both strains of mice.

IL-6 Enhances Tumor Survival
IL-6 has been shown to stimulate the expression of survival proteins and inhibit apoptosis
[32]; improved tumor response to PDT in the absence of IL-6 could be the result of
decreased tumor survival. The degree of direct cell death induced by PDT was determined
using colony formation assays. The colonogenicity of Colo26 and 4T1 tumor cells isolated
from tumors grown in BALB/c and IL6−/− mice immediately after PDT was not
significantly different (Fig. 6A). The tissue sections were isolated 3 hours after PDT and
then stained with ApoTag indicates that similar levels of apoptosis between tumors grown in
BALB/c and IL6KO mice (Fig. 6B). However, Colo26 tumor sections isolated 24 hours
post-PDT from IL6−/− mice appear to show a greater Caspase 3 expression when compared
to those isolated from BALB/c mice (Fig. 6C); similarly there was a decrease in surviving
cells present in the tumors isolated from IL6−/− mice 24 hours after PDT (Fig. 6D) The
increase in apoptosis was further confirmed by analysis of expression of the proapoptotic
protein Bax in Colo26 tumor cell lysates isolated from BALB/c or IL6−/− mice following
HPPH-PDT. Tumor lysates from IL6−/− mice have higher levels of Bax as compared to
tumor lysates isolated from BALB/c mice (Fig. 6E). These studies suggest that although
IL-6 does not contribute to direct tumor cell kill by PDT, it may contribute to long-term
tumor cell survival by inhibiting apoptosis.
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DISCUSSION
IL-6 is a pluripotent cytokine that has previously been shown to play a major role in T-cell
proliferation, survival, and function [15]. Clinical and preclinical studies have shown that
PDT of tumors can lead to local and systemic induction of IL-6 [8,16–20] and enhanced T-
cell mediated antitumor immunity [6,7,9,33]. In this study we examined the role of IL-6 in
PDT induced antitumor immunity. Our results demonstrate that IL-6 does not contribute to
primary antitumor T-cell activation but does appear to impair the generation of antitumor
immunity by PDT. Examination of effect of IL-6 on PDT efficacy showed that long-term
tumor growth control by PDT was significantly inhibited by IL-6 in two murine carcinoma
models, Colo26 colon carcinoma and 4T1 mammary carcinoma. The decreased efficacy
appears to be due, at least in part, to an IL-6 dependent inhibition in expression of the
proapoptotic protein, Bax.

Although the failure to demonstrate a role for IL-6 in PDT activation of primary T cells and
generation of antitumor immunity is somewhat surprising, it is not unprecedented. PDT
induced antitumor immunity is largely mediated by CD8+ T cells [5,7,13] and can be
generated in the absence of CD4+ T cell help [13]. A recent study by Longhi et al. [34]
showed that primary and memory CD8+ T-cell response to influenza are unimpaired in
IL6−/− mice. Similarly, Kopf et al. [24] reported that CD4+ independent CD8+ T-cell
responses were identical in wild type and IL6−/− mice. Furthermore, CD8+ T-cell activation
following PDT is dependent upon neutrophil mobilization into the treated tumor and/or
TDLN [6], which was not impaired in the absence of IL-6.

IL-6 mediates its activity through interaction with a heterotrimeric membrane-associated
receptor [35]. The IL-6 receptor (IL-6R) complex is made of a ligand binding subunit
(IL-6Rα/gp80) and two signaling subunits (IL-6Rβ/gp130). IL-6Rα exists in both
membrane and soluble forms; the soluble form, referred to as sIL-6R, binds to IL-6 and
promotes interaction with gp130 and subsequent signal transduction. This signaling
mechanism is referred to as “trans-signaling”. IL-6 classical signaling and trans-signaling
pathways lead to activation of multiple intracellular signaling pathways, including the signal
transducer and activator of transcription (STAT)-3, MAP kinase, and phosphoinositol 3
kinase (PI3K) pathways. Previous studies have shown that IL-6/STAT3 promote the
expression of numerous prosurvival and antiapoptotic proteins [32]. Over-expression of IL-6
in human basal cell carcinoma cell lines has also been shown to increase expression of the
antiapoptotic protein Mcl-1 and increase resistance to PDT [36]. However, Usuda et al. [37]
showed that Lewis lung carcinoma cells over-expressing IL-6 exhibited increased sensitivity
to PDT that may have been due to increased expression of the proapoptotic Bax protein. In
the current study we observed that PDT did not lead to a loss of Bax expression in the
absence of IL-6, which may have lead to the increase PDT efficacy observed in this study.
This may indicate a tumor specific response to PDT; however it is important to note that our
studies examined the response to PDT induced IL-6 expression in vivo as opposed to the
response of PDT treated genetic engineered cell lines in vitro.

Most striking was the finding that IL-6 significantly inhibited PDT efficacy in treatment of
both Colo26 and 4T1 tumors. Previous studies in our laboratory failed to demonstrate a role
for IL-6 in the response of EMT6 murine mammary tumors to HPPH-PDT [19]. Similarly,
Sun et al.[21] did not observe changes in the response of SCCVII tumors to mTHPC-based
PDT when IL-6 was blocked by administration of neutralizing antibodies. In both our
previous studies and those of Sun et al., IL-6 neutralizing antibodies were administered short
term, either immediately before PDT or immediately before and 24 hours post PDT. Tumor
response was then followed for at least 60 days. It is possible that the discrepancy between
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our current study and the previous studies is due to incomplete blocking of PDT-induced
IL-6 or the short duration of blocking. In the current study, IL-6 was permanently blocked.

The differences in findings may also indicate that the effect of IL-6 on long-term tumor
growth control by PDT may be tumor specific. However, Wei et al. [22] showed that the
Colo26 response to HPPH-PDT was inhibited by sgp130, which blocks IL-6 trans-signaling,
and enhanced by hyper IL-6, which enhances IL-6 trans-signaling. Ours is the first study to
examine the role of IL-6 in tumor response to PDT using IL6−/− mice, which lack both
classical and trans-signaling IL-6 pathways. The difference in results between our study and
those of Wei et al. [22] could be due to differences in the role of IL-6 classical and trans-
signaling in the tumor response to PDT. In studies examining the role of IL-6 in sepsis,
inhibition of IL-6 trans-signaling rescued mice more effectively than global IL-6 blockade
[38,39]. This was thought to be due to the fact that in the absence of classical IL-6 signaling,
as would occur in mice IL-6, epithelial cells were less likely to proliferate and regenerate. A
similar scenario could be occurring in the tumor response to PDT such that in total loss of
IL-6, as occurs in IL6−/− mice, IL-6 protection of tumor cells would be lost, leading to
increased PDT efficacy.

PDT efficacy and ability to induce inflammation is strongly influenced by treatment
parameters, such as fluence rate. Henderson et al. [40] showed that high fluence, given at
low fluence rate, induced minimal inflammation and low expression of IL-6, but was highly
effective. In contrast treatments of lower fluence, also given at low fluence rates, induced
maximal inflammation and high levels of IL-6, but suboptimal cure rates. Given these
findings it is likely that tumor cure rates following optimal PDT regimens will not be
enhanced by depletion of IL-6; and that the low levels of IL-6 induced by these treatment
regimes will not affect antitumor immunity.

PDT efficacy following suboptimal, inflammation inducing PDT was dependent upon
neutrophils infiltration into secondary tissues, including the tumor [8]. In both the current
study and our previous study [19], we show that neutrophil migration into secondary tissue
is independent of IL-6. These findings suggest that the effect of IL-6 on the efficacy of
suboptimal, inflammation inducing IL-6 not mediated by an effect on neutrophil migration.

In this study we employed two photosensitizers, HPPH, and Porfimer sodium, both of which
work largely by targeting tumor cells [41]. A recent study by Preise et al. [42] demonstrated
that vascular-targeted PDT induced strong inflammation and systemic antitumor immunity.
Vascular-targeted PDT also induced a substantial humoral immune response that was
effective at controlling tumor growth when transferred to naïve mice. Although the authors
did not specifically examine the ability of vascular-targeted PDT to induce IL-6, the
presence of activated neutrophils in the treated tumor bed, suggests that this treatment
induces inflammation and will result in enhanced IL-6 production. IL-6 plays a critical role
in B-cell differentiation and activation [43] and it is unclear what role IL-6 has in the
efficacy of vascular-targeted PDT.

The development of PDT regimens that enhance antitumor immunity and potentially combat
disease present outside the treatment field has led to proposals for the use of PDT as an
adjuvant treatment in treatment of metastases. However, our results show that the potential
for PDT induced expression of IL-6 to promote tumor cell proliferation and survival must be
taken into account.
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Fig. 1.
IL-6 affects the release of neutrophils from the bone marrow post-PDT, but not neutrophil
accumulation in tumor tissue or TDLN. Colo26 tumor bearing BALB/c or Il6−/− mice were
treated with HPPH-PDT (88 J/cm2). A: Peripheral blood smears were stained with Wright–
Giemsa stain and the number of segmented, mature neutrophils/ml was determined
microscopically. Results are presented as the # of neutrophils/ml of blood ± SEM; each
group contains a minimum of five mice. * indicate values that are significantly different
from the value at 0 hour post-PDT; P ≤ 0.001. B–D: The number of neutrophils present in
the (B) bone marrow, (C) tumor, and (D) TDLN was determined by flow cytometric
analysis. Neutrophils were identified as cells expressing CD11b, high levels (MFI ≥ 103) of
Gr1 and no F4/80. Results are presented as the average number of neutrophils/tissue ± SEM;
each group contains a minimum of six mice. * indicate values that are significantly different
from the value at 0 hour post-PDT; P ≤ 0.01. Lines above indicate that all values are
significantly different than the 0 hour time point.
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Fig. 2.
IL-6 does not affect the expression of proinflammatory cytokines, MIP2, and KC following
PDT. Colo26 tumor bearing BALB/c or IL6−/− mice were treated with HPPH-PDT (88 J/
cm2). A–C: Tumor tissue was collected at various times post PDT and cytokine specific
ELISAs were performed. Results are presented as pg/μg of total protein ± SEM. Each group
contains a minimum of six mice. Lines above indicate that all values are significantly
different than the 0 hour time point. * indicate values that are significantly different from the
value at 0 hour post-PDT; P ≤ 0.02. D: Blood was collected at various times post-PDT and
analyzed by ELISA for the presence of IL-6. Results are presented as pg/ml ± SEM; each
group contains a minimum of six mice. * indicate values that are significantly different from
the value at 0 hour post-PDT; P ≤ 0.001.
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Fig. 3.
IL-6 inhibits PDT enhancement of immune memory. Colo26 tumor bearing BALB/c or
IL6−/− mice were treated with HPPH-PDT (88 J/cm2). A: Twenty four hours later TDLN
were harvested, single cell suspensions generated and the phenotype of CD8+ T cells was
determined. The absolute number of CD8+CD44Hi cells/TDLN ±SEM is shown; groups
contained a minimum of six mice each. Lines above indicate that all values are significantly
different than the 0 hour time point. The asterisk indicates an IL6−/− value that is
significantly different from that observed in BALB/c mice at that time point; P ≤ 0.01. B:
SCID mice were reconstituted with 15 × 106 adherent depleted splenocytes isolated from
cured mice 60 days after treatment. Recipient mice were challenged with 105 Colo26 cells
i.v.; 18 days later lungs were harvested and weighed. Control mice did not receive
splenocytes. Groups contained a minimum of five mice each; results are expressed as the
average number of lung tumors/mouse ± SEM. Lines above indicate that all values are
significantly different than the Control. # indicates a value significantly lower than the
number of lung tumors present in recipient mice receiving splenocytes from PDT treated
BALB/c mice; P ≤ 0.05.
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Fig. 4.
IL-6 inhibits PDT efficacy. A: Colo26 tumor bearing BALB/c (closed symbols) or IL6−/−

(open symbols) mice were treated with HPPH alone (circles) or HPPH-PDT at either 48 J/
cm2 (squares) or 88 J/cm2 (diamonds). Tumor regrowth was followed until the tumors
reached 400 mm3 or for 60 days. Results are reported as the percentage of tumor free mice.
Each group contains a minimum of eight mice. B: 4T1 tumor bearing BALB/c (closed
symbols) or IL6−/− (open symbols) mice were treated with Photofrin (PII) alone (circles) or
PII-PDT at 88 J/cm2. Tumor regrowth was followed until the tumors reached 400 mm3 or
for 60 days. Results are reported as the percentage of tumor free mice. Each group contains
a minimum of eight mice. C: Colo 26 (grey bars) or 4T1 (open bars) tumor bearing BALB/c
or IL-6−/− mice were injected with HPPH (Colo 26) or PII (4T1); 24 hours postinjection,
tumors were harvested and photosensitizer uptake was determined as described in Material
and Methods section. Results are presented as the average photosensitizer concentration/mg
of tumor ± SEM; six tumors were examined for each tumor in each strain. D: Colo 26 tumor
bearing bone marrow chimeric mice were treated with HPPH alone (light symbols) or
HPPH-PDT at 88 J/cm2 (dark symbols). Tumor regrowth was followed until the tumors
reached 400 mm3 or for 60 days. Results are reported as the percentage of tumor free mice.
Each group contains a minimum of eight mice.
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Fig. 5.
PDT dose determination. A: Colo26 tumor bearing BALB/c or IL6−/− mice were treated
with HPPH alone or HPPH-PDT at 88 J/cm2 (diamonds). Tumors were collected
immediately posttreatment and analyzed for the presence of STAT3 crosslinks. A
representative gel image is shown. B: The degree of cross-linking was determined. Results
are presented as the average percentage of conversion of STAT3 monomer to oligomer ±
SEM. Two experiments were performed; total of four tumors were analyzed in each strain.
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Fig. 6.
IL-6 enhances tumor survival. A: Colo26 and 4T1 tumor bearing BALB/c and IL6−/− mice
were treated with HPPH-PDT (88 J/cm2) or PII-PDT (88 J/cm2), respectively. Immediately
following treatment tumors were collected and colony forming assays were performed.
Results are presented as surviving cell number ± SEM; each bar represents a minimum of
five tumors. Each tumor was tested in duplicate. B–D: Colo26 tumor bearing BALB/c and
IL6−/− mice were treated with HPPH-PDT (88 J/cm2). B: 3 hours after treatment, tumors
were harvested and analyzed for apoptosis using ApoTag. Representative pictures from each
of three tumors are shown. Brown staining indicates the presence of TUNEL+ (apoptotic)
cells and the blue counterstain is hematoxalin which stains cell nuclei. C and D: 24 hours
after treatment, tumors were harvested and analyzed for (C) apoptosis using a caspase 3
specific antibody or (D) a colony forming assay was performed. Representative pictures
from each of three tumors are shown. In (C), brown staining represents the presence of
caspase 3+ cells. E: Tumors were collected at the indicated time points and analyzed by
Western for expression of Bax. The average relative expression present ± SEM in four
tumors is shown. * indicates a significant difference from both the 0 hour time point and the
8 hours IL6−/− value; P ≤ 0.02.
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