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ARTICLES

Mechanism of Tumor Destruction Following

Photodynamic Therapy With Hematoporphyrin

Derivative, Chlorin, and Phthalocyanine

J. Stuart Nelson, * Uh-Huei Liaw, Arie Orenstein,
W. Gregory Roberts, Michael W. Berns

The effect of photodynamic therapy on the tumor microvas-

culature in the first few hours after treatment was studied, at

the light and electron microscopy levels. BALB/c mice with

EMT-6 tumor received ip injections of hematoporphyrin

derivative, chlorin, or phthalocyanine, and 24 hours later,

the tumors were treated with light at 100 J/cm2 at the ap-

propriate therapeutic wavelength for each photosensltizer.

Animals were killed and their tumors removed at time 0, 30

minutes, 1 hour, and 2, 4, 6, 8, 12, 16, and 24 hours after

treatment The results indicate that for all three sensitizers

the effects of photodynamic therapy leading to rapid necro-

sis of tumor tissue are not the result of direct tumor cell

kill but are secondary to destruction of the tumor microvas-

culature. The first observable signs of destruction occur in

the subendothelial zone of the tumor capillary wall. This'

zone, composed of dense collagen fibers and other connec-

tive tissue elements, is destroyed in the first few hours af-

ter phototherapy. However, the ultrastructural changes seen

in this zone are different for the hematoporphyrin deriva-

tive, compared with chlorin and phthalocyanine. Binding of

photosensitizers to the elements in this zone as well as al-

tered permeability and transport through the endothelial

cell layer because of the increased intraluminal pressure

may be key features of tumor destruction. [J Natl Cancer

Inst 1988;80:1599-1605]

During the past several years, many photosensitizing por-
phyrins have been shown to be retained selectively in rapidly
growing, solid tumors in humans and other mammals (7).
The action of these photosensitizers is to absorb photons of
the appropriate wavelength sufficient to elevate the sensitizer
to an excited state. The excited photosensitizer subsequently
reacts with a molecular substrate, such as oxygen, to pro-
duce singlet oxygen, which causes irreversible oxidation of
some essential cellular component (2). Uncertainty arises as

to the exact cellular targets of these excited intermediates,
although damage to the cell membrane (3), mitochondria
(4), lysosomes (5), and the nuclear material (6) have been
reported.

Shortly after treatment, the tumor becomes necrotic (usu-
ally within 24 hr), and when effectively treated, the tumor
becomes a nonpalpable scab that is usually sloughed within
a few days. A wide variety of tumors with varying histologic
types have been treated with photodynamic therapy (PDT)
including cancers of the skin (7), female genital tract (8),
esophagus (9), lung (70), bladder (77), eye (72), and breast
(75), and head and neck squamous cell carcinomas {14).
Treatment parameters have been refined such that therapy
can be undertaken with a reasonable expectation of good re-
sults in both animal and human trials. Although PDT can
be used to eradicate relatively large tumors, it appears es-
pecially advantageous to the patient with superficial early
disease or early recurrence, hi addition, previous surgery, ra-
diation therapy, or chemotherapy does not preclude the use
of PDT, and many of the clinical studies reported to date
have been on patients who have not benefited from some or
all other forms of therapy.
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Despite these positive attributes, some of the fundamen-
tal mechanisms involved in this unique application of pho-
tochemotherapy remain incompletely understood. For exam-
ple, it is still not known whether tumor destruction is a result
of actual PDT phototoxic effects on the proliferating tumor
cell or, as has been recently suggested, the result of damage
produced to some other tumor elements, such as the mi-
crovasculature (15). Apparent internal hemorrhage and red
cell extravasation are common findings after PDT, not only
in most experimental animal tumors but in tumors in patients
as well. With this in mind, our objective in this study was to
examine the ultrastructural effects of several photosensitiz-
ers on the tumor microvasculature during the first few hours
after phototherapy. We hope that this type of study will help
elucidate the complex role of the tumor vasculature in PDT
as well as provide a basic understanding of the mechanism
of phototoxicity of potential new photosensitizers.

Materials and Methods

Animal and Tumor System

The EMT-6 experimental mammary tumor arising in the
flanks of BALB/c mice was used. All mice were 6-8 weeks
old and weighed between 30 and 35 g at the time of treat-
ment When the tumors attained a size of 1-2 cm in di-
ameter, they were excised and minced with fine scissors in
phosphate-buffered saline (PBS). This resulting suspension of
tumor cells was filtered through sterile gauze, washed twice
in PBS, and then resuspended in RPMI media (GIBCO,
Grand Island, NY) at a concentration of 5 X 10

5 viable
cells/mL. Viability of the cells was assessed by their abil-
ity to resist lysis and exclude Trypan Blue dye (GIBCO). We
initiated the tumors by injecting 0.1 mL of fresh tumor in-
oculum into the right flank of mice. The mouse tumors were
generally palpable at 5 days and reached a size of 5-7 mm
by 10-14 days at which time we started the treatment At
this size, the small tumors were homogeneously white, with
spontaneous rumor necrosis minimal or absent

Photosensitizers

For all photosensitizers, a drug dose was chosen that would
ensure complete tumor kill in all animals tested.

Photofrin II [(DHE); Photomedica, Inc., Raritan, NJ] was
obtained as an aqueous solution at a concentration of 2.5
mg/mL and stored in the dark at —70 °C until used. For
in vivo experiments, DHE was diluted 1:4 with 0.9% NaCl
solution and injected ip in doses equal to 10 mg/kg body
weight (16).

Mono-L-aspartyl chlorin e6 (MACE) was received as a
dark green powder, reconstituted in Dulbecco's PBS to a final
concentration of 2.5 mg/mL, and stored in the dark at —70
°C until used (77). Prior to injection, MACE was diluted 1:4
with 0.9% saline solution and injected ip in doses equal to
10 mg/kg body weight (18).

Chloroaluminum sulfonated phthalocyanine [(CASPc);
Ciba-Geigy Corp., Basel, Switzerland] was provided as a
300-mg/mL sample in water. It was diluted in Dulbecco's
PBS to a final concentration of 2.5 mg/mL and stored in the

dark at —70 °C until used. Prior to injection, CASPc was di-
luted 1:4 with 0.9% saline solution and then given ip in doses
equal to 1 mg/kg body weight.

Experimental Procedure

When the tumors reached the appropriate size of 5-7 mm,
the animals were shaved in the tumor area and given ip injec-
tions of the photosensitizer, the remainder of the experiment
was done in the dark, including housing of the animals. Con-
trol tumor-bearing animals received light without photosen-
sitizer and photosensitizer without light Twenty-four hours
after the injections, the animals were treated with a laser
light delivery system. The mice were anesthetized with ke-
tamine hydrochloride (Parke-Davis, Morris Plains, NJ) and
covered with a metal shield with a circular hole expos-
ing the tumor. Animals were killed with Halothane (Halo-
carbon Laboratories, Inc., Hackensack, NJ) at time 0, 30
minutes, 1 hour, and 2, 4, 6, 8, 12, 16, and 24 hours af-
ter exposure to the laser light. Tissue was excised immedi-
ately and placed in Karnovsky's fixative (2% paraformalde-
hyde; 3% glutaraldehyde), refrigerated overnight at 4 °C,
and subsequently transferred to 0.1 M cacodylate buffer un-
til electron microscopy embedding was performed. The tis-
sue was postfixed in 1% osmium tetroxide in 0.1 M ca-
codylate buffer for 1 hour at room temperature (18 °C -
20 °C). Tissue was then rinsed with double distilled water
and stained en bloc for 2 hours in Kellenberger's uranylac-
etate. Dehydration was done with progressive ethanol-water
in 10-minute steps (30%, 50%, 70%, 90%, 100%, 100%)
and progressive ethanol-propyleneoxide also in 10-minute
steps. Infiltration was started with propyleneoxide-Epon 812
substitute [Poly/Bed 812 Embedding Media (Polysciences
Inc., Warrington, PA)] in steps of 30 minutes each (30%,
50%), overnight (70%), and 60 minutes (100%). The mold
was embedded, placed at 37 °C overnight, and then at 60 °C
in a vacuum oven for 48 hours. The blocks were trimmed,
sectioned (500 nm), and stained for light microscopy with
Richardson's stain. The thin-sectioned (60 nm) blocks were
subsequently examined with a Jeol 100C electron micro-
scope at 80 kV.

Laser Light Delivery System

Laser irradiations were performed with a 770DL argon
pumped dye laser system (Cooper Lasersonics, Santa Clara,
CA) and DCM Premixed Laser Dye (Cooper Lasersonics)
with a tuning range of 610-690 nm. The dye laser was tuned
to emit radiation at 630 nm for DHE, 664 nm for MACE,
and 675 nm for CASPc. We verified the wavelength to ±
1 nm by using a #5/354 UV monochromator (Jobin Yvon,
Longjuneau, France). The radiation was then transferred with
a Model 316 fiber optic coupler into a 400- nm fused, silica
fiber optic (Spectra-Physics, Mountain View, CA). We ter-
minated the output end of the fiber with a microlens that
focused the laser radiation into a circular field of uniform
light intensity. The laser irradiation that emanated from the
fiber was monitored with a Coherent Model 210 power me-
ter before, during, and after treatment.

Mice were then placed underneath an aperture that con-
trolled the area of light illumination on the tumor site; the
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area of illumination was 1 cm
2. Total laser energy density,

100 J/cm
2, had a power density of 100 mW/cm

2.

Results

Light Microscopy

Control (either light or drug alone) slides showed the usual
tumor architecture with multiple mitotic figures and eas-
ily discernible vessels. At 30 minutes after PDT, no sig-
nificant structural changes were noted from the control. At
1 hour afterward, the first structural change observed with
all photosensitizers tested was the increased diameter of the
tumor capillary lumen compared with controls. Of particu-
lar interest was the large diameter (swelling) of the erythro-
cytes in the swollen vessels. This conclusion was based on
the histopathologic examination of all sections and tumors
and was not attributable to the way a particular section was
cut. At 2 hours, the capillaries were further engorged, and,
over time, the capillary wall broke down with extravasa-
tion of erythrocytes into the surrounding perivascular tumor
stroma with the tumor ultimately becoming completely hem-
orrhagic. This observation was made for all photosensitizers
tested (fig. 1).

Electron Microscopy

Control ultrathin sections showed normal tumor microvas-
culature with the subendothelial zone densely packed with
large amounts of collagen, elastic and reticular fibers, and
background connective tissue elements, especially proteogly-
cans (fig. 2). Generally, the lumen of each tumor capillary
was surrounded by three to four endothelial cells in junctional
contact with each other. The tumor cells in the surrounding
perivascular tumor stroma appeared structurally intact with
large numbers of mitochondria, endoplasmic reticulum, and
ribosomes. At 30 minutes after completion of PDT, there
were no significant structural changes from controls noted
in the microvasculature or the tumor cells.

Figure 1. Photomicrograph of EMT-6 tumor removed 4 hr after treatment
with photosensitizer and light at total dose of 100 J/cm1. Note evidence of
extravasation of erythrocytes into the surrounding perivascular tumor stroma
(arrows). Originally: X700.

Figure 2. Photomicrographs of control tumor (no photosensitizer, no light)
showing normal tumor microvasculature (A) with the subendothelial zone
(arrows) densely packed with large amounts of collagen, elastic and retic-
ular fibers, and background connective tissue elements (B). Originally: A,
X6.000; B, X28.1OO.

One hour after completion of PDT with MACE (fig. 3)
and CASPc (fig. 4), injury to the subendothelial zone of
the capillary wall was characterized by considerable edema
and fragmentation of the collagen and fiber elements. The
endothelial cells lining the capillary wall appeared elongated
and flat compared with our controls with smooth luminal and
abluminal surfaces but were otherwise structurally normal.
The nuclei had the typical chromatin condensation along the
nuclear envelope, normal rough endoplasmic reticulum, and
membrane-bound lysosomes were evident in the cytoplasm.
Erythrocyte swelling described above was also seen. By 2
hours post PDT, the background substance was essentially
absent, and only a few fragmented collagen fibers remained
in the subendothelial zone in the MACE- and CASPc-treated
tumors (fig. 5).

One hour after completion of PDT with DHE, some of the
ultrastructural changes in the subendothelial zone were strik-
ingly different from those observed in tumors treated with
MACE or CASPc. At 1 hour post PDT, the subendothe-
lial zone was more darkly stained, and individual collagen
fibers were no longer clearly distinguished (fig. 6). However,
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B

Figure 3. Photomicrographs of tumor removed 1 hr after treatment with
MACE and light Note in the subendothelial zone (arrows) the formation of
considerable edema (A) and fragmentation of the collagen and other fiber
elements (B). Originally: A, X9.000; B, X26.600.

as with the MACE- and CASPc-treated tumors, the vessels
were swollen, erythrocytes were enlarged, and considerable
edema was observed in the subendothelial zone. At 2 hours
after treatment, the background substance in the subendothe-
lial zone was essentially destroyed and replaced by edema,
but numerous clusters still contained large amounts of fibers
and fibrin that appeared to have coalesced. Furthermore, de-
lineation of the characteristic periodicity and banding pattern
of collagen fibers was difficult (fig. 7).

Beyond 2 hours posttreatment, the subendothelial zone
was completely disrupted, although there was still some ev-
idence of fibrin. Erythrocytes and plasma proteins were ex-
travasated into the subendothelial zone and subsequently into
the region of the tumor cells immediately adjacent to the mi-
crovasculature with the three photosensitizers tested (fig. 8).
Tumor cells closer to the hemorrhage showed more signs
of cell membrane damage and lysis. However, tumor cells
distant from the microvasculature in the center of the tu-
mor appeared to have their cell membranes structurally in-
tact even 4 hours after PDT. In those cells, dispersion of the
heterochromatin around the nuclear envelope was apparent
as well as some increase in the number of cytoplasmic vac-
uoles (fig. 9). Beyond 4 hours, the amount of hemorrhage

increased with the entire tumor ultimately becoming a sea
of erythrocytes and amorphous granular debris.

Discussion

Although most investigators to date have focused their re-
search on understanding the biochemistry, biophysics, and
molecular biology of PDT on cancer cells in vitro, less at-
tention has been paid to the in vivo tumor environment where
the photochemistry leading to tumor necrosis occurs. How-
ever, it is apparent that the exact mechanism of PDT pho-
totoxicity in vivo will have to be explained by the anatomy,
physiology, and biochemistry of the whole tumor rather than
on the basis of some special characteristic of malignant tu-
mor cells. Once a molecule used for cancer detection or treat-
ment is injected into the bloodstream, it must first be dis-
tributed throughout the vascular space. Because no molecule
can reach tumor cells from the blood without passing through
the microvascular wall, it seems reasonable that investigators
should attempt to learn more about the role that this com-
partment plays in PDT.

Some progress has been made recently in our understand-
ing how the microvasculature may be involved in the events
leading to tumor necrosis. Several investigators (19,20) have

Figure 4. Photomicrographs of tumor removed 1 hr after treatment with
CASPc and light Note in the subendothelial zone (arrows) the formation of
considerable edema (A) and fragmentation of the collagen and other fibers
(B). Originally: A, XI 5,000; B, X26.600.

1602 Journal of the National Cancer Institute
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Figure 5. Photomicrograph of tumor removed 2 hr after treatment with
MACE and light Background substance was essentially absent and only
a few fragmented collagen fibers remained in the subendothelial zone (ar-
rows). Originally: X24.400.

Figure 7. Photomicrograph of tumor removed 2 hr after treatment with
DHE and light Background substance in the subendothelial zone was es-
sentially destroyed and replaced by edema, but note the presence of numer-
ous clusters of fibers and fibrin that appeared to have coalesced (arrows).
Furthermore, delineation of characteristic periodicity and banding pattern
of collagen fibers was difficult Originally: XI 5,000.

shown that within a few minutes of light exposure, the sig-
nificant decrease in the rate of blood flow through rumors
is followed shortly thereafter by complete cessation. In ad-
dition, researchers in another study, using tumor cell cloni-
genicity following PDT to assess in vitro colony formation,
found that it was unaffected by PDT if the tumor tissue was
excised and explanted immediately. If, however, tumor cells
were left in situ following PDT for varying periods, tumor
cell death occurred rapidly and progressively as assayed by
clonigenicity (27). Taken together, all these experiments sug-
gest that the vascular compartment represents an important
target for PDT and that more detailed studies should be un-
dertaken.

Our objective in this study was to determine the ultrastruc-
tural changes seen in the tumor microvasculature in vivo in
the first few hours after PDT. Clearly, many physiologic pa-

rameters of blood vessels, such as blood flow, pH, oxygen
tension, temperature, and serum content, will be important.
However, our study demonstrates that the first observable
signs of destruction occur in the subendothelial zone of the
tumor capillary wall. Blood vessels contain endothelial cells
that are surrounded by a basement membrane, which may
be damaged or missing in tumors (22). Adjacent to this is
a subendothelial or interstitial compartment bounded by the
basement membrane on one side and by the membranes of
tumor cells on the other. Similar to normal blood vessels,
the subendothelial zone of tumor vessels is composed pre-
dominantly of a dense collagen, elastic, and reticular fiber
network. Interspersed within this cross-linked structure are
the macromolecular polysaccharide constituents (proteogly-
cans and hyaluronate) that form a gellike background sub-
stance (23). This zone, which maintains the structural in-

Figure 6. Photomicrograph of tumor removed 1 hr after treatment with
OHE and light Note the presence of large numbers of dense dark staining
clumps of fibers in the subendothelial zone (arrows). Individual collagen
fibers were no longer clearly distinguished. Originally. X28.900.

Figure 8. Photomicrograph of tumor removed 2 hr after treatment with
CASPc and light Subendothelial zone (arrows) was completely disrupted,
although there was still some evidence of fibrin, with extravasation of red
blood cells (rbc) into this area. Tumor cells (t) closer to this hemorrhage
showed more signs of cell membrane damage. Originally: X9.60O.

Vol. 80, No. 20, December 21, 1988 ARTICLES 1603
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Figure 9. Photomicrographs of control tumor (A) and tumor removed 4 hr
after treatment with MACE and light (B). Treated tumor cells distant from
the microvasculature in the center of the tumor have their cell membranes
structurally intact Some dispersion of the hematochromatin can be seen
around the nuclear envelope as well as some increase in the number of
cytoplasmic vacuoles (B). Originally: A, X3.600; B, X6.000.

tegrity of the tumor capillary wall, was destroyed within the
first 2 hours after phototherapy with all three photosensitizers
tested. We did note many normal appearing endothelial cells
in areas where there was significant damage to the fibers
in the subendothelial zone. The normal ultrastructure of the
endothelial cells was surprising because these cells were sus-
pected of being primary target sites of the dye-sensitized
photodynamic reaction. However, the fact that no structural
alteration of the endothelial cells was observed does not
mean that their membrane permeability or junctional con-
tacts were unaffected. In fact, their unusually flattened and
elongated appearance as soon as 1 hour after PDT (undoubt-
edly caused by swollen erythrocytes) could have resulted in
membrane stretching and altered junctional contacts. This
phase was followed shortly by edema in the subendothelial
zone and, ultimately, diffuse hemorrhage into the surround-
ing perivascular stroma. Initially, tumor cells located away
from the microvasculature appeared structurally intact after
PDT. Over time, all tumor cells were ultimately destroyed
as a consequence of hemorrhage, activation of intravascu-
lar component such as complement, or hypoxia secondary to
vascular collapse.

Why is the subendothelial zone of the tumor microvascu-
lature so important to successful PDT? Part of the answer

, may come from in vitro and in vivo studies that have shown
that a stabilized polysaccharide network (proteoglycans and
hyaluronate) enmeshed in collagen fibers offers considerable
resistance to interstitial transport (24,25). Although the insol-
uble, collagen fibrous proteins impart structural integrity to
a tissue, the polysaccharides are thought to govern the mass
transfer characteristics of the tissue due to their high-charge
density. The biologic and physicochemical properties of this
zone combined may retard the movement of photosensitizing
compounds from the vascular space into the tumor cells. That
the tumor collagen is produced by the host and its synthesis is
governed by the tumor cells are particularly noteworthy (26).
If tumor growth depends on collagen production to the ex-
tent that it depends on neovascularization, this characteristic
of tumors may be exploited in arresting such growth. Tu-
mor collagen fibers also resemble the types of fibers seen in
embryonic tissue and in wounds during healing. That these
fibers, recently made in the neovascularization of tumors,
would not be as highly cross-linked as those found in more
mature tissues is to be expected. Furthermore, one study (27)
has shown that newly formed collagen and perhaps elastin
and fibrin as well have a substantially greater binding ca-
pacity for porphyrins than does mature collagen and may
constitute potentially important binding sites for porphyrin
localization and retention.

The reason for the different ultrastructural changes seen
with DHE as opposed to MACE and CASPc is less clear,
but some possible explanations are proposed. Due to the in-
ternal structure of collagen (a cylindrical molecule composed
of three chains coiled in a ropelike fashion to form a triple
helix), fibers will have space within them that is probably
accessible to small molecules and ions. DHE is highly hy-
drophobic and tends to aggregate into large molecules of
200-300 components. MACE and CASPc are hydrophilic,
smaller molecules that may be able, on the basis of size, to
become intercalated inside the coiled collagen helix. Such
action could lead to the breakdown and fragmentation of
the collagen fibers from the inside as we saw in this exper-
iment. DHE may be confined to the outside of the collagen
fiber leading to the coalescence of large clumps of colla-
gen fibers seen on examination with electron microscopy.
Additionally, collagen contains three specific amino acids
(glycine, hydroxylysine, and hydroxyproline) that may inter-
act with the available carboxy groups on MACE and the
sulfonated groups on CASPc. These biologic and physico-
chemical characteristics could explain the ultrastructural dif-
ferences observed for the different photosensitizers. Further
research in this area is needed.

In conclusion, the present study suggests that the effects
of PDT leading to rapid tumor necrosis with DHE, MACE,
and CASPc are not the result of direct tumor cell kill but
are secondary to destruction of the collagen fibers and other
connective tissue elements located in the subendothelial zone
of the tumor capillary wall. Binding of photosensitizers to
the elements in this zone as well as altered permeability and
transport through the endothelial cell layer resulting from
erythrocyte swelling and increased intraluminal pressure may

1604 Journal of the National Cancer Institute
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be key features of the dye-sensitized, photodynamic reaction
leading to tumor destruction.
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Efficacy of Antibodies to Epidermal Growth
Factor Receptor Against KB Carcinoma In
Vitro and in Nude Mice

Esther Aboud-Pirak, Esther Hurwitz, Michael E Pirak,
Francoise Bellot, Joseph Schlessinger, Michael Sela*

Iodine-125-labeled monoclonal antibody 108.4 (108.4 mAb),

raised against the extracellular domain of the epidermal

growth factor (EGF) receptor, was shown to visualize sc

xenografts of human oral epidermoid carcinoma (KB) cells

in nude mice. In vitro, although EGF caused an increase in

the number of KB cell colonies (150% at a concentration of

160 mM), the anti-EGF receptor antibodies reduced clone

formation. At a concentration at which EGF caused a 50%

increase in colony number, the addition of a 100-fold molar

excess of 108.4 mAb resulted in a decrease in the number

of cell colonies to 20% of the original value. Therefore,

the effect of the antibody on the KB tumor was studied

in vivo in three different modes of tumor transplantation.

Antitumor activity was demonstrated first by retardation

(versus controls) of the growth of tumor cells as sc xenografts

(P > .017), then by prolongation of the life span of animals

with the ip form of the tumor (P < .001), and finally on an

experimental lung metastasis by a reduction in the number

and size of tumors (P < .05). When the anti-EGF receptor

antibodies were added together with cisplatin, the antitumor
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