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Effects of photodynamic therapy on leucocyte—endothelium interaction:
differences between normal and tumour tissue
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Summary An inflammatory reaction is regularly noticed in irradiated tissues following photodynamic therapy
(PDT). This observation is potentially associated with leucocyte-mediated tissue damage. which might further
contribute to the tumoricidal effect of this therapy. The objective of our study was to investigate the effects of
PDT on leucocyte—endothelium interaction in the microvasculature of tumours and normal tissue.
Experiments were performed in the dorsal skinfold chamber preparation of Syrian golden hamsters bearing
amelanotic melanoma A-Mel-3. The photosensitiser Photofrin (5mgkg~' i.v.) was injected 24 h before laser
irradiation (630 nm. 100mW cm~> 10Jcm~* or 100J cm~3). Post-capillary confluent venules (diameter
15-40 um) of subcutaneous (s.c.) tissue or the amelanotic melanoma A-Mel-3 were observed by intravital
microscopy before. 5. 30. 60 and 180 min after laser irradiation and recorded for off-line analysis. Before
treatment. the number of adherent leucocytes in tumour vessels was only 22% of the number observed in
vessels of s.c. tissue (P <<0.01). The maximum increase in adhering leucocytes was observed in post-capillary
venules of s.c. tissue 1 h after PDT (P <0.01). In contrast. enhanced leucocyte —endothelium interaction was
missing in tumour vessels and in control groups. These results indicate that the tumour destruction observed
after PDT is not mediated by leucocyte-endothelium interaction in the tumour. Induction of leucocyte
adhesion in the PDT-treated normal tissue suggests a contribution to the peritumoral inflammatory response.
Different maturational status or biochemical properties of tumour microvascular endothelium may explain the
lack of leucocyte adherence upon PDT.
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Selective tumour necrosis occurs upon photodynamic therapy
(PDT) through various pathways involving toxic reactive
oxygen species. Therapy with the most commonly used
photosensitiser Photofrin induces, in particular, damage to
tumour microvasculature, cell membranes and mitochondria,
resulting in both blood flow stasis and tumour cell death
(Henderson and Dougherty, 1992). The early vascular shut-
down associated with delayed tumour cell damage suggests
that ischaemia-related cell death plays a major role in tumour
destruction induced by PDT. An inflammatory reaction with
gross oedema and erythema is early observed in illuminated
tissue following PDT (Meyer-Betz, 1913; Dougherty er al.,
1990). This may be mediated by inflammatory mediators
released from mast cells and macrophages (Kerdel er al.,
1987), and direct damage to the endothelium, which is highly
susceptible to PDT (Gomer er al., 1988; Leunig et al., 1994).
Thus an inflammatory response might contribute to the
tumour necrosis upon PDT.

The adhesion of neutrophil leucocytes to the microvascular
endothelium in response to various noxious stimuli is an
initial event in acute inflammatory response and a pre-
requisite for subsequent leucocyte emigration at sites of
inflammation. This interaction between leucocytes and the
endothelium is mediated by a repertoire of inducible mole-
cules presented on the membrane of both leucocytes and the
endothelial cell (Springer, 1994). Adherent leucocytes, as seen
in post-ischaemic reperfusion, contribute to vascular and tis-
sue injury by the release of oxygen-derived free radicals,
cytotoxic enzymes, cytokines and inflammatory mediators.,
and by mechanically reducing vessel diameters or plugging
capillaries. The findings of Renard er al. (1994) suggest
involvement of leucocyte-mediated inflammation as a mech-
anism in immunotherapy of human tumours. Following
treatment with IFN-y and TNF-a. they found prominent
early accumulation of neutrophil leucocytes within the
tumour vasculature, preceding lymphocyte and macrophage
infiltration and tumour necrosis.
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Leucocyte-mediated tissue damage seems to contribute to
inflammatory reaction as seen in normal tissue upon PDT,
because reduced skin phototoxicity after injection of
haematoporphyrin has been observed in leucopenic animals
(Lim er al., 1985). In a recent study, Fingar er al. (1992)
reported that PDT induces leucocyte adherence in mic-
rovessels of the rat cremaster muscle. Oxygen radicals as
mostly released indirectly by the xanthine oxidase pathway
upon PDT (Athar et al., 1989) potentially induce leucocyte
adherence (Patel er al., 1991). It seems therefore likely that
leucocytes contribute to the tumoricidal mechanisms of PDT.
In contrast, recent publications raised evidence that leuco-
cyte-endothelium interaction is diminished in tumours and
can only be slightly modulated by mediators inducing the
expression of adhesion molecules (Ohkubo ez al., 1991, Wu et
al., 1992) or by irradiation (Wu ez al.. 1994). The effect of
PDT on leucocyte—endothelium interaction in tumours and
their potential role on PDT efficacy have not yet been inves-
tigated.

The objective of the present study was therefore to test the
hypothesis that PDT might increase leucocyte—endothelium
interaction in the microvasculature of tumours. For that
purpose we quantified the number of adherent leucocytes, red
blood cell velocity and vessel diameters following PDT in the
amelanotic melanoma A-Mel-3 of the hamster and in sur-
rounding normal host tissue by intravital microscopy.

Materials and methods

Animals and tumour preparation

Experiments were carried out using male Syrian Golden
hamsters (6-8 weeks old. 60-80 g body weight) in accor-
dance with institutional guidelines. The animals were housed
one per cage and had free access to tap water and standard
laboratory food throughout the experiments. A dorsal skin-
fold chamber preparation consisting of two symmetrical
titanium frames was surgically implanted as described earlier
in detail (Endrich et al.. 1980; Asaishi ef al.. 1981). Following
implantation of the transparent chamber and a recovery
period of 48 h from anaesthesia and microsurgery. prepara-
tions fulfilling the criteria of an intact microcirculation were
utilised for implantation of 2 x 10° cells of the amelanotic
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melanoma of the hamster A-Mel-3 (Fortner et al., 1961) into
the chamber. PDT and fluorescence microscopy were per-
formed after 5—7 days of tumour growth, when functioning
tumour microcirculation was established (mean tumour
diameter 4-5 mm). Fine polyethylene catheters (PE10, inner
diameter 0.28 mm) were permanently implanted into the right
jugular vein and the right carotid artery before photo-
sensitiser injection. All surgical procedures were performed
under pentobarbital anaesthesia (50 mg kg~! LP.; Nembutal;
Sanofi-LEVA, Hannover, Germany). The animals tolerated
the dorsal skinfold chambers well and showed no signs of
discomfort.

PDT and experimental groups

Before injection of the photosensitiser animals were ran-
domly assigned to five groups: controls (n = 6), Photofrin
only (n=6), laser light only (I(DJcm‘Z‘, n=6), PDT
(10J cm~% n=6), and PDT (100 J cm~%; n = 6). The photo-
sensitiser Photofrin (5 mg kg~' i.v.; Lederle, Wolfratshausen,
Germany) was injected 24 h before PDT. Control animals
were injected with 0.3 ml 0.9% saline. For laser irradiation
the awake animal was immobilised in a perspex tube and
placed on a custom-made stage. An argon pumped dye laser
tuned to 630 nm (Aesculap-Meditec, Heroldsberg, Germany)
was used to apply light at a power density of 100 mW cm™?
via an optical fibre and lens system yielding a uniform beam
of 15 mm in diameter. A total light dose of 10 or 100 J cm~?
was administered to the whole chamber preparation. Stability
of power density and homogeneity of light was controlled
with a calibrated power meter (Coherent, Palo Alto, CA,
USA).

Intravital fluorescence microscopy

The awake hamster was immobilised and placed on a
motorised, computer-controlled x—y microscope stage (Kont-
ron GmbH, Eching, Germany) under a modified Leitz micro-
scope (Orthoplan; Leitz, Munich, Germany). Before Photo-
frin injection, a X 20 long distance objective (Leitz) and
transillumination were used to select 5—7 sites of interest per
chamber, each containing one or several unbranched post-
capillary venules of normal tissue with a minimal dis-
tance > 1 mm from the tumour margin, or converging vessels
of tumour tissue (15-40 pm diameter, length>> 100 um). The
coordinates of the sites of interest were stored on hard disk
for subsequent investigation of leucocyte—endothelium inter-
action, diameter and red blood cell velocity in the identical
vessel segments before and at defined times after PDT.
For visualisation by means of intravital fluorescence mic-
roscopy, leucocytes were stained in vivo by bolus injection of
rhodamine 6G (0.3 ml kg~' of a 0.05% solution i.v.; Merck,
Darmstadt, Germany). Red blood cell velocity and vessel
diameters were visualised after intra-arterial injection of
erythrocytes (approximately 1 ml of cells kg~! body weight;
labelled with fluorescein isothiocyanate (FITC; Sigma,
Deisenhofen, Germany)) according to Zimmerhackl et al.
(1983). Selective observation of rhodamine 6G-stained leuco-
cytes was possible using epi-illumination with a 100 W mer-
cury lamp attached to a Ploemopack illuminator with a Leitz
N2 filter block (excitation 530-560 nm, emission > 580 nm),
and FITC-labelled erythrocytes were visualised using a Leitz
12/3 filter block (excitation 450—490 nm, emission > 515 nm).
Intravital microscopy was performed before, 5, 30, 60 and
180 min after PDT. At each defined time, images were
acquired by an SIT video camera (C2400-08; Hamamatsu,
Herrsching, Germany) and recorded on video tape (VO-5850;
Sony, Munich, Germany). Meticulous care was taken to
mmmxsethehghtexposureofthensue For this purpose,
intensity of epi-illumination was controlled by a power meter
(Coherent) and reduced to a power density <l mW cm™2.
Exposure of each site of interest to epi-illumination was
limited to 4 s (twice 2 s with an intermission of 28 s) for each
filter block and each defined time by use of an electro-

mechanical light shutter (Prontor-Magnetic; Hasselblad,
Ahrensburg, Germany).

Analysis of microcirculatory parameters was performed
from the video tape by means of an image analysis system
(Optimas; Bioscan, Edmonds, WA, USA). Sticking leuco-
cytes, i.e. cells adherent to the inner vessel surface, were
defined as cells not moving for 30s and are given as the
number of leucocytes per mm? of vessel wall calculated from
inner vessel diameter and length (100-150 um) of the vessel
segment studied. Red blood cell velocity was measured as the
distance in axial direction up to ten centre-flowing eryth-
rocytes passed per time. Wall shear rate (y) in vessels of
tumour and normal tissue was calculated based on the New-
tonian definition: y=8 X ¥ x D! where V represents the
mean red blood cell velocity (= centre-line velocity X 1.6;
Lipowsky and Zweifach, 1978) and D the diameter of the
individual microvessel.

Statistical analysis

All results are given as means * s.e.m. Non-parametric one-
way analysis of variance and multiple comparison on ranks
of several independent samples were performed using the
Kruskal-Wallis test (Theodorsson-Norheim, 1986). P-values
smaller than 5% were regarded as significant.

Results

Leucocyte— endothelium interaction

Already under baseline conditions, a markedly lower number
of adherent leucocytes (P<<0.01) was observed in tumour
microvessels (7t 1) as compared with post-capillary and
collecting venules of normal tissue (31 £ 9 leucocytes mm=2,
mean + s.e.m.). Images of leucocytes adhering to microvessels
in normal and tumour tissue are shown in Figure 1. In
tumour microvessels, the number of adherent leucocytes did
not change after PDT (Figure 2). In contrast, an approx-
imately 3-fold increase in the number of adhering leucocytes
(P<<0.01) was observed in post-capillary venules of normal
tissue (Figure 3). Similar values of adherent leucocytes were
documented after PDT with 10 and 100 J cm~2, yielding a
maximum 1h following treatment to 286% and 366% of
baseline values respectively (P<<0.01). Treatment with
Photofrin alone or laser light alone exhibited no effects on
leucocyte adherence in comparison with controls.

Red blood cell velocity

In control groups and before treatment, blood flow velocity
in tumour vessels was below the values in venules of sur-
rounding normal tissue (P <<0.05, Figures 4 and 5). PDT of
the A-Mel-3 tumour induced a rapid decrease of red blood
cell velocity (Figure 4), until 3h following PDT with
10J cm~?, tumour blood flow velocity decreased to 30% of
the corresponding saline-treated controls (P<0.05). A rapid
standstill of red blood cells in most of the tumour micro-
vessels was observed after PDT with 100 J cm2, i
throughout the entire observation period (P <<0.01). In con-
trast, PDT revealed no changes in blood cell velocity in
post-capillary venules and collecting venules of normal tissue
(Figure 5).

Vessel diameters and wall shear rate

As shown in Table I, diameters of the tumour microvessels
studied were below diameters of post-capillary and collecting
venules of normal tissue (P<0.01). Treatment did not pro-
voke any changes in vessel diameters. Rolling and adhesion
of leucocytes is partly influenced by the wall shear rate.
Therefore, this parameter was calculated from diameters of
individual vessels and red blood cell velocity, and is depicted
in Figures 6 and 7. Under baseline conditions, wall shear rate
was similar in tumour (73.9% 16.2s~') and normal tissue
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Figwre 1 Leucocyte adhesion before (a,b) and 1h after PDT (c,&; 10J cm~?) in a post-capillary venule of normal tissue (a.c) and
in a tumour microvessel (b,d). Leucocytes are visualised as white dots by in vivo staining with rhodamine 6G. Bar represents

0.1 mm.
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Figwre 2 Number of adherent leucocytes per mm? of endothelial
surface in convergent microvessels of the A-Mel-3 tumour before
and 5min, 30 min, 1h and 3 h after therapy in the following
groups: saline-treated controls (1, n=6), Photofrin alone
(A, n=6), laser light alone (100Jcm~3, NN, n=6), PDT
with 10J cm=2 ( EH n = 6), PDT with 100Jcm~2 (I, n=6).
Because red blood cell velocity rapidly decreased to a standstill in
the group treated with 100 J cm~* PDT, the number of adhering
leucocytes after treatment could not be quantified in this group.
Values are means * s.e.m.
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Figwre 3 Number of adherent leucocytes per mm? of endothelial
surface in post-capillary and collecting venules of striated muscle
before and 5 min, 30 min, 1 h and 3 h after therapy with Photo-
frin alone (B, n=6), laser light alone (100Jcm~2, NS,
n=6), PDT with 10Jcm~? (EE] n=6), PDT with 100 J cm~2
(HM ., n=6), as well as in saline-treated controls ((J, n=6).
Means * s.e.m.; *P<<0.05, **P<0.01 vs saline-treated controls.
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Figmre 4 Red blood cell velocity (mms~') in convergent mic-
rovessels of the A-Mel-3 tumour before and 5Smin, 30 min, 1h
and 3 h after therapy. Bars represent the following groups: con-
trols ((CJ. n=6), Photofrin alone (FZA. n=06), laser light
alone (100Jem~2, NN, n=6), PDT with 10Jcm~* (EH
n=6), PDT with 100J cm~> (I, n = 6). Following PDT with
100 Jcm~2, red blood cell velocity decreased to a standstill.
Means * s.em.; *P<<0.05, **P<0.01 vs saline-treated controls.
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Figare 5 Red blood cell velocity (mm s~') in post-capillary and
collecting venules of striated muscle before and S min, 30 min, 1 h
and 3 h after therapy in the following groups: Photofrin alone
(A, n=6), laser light alone (100Jcm~2, N, n=6), PDT
with 10J cm =2 (EHR n=6), PDT with 100 Jcm~2 (IR, n=6),
as well as saline-treated controls ([J, n=6). Means + s.e.m.
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Table I Vessel diameter (um) in tumour and normal tissue

Time after treatment

Region Group Before 5 min 30 min 1h 3h
Tumour Control 169t 1.4 17.521.2 173213 171+ 1.2 17.7%£ 1.7
Photofrin only 198+24 198+ 1.1 200%1.2 204%19 218%+24
Laser light only 170+ 1.2 171 1.6 166 1.0 16.5+0.9 163+ 1.3
PDT. 10Jcm™? 234121 256125 230%25 238+1.5 168+ 5.6
PDT. 100 J cm~? 220+43 233+28 225%15 225+19 206%19
Normal tissue Control 306+22 302%25 30.7x1.5 298%19 32119
Photofrin only 303+19 304125 30.7£21 323+ 14 296%34
Laser light only 338+6.4 35056 33.1%6.1 310+ 21 319£35
PDT. 10Jcm™* 322+29 308140 322+27 347+13 310t 1.6
PDT. 100 J cm~* 33.7+44 333%6.5 31.6 £ 2.0 332+27 315+ 21
All data are given as means*s.e.m.
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Figure 6 Wall shear rate (s™') in convergent microvessels of the
A-Mel-3 tumour before and Smin. 30min, 1 h and 3h after
therapy. Bars represent the following groups: Saline-treated con-
trols ([J. n=6). Photofrin alone (AA. n=6), laser light
alone (100Jcm~>. . n=6). PDT with 10Jcm~? (EHR
n=6). PDT with 100 Jcm~ (Il , n = 6). Following PDT with
100 J cm~°. shear rate was reduced to zero in association with the
standstill of blood flow velocity. Means + s.em.: *P<0.05.
*+p<0.01 vs saline-treated controls.

microvessels (64.5* 11.6s™'). Following PDT with 10J
cm~*, the shear rate decreased significantly in tumour mic-
rovessels (P <0.05) in association with the decrease in blood
flow velocity (Figure 6). No changes of wall shear rate were
noticed in venules of normal tissue following PDT (Figure 7).

Di .

The present study was based on the hypothesis that PDT
might induce leucocyte adhesion in microvessels of normal
and tumour tissue. Subsequently, the adhesion of leucocytes
could potentially contribute to the observed microvascular
damage. Also. reduction of the vessel lumen by leucocytes
adhering to the endothelium could increase microvascular
resistance to flow and contribute to the microvascular shut-
down observed after PDT. The data presented, however,
demonstrate clearly that PDT induced leucocyte adhesion in
microvessels of normal tissue. but not in tumour tissue.

Methods

PDT exerts its toxicity upon the activation of a photosen-
sitiser by light in the presence of oxygen. The observation of
leucocyte —endothelium interaction requires light and could
potentially interfere with PDT by increasing the light dose.
For that reason we took special precautions to limit and
standardise the light exposure to the tissue and included
control groups to determine the effects of fluorescence micro-
scopy itself. To reduce the time of epi-illumination for obser-
vation. we restricted the analysis on adherence of leucocytes,
red blood cell velocity and vessel diameters. Evaluation of

Time after treatment

Figure 7 Venular wall shear rate (s™') in striated muscle before
and S5min. 30 min. 1h and 3 h after therapy in the following
groups: Photofrin alone ( . n=06). laser light alone
(100 J cm~2, .n=6). PDT with 10J cm~* ( BB n = 6). PDT
with 100 Jcm~> (Il . n = 6). as well as controls ([1. n=6).
Means * s.e.m.

rolling leucocytes was omitted to avoid the 8-fold higher light
exposure necessary for this measurement. Rolling of leuco-
cytes regularly precedes their adherence, to generate their
destructive potential tight adherence is necessary (Springer,
1994). The results obtained in the control group treated with
Photofrin prove that fluorescence microscopy did not affect
our measured patameters.

Effects on normal tissue

In normal tissue, rolling and adhesion of leucocytes are
almost exclusively found in post-capillary venules and collec-
ting venules (Atherton and Born, 1972; Nolte er al., 1991)
which are the sites of leucocyte emigration, whereas little or
no such activity is observed in arterioles (Ley and Gaehtgens,
1991). Our results obtained in normal microcirculation are in
agreement with findings from a study by Fingar et al. (1992)
demonstrating a marked increase in leucocyte adhesion to
venules of the rat cremaster muscle following PDT. This
study also suggested that leucocyte adhesion is not involved
in the observed increase of vascular permeability after PDT,
because pretreatment with indomethacin inhibited albumin
extravasation, but did not change the number of adherent
leucocytes. These results may be specific for the normal rat
cremaster muscle preparation exposed to high doses of
Photofrin (10-25 mg kg~'), not used clinically.

The first signs of response to PDT are oedema and
erythema formation whenever skin is contained in the treat-
ment field (Henderson and Dougherty. 1992). A release of
inflammatory and immune mediators has been observed foll-
owing PDT, namely eicosanoids from tumour cells and vas-
cular endothelium (Henderson and Donovan, 1989), and his-
tamine (Kerdel et al, 1987) and tumour necrosis factor
(Evans et al., 1990) from mast cells (Kamide et al., 1984). In
addition, PDT-induced microvascular damage can be par-



tially inhibited by prostanoid antagonists (Reed et al., 1991;
Fingar et al., 1993). An immune response is also suggested by
the observed infiltration of PDT-treated tissue with lym-
phocytes, plasma cells and histiocytes (Shumaker and Hetzel,
1987).

The interaction between leucocytes and endothelial cells
follows a multistep process mediated by specific adhesion
receptor molecules (Springer, 1994). The adhesion of leuc-
ocytes to the vascular endothelium requires their expression.
Activation of endothelial cells and/or leucocytes directly by
PDT or by local accumulation of inflammatory mediators
such as histamine may induce the presentation of adhesion
receptors. Reactive oxygen species occurring during the
reperfusion period after organ ischaemia have been demon-
strated to contribute to leucocyte adherence (Nolte ez al.,
1991). Oxygen radicals, which are also released by PDT,
induce the expression of GMP-140 on the surface of
endothelial cells, a membrane glycoprotein mediating rolling
of leucocytes (Patel et al., 1991). GMP-140, also known as
P-selectin, is stored preformed in the Weibel—Palade bodies
of endothelial cells and rapidly mobilised to the plasma
membrane upon activation. Rolling of leucocytes is con-
sidered to be a prerequisite for leucocyte adherence (Springer,
1994), thus P-selectin may especially be involved in the early
neutrophil adhesion observed following PDT. The time delay
between PDT and adhesion of leucocytes suggests that
induced expression of adhesion receptors following de novo
synthesis, e.g. E-selectin and intercellular adhesion molecule-1
(ICAM-1), has contributed to the increased number of adher-
ent leucocytes 1 and 3 h after PDT. Because red blood cell
velocity, vessel diameters and wall shear rate did not change
following PDT in normal tissue, a reduction in the shear rate
cannot have accounted for the increase in the number of
adherent leucocytes in normal tissue.

The severe inflammatory response regularly observed in
PDT-treated skin was accompanied by a marked increase in
the number of adhering leucocytes. Light exposure of normal
tissues surrounding the tumour has been demonstrated to
enhance the tumoricidal effect of PDT by destruction of the
‘tumour bed’ (Fingar and Henderson, 1987). Activation and
adherence of leucocytes to the microvascular endothelium is
a prerequisite for their migration across the vascular wall
(von Andrian er al., 1991). The induction of leucocyte
adherence in normal tissue suggests that leucocyte-mediated
tissue damage potentially contributes to destruction of
tumour bed. In addition, the emigration of activated
leucocytes from the tumour margin could possibly further
contribute to the tumoricidal effect of PDT.

Effects on tumour tissue

The present study demonstrates that PDT does not induce
leucocyte adhesion in tumour tissue. Owing to the rapid
decline of tumour blood flow after PDT with 100J cm~2,
leucocyte adhesion could not be quantified in this group.
PDT of the A-Mel-3 tumour with 100 J cm~2 results in com-
plete tumour remission (Leunig, M et al., 1994). Because red
blood cell velocity decreased rapidly to a standstill in this
group, we investigated a second group of animals treated
with a subtherapeutic light dose of 10 J cm~2, which resulted
in flow retardation and allowed a prolonged observation of
leucocyte—endothelium interaction. Increased margination of
leucocytes and their primary interaction with the endo-
thelium may be due to reduction of red blood cell velocity
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