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Summary. Hematoporphyrin derivative (HpD) is a fluores- 
cent photosensitizer which localizes selectively in tumors 
and is used in photoirradiation therapy of various types of 
cancer. Photoirradiation is a local form of treatment. 
There may be advantages in combining it with systemic 
chemotherapy, and we therefore studied the interaction of 
HpD and various cytotoxic drugs [daunorubicin (DR), ad- 
riamycin (AD), mitozantrone (MI), cis-platinum (CP) and 
5-fluorouracil (FU)] with respect to cellular uptake and 
toxicity. Cultured cells were incubated with HpD and the 
cytotoxic drugs, either simultaneously or sequentially. The 
amount of DR, AD and HpD taken up by cells was 
quantitated by measuring cellular fluorescence and by de- 
termining the specific cytotoxic action of the drugs (light- 
induced cell kill for HpD and loss of  proliferative poten- 
tial for the cytotoxic drugs). The presence of 100 mg/1 
HpD during drug incubation caused 30-, 12- and 6-fold re- 
ductions in the cytotoxicity of DR, AD and MI respective- 
ly. HpD-associated fluorescence and photosensitization 
were reduced upon co-incubation of cells with HpD and 
AD. When cells were incubated with HpD and AD se- 
quentially, fluorescence was equal to the sum of fluores- 
cence values achieved by treatment with HpD and AD 
alone, and the cytotoxicity was not reduced. This suggests 
that the effects were due to an interaction of HpD with the 
drugs outside the cells, resulting in a reduction of free drug 
available for cellular uptake. CP and FU did not interact 
with HpD. The results suggest that protocols which com- 
bine photoirradiation therapy and chemotherapy with an- 
thracyclines or similar compounds need to  take this inter- 
action into account. 

Introduction 

Photoirradiation therapy is a form of local treatment for 
cancers of many different histologic types including squa- 
mous call carcinomas of the lung and esophagus, transitio- 
nal carcinomas of the bladder and adenocarcinomas of the 
stomach [1-8]. Patients are administered hematoporphyrin 
derivative (HpD), which is a photosensitizer that selective- 
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ly localizes in tumors and sensitizes the tumors to killing 
by light of the appropriate wavelength. This local treat- 
ment of cancer could be combined with a systemic form of 
therapy such as chemotherapy [1]. 

However, HpD is a complex multicomponent mixture 
of  porphyrins [2] and its interaction with chemotherapeutic 
drugs is not well investigated. In the present study we have 
analyzed the interactions of HpD and several anticancer 
drugs: adriamycin (AD, doxorubicin), daunorubicin (DR), 
cis-platinum (CP), 5-fluorouracil (FU) and mitozantrone 
(MI). These are drugs that might be combined with photo- 
irradiation in cancer therapy. 

The interactions were analyzed with respect to cytotox- 
icity and cellular uptake, using flow cytometry to measure 
drug fluorescence as well as the time to light-induced cell 
death. 

Materials and methods 

Cell culture. The experiments were carried out using the 
murine myelomonocytic cell line WEHI 3B D + (provided 
by Dr. D. Metcalf, Walter and Eliza Hall Institute, Mel- 
bourne). The cells grow as a suspension culture in DME 
medium supplemented with 10% fetal calf serum (FCS). 
The population doubling time is 10 h. Assays on clonal 
survival were made using the Chinese hamster lung fibro- 
blast cell line V79 (supplied by J. B. Mitchell, National 
Cancer Institute, Bethesda, MD, USA). The cells grow as 
monolayers in DME medium with 10% FCS. 

Drugs. Hematoporphyrin derivative was prepared by the 
method described by Forbes et al. [9] using hematopor- 
phyrin hydrochloride purchased from Sigma Chemical 
Co., St. Louis, MO, USA. 

Sources of cytotoxic drugs: 

Cerubidin (daunorubicin): May & Baker, Vic, 
Australia; 
Adriamycin (doxorubicin): Farmitalia, Milan, Italy; 
Novantrone (mitozantrone): Lederle, N.S.W., 
Australia; 
Cis-platinum, 5-fluorouracil: 
David Bull Laboratories, Vie., Australia. 

Flow cytometrical quantitation of cellularfluorescence. The 
desired combination of HpD and drugs was prepared in 
5 ml of growth medium, and 5 x 1 0  4 cells were added. The 
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suspension was then incubated for l h at 37 ° C, centri- 
fuged, resuspended in 10 ml of growth medium (contain- 
ing 10% FCS), and stored at room temperature for 1 h to 
allow loosely cell-associated fluorescent material to disso- 
ciate into the medium. The cell-associated fluorescence of 
HpD, DR and AD was quantitated using a flow cytometer 
(Ortho System 50, Ortho Diagnostic Systems, Westwood, 
MA, USA). The fluorescence was excited with the 514-nm 
line of an argon ion laser, and the fluorescence signals 
were recorded at 577 nm (DR) and beyond 620 nm (AD 
and HpD). Fluorescent plastic beads (1.76 t.tm, coumarin, 
Polysciences, Warrington, PA) were introduced into the 
cell suspensions for fluorescence normalization and as a 
numerical reference for cell counting. Biparametrical dis- 
tributions of low-angle light scatter versus fluorescence as 
well as low-angle versus right-angle light scatter were re- 
corded. The mean fluorescence values of the cell popula- 
tions were determined in units of bead fluorescence, and 
the fluorescence of control cells not treated with drug was 
subtracted. 

Quantitation of HpD-induced phototoxicity. Flasks contain- 
ing a suspension in growth medium of the cell populations 
subjected to drug treatment were placed onto a screen 
which was evenly illuminated with cool white light in the 
range of 450-650nm, the intensity of which was ca. 
60 nW/cm [10]. At 5-rain intervals during the illumination 
aliquots of the suspensions were harvested without inter- 
ruption of the light exposure, a known number of plastic 
beads were added, and a biparametric histogram of low- 
angle versus right-angle light scatter was recorded. In such 
histograms, dead cells (as defined by propidium iodide 
staining) appear in a discrete cluster with higher right- 
angle and lower tow-angle light scatter values. Using the 
beads as a numerical reference, the number of vital cells 
per ml of suspension could thus be determined. 

Estimation of drug cytotoxicity in suspension cultures. The 
cell populations were treated with the drugs for 1 h at 
37°C, washed, and suspended at 2.5 × 10 4 cells/ml in 
growth medium and incubated under standard growth 
conditions for 8 days. At this time and later, the flasks con- 
tained either a completely overgrown population with 
more than 10 6 cells/ml or approximately the starting cell 
numbers. No intermediate values were found at 8 days and 
later. Thus, the threshold of drug dosage leading to com- 
plete growth inhibition could be determined within the 
concentration increments used. The overgrown popula- 
tions could also be readily identified because they were 
cloudy with an acidic (yellow) medium. 

Estimation of growth inhibition in adherent cell cultures. Per 
25 cm 2 culture flask, 200 cells were seeded and allowed to 
adhere for 4 h. The medium was then replaced by medium 
containing the drugs, and the cells were incubated for 1 h 
at 37 ° C. The medium was then removed carefully, and the 
cells were incubated in fresh medium for l0 min at room 
temperature in the dark. In the case of sequential drug in- 
cubation, the above was then repeated for the second drug. 
The medium was replaced again by fresh medium, and the 
cells were incubated at 37°C for 10 days. Colo- 
nies were counted after hematoxylin staining. 

Results 

Fluorescence study of the uptake of adriamycin 
and daunorubicin in the presence of HpD 

A decrease in the cellular DR and AD fluorescence was 
observed after co-incubation with HpD. Cells were incu- 
bated for 1 h simultaneously with 40 mg/1 DR (Fig. IA) or 
40 rag/1 AD (Fig. 1 B) and various concentrations of HpD 
(0-300 mg/l), then washed and their fluorescence ana- 
lyzed. DR fluorescence was measured at 577 nm, a wave- 
length at which HpD fluorescence was found to be negligi- 
ble. Figure 1A shows a reduction of DR fluorescence with 
increasing HpD concentration. Since cell-bound AD has 
no fluorescence at 577 nm, AD fluorescence had to be 
measured together with HpD fluorescence at >620 nm 
(Fig. 1B). The combined fluorescence of HpD and AD de- 
creased with increasing HpD concentrations up to a cer- 
tain concentration of HpD, followed by a sharp rise of flu- 
orescence at higher HpD concentrations. The descending 
part of the curve presumably represents the decreasing AD 
fluorescence, while the ascending part represents the in- 
crease in HpD fluorescence. A comparison was made be- 
tween normal (10%) and low (0.1%) serum concentrations 
during incubation, since we had found previously that 
HpD binding to cells is increased at low serum concentra- 
tions [10]. No dependence of the fluorescence reduction on 
serum concentration was observed for DR (Fig. 1A). 
Figure 1B shows little dependence of fluorescence on 
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Fig. 1. A. Cellular fluorescence at 577 nm after incubating W E H I  
3B cells with 40 mg / l  daunorubic in  for 1 h at 37 ° C, together with 
various concentrations of hematoporphyrin derivative. Fluores- 
cence values shown as a percentage of the values measured for in- 
cubation with daunorubicin alone. Incubation in medium with 
10% (0) or 0.2% (A) fetal calf serum. B. Cellular fluorescence 
above 620 nm after incubating WEHI 3B cells with 40 mg/l adri- 
amycin together with various concentrations of HpD in medium 
with 10% (0) or 0.2% (0) fetal calf serum. Fluorescence given in 
arbitrary units 
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serum concentration up to ca. 30 mg/1 HpD, and a steeper 
rise of fluorescence at higher HpD concentrations in low 
serum concentration, confirming the interpretation that 
the rise is due to HpD uptake. 

Reduction of HpD phototoxicity by AD 

Cells were incubated for 1 h with 100 mg/1 HpD together 
with 0, 10, 20, 40 and 80 rag/1 AD, washed twice for 30 
min, then illuminated with white light, and the number of 
vital cells was monitored with the flow cytometer as a 
function of time during illumination. The decrease in the 
proportion of vital (see Materials and Methods) cells from 
100% to 0% occurred within a narrow time interval (ca. 
10% of the time when the first cells die), so that the time of 
population death tl/2 (50% dead) was easy to determine. 
TI/2 shifted to longer times at increased concentrations of 
AD during the incubation with HpD (Fig. 2). 

At concentrations of AD above ca. 80 mg/1, HpD pre- 
cipitated and sedimented at unit gravity. 
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Fig. 2. Photosensitivity after incubation with 100 rag/1 HpD to- 
gether with various concentrations of adriamycin. Incubation in 
medium with 10% fetal calf serum. Ordinate: time of population 
death during illumination, determined flow-cytometrically as 
described in the text 
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Fig. 3. Molar  concentrations of  the various drugs (indicated in the 
figure) leading to a complete inhibition of culture growth (1 h in- 
cubation for AD, DR and MI, 2 h incubation for CP, FU), as de- 
termined 8 days after the incubation. Comparison of incubation 
with the drugs alone (left bars) and of co-incubation with 
100 mg/l HpD (right bars). Concentration scale for DR, AD and 
MI indicated at left ordinate; concentration scale for CP and FU 
indicated at right ordinate 

Effects of HpD/AD precipitation on cellular toxicity 
Precipitation of HpD (at 100 mg/1 HpD) by AD (and DR) 
occurred at and above A D / D R  concentrations of ca. 
80 rag/l, i.e. when the molar A D / D R  concentration ex- 
ceeded that of HpD. After sedimentation of the precipitate 
by centrifugation the supernatant was clear of HpD, as 
judged by the colour, and it did not retain any HpD mea- 
surable with the sensitivity of the phototoxicity assay (data 
not shown). When the precipitate was redissolved in the 
original volume of medium without A D / D R  it could not 
be sedimented again, but the solution did not regain pho- 
totoxicity. Preliminary assays (data not shown) on clonal 
survival revealed that the cytotoxicity (effective concentra- 
tion) of DR in the supernatant as well as in the redissolved 
precipitate was strongly reduced (five- to tenfold). The 
cytotoxicity of the redissolved precipitate did not increase 
after prolonged storage (24 h), indicating the existence of a 
strongly bonded comPlex. 

Reduction of drug toxicity by HpD 
The change of effective drug concentration by co-incuba- 
tion with HpD was assayed by a simple technique deter- 
mining the concentration at which cell growth is complete- 
ly inhibited in a culture (see Materials and methods). 
WEHI 3B cells were incubated for 1 h at 37°C with 
100 mg/l HpD and a wide range of drug concentrations. 
To determine the specificity of the interaction between 
HpD and the anthracyclines DR and AD, we studied the 
structurally unrelated cytotoxic drugs c/s-platinum (CP) 
and 5-fluorouracil (FU), as well as the drug mitozantrone 
(MI), which has the anthracene-dione portion of the an- 
thracyclines (Fig. 3). Co-incubation of DR, AD and MI 
with HpD shifted the thresholds for complete growth ar- 
rest by the factors of 30, 12 and 6 respectively, whereas CP 
and FU toxicity were not affected by HpD. Note the sepa- 
rate concentration axis drawn for CP and FU, which were 
required at much higher molar concentrations to achieve 
cell kill. 

The dependence of protection from DR toxicity on 
HpD concentration was investigated by varying both the 
HpD and DR concentrations, using the same assay as for 
Fig. 3. Table 1 shows at which combinations of concentra- 
tions of HpD and DR proliferation occurred (cell numbers 
> 106/ml, code +)  and at which no proliferation occurred 
(cell numbers < 3 x 104/ml, code - ) .  Lower HpD concen- 
trations were required for protection at lower DR concen- 
trations. 
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Fig. 4. Clonal survival of V79 cells after incubation for 1 h with 
various concentrations of daunorubicin alone (0) and with 
daunorubicin plus 100 mg/1 of HpD, either simultaneously ( • )  or 
sequentially with HpD before ( • )  or after ( • )  daunorubicin 
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Table 1. Combinations of DR and HpD concentrations (incu- 
bation for 1 h at 37°C) leading to a complete inhibition of culture 
growth, as determined 8 days later 

HpD Daunorubicin (mg/l) 
(mg/1) 

0.1 0.5 1.0 1.5 2.0 

10 + . . . .  
20 + + - - - 
40 + + - - - 
60 + + + - - 
80 + + + + - 

100 + + + + - 
300 + + + + + 

+,  Overgrown cultures (> 106/ml); - ,  flasks containing original 
cell numbers (ca. 2.5 x 104/ml) 

Table 2. Comparison of simultaneous and sequential incubation 
with HpD and AD for successive 1-h periods with one washing 
step between incubations. Fluorescence values were determined 
1 h after the last incubation and are given in arbitrary units. 
T ~/2 (time in minutes when 50% of the cells were dead) was deter- 
mined 2 h after the last incubation as described in the text. 

Incubation Fluorescence t 1/2 

HpD alone 0.75 50 
AD alone 2.5 > 120 
AD then HpD 3.5 50 
HpD then AD 3.2 60 
HpD and AD together 0.78 > 120 

HpD light sensitization and fluorescence after sequential 
exposure to HpD and AD 

We incubated  cells with H p D  and A D  successively instead 
of  s imul taneously  in order  to determine  whether  the mutu- 
al reduct ion of  f luorescence and toxici ty of  the drugs was 
due to a reduced drug uptake  based on drug interact ion 
outside the cells, or  whether it was due to an interact ion 
within the cells. Table  2 shows f luorescence and phototoxi -  
city da ta  compar ing  sequential  with s imultanous incuba-  
tion. Fol lowing sequential  incubat ion,  the cel lular  fluores- 
cence was roughly equal  to the sum of  f luorescence values 
ob ta ined  by incubat ing with H p D  and A D  individual ly ,  
and  the photo toxic i ty  from H p D  was not  reduced by AD. 

Clonal survival after simultaneous and sequential exposure 
to HpD and DR 

V79 cells seeded at 200 cells per  flask were incubated  with 
various concentrat ions  o f  D R  and 100 mg/1 H p D  for 1 h 
at 37°C either s imul taneously  or sequentially,  with H p D  
incubat ion either before  or  after D R  incubat ion.  Figure 4 
shows the number  of  colonies per  flask as a funct ion of  
D R  concentrat ion.  It is apparen t  that  H p D  had no protec-  
tive effect when cells were incubated  with H p D  before  or 
after exposure to DR. Simultaneous incubat ion with D R  
and H p D  resulted in an approx imate ly  70-times higher 
concentra t ion  of  D R  required to cause cell kill. 

Discussion 

The major  f indings of  this s tudy were that  co- incubat ion of  
the anthracycl ines  AD,  D R  and M I  with H p D  resulted in 

decreased effectiveness of  both  the H p D  and the cytotoxic  
drugs. This was shown by a reduct ion in the growth-inhi-  
bit ing activity of  the drugs and by the reduct ion of  porphy-  
r in- induced photosensi t izat ion of  the cells. It was related 
to a reduced uptake of  f luorescent  material .  F rom the 
correlat ion between the reduct ion in f luorescence and tox- 
icity, as well as from the addi t ivi ty  of  drug fluorescence 
values and the lack of  a reduct ion in toxici ty after sequen- 
tial  incubat ion,  we conclude that  the observed changes 
were not  based on a drug interact ion inside the cell. The 
basis for this phenomenon  seems to be a mutual  inhibi t ion 
of  cel lular  drug uptake.  Further  studies are required to ex- 
p la in  this mutual  inhibi t ion o f  uptake.  It could be caused 
either by a complexing of  porphyr ins  and drugs in solu- 
t ion,  hindering cellular incorpora t ion ,  or by a mutual  
b locking of  the cellular uptake  mechanism. The approxi -  
mately constant  molar  ratio for complete  growth inhibi-  
t ion shown in Table 1 and the precipi ta t ion of  H p D  at 
high AD concentrat ions  indicate  a b inding  of  the drugs to 
H p D  in solution. The pre l iminary  studies with the precipi-  
tated mater ia l  further indicate  that  the b inding  is irrevers- 
ible. We had shown previously that  H p D  uptake  into cells 
is s trongly increased at low serum or a lbumin concentra-  
t ions [10], p resumably  because o f  an increased amount  of  
free HpD.  However,  we found no effect of  serum on the 
interact ion between H p D  and the anthracyclines,  suggest- 
ing that  the b inding  of  H p D  to the drugs and to serum pro-  
teins occurs at independent  sites. Drugs of  a different  
structure (CP, FU) did not  p roduce  the effect, whereas MI  
toxici ty was affected by HpD.  This drug shares with A D  
and  D R  the anthraquinone  por t ion ;  thus, the similar  inter- 
act ion with the porphyr in  suggests that this por t ion  of  the 
molecule  is involved in the interaction.  Studies to charac- 
terize the chemical  interact ion between H p D  and the drugs 
are in progress. 

Our  results are of  clinical  impor tance  whenever  photo-  
i r radia t ion  therapy is combined  with systemic chemother-  
apy  using adr iamycin,  daunorubic in ,  mi tozant rone  and 
maybe  other similar  drugs. Our  own observat ions (unpub- 
l ished data)  show that porphyr ins  persist  in the b lood  for 
up to 3 weeks after adminis t ra t ion.  The peak  p lasma  levels 
of  daunorubic in  and adr iamycin  achieved in pat ients  are 
on the order  of  1 mg/1 [11]. Al though the decrease in plas- 
ma levels is rap id  [11], the initial  concentrat ions are well 
above the concentrat ions shown to be affected in our toxi- 
city studies. The concentrat ions  achieved in the local en- 
v i ronment  of  tumor  cells are not  known. The very basis of  
H p D  therapy is the selective accumulat ion and retention 
of  H p D  in tumor  tissue. Therefore,  H p D  can be expected 
to be present  in tumor  tissue in concentrat ions  which can 
effect protect ion against  drug toxicity. Fur thermore ,  our 
da ta  suggest that the HpD-drug  interact ion occurs through 
a stong and irreversible binding,  so that the interact ion is 
de termined by the molar  ratio of  H p D  and cytotoxic drugs 
ra ther  than by absolute concentrat ions.  Therefore,  we as- 
sume that an interact ion between H p D  and the cytotoxic 
drugs occurs in the p lasma  and in the tissue. The anthra-  
c y c l i n e / H p D  precipi ta te  descr ibed is presently under  
chemical  analysis. However,  it is difficult  to determine the 
nature  of  the b inding between the two materials  since 
H p D  is a complex mixture of  many  porphyrins .  

Prel iminary studies using a rat  g l ioma model  showed 
that  the redissolved H p D / D R  precipi ta te  re ta ined its tu- 
mor- local iz ing proper ty ,  al though with al tered kinetics of  
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uptake  and retention as compared  with H p D  alone (data  
not  shown). Therefore,  studies are now underway to test 
whether  the complexed mater ial  leads to improvements  in 
photo i r rad ia t ion  therapy and whether it can be used to 
t ranspor t  the cytotoxic drugs into tumor  tissue by means of  
the tumor  selectivity of  HpD.  
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