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ABSTRACT

An in vivo quantitative structure-activity relationship (QSAR) study
was carried out on a congeneric series of pyropheophorbide photosensi
tizers to identify structural features critical for their antitumor activity in
photodynamic therapy (PDT). The structural elements evaluated in this
study include the length and shape (alkyl, alkenyl, cyclic, and secondary
analogs) of the ether side chain. C3H mice, harboring the radiation
induced fibrosarcoma tumor model, were used to study three biological
response endpoints: tumor growth delay, tumor cell lethality, and vascu
lar perfusion. All three endpoints revealed highly similar QSAR pauerns
that constituted a function of the alkyl ether chain length and drug
lipophilicity, which is defined as the log of the octanol:water partition

coefficient (log P). When the illumination of tumor, tumor cells, or cuta
neous vasculature occurred 24 h after sensitizer administration, activities

were minimal with analogs of log P 5, Increased dramatically between

log P of 5-6, and peaked between log P of 5.6-6.6. Activities declined
gradually with higher log P. The lack of activity of the least-lipophilic
analogs was explained in large part by their poor biodistribution charac
teristics, which yielded negligible tumor and plasma drug levels at the time
of treatment with light. The progressively lower potencies of the most
lipophilic analogs cannot be explained through the overall tumor and
plasma pharmacokinetics of photosensitizer because tumor and plasma
concentrations progressively increased with lipophilicity. When compen
sated for differences In tumor photosensitizer concentration, the 1-hexyl
derivative (optimal lipophilicity) was 5-fold more potent than the 1-dode
cyl derivative (more lipophilic) and 3-fold more potent than the 1-pentyl
analog (less Ilpophific), Indicating that, in addition to the overall tumor
pharmacokinetics, pharmacodynamic factors may influence PDT activity.
Drug lipophilicity was highly predictive for photodynamic activity. QSAR
modeling revealed that direct antitumor effects and vascular PDT effects

may be governed by common mechanisms, and that the mere association
of high levels of photosensitizer in the tumor tissue is not sufficient for
optimal PDT efficiency.

INTRODUCTION

PDT3 is emerging as a cancer treatment modality that can selec
tively destroy malignant, premalignant, and benign lesions in patients
(1â€”3).In PDT, the cytotoxic effect is mediated primarily by the
formation of singlet oxygen, which is generated by energy transfer
from the light-activated, tissue-localized photosensitizer to ground
state oxygen. Tumor destruction occurs through a combination of
direct photodamage to tumor cells, as well as tumor stroma, especially
the microvasculature of the tumor bed and the surrounding tissue (4).

PDT with the use of a porphyrin oligomer (Photofrin) has been
approved for the treatment of obstructing esophageal cancer in the
United States and Canada, for early- and late-stage lung cancer in the
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Netherlands, for bladder cancer in Canada, and for early-stage cancers
of the lung, esophagus, stomach, and cervix, as well as for cervical
dysplasia in Japan (3). Although Photofrin is a highly effective pho
tosensitizer for PDT, it has several limitations: (a) the tendency to
cause prolonged skin photosensitivity; (b) an activation wavelength of
630 nm, which is less than optimal for the penetration oflight through
tissue (maximum at 700â€”800nm); and (c) a poorly defined chemical
composition, which makes a detailed understanding of the mode of
action and pharmacokinetics difficult, and thus, the optimization of
the chemical structure infeasible (3, 5). To address these issues, the
development of new photosensitizers is ongoing, and a number of new
agents have been introduced into Phase Iâ€”Ilclinical trials (3).

We have reported previously the antitumor efficacy of pheophor
bide- and pyropheophorbide-based photosensitizers in mice and large
animals (6, 7). These compounds are chemically well characterized,
absorb light of 665 nm wavelength, and produce less long-term
normal tissue phototoxicity than Photofrmn. In the present study, we
synthesized and defined the QSAR of a congeneric series of py
ropheophorbide ether derivatives in which all compounds had the
same basic chromophore and thus nearly identical photophysical
properties. They differed from each other only in the number of
carbon atoms in, or the shape or flexibility of, the alkyl ether side
chain. It was hypothesized that an increase in alkyl chain length would
increase lipophilicity and possibly influence pharmacokinetic behav
ior, which in turn could favorably alter antitumor activity (8).

The specific objectives of the present work were to: (a) determine
the optimal alkyl ether chain length and lipophilicity for pyropheo
phorbide derivatives by examining the effect of these variables on
antitumor efficacy (QSAR); (b) identify other structural features, such
as side-chain shape and flexibility that might be important for PDT
effectiveness; and (c) examine the effect of changes in these structural
and physicochemical characteristics not only on overall antitumor
activity, but also on pharmacokinetic behavior and mechanistic fea
tures of the cellular and tissue response to PDT. Keeping in mind the
multifaceted character of the PDT response, a set of interrelated
assays was employed to delineate the in vivo QSAR for diverse PDT
tissue targets, including tumor, tumor cells, and the microvasculature.

MATERIALS AND METHODS

Photosensitizer Preparation, Characterization, and Administration.
Pyropheophorbide derivatives were synthesized and characterized as described

previously (9). All compounds were prepared at high yields, had >95% purity,
and had extinction coefficients of47,500 M â€˜cm â€˜at 665 nm. Singlet oxygen
yields, measured in benzene, were similar for all the pyropheophorbide ether
compounds, ranging from 0.41â€”0.48.All compounds had similar estimated
plc values (range 6.5â€”6.7),which were calculated using pKalc, a program
module of the PALLAS system (CompuDrug Chemistry, Ltd., Budapest,

Hungary). Compounds had identical photobleaching rates when measured in

the presence of 5% albumin. The structures of the pyropheophorbide deriva
tives are shown in Fig. 1, and the symbols assigned are used when referencing
specific compounds in the series. For animal experimentation, the compounds
were dissolved in Tween 80 (Aldrich Chemical Co., Milwaukee, WI) and
diluted to 1% Tween 80 in HBSS. Injection was i.v. via the tail vein. The
choice of photosensitizer doses was based on our previous experience (6).
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apeutic studies, tumors received a surface light dose of 135 i/cm2. For vascular
response studies, light doses ranged from 20â€”500i/cm2. The same set-up and
power density were used for illumination of tumor cells in vitro, which
received light doses ranging from 0â€”70 J/cm2.

Assessment of Tumor Response. Tumors were exposed to light 24 h after
injection of pyropheophorbide derivatives (5â€”15animals per treatment group).
In one study, all 13 analogs were tested at a dose of 0.4 and/or 0.5 p.mol/kg.
In another study, a dose escalation was carried out for C5, C6, and Cl2 with
the same dose ranges as used for the determination of photosensitizer concen
tration in both tumor and plasma (see below). Beginning 24 h after PDT, and
at least every other day thereafter, tumors were measured in orthogonal
diameters with an electronic caliper (Ultra-Cal Mark III; Fred V. Fowler Co.,
Boston, MA). Each measurement was automatically recorded into a computer
spreadsheet (Excel version 5.0; Microsoft Corp., Redmond, WA), in which the
tumor volume, V, was calculated using the formula V = (1w2)/2, where I is the
longest axis of the tumor and w is the axis perpendicular to 1. The time for

growth of the tumor to 400 mm3 was then estimated by interpolation of the
times just before and after 400 mm3 was reached. Animals were considered
cured if they were tumor free at 90 days (regrowth time to 400 mm3 > 2160 h)
after PDT. Appropriate controls (36 animals) were carried out with tumor
bearing mice that received no treatment at all or received light or photosensi
tizer only.

Efficacy of the treatment was assessed by the delay in tumor regrowth
compared to the control groups. The median (Â±SE) times, @â€˜50.for reaching a
400-mm3 tumor size were estimated for each treatment group using the method
of Kaplan and Meier (15). Results in which the actual time of regrowth to 400
mm3 was not known (i.e., long-term survivors or early death) were entered as
censored data. The effect of photosensitizer dose on tumor response was
examined with Cox's proportional hazards modeling (16). Kaplan-Meier anal

yses were applied with the PIL program in the BMDP package (release 7.0;
BMDP Statistical Software, Inc., Los Angeles, CA) and Cox proportional
hazards modeling was applied with the P2L program in the BMDP package.

In Vivo/ex Vivo Tumor Cell Photosensitization Assay. Tumor cell pho-.
tosensitivity was determined by an in vivo/exvivocell-survival assay. Tumors
were excised from photosensitizer-exposed (0.4 p.mol/kg) mice 24 h after drug
injection. Single-cell suspensions were prepared, exposed to light treatment in

vitro, and cell survival was determined by a clonogenic assay (14). For each

photosensitizer, cell survival versus light-dose data were plotted, and fitted

with the Hill model as shown in Eq. A (17) using iteratively reweighted
nonlinear regression. Nonlinear regression was applied with the P3R program
in the BMDP package for the fitting of the Hill model.

fD
CC Iâ€”

\ LD50
CCâ€” l+(â€”

\ LD5,

In Eq. A, CC is the measured number of colonies; D is the in vitro light dose
in J/cm2; CC@0@is the mean number of colonies at the zero light dose control;

LD50 @Sthe light dose that reduces the number of colonies by 50%; and m is
the Hill slope parameter.

A weighting factor was determined as described in detail elsewhere (18).
Briefly, data were pooled from all the photosensitizers at each light dose level,
and the logarithm (base 10) of the variance of each of the 245 sets of triplicate
colony counts was plotted against the logarithm of the mean for each set. The
slope of the straight line estimated by linear regression was 1. 1. Because this

estimate was close to 1, the weighting factor used for fitting Eq. A to data was

equal to the simple reciprocal of the predicted colony count. Simple linear
regression was applied with the SigmaPlot (versions 2.0, 3.0, iandel Scientific,

San Rafael, CA) software package.
Vascular Effect of PDT. A fluorescein exclusion assay was used to study

the effect of PDT treatment on the normal skin perfusion in vivo at 5 mm or
at 24 h after iv. administration of 0.4 p.mol/kg dose of pyropheophorbide
derivatives. This assay has been described in detail elsewhere (18). Briefly,

mice were restrained without anesthesia and previously depilated back skin
was exposed to graded doses of laser light, as described above. Immediately
after light exposure, the mice were anesthetized with ethyl ether, and 50
p.mol/kg fluorescein (Aldrich Chemical Co., Milwaukee, WI) in HBSS was

Assigned
Symbol

Cl
C3
C5
C6
C6cis
C6 trans
C6 cyclo
C6 (sec)
C7
C8
C9
do
d12

R = Methyl (-CH3)
A = 1-Propyl (-CH2)2CH3
R = 1-Pentyl(-CH2)4CH3
R = 1-Hexyl(-CH2)5CH3
A = cis-3-hexenyl(-CH2)2CH=CHCH2CH3
R = trans-3-hexenyl(-CH2)2CH=CHCH2CH3
A = Cyclohexyl (-C6H11)
R = 2-Hexyl (-CH(CH3)(CH2)3CH3
R = 1-Heptyl(-CH2)6CH3
A = 1-Octyl (-CH2)7CH3
R = 1-Nonyl(-CH2)8CH3
A = 1-Decyl(-CH)9CH3
R = 1-Dodecyl(-CH2)11CH3

Fig. I. Structures of photosensitizers of the pyropheophorbide series.

Measurement of Lipophilicity. Lipophilicity of pyropheophorbide deriv
atives was determined by reverse-phase HPLC analysis (10, 11). HPLC was
carried out using a Spectra-Physics solvent delivery system/integrator
(SP8700/SP4270; San Jose, CA) and pump, with a Spectrafiow 757 absorb
mice detector (Kratos Analytical Instruments, Ramsey, NJ) set at 405 am. The
column used was a LiChrospher 100 RP-8 (4 mm X 250 mm; 5-mm particle

size) manufactured by E. Merck (Darmstadt, Germany). Pyropheophorbides
were eluted using an isocratic mobile phase composed of 70% solvent A (60%
MeOH and 40% 10 mMsodium phosphate buffer, pH 7.5) and 30% solvent B
(90% MCOH and 10% 2 mai sodiwn phosphate buffer, pH 7.5). The flow rate
was 1.5 mI/mm;the injection volume was 20 ml. Octanol-waterpartition
coefficients (P) were also calculated using the PALLAS computer program
(version 1.2; CompuDrug Chemistry Ltd.) and for selected compounds, meas

used by fluorescence following partitioning between octanol and 0.1 Msodium
phosphate buffer (pH 7.4) as described previously (12).

Animals and Tumor Model. Female C3H mice (6â€”8weeks of age; 18â€”20
g), obtained from the Roswell Park Cancer Institute breeding facilities, were
used for all studies. Mice were inoculated with the radiation-induced fibrosar
coma on the right shoulder by intradermal injection of 3 X 10' tumor cells as
described previously (13, 14). Prior to tumor inoculation, all hair was removed
from the inoculation site by shaving and depilation with Nair. Treatment was
started when tumors had reached a surface diameter of 4â€”6 mm and a
thickness of 2â€”4mm. For cutaneous vascular response studies, tumor-free
mice were used after depilation of the treatment site, which was also located
on the right shoulder. Animal care was in accordance with institutional
guidelines at RPCI.

PDT Light Delivery. For in vivo PDT, animals were immobilized in
plexiglass holders at varying time intervals after photosensitizer administra
tion, and tumors or normal skin were exposed to drug-activating light. The
light source was a dye laser (375; Spectra-Physics, Mt. View, CA) pumped by
an argon-ion laser (either Trimedyne Optilase, Santa Ana, CA, or 171;Spectra
Physics) tuned to emit 665-nm light as measured with a monochromator
(DMC1-02; Optometrics USA, Ayer, MA). This was coupled to a 200-p.m
diameter quartz optical fiber flued with a graded index of refraction lens to
provide uniform illumination. The treatment field had a diameter of 1 cm, and
the light dose rate was 75 mW/cm2as measuredwith an integrating-sphere
power meter (S37l; United Detector Technology, Hawthorne, CA). For ther
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injected via orbital plexus. Eight to 10 mm later, fluorescein-specific fluores

cence measurements were taken inside and outside the treatment field in order

to calculate the relative change in fluorescence. Measurements were made with
a noninvasive contact probe connected to a specially fabricated fluorometer
(18).

For each photosensitizer, the fluorescence ratio (i.e. , fluorescence inside to
that outside of the treatment field) versus light dose data was plotted, and FE50
values (the light dose required to reduce fluorescein fluorescence in the
treatment field by 50% compared to skin outside the treatment field) were
estimated by fitting data with another variant of the Hill model (17) as shown
in Eq. B using iteratively reweighted nonlinear regression.

(Dâ€œFE50
FR ID

1+1â€”
\ FE50

In Eq. B, FR is the fluorescence ratio; D is the light dose in i/cm2; FE@is the
light dose that decreases FR to 0.5; and m is the Hill slope parameter. A
weighting factor was determined as described previously for the tumor cell
photosensitization assay.

QSAR Analysis for the Pyropheophorbide Series. The quantitativere
lationship between the physicochemical property, lipophilicity, and the in vivo
activities, antitumor effect, in vivo/ex vivo cytotoxicity, and vascular effect,

were examined by fitting a semi-empirical (quasimechanistic) model to the
data. Eq. C is a reformulation by Kubinyi (8) of the QSAR equilibrium model
of Higuchi and Davis (19).

fP\ I P \
log(l/Y) = a logf â€”J â€”log( f3â€”+ 1 J + c

\P3/ \P3 ,â€˜

In Eq. C, Yis the estimated biological activity parameter of the assay; P is the
partition coefficient; P3 is the partition coefficient for the C3 analog
(= 11,220);anda, c, and(3areestimable empiricalparameters.The division of
P by P3 was included to accountfor the negligible tumor/tissueretentionand
biological activity of the C3 analog 24 h after injection. Eq. C was used as is
for QSAR data from the in vivo/exvivotumor cell photosensitization assay, in
which Y = LD,0 and for the fluorescein exclusion assay (24 h between drug
injection and light treatment), in which Y = FE50. For the fluorescein exclusion
assay (5 rain between drug injection and light treatment), the P3 term was not
included because the C3 analog did not have time to clear from the plasma, and
thus showed good activity in this assay. For the tumor response assay, Y= T50,
but the T50 itself and not the reciprocal was used. This adaptation allowed all
four of the QSAR curves to have the same general shape and to have an upper
maximum at an optimal log P. A weighted nonlinear regression was applied
with the SigmaPlot package for fitting the model to sets of estimated param
eters from the three assays, with the weights equal to the square of the

estimates divided by the square of the SE of the estimates.
Photosensitizer Concentrations in Plasma and Tissues. The concentra

tions of photosensitizer in the plasma and tumor were determined by fluores

cence 24 h after a single iv. drug injection as described (20). Briefly, 100 p.1
of plasma or 50 mg of tumor were placed in I ml of Solvable (Packard
Instruments) and heated to 53Â°C in the dark for 16 h. Samples were cooled and

fluorescence spectra (fluorometer 777, JASCO) with Aex 406 lilT)and
Acm 667 nm were collected. Drug concentrationswere calculatedby com
paring experimental fluorescence intensities to internal standards obtained by
spiking samples with known amounts of drug immediately before solubiliza

tion. In one study, a dose of 0.4 p.mollkg was used for all eight analogs (C3,
CSâ€”dO, and C12). In another study, for selected analogs, a range of doses was

employed (CS, 1â€”3p.mol/kg; C6, 0.23â€”0.94 p.mol/kg; and C12, 0.35â€”4.2
p.mol/kg).

RESULTS

Relationship between Molecular Structure and Lipophiicity

As shown in Fig. 2, log HPLC retention times were linearly related
to the carbon chain length for the alkyl ether derivatives. Similarly,
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Fig. 2. Relationships among the alkyl ether chain length of the series of pyropheo

phorbide photosensitizers, the logarithm (base 10) of the partition coefficient (log P) for
(C) thecompounds,andthelogarithm(base10)of theHPLCretentiontimes.A, logHPLC

retention time versus carbon chain length; B, log P versus carbon chain length. â€¢,
compounds with saturated straight unbranched alkyl ether chains; 0, C6 cis and trans
analogs; @,C6 cyclo analog; V. mixture of two isomers of the C6 (sec) analog.

calculated octanol-water partition coefficients (log P; pH 7.4) were
linear with chain length, ranging from 3.1 for Cl to 8.6 for C12.
Measured log P values were in agreement with the calculated values,
for example, the measured and calculated log P values were 3.0 and
3.1, respectively, for Cl, and 5.5 and 5.6, respectively, for C6. The
HPLC retention times and log P for the C6 cis and trans analogs and
the cyclohexyl analog, were similar to CS. Slightly different retention
times were measured for the two C6 (sec) isomers, and these were

grouped between those for CS and C6.

Relationship between Structure and Activity of Photosensitizers

It is well known that the PDT antitumor response is comprised of
direct photodamage to tumor cells and/or damage to the tumor bed
such as the tumor and tumor surrounding normal tissue microvascu
lature, which may indirectly affect tumor cell survival (4, 21). In the
present study, we have attempted to study in vivo QSAR not only for
the overall antitumor activity, but also for the individual components
of therapeutic response, such as that of tumor cells in isolation from

the tumor bed and of the microvasculature of normal skin in which the
tumor resides.

Antitumor Activity. To relate the molecular structure of photo
sensitizers to their in vivo therapeutic response, the antitumor activity
of the congenericseriesof pyropheophorbidederivativeswasevalu
ated. Groups of mice were treated at 0.4 and/or 0.5 p.mol/kg of
photosensitizer and 135 J/cm2 oflight, and the data were combined for

QSAR analysis. The median time required for the tumor regrowth to
a 400-mm3 volume after PDT treatment was calculated and plotted
against the log P of the analogs (Fig. 3). Analogs with log P 5
(Clâ€”CS,Cl not shown), produced no or minimal tumor growth delay
when compared to controls. A very marked increase in tumor growth
delay was observed between log P of 5 and 6 (analogs C5 and C6),
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treatment conditions employed. A marked increase in cytotoxicity (an
increase in log 1ILD50), was obtained between log P of 5 and 6
(analogs CS and C6). Optimum activity was observed with log P
values between 5.6â€”7(analogs C6â€”C9).Compounds with higher log
P displayed declining cytotoxic activity. Eq. C, with the LD50 esti
mate as the biological activity parameter substituted for Y, was fitted
to the data in Fig. 4. The estimates of the three parameters (Â±SE)
were: a = 0.937 Â±0.044; c â€”2.27Â± 0.11; and /3 0.0650 Â±
0.034. The parameters were well estimated, and the curve fits the data
well.

Photosensitization of the Normal Vasculature. In view of the
known effects of PDT on the microvasculature (4), the relationship
between structure of the alkyl ether derivatives and vascular PDT
damage was examined in normal mouse skin by fluorescein exclusion
assay. Two different experimental conditions were tested: (a) skin was
illuminated with incremental light doses 24 h after drug injection (0.4
p.mollkg), the same time interval between drug injection and light
treatment used in the tumor regrowth and the tumor cell photosensi
tization assays; or (b) skin was illuminated within 5 mm of drug
injection, an interval that minimizes pharmacokinetic influences.

The value of@ (i/cm2) was estimated and plotted against log P
(Fig. 5). The data derived from illumination at 24 h after drug

I 0 injection (experimentalcondition a) show a markedreductionin the
FE50(an increase in log 1/FE50)between log P of 5 and 6 (analogs CS
and C6), indicating greatly increased vascular photosensitization by
the C6 analog. FE50 values could not be estimated for the Cl or C3
compounds, as no significant fluorescein exclusion could be achieved
even with the highest light doses employed in this study, and estima
tion of the FE50 value for CS was tentative at best as fluorescein
exclusion was minimal. Optimum antivascular activity was obtained
for log P values between 5.6 and 6.6 (analogs C6â€”C8),with activity
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Fig. 3. Relationship of the log median time to 400-mm3 tumor volume to log P for a
series of pyropheophorbide photosensitizers. PDT treatment was carried out 24 h after iv.
injection of 0.4 g.&mollkg(0) or 0.5 p.mol/kg (â€¢)pyropheophorbide derivative. The
median times were estimated with the method of Kaplan and Meter (15) as described
â€œMaterialsand Methods.â€•Bars, SE of the median times. Shaded region, 95% confidence
interval for the median time to 4OO-mm@tumor growth for the control mice (no treatment
or onlydrugexposure).Eq. C (withouttakingthe reciprocalof the T50)was fit to the
median times for the primary alkyl ether compounds, as described in â€œMaterialsand
Methods,â€•resulting in the asymmetrical parabolic curve. (0), C6 cis and trans analogs;
(â€˜@),C6 cyclo analog; (V), mixture of two isomers of the C6 (sec.) analog.

with optimum log P values between 5.6 and 6.6 (analogs C6â€”C8).
Activity declined gradually for analogs with log P > 7, and ap
proached control values with Cl2. There were very few long-term
survivors (4 of 132), and no treatment-related death was observed
under these conditions. The QSAR, derived from fitting Eq. C to the
data, fully supports the above observations. The antitumor activity
parameter, T50, the estimated median time required by tumor to grow
to 400 mm3 size, was substituted for Y in Eq. C. The estimated
parameters (Â±SE)were: a = 0.869 Â±0.032; c = 1.37 Â±0.0076; and
13 = 0.0399 Â±0.0087. The parameters were well estimated, and the
curve fits the data reasonably well, although some variation from
replicate experiments is evident. Note in particular that for the ClO
compound (log P = 7.6) the 0.4 p.mol/kg group appears to have a
longer median time to 400 mm@tumor size than does the 0.5 p.mol/kg
group. Note, however, that the SE for the 0.4 p.mol/kg group is quite
large, and if the 95% confidence intervals were constructed, there
would be an overlap of the intervals for the ClO compound. Even
though the estimated median times for the C6 cis and trans, C6 cyclo
and C6 (sec) analogs were not included in the QSAR model fitting, the
QSAR model predicts their median tumor regrowth times reasonably
well.

Tumor Cell Photosensitization. To study the photosensitization
of tumor cells by pyropheophorbide derivatives independently from
any tumor bed effects, complete survival curves were obtained for
cells loaded with sensitizer in vivo (0.4 p.mol/kg) that were exposed to
graded doses oflight in vitro. The light dose that reduced cell survival
by 50% (LD50, J/cm2) was estimated for each compound and plotted
against log P (Fig. 4). No significant cell kill could be observed, i.e.,
no LD50 determined, for analogs of log P < 5 (Cl and C3) under the

9
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Fig. 4. Relationship of the light LD,@ estimate, plotted as Log l/LD50, from the in
vivo/ex vivo clonogenic assay to the log P for the series of pyropheophorbide photosen
sitizers. Cells were exposed to graded light doses in vitro after the isolation of cells from
sensitizer-injected (0.4 @mol/kg24 h prior) animals. Then, Eq. A was fit to colony
survival data, and LD50's were estimated, as explained in â€œMaterialsand Methods.â€•(â€¢),
LD@froma separateexperimentcarriedout withtriplicateplates.Bars,SE.Eq.C was
fit to the LD@'s as described in â€œMaterialsand Methods,â€•resulting in the asymmetrical
parabolic curve.
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vascular occlusion (FE50 values) when illumination occurred at a
short time interval after drug injection rather than at 24 h (â€”200â€”
>500 JIcm2).

Plasma and Tumor Photosensitizer Concentrations

To understand the mechanism behind the structure-activity relation
ships revealed in the above series of experiments, both plasma and
tumor photosensitizer concentrations were assessed at 24 h after
injection (Fig. 6), the time point used for light treatment in the
therapeutic experiments. All compounds were administered at 0.4
p.mol/kg. Compounds with log P of <5 (analogs <C6) were nearly
undetectable in plasma; concentrations increased with increasing li

pophilicity and carbon chain length with an apparent plateau at log P
of â€”8 (C8â€”Cl2). In tumors, Cl was undetectable at 24 h after
injection, and levels of C3 were nearly so. Drug concentrations in
tumor progressively increased with drug lipophilicity and alkyl chain
length from 5 to 10 carbons, possibly starting to level off at C12.
Thus, photosensitizer levels in both the plasma and tumors exhibited
a similar pattern at 24 h after drug administration. C6 cis and C6 trans
were barely detectable in plasma (0.005 and 0.007 nmol/ml) 24 h after
injection and tumor levels were likewise low (0.044 Â±0.007 and

3 4 5 6 7 8 9 10 0.043 Â±0.018nmol/g).
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Fig. 5. Relationship of the FE@ estimate, plotted as log l/FE5@, from the fluorescein
exclusion assay in normal mouse skin to the log P of the series of pyropheophorbide
photosensitizers. Light treatment commenced at either 5 mm after the end of photosen
sitizer administration (â€¢),or at 24 h after administration (0). The C6 cis and trans analogs
are represented by (U) for 5 mm and by (D) for 24 h postdrug injection. Data points, FE@@
estimate from a separate experiment; Bars, SE. Bars for the 24 h C5 FE@ estimate are
drawn with arrows to indicate that they would extend past the borders of the figure; the
uncertainty in the estimate is very large. Eq. C was fit to the FE@ estimates for the 24 h
post infusion experiments, and Eq. C without the P3 term was fit to the FE@estimates for
the5-mmpostinfusionexperiments,asdescribedinâ€œMaterialsandMethods,â€•resultingin
the asymmetrical parabolic curves.

Relative PDT Efficiency

The asymmetrical parabolic QSAR patterns observed for all three
biological activities evaluated (Figs. 3â€”5),which suggest an overall
superiority of analogs C6 to C8, cannot be fully explained by differ
ences in the amount of photosensitizer associated with tumor at the
time of light dose (Fig. 6). For instance, although CS had a relatively
lower level in tumor than C6, which may partly explain lower potency
of CS compared to that of C6, the C7â€”Cl2analogs had progressively
greater tumor drug levels than C6 yet showed progressively lesser
potency than C6. In order to separate out the influence of tumor
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decreasing above those values. Eq. C, with the FE50 estimate as the
biological activity parameter substituted for Y, was fitted to the
data. The estimates of the three parameters (Â±SE) were:
a 0.853 Â±0.081; c = â€”3.73Â±0.059; and @3 0.0178 Â±0.013.
The parameters a and c were well estimated; @3was not estimated well.
Overall, the semi-empirical QSAR curve fits the pattern of the data
well, but seems to be displaced somewhat to the right of the data.
Even though FE50 values of C6 cis and C6 trans analogs were not
used for the curve fitting procedure, they fell near the fitted QSAR
curve.

When illumination was carried out within 5 mm (experimental
condition b), optimum antivascular activity was shifted to lower log P
values with the strongest activity at â€”logP of S (CS analog). Activity
declined (FE50 increased, log 1/FE50 decreased) towards the low and
high end of log P. Semi-empirical QSAR (Eq. C), with the FE@
estimate as the biological activity parameter substituted for Y and the
P3 term excluded was fitted to the data. The P3 term was excluded
because the C3 analog had good activity in this assay. The estimates
of the three parameters (Â±SE) were: a = 0.866 Â± 0.029;
C = â€”4.99 Â± 0.44; and f3 = 0.000121 Â± 0.000148. The a and c

parameters were well estimated; f3 was not estimated well. Overall,
the semi-empirical QSAR curve fits the data well. Under these con
ditions, the C6 cis and C6 trans analogs (not included in the curve
fitting procedure) were at least as effective as CS. This dependence of
activity on the time interval between drug administration and light
treatment suggests a strong role for pharmacokinetic differences
among the various analogs, an aspect that is addressed below. Overall,
much lower light doses (â€”10â€”150J/cm2) were required to obtain
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Fig. 6. Relationship of plasma (0) and tumor (â€¢)photosensitizer levels for the
pyropheophorbide series, measured 24 h after the injection of 0.4 p.mol/kg of each
compound to log P. (0) and (â€¢),mean of at least three determinations; bars, SE.
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h(t, C@)= h(t, O)exp(aCT) (E)

In Eq. E, h(t, C@)is the hazard (instantaneous risk of experiencing the
event of the tumor reaching a size of 400 mm3) at time, t, and a
concentration of photosensitizer in the tumor, C@; h(t, 0) is the

baseline hazard for tumor-bearing mice (control) receiving no PDT
treatment; and a (g/nmol) is the parameter that describes the potency
of the photosensitizer in the tumor.

For the CS, C6, and Cl2 analogs, the estimates of a (Â±SE) were:
â€”6.11 Â±0.94, â€”17.7 Â±2.5, and â€”3.46 Â±0.57, respectively. The
negative signs of the parameter estimates imply that increasing tumor
levels of photosensitizers will retard tumor growth. A larger absolute
magnitude for the a estimate implies a greater potency. The C6 analog
was the most potent; it was 3- and S-fold more potent than CS and
Cl2, respectively.

DISCUSSION

These in vivo QSAR data show that: (a) lipophilicity is a potent
predictor of biological activity for this congeneric series of pyropheo
phorbide-derived photosensitizers; (b) the biological endpoints eval
uated (tumor response, tumor cell photosensitization, and vascular
photosensitization) are linked through common mechanisms; (c) this
linkage is not disturbed by the structural modifications introduced in
this study, which affected drug lipophilicity, as well as shape and
flexibility of the molecule; and (d) mere association of the photosen
sitizer with the target tissue at high levels is not sufficient for optimum
PDT effectiveness.

A clear relationship was apparent for the entire series between
lipophilicity (log P) and in vivo potency endpoints (T50, LD50, and
FE50).For experiments in which light treatment followed 24 h of in
vivo photosensitizer exposure, the optimum log P values ranged from
â€”â€”5.6â€”6.6(analogs C6â€”C8),with a dramatic increase in biological
activity between log P of 5.0 and 5.5 and a gradual decrease above log
P of 6â€”7.Modifications of the side chains that altered their shape and
flexibility, as represented by the C6 cis, C6 trans and C6 cyclo
analogs, slightly changed the lipophilicity of these compounds in the
narrow, but apparently critical range between log P of 5â€”5.5and thus
decreased their activity to similar levels as that of the CS analog.

The semi-empirical mathematical/statistical model, Eq. C, was used
because it can describe the asymmetry of the parabolic QSAR rela
tionship, it was derived from a theoretical QSAR framework (8, 19),

(D) and the parameters in the model could be estimated adequately by
fitting the model to real data. The model comes from a consideration
of a set of hypothetical, alternating aqueous and lipid compartments
that have to be traversed by a drug to enter its target compartment
where it can exert its biological activity. The optimal compound will
have a lipophilicity that will allow it to readily enter and leave these
compartments on its way to the target compartment. Numerous studies
have shown drug lipophilicity to be a major determinant for pharma
cokinetic behavior and biological effectiveness (8, 22â€”24),and many
attempts have been made to semi-empirically model the relationship
between partition coefficient of a series of compounds and their
biological activity (8, 25â€”27).It is well known that in many conge
neric series of compounds a point of optimal lipophilicity can be
reached, up to which biological activity increases and beyond which
it decreases, revealing a parabolic relationship as seen in this study
(26, 27).

Overall, the same mathematical model fit the data from all biolog
ical endpoints reasonably well, with the limited exception of the 24 h
vascular responses, in which the curve fits the pattern well but is
slightly displaced from the data. This is in part due to the fact that the
FE50value for the CS compound was poorly estimated because only
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Fig.7. Relationshipof tumorphotosensitizerlevelsforC5(0). C6(â€¢),andC12(0),
withinjecteddoseof compound,measured24 h afterinjection.Datapoints,photosensi
tizer concentrations from a tumor from a single mouse. Eq. D was fit to all of the data
simultaneously, as described in â€œMaterialsand Methods.â€•

photosensitizer concentrations on PDT efficacy of drugs, two exper
iments were performed in parallel.

The first experiment (Fig. 7) was a dose-ranging study for alkyl
analogs CS, C6, and C12, which showed drug uptake in tumor 24 h
after injection to be linear with injected dose for all three compounds
over the dose ranges tested (CS, 1â€”3p.mol/kg; C6, 0.23â€”0.94p.mol/
kg; C12, 0.35â€”4.2p.mol/kg). The dose ranges were chosen so that,
when combined with the light treatment used in the antitumor studies,
tumor responses ranged from negligible to approaching treatment
related death (LD10) of the animal. Eq. D was simultaneously fitted to
all of the data for the three photosensitizers.

CT A[DJ[log(P/P3)]

In Eq. D, C@is the concentration of photosensitizer in tumor 24 h after

injection (nmol/g tumor), D is the dose of photosensitizer (p.mol/kg),
and A is the estimable parameter. The A(Â±SE) estimate was
0.214 Â±0.012; the model fit the data well. Eq. D predicts the tumor
photosensitizer concentrations at the time of light treatment (i.e., 24 h
after i.v. injection) in this series at any dose.

In the second experiment, for CS, C6, and Cl2, the effect of

photosensitizer dose on the in vivo antitumor response was studied.
There were 14 treatment groups and a total of 138 mice. There were
17 treatment-related death, 15 of which occurred with C12 at drug
doses >2.0 p.mollkg. There were 27 long-term survivors; S occurred
with C6 at 0.94 @.unol/kg,and the others occurred with drug doses >1
prnol/kg and were distributed among all three compounds. All data
were entered into a Kaplan-Meier analysis of time-to-event (400-mm3
tumor regrowth). For each photosensitizer, the antitumor response
data for all doses were combined with the same control group repre

sented in Fig. 3 (n = 36). The concentration of photosensitizer in
tumor was predicted from Eq. D. The Cox proportional hazards model
(16), Eq. E, was fit to each of the three data sets.
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minimal vascular perfusion changes could be measured within the
light dose range of the experiment. Although only the primary alkyl
ether analogs were used for the QSAR modeling, it is important to
note that all derivatives fit the relationship closely, thus establishing
the predictive value of the model.

The marked similarity in QSAR patterns, allowing the application
of the same general mathematical model to all biological response
data, suggests that these responses are in some way linked and/or that
the corresponding tissue targets are subject to the same cellular
mechanisms. These results also support the view that both direct
effects on the tumor cells and indirect effects via vascular damage
contribute to the overall PDT response (3). They also indicate that the
structural modifications of the photosensitizer molecule undertaken in
this study could not achieve an uncoupling of these responses, i.e.,
could not induce a shift from indirect to direct photodynamic damage
mechanisms and vice versa.

The differences in the in vivo activities between the compounds
with log P of S and the optimal analogs can be explained to some
extent by their pharmacokinetic behavior, i.e., at the time of thera
peutic light treatment (24 h), the tumor drug concentration was neg
ligible for compounds C3 and markedly lower (2-fold) for CS
compared to that for C6 (Fig. 6). With further increases in lipophi
licity for analogs C7â€”Cl2, however, activity also declined despite a
continued increase in tumor sensitizer concentration. A similar rela
tionship can be discerned for the vascular endpoint assessed within S
mm of drug injection, in which the pharmacokinetic influences are
minimized; only here the lipophilicity and activity optimum are
shifted to a slightly lower log P value. If activated within a short time
interval after in vivo administration, CS is therefore likely to cause
antitumor effects mediated mainly by vascular damage. Other conge
ners may be more effective at different drug/light intervals. As opti
mization of therapeutic response for each agent was not the object of
this study, other drug/light intervals were not examined. For the
therapeutic drug/light interval, the PDT efficiency parameter, a, a
measure of PDT potency after compensating for differences in tumor
photosensitizer concentrations at the time of light dose, indicates the
superiority of the C6 compound over both C5 (less lipophilic than C6)
and C 12 (more lipophilic than C6). The C6 analog was 3- and S-fold
more potent than CS and C 12 analogs, respectively. Therefore, in
addition to pharmacokinetic factors, other differences must exist be
tween these compounds that account for their different potencies.
Because the molar extinction coefficients and quantum yields for 102
generation as measured in solvent are essentially the same for the
entire series, differences in their intracellular localization, the physical
state in which the sensitizer is present in the cell, such as the extent of
aggregation (28), and/or other yet unknown factors may be present
which can influence PDT effectiveness by affecting such parameters
as â€˜02yield, photobleaching rates and so forth. Preliminary studies
suggest that both subcellular drug localization and drug aggregation
status play a role in determining the potency of these compounds.

Several in vitro studies examining very limited series of photosen
sitizer molecules, including benzoporphyrin, phthalocyanine, and por
phyrin derivatives, also suggest an important relationship between
lipophilicity and biological activity (12, 29, 30). Recent work from
our laboratory has shown the n-hexyl ether analogs of BPD to be more
potent in vivo than the commercially available BPD monocarboxylic
acid mixture (31), indicating that the QSAR observed for the pyro
heophorbide series might also apply to certain other photosensitizer

molecules. Although lipophilicity can clearly be an important predic
tor of activity in our in vivo studies, other physicochemical parameters
may also play important roles. When Richter et a!. (32) examined the
in vivo the relationship between biological activity and lipophilicity in
the four isomers of BPD, i.e., ring A or ring B benzo substitutes, either

as monoacid or diacid, it was found that although both monoacid

analogs were lipophilic, the greater lipophilicity of the ring B com
pound did not increase photodynamic potency.

The work presented here is the first extensive in vivo QSAR study
in the field of PDT. It attempts to quantify a relationship not only
between antitumor activity and physicochemical properties such as
lipophilicity, but also with pharmacokinetic behavior. It revealed the
linkage of the various in vivo responses, at least with this series of
photosensitizers, and showed that for optimal PDT effectiveness the
mere association of photosensitizer to the target tissue at high levels
is not sufficient.
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