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Abstract Purpose To investigate the effect of the sarcoThe sustained period of{sar}ATll-induced hypertension had
sine analog of human angiotensin Il ({sar}ATIl) on theno effect on RD tumor or normal tissue uptake or tumor
uptake and spatial distribution of immunotoxins (MWspatial distribution of immunotoxin. In saline-treated con-
210000 Da) in RD rhabdomyosarcoma xenografts trols, the heterogeneity of immunotoxin distribution does
mice. This analog has a pressor activity similar to nativeot arise from an elevated interstitial pressure. Further
angiotensin 1l (ATIl) but a longer duration of action.studies are needed to determine whether a correlation exists
Method A period of elevated blood pressure of approxibetween responsiveness to ATll-induced hypertensive che-
mately 80 min, measured by noninvasive photoplethysmmotherapy using macromolecular drugs and tumor type
graphy, was achieved by a 40-min continuous i.p. infusi@nd/or physiological properties.
of {sar}ATIl at 0.07 pg/min. Tumor-bearing animals were
injected i.v. with 129-labeled specific and!3Y-labeled Key words Immunotoxin- Angiotensin II-
nonspecific immunotoxins and made hypertensive by i.Biodistribution
infusion of {sar}ATIl. Radioactivity was measured in
plasma, tumor, liver, kidney and muscle at 2, 6 and 24 -
Plasma radioactivity was subtracted from tissue values litroduction
calculate tissue uptake. To assess the spatial distribution of
immunotoxin in the solid tumori29-labeled specific im- The vasoactive drug angiotensin Il (ATIl) stimulates arte-
munotoxin was injected i.v. into tumor-bearing animalsiolar constriction. When given systemically, it produces a
and quantitative autoradiography was performed on tumaidespread increase in peripheral vascular resistance and
sections.Results The uptake of specific or nonspecificalters kidney excretion of salt and water through an aldo-
immunotoxins in tumor and normal tissues was not signifterone feedback loop. These effects lead to an increase in
icantly different in {sar}ATll-hypertensive animals com-blood pressure [9]. Suzuki et al. discovered that during
pared with saline-treated controls. In control animals, thll-induced hypertension, blood flow in a variety of
spatial distribution ofi23-labeled specific immunotoxins hepatic tumors is increased while in normal tissues, it is
was very heterogeneous and contained punctate accumdiereased or unchanged [32, 34]. The mechanisms that
tions throughout the tumor. Treatment with {sar}ATIl didexist for normal vessels to regulate blood flow appear to be
not affect this distribution qualitatively or quantitatively. Taabsent or incompletely developed in the tumor vasculature
examine a possible reason for the lack of {sar}ATll effec{11]. Several different research groups have demonstrated
we measured the interstitial pressure of the RD tumor usitigat such a phenomenon could be exploited to increase
a fluid-filled micropipette connected to a servo-null presumor uptake of a number of chemotherapeutic drugs and
sure transducer. The interstitial pressure in this solid tum@odel markers [1, 7, 33] or to reduce the toxicity in normal
was unexpectedly low, only 0:60.9 mm Hg.Conclusions tissues [18]. Further, it has been shown that ATIl can
enhance the effectiveness of mitomycin C in an animal
tumor model [32]. The concept has been tested clinically in
F.G. Elizondo, Jr: C. Sung , _ Japan where ATll-induced hypertension has been shown to
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greater in normal tissue, the tumor/normal tissue blood flo#%4A12, an IgG murine monoclonal antibody recognizing the human
ratio is nonetheless increased [14]. Tozer and Shaffi h sferrin receptor, was generously provided by Lou Houston.

. . . PC21, an Ig@ murine monoclonal antibody that has no known
observed a similar result in a subcutaneous carcinosarcofiging specificity, was obtained from Sigma Chemical Co. (St. Lous,

tumor [36]. Mo.). It was passed through a Sephadex-G25 M Column PD-10
Immunotoxins are macromolecular drugs comprised @fharmacia-LKB, Piscataway, N.J.) to remove sodium azide prior to
an antibody (or binding ligand) linked to a protein toxinvsii” any ﬁxpe_rirfl\ents-_The imml;ncﬁoxins 454|A12I-107 %n%_MOF’Cgl-
e LAl : are chemical conjugates of the monoclonal antibodies and a
T“mor cell-speplflc killing Can. be achieved by the use of utant form of diphtheria toxin linked via a thioether bond [29].
antibody that binds preferentially to tumor cells and alloWghey were purified on a size-exclusion column, and the fractions
internalization of the toxin [5]. A major obstacle to theorresponding to the one-to-one conjugate (MW 210000 Da) were
successful application of antibodies and immunotoxins ysed in these studies. The antibody and the immunotoxins used in the

cancer therapy is their low accumulation and poor penetlt%qdistribution study were iodinated witk?S or 131 (ICN Radio-
.chemicals, Irvine, Calif.) by means of immobilized lactoperoxidase

tion into solid tumors [15, 21, 22, 24, 31]. Use of certaitgjo-rad, Richmond, Calif.). For the autoradiography study, 454A12-
microvascular-permeability-enhancing  compounds  has7 was radiolabeled witk5 Bolton-Hunter reagent (NEN, Boston,
been found to increase tumor uptake of antibodies [18gass.). The radioiodinated proteins were purified on a Sephadex
27]. Since tissue uptake of macromolecules such as ifr25 M column PD-10 and further dialyzed overnight prior to use.

. . . . Radioactivity was>90% precipitable in TCA; the immunoreactive
munotoxins is proportional to the product of Caplllar3fraction [20] of the specific immunotoxin ranged from 0.4 to 0.5. The

permeability and .capillary 5Uffac§‘ area [25], another PProteins were used within 3 days of radiolabeling.

tential strategy to increase the delivery of these molecules is

to increase capillary surface area. Visualization of the

capillary bed of a hepatoma grown in a sandwich chambftimal model

has shown that ATIl dramatically increases the number R{hymic female mice (NIH Nu/Nu) 6 to 8 weeks old weighing 18 to
perfused vessels [10]. Mor.eover, Trotter et al. have showsig were used in these experiments. They received a flank injection of
that ATII reduces the fraction of tumor vessels that expee” human rhabdomyosarcoma RD cells (ATCC, Rockville, Md.). The
rience periods of stasis [37]. We had developed an anintalls were obtained from confluent monolayers grown in Dulbecco’s

; satrib b dified Eagle’s medium containing 10% fetal calf serum. These cells
model to study the tumor uptake and spatial distribution g!(i:)ress approximately 60000 transferrin receptors/cell [29]. The

immunotoxins. Using this model, we have found that thgimais were used in the experiments 2-3 weeks later. Median and
tumor distribution of tumor-specific immunotoxins is spamean tumor weights were 0.3 g and 0.5 g, respectively (range
tially very heterogeneous [31]. The reported effects of ATA.04-1.6 g). The animals were divided so that test and control groups

in increasing the number of perfused tumor capillari ntained approximately the same distribution of tumor weights.
- . urther details of this animal model are given in reference 29.
motivated us to use our model to examine whether ATII-

induced hypertension could increase the uptake of immu-
notoxins and/or distribute them more uniformly within @lood pressure measurements
solid tumor.
In this research, we administered human AT (Asp_Ariecause of the technical difficulty of placing an intraarterial pressure

. . ransducer in a mouse, we used a noninvasive photoplethysmography
Val-Tyr-lle-His-Pro-Phe) or {sar}ATll (sarcosine replace etection system to monitor blood pressure (Columbus Instruments,

aSpf'JlrtiC acid) to r_“ic? by intraperitoneal (i.p.) infusion t@olumbus, Ohio). A mouse’s tail is placed into an inflatable pressure
achieve an elevation in blood pressure. Blood pressure weaf which contains a light emitting diode and a photodetector.
monitored noninvasively by photoplethysmography recorguisations in blood flow through the tail artery bias the detector. The

: : ; ignals are sent to a signal filter, amplifier, and a chart recorder (Gould
ings from a tail cuff. The sarcosine analog gave us mo?r%?é ruments, Valley View, Ohio). The blood pressure is determined

consistent and prolonged elevation of blood pressure simultaneous chart recordings of the pulse and cuff pressure.
was used in all the uptake studies. Tumor-bearing animalscause movement in an awake animal creates signal artifact which
were injected intravenously (i.v.) witke5l-labeled tumor- obscures the pulse signal, the animals were anesthetized with i.p.

i 131]- e ; odium pentobarbital (0.3 ml at 0.1 mg/ml). The animal's body
specific and 13i-labeled nonspecific immunotoxins ancfemperature was supported with a &7 heating blanket (Harvard

then made hypertenslye b)/ i.p. infusion of {S.ar}AT”- Alinstruments Homeothermic Blanket, South Natick, Mass.).
various times after injection, plasma and tissues were

sampled for radioactivity. These animals were compared

with saline-treated controls. In another set of experimenBipod pressure response to angiotensin Il infusions
quantitative autoradiography was performed on tumor seg-

! . . e blood pressure was monitored every 3 to 5 min in nontumor-
tions from {sar}ATIl- and saline-treated animals that hadezing anesthetized animals as a function of time after initiating an

been injected with23-labeled tumor-specific immunotoxin .p. infusion of ATII or {sar}ATIl (0.044 mg/ml). Infusion rates ranged

in order to assess the effect of {sar}ATIl on the spatidtom 1.2 to 2.0ul/min. Blood pressure measurements were also made
distribution of the immunotoxin within the tumor. after infusions were stopped. Control animals received infusions of
saline over the same range of flow rates. Because sodium pentobarbital
lowers vascular resistance and hence blood pressure, we sought to
confirm that ATIl or {sar}ATIl could produce an elevation in blood

Materials and methods pressure in pentobarbital-anesthetized animals. It is noteworthy that
experiments done by Suzuki et al. [32—-34] and Hori et al. [10-12],
Materials which showed that blood flow and capillary surface area in tumors

increase following ATII infusion, used pentobarbital as the anesthetic
Human ATIl was obtained from CalBiochem (La Jolla, Calif.), andgent. We therefore supposed that pentobarbital would not counteract
{sar}ATIl was obtained from Peninsula Laboratories (Belmont, Calif.the effects of ATII, but as an added precaution, used in our analyses
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Table 1 Organ blood space in mice Quantitative autoradiography experiments
Organ Angiotensin IL-treated  Saline-treated control The method used was similar to the biodistribution experiments except
(%, meantSD, n = 8) (%, meantSD, n = 4) that only one immunotoxini2d-454A12-107 (0.125 pmol) was in-

jected. A blood sample was obtained 2, 6, and 24 h after injection of

Tumor 1.33t0.15 1.65-0.24 the immunotoxin, and the animal was sacrificed. The animals were

Muscle 1.12+0.17 0.95t0.58 perfused with 10 ml heparin solution (100 U/ml phosphate-buffered

Liver 27.7 £45 325+7.1 saline, PBS) followed by 5-10 ml 10% formalin at 3 ml/min from a 25

Kidney 144 £4.1 143 £3.0 gauge butterfly needle placed in the heart. This procedure was done in

order to clear the radioactivity from the vasculature. The tumor was
then removed and cut approximately in half. Both pieces were
weighed. One piece was placed in a test-tube containing 10% formalin,
only animals that experienced an elevation in blood pressure followiagd the radioactivity was counted. The other piece was coated with
ATII or {sar}ATIl infusion. Tissue Tek embedding medium (Miles Laboratories, Elkhart, Ind.) and
frozen by submersion in isopentane cooled in dry ice. The tumors were
stored at —20C. They were then sectioned into @A thick sections
Organ blood space measurements on a cryotome (Zeiss, Thornwood, N.Y.) at <ZD and transferred to
gelatin-coated slides. The slides were placed in light-tight cassettes
Organ blood space was determined usi#@labeled MOPC21 im- W!'[h 125 sta_ndards _(Amersham, Arlington Heights, Ill.) and cove_red
munoglobulin as a plasma volume marker. Measurements were m4d@ Hyperfilm 3H Film (Amersham). The cassettes were stored in a
in animals receiving an infusion of ATII or saline. The tumor-bearing€siccator at room temperature. The film was developed in GBX
animals were anesthetized as described above, and several basgfygloper (Kodak, Rochester, NY) 2-3 months later. The sections
blood pressure measurements were recorded. An i.p. infusion of AYgre then stained with Gill's hematoxylin (Polysciences, Warrington,
at 0.044 mg/ml was administered at a rate ofdl/in with a Harvard Pa.)._ Film images were digitized, quantitated and analyzed as described
Infusion Pump (Harvard Instruments), and blood pressure measupEeviously [31].
ments were taken every few minutes. By 10 min, if the blood pressure
had not increased by 35 mm Hg, the infusion rate was increased, but
never exceeded 2.Al/min. When the blood pressure reached 35 tHterstitial tumor pressure measurements
45 mm Hg above the baseline level, the animal was injected with =
0.1-0.6 MBq of125-labeled MOPC21 (0.5 Mbgh, 2.2 MBg/ml). Interstitial tumor pressure measurements were made by a servo-null
Two samples of blood were obtained 1 min later from the tail vein, offethod similar to one described by Boucher et al. [3]. The servo-null
for hematocrit determination, the other for counting radioactivity (LKENstrumentation was the 900A Micropressure System (World Precision
Clinigamma Counter 1272, Pharmacia-LKB Nuclear, Gaithersburjstruments, Sarasota, Fl.). The system uses an electrolyte-filled
Md.). The animal was sacrificed and tumor, muscle, liver and kidndyicropipette with a tip diameter of 2-48m. The micropipettes were
samples were obtained. All samples were weighed and counted. Blgdade with a vertical pipette puller (Model 720, Kopf Instruments,
samples were also counted after precipitation in trichloroacetic acigljunga, Calif.) and were bevelled on an air-controlled, rotating
The radioactivity of the injectate and all blood samples wa85% grinding stone. Tumor-bearing mice were anesthetized with i.p. sodium
precipitable. The blood space was calculated by dividing the radiodentobarbital as described above and placed on a heating blanket.

tivity per gram of tissue by the radioactivity per gram of blood. Controfumor diameters ranged from 1 to 2 cm. The animal and heating
animals received infusions of saline. blanket were then placed on an adjustable stage to permit positioning

of the animal near the micropipette tip which was mounted in a
micromanipulator. With the aid of an operating microscope (Zeiss), a
small nick in the skin surface over the tumor was made with a 30-
gauge hypodermic needle at the position where the micropipette was to
be@wserted. This reduced the likelihood of micropipette breakage upon
B rtion into the tumor. A small drop of PBS was placed on the nick,
the micropipette was advanced into the drop approximately
erpendicular to the face of the tumor to a point just above the surface
the skin. The pressure measured at this position was used as the
erence pressure. The micropipette then was advanced slowly ap-
proximately 4 mm into the tumor and then gently moved back and
infusion. little immunotoxin will be cleared before the blood press rforth 0.1 mm to dislodge any tissue that may have adhered to the tip
Infusion, fittie iImmu Xin wi pressu Suring entry. The micropipette was also flushed using positive pressure

becomes elevated. Thus, in the following procedure, the animals W%eunclog the tip of any tissue. Pressure measurements were then taken

first injected in the tail vein with 0.2 ml of a solution containing : he - L > .
0.125 pmol129-454A12-107 and 0.125 pmdRd-MOPC21-107 im- . NS Position and at various positions as the micropipette was

munotoxins. Immediately after injection, an i.p. infusion of {sar}ATII
(0.044 mg/ml) or saline at 1.6l/min was started. Blood samples were
obtained 2 min after injection for hematocrit and radioactivity mea-
surements (before and after precipitation in 25% trichloroacetic acia.

The blood pressure was measured again 30 min later and its chaRg8ults

from the initial blood pressure was recorded. The infusion was

continued for a total of 40 min. Blood samples were obtained froBlood pressure response to angiotensin Il infusions

the tail vein 2, 6, and 24 h after injection of the immunotoxins and the

animal was sacrificed. Tumor, muscle, liver and kidney samples wefe .

obtained. All tissues were weighed and measured for radioactiv{éﬂ exe_lmple of t_he S,'gnal output from the p_hqtoplethysmo-
content. The counts were corrected for background and crossover, graph is shown in Fig. 1A, B. The upper strip is a record of
the 133 counts were also adjusted for decay. The average interstitglilsations through the tail artery, the lower strip is a record
concentration of the immunotoxins was calculated by subtracting tge the cuff pressure. When the cuff pressure exceeded the

contribution of the radioactivity in the blood (Table 1) and dividing b -
the average interstitial volume fraction of the organ [13, 29]. Resu)IfPJOOd pressure, pulsations were not detectable. As the cuff

are expressed as a percentage of the initial (2 min) plasma concerfgESSuUre was released and dropped be_low the blOOd pres-
tion. sure, pulsations were recorded. The point at which pulsa-

Biodistribution experiments

Tumor-bearing animals were anesthetized as described above
several blood pressure measurements were obtained. From the al%\ée
experiments, we found that after starting infusion of {sar}ATll,
injecting substances into the tail vein became more difficult. Becau
{sar}ATIl elevates blood pressure within 5 min of injection, wherea§ef
the plasma clearance of the immunotoxin is slow,{t45 min,

t1/53=13 h), if the immunotoxin is injected before the start of {sar}ATlI
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approximately another 40 min following the end of infu-
sion. The average pressure during the period from 5 to
80 min was 14813 mm Hg. The sustained increase in
blood pressure was advantageous for our purposes because
it allowed us, in subsequent experiments, to extend the
period of elevated pressure beyond the time of infusion.
The blood pressure response in a control animal receiving
an infusion of saline is shown by the lower curve in Fig. 1C.
The blood pressure measurements fluctuated somewhat,
averaging 8113 mm Hg during the period from 5 to
80 min following infusion of saline.

Organ blood space measurements

c The blood spaces of RD tumor, muscle, liver and kidney are
listed in Table 1 for animals whose blood pressure was
increased 35 mm Hg or greater by infusion of ATII. The
blood space of the tumor in the ATII group was slightly
lower than in the control group @0.05, two-tailed
Student'st-test). For all the normal tissues, the blood spaces
did not differ significantly between the ATIl and the control
groups.

— -
n [*2]
o o

Blood Pressure (mm Hg)
[o2]
o

40 ' L L L '
0 20 40 60 80 100 120

Time (min) Biodistribution studies

the biodistribution and autoradiography studies, the
lood pressure was monitored periodically during the infu-

A Pulse recordingB simultaneously recorded cuff pressure (0—300 m
Hg full scale). From left to right, cuff pressure was held at 30 mm H ) :
and a steady pulse was detected. Cuff pressure then was rap&ign period. In 2 of 20 animals, we found that the pressure

increased to approximately 170 mm Hg and slowly released. Atygas less than 15 mm Hg above the baseline at 30 min

cuff pressure greater than the animal’s blood pressure, pulse Wavesfﬁfﬁ)wing the start of infusion. and these animals were
not detected. As the cuff pressure drops below the animal’s blood '

pressure, pulse waves appear. Extrapolation of the pulse wave “en\?é_fplu_ded from the anal_y_3|s. Figure 2 |IIu_s_tre_1tes the bIQdIS-
ope” to the point where pulsations are first detectable yields thgbution of tumor-specific and nonspecific immunotoxins
animal's blood pressure. Three successive measurements are takeq{sar}ATll-treated animals and saline controls 2, 6 and
A o it e e e oot mecmsg 124 1 afer injection. The plasma kinetics of the two
{c?)it}rol animal receFi)ving i.p. infusion of salinérrows reprgsent the fimunotoxins were qnaﬁeCted by {S_a_r}AT” treatmen_t'_
times that infusions were stopped. Following the end of {sar}ATIl he tumor concentration of both specific and nonspecific
infusion, blood pressure is elevated for 40-50 min. Measuremeitamunotoxins appeared to be slightly, though not signifi-
were discontinuted when animals recovered from the anesthetic cantly, higher in {sar}ATll-treated animals than in control
animals at 6 h, but not at 2 or 24 h. Results from the
autoradiography study (Fig. 3) indicated that the uptake of
tions were first detectable was the blood pressure, found $pecific immunotoxin in {sar}ATllI-treated animals was the
the intersection of the two lines drawn along the pulsame as in control animals at all time-points.
envelope. Following i.p. infusion of ATIl, we observed a Figure 2 also reveals that there was no difference in
rise in blood pressure within 5 min. The blood pressutamor concentration between the tumor-specific and non-
returned to baseline values within 5 min after the infusicspecific immunotoxins. Results with tumor-specific immu-
was stopped. In later studies, we used {sar}ATIl in whichotoxin were in accordance with previously published
the non-naturally occurring amino acid sarcosine replacesperiments, but the nonspecific immunotoxin MOPC21-
the terminal aspartic acid of ATIl. This analog produces 207 did not clear from the RD tumor as rapidly as
longer duration of action presumably owing to its highegsreviously observed [29]. The sources of MOPC21 anti-
affinity for the ATIlI receptor and slower degradativdbody were different between these studies (Cetus and
metabolism [17]. The upper curve in Fig. 1C shows aBigma) because the Cetus product was no longer available.
example of the blood pressure response to an infusionlbfppears that the presently used MOPC21 has a higher
{sar}ATIl at 1.6 pl/min (open circles). As with native ATII, degree of nonspecific binding to the RD tumor. Changes in
within 5 min of the start of infusion, an elevation in bloodgroduction conditions may alter the glycosylation pattern of
pressure was detectable. The blood pressure was elevataesionoclonal antibody [8] which in turn may affect its
for the 40-min infusion period, and it remained elevated feronspecific binding characteristics.

Fig. 1A-C A, B lllustrative blood pressure by photoplethysmograph%rl
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Fig. 3 Tumor uptake ofi23-labeled immunotoxin in animals used inFig. 4 Change in blood pressure 30 min after the beginninglibf

the autoradiography study. Animals received a 40

min infusio@of {sar}ATIl or saline infusion among animals used in the autoradiogra-

{sar}ATll or [ saline following injection of the immunotoxin. Tumors phy study
were removed 2, 6 and 24 h after immunotoxin injection. Tumor
uptake was not significantly different between animals receiving

{sar}ATIl and those receiving saline
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Fig. 5 Autogradiograms of tu-
mors from animals receivings-
labeled specific immunotoxin.
Top six panels represent tumors
after {sar}ATII treatment, and
lower six panels represent tumors
from saline-treated controls
(bars=1 mm)

{sar}Angiotensin Il

The biodistribution data show that the liver received thiought it possible that the spatial distribution of the
highest concentrations of immunotoxins. Liver uptake d@imunotoxin in the tumor could differ in the two cases.
the nonspecific immunotoxin at 6 h was somewhat high&vidence that ATIl treatment opens previously unperfused
than that of the tumor-specific immunotoxin, while kidnegapillary beds in tumors [10] raised the possibility that such
uptake of the tumor-specific immunotoxin was somewhé&eatment would increase the homogeneity of immunotoxin
higher at 2 h than that of the nonspecific immunotoximistribution. Figure 4 shows the change in blood pressure in
However, in all normal tissues (plasma, muscle, liver arahimals included in the analysis of the autoradiography
kidney) at all time-points, no differences in uptake for atudies. The {sar}ATlI-treated animals had a#93 mm
particular immunotoxin were observed when comparingg (meant s.d.) elevation in blood pressure compared with
{sar}ATll-treated and saline-treated control animals. a —4+ 11 mm Hg (meart s.d.) change in the control group.

Examples of autoradiograms of immunotoxin distribution

in tumors in {sar}ATll-treated and saline-treated control
Quantitative autoradiography experiments animals are shown in Fig. 5. In both groups, the immuno-

toxin distribution was very heterogeneous, characterized by
Although the average uptake of immunotoxin was the sarggnctate accumulations of high concentration and diffuse
in {sar}ATlI-treated and saline-treated control animals, wareas of relatively low concentration. Previously, we have
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20 measured by the servo-null micropipette method, was
‘é’ {sar}ATII 0.6+0.9 mm Hg (16 measurements in 7 animals). Experi-
= ments done independently with the use of the wick-in-
g 15 needle methodology [4] confirmed that the interstitial
3 pressure of this tumor was low: 0t91.1 mm Hg (10
x measurements in 9 animals; Y. Boucher, personal commu-
S 10 nication). The pressure in this tumor was unusally low in
=) comparison with values reported for a wide variety of other
: 5 tumors [3, 4]. Thus, the RD tumor may be a useful control
o in studies on tumor interstitial pressure. A theoretical model
e of fluid dynamics in a tumor predicts that interstitial
0 pressure will be elevated under conditions of high capillary
1-32 3210 10-32  32-100 100-320 permeability and capillary surface area/volume of tumor
KURTOSIS [2]. A possible mechanistic explanation for the low in-
20 terstitial pressure in the RD tumor is that such conditions do
Y not exist in this tumor.
E Saline
& 15
Q
Q
= Discussion
& 10
=~ .
2 The reported effects of ATIl motivated us to explore the
possibility of using ATll-induced hypertension to increase
w 5 . .
o the delivery of macromolecular drugs to a solid tumor. We
* reasoned that the low transcapillary transport rates of
0 B

e : immunotoxins would require a relatively extended period
92 8210 oSt 00 100980 of ATII hypertension in order to obtain measurable differ-
ences from untreated controls. By means of i.p. infusion of
Fig. 6 Kurtosis of quantitative autoradiography images of tumors froélsar}AT” for 40 min, we were "’?b'e to elevate bIQOd
animals receiving {sar}ATII or saline infusions after injection'gf- Pressure for approximately 80 min. If the transcapillary
labeled tumor-specific immunotoxin &l 2 h, @ 6 h andM 24 h. transport rate were doubled for the 80-min period, we
Treatment with {sar}ATIl does not increase the homogeneity aéstimated that uptake of the tumor-specific immunotoxin
immunotoxin distribution in the twmor would be higher by approximately 70% at 2 h (the first
sampling time) on the basis of a compartmental model of
the transport of immunotoxins [29]. In this model, we
shown that the degree of heterogeneity can be quantiggsume that the dominant mechanism for solute transport
tively characterized by the kurtosis of the distribution o filtration [26]. Therefore, an increase in transcapillary
concentrations [31]. The kurtosis is the dimensionlefisid influx would be accompanied by an equivalent in-
fourth moment about the mean. A normal distribution hagease in the interstitial loss rate (by fluid efflux). If the
a kurtosis of 3 while a distribution with a long tail will havetranscapillary transport and interstitial loss rates returned to
a large kurtosis because points that are far from the mezaaseline levels at 80 min, we estimate that tumor uptake
are weighted strongly in the calculation. Figure 6 shows theould be approximately 30% higher at 6 h compared with
kurtosis values of tumor images from {sar}ATll-treatedccontrols. By the same reasoning, a tripling of the transca-
animals and saline-treated control animals, 2, 6 and 24filary transport rate would be expected to produce an
after injection of immunotoxin. The distribution of kurtosisncrease in immunotoxin uptake of 140% and 60% at 2
values did not differ significantly between the two groupand 6 h, respectively. In cell culture, the number of cells
(Fisher’s exact test forxc contingency tables). killed rises more than proportionately with immunotoxin
concentration [30]. This observation suggests that even
modest increases in tissue concentrations of an immuno-
toxin can have a large impact on cytotoxicity. Thus, it was
Interstitial tumor pressure measurements disappointing to find that in the RD rhabdomyosarcoma
xenografts, average uptake of tumor-specific and nonspe-
The lack of effect of {sar}ATIl infusion on immunotoxin cific immunotoxins was not increased significantly by a
uptake and distribution led us to consider possible mechaustained period of hypertension with {sar}ATIl at any of
isms for the result. Elevation of interstitial pressure in solithe time-points compared with saline-treated controls. The
tumors has been stressed as an impediment to deliveryupfake in normal tissues (muscle, liver, kidney and lung)
macromolecules [3]. We therefore sought to characterin@s also unchanged.
the interstitial pressure of this tumor. The mean interstitial Interstitial fluid pressure is increased in many types of
pressurex S.D. in the tumors at a position 3 mm deepsolid tumors [3]. Furthermore, it increases after adminis-
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tration of ATIl [38]. When interstitial pressure exceedsific or nonspecific immunotoxins in solid RD human
microvascular pressure, vessels collapse and perfusibabdomyosarcoma xenografts over a 24-h period. The
ceases. Hori et al., however, found that ATIl raises micrgpatial distribution of the tumor-specific immunotoxin
vascular pressure above the interstitial pressure [11]. Suclvas also unaltered. The absence of effect may be related
phenomenon would allow perfusion of previously collapsgd the unexpectedly low interstitial pressure of these tu-
tumor capillaries. Unfortunately, the duration of such amors. Another possibility is that the microvasculature of the
effect upon prolonged infusion was not reported. THe&D tumor does not increase in surface area or increases
increase in hydrostatic pressure difference between iy transiently during the period of hypertension. Further
tumor vasculature and interstitium will also increase fluidtudies are needed to determine the types of tumors and/or
filtration, and if the additional fluid is not removed at aheir physiological properties that correlate with increased
higher rate, interstitial pressure will rise. Thus, it is uncleamptake of macromolecular drugs under ATll-induced hy-
whether the effect of ATIl on increasing the capillarypertension. Such studies will enable better discrimination of
surface area of perfused vessels can be sustained. ffee clinical circumstances that are and are not likely to
dynamics of ATII action on capillaries needs to be docuenefit from chemotherapy conducted under ATll-induced
mented with a tumor preparation that permits direct visubypertension.
lization of the microvasculature. A sustained opening of
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more uniform interstitial distribution of a macromoleculagonson for technical support with the cell cultures. Eli Walker and
drug like an immunotoxin. In this case, however, {sar}A: eth Goldstein provided valuable assistance on the photo-
: ; ’ h ' plethysmography and servo-null instrumentation. We also would like
Tll-induced hypertension was not associated with any thank Shigeru Tanda for stimulating discussions as we planned the

significant change in the heterogeneity of immunotoxiexperiments and Yves Boucher for graciously contributing his re-
distribution. sources to measuring interstitial pressures in the RD tumors by the

ck-in-needle methodology. Finally, we gratefully acknowlege the

Another possible explanation for the lack of measurab%vice and helpful suggestions given by Robert Dedrick and Richard
effect of {sar}ATIl on tumor uptake of the macromoleculargyie.

immunotoxin may be the low interstitial pressure of the RD
rhabdomyosarcoma. If these tumors already have a uniform
distribution of perfused vessels, it may be difficult to obtain
a significant change in the status of the tumor microvascu-
lature that could significantly alter immunotoxin uptake and
distribution after {sar}ATIl treatment. The heterogeneou§eferences
distribution of immunotoxin in the RD tumors evidently
was not a consequence of elevated interstitial pressurg. ape |, Hori K, Saito S, Tanda S, Li Y, Suzuki M (1988) Increased
Given the low dose of immunotoxin and high affinity of intratumor concentration of fluorescein-isothiocyanate-labeled
the immunotoxin for the human transferrin receptor on the neocarzionostatin in rats under angiotensin-induced hypertension.
iatri i ; Jpn J Cancer Res 79:874

tugmrt Ce”ﬁ.’ ;hed heterogt;:ngog_s dISttrIbuthn maly SIm?Il . Baxter LT, Jain RK (1989) Transport of fluid and macromolecules
re, ec_ a . g _egree 0 Inding 1o perivascular Cells .+ mors. I. Role of interstitial pressure and convection. Micro-
(binding-site barrier effect [6]). vasc Res 37:77

In contrast to our results, an elevation in macromole3. Boucher Y, Baxter LT, Jain RK (1990) Interstitial pressure gra-
cular drug uptake with ATll-induced hypertension has been dients in tissue-isolated and subcutaneous tumors: implications for
obtained in other animal models. The intratumoral concen;

therapy. Cancer Res 50:4478

- L . . 4. Boucher Y, Kirkwood JM, Opacic D, Desantis M, Jain RK (1991)
tration of fluorescein-isothiocyanate-labeled neocarzinosta- |nterstitial hypertension in superficial metastatic melanomas  in

tin (MW 10700 Da) in a rat hepatoma at 10 min has been humans. Cancer Res 51:6691

shown to be twice control values following a 10-min periodd. Frankel AE (ed) (1988) Immunotoxins. Kluwer, Boston

of ATll-induced hypertension [1]. Uptake of tumor-specific 8- Fulimori K, Covell DG, Fletcher JE, Weinstein JN (1989) Model-
: ing analysis of the global and microscopic distribution of immu-

monoclonal antibodies (MW 150000 Da) in human colon  nogiobulin G, F(ab)2, and Fab in tumors. Cancer Res 49:5656
carcinoma xenografts has been shown to be increased byGoldberg JA, Murray T, Kerr DJ, Willmott N, Bessent RG,
35% to 45% at 48 to 72 h after injection when mice are McKillop JH, and McArdle CS (1991) The use of angiotensin Il

coinjected with ATII [23, 35]. More recently, in a study
using rats bearing the Walker 256 carcinoma, Li et al. hav
found that injection of macromolecular SMANCS (MW 16
000 Da) and BSA (MW 68 000 Da) during ATll-induced

as a potential method of targeting cytotoxic microspheres in
patients with intrahepatic tumour. Br J Cancer 63:308

§ Goochee CF, Gramer MJ, Andersen DC, Bahr JB, Rasmussen JR

(1991) The oligosacchrides of glycoproteins: bioprocess factors
affecting oligosaccharide structure and their effect on glycoprotein

hypertension (15 min) leads to a 20% to 80% increase in gOPe”ieAS-CBi‘l);%Clh“?'ogé’ 9:k13‘}7 dical phvsioloav. WB S
tumor uptake 1 or 6 h later [19]. None of these reports:" det:’gtoghiladélphia) extbook of medical physiology. aun-

however, describe the effect of ATIl on the spatial distrirg. Hori K, Suzuki M, Abe I, Saito S, Sato H (1985) Increase in tumor

bution of the drugs within the tumors. It would be interest-
ing to learn if ATIl produces a redistribution of drug in
those tumor models.

In summary, we found no effect of an extended period of
{sar}ATll-induced hypertension upon uptake of either spe-

vascular area due to increased blood flow by angiotensin Il in rats.
J Natl Cancer Inst 74:453

11. Hori K, Zhang QH, Saito S, Tanda S, Li HC, Suzuki M (1993)

Microvascular mechanisms of change in tumor blood flow due to
angiotensin Il, epinephrine, and methoxamine: a functional mor-
phometric study. Cancer Res 53:5528



12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Hori K, Suzuki M, Saito S, Tanda S, Zhang QH, Li HC (1994p5.
Changes in vessel pressure and interstitial fluid pressure of normal
subcutis and subcutaneous tumor in rats due to angiotensin Il.
Microvasc Res 48:246 26.
Jain RK (1987) Transport of molecules in the tumor Interstitium:
a review. Cancer Res 47:3039 27.
Jirtle RL (1988) Chemical modification of tumour blood flow. Int

J Hyperthermia 4:355

Jones PL, Gallagher BM, Sands H (1986) Autoradiographic
analysis of monoclonal antibody distribution in human colon an28.
breast tumor xenografts. Cancer Immunol Immunother 22:139
Khawli LA, Miller GK, Epstein AL (1994) Effect of seven new
vasoactive immunoconjugates on the enhancement of monoclonal
antibody uptake in tumors. Cancer 73:824 29.
Kono T, Taniguchi A, Imura H, Oseko F, Khosla MC (1985)
Relative biological activities of AgRVal5-angiotensin I, Il&-
angiotensin Il and S&angiotensin 1l in man. Life Sci 37:365  30.
uroiwa T, Aoki K, Taniguchi S, Hasuda K, Baba T (1987) Efficacy
of two-route chemotherapy using cis-diamminedichloroplatinu-
m(ll) and its antidote, sodium thiosulfate, in combination witt81.
angiotensin Il in a rat limb tumor. Cancer Res 47:3618

Li CJ, Miyamoto Y, Kojima Y, Maeda H (1993) Augmentation of
tumour delivery of macromolecular drugs with reduced bon@2.
marrow delivery by elevating blood pressure. Br J Cancer 67:975
Lindmo T, Boven E, Cuttita F, Feorko J, Bunn PA (1984)
Determination of the immunoreactive fraction of radiolabele@3.
monoclonal antibodies by linear extrapolation to binding at infinite
antigen excess. J Immunol Methods 72:77

Matzku S, Schmid J, Tilgen W (1990) Autoradiographic evalug4.
tion of monoclonal antibodies’ access to melanoma-associated
antigens in melanoma xenografts. J Invest Dermatol 95:671
Moshakis V, Mcllhinney AJ, Neville AM (1981) Cellular distri- 35.
bution of monoclonal antibody in human tumors after iv admin-
istration. Br J Cancer 44:663

Noguchi A, Takahashi T, Yamaguchi T, Kitamura K, Noguchi A,
Tsurumi H, Takashina K, Maeda H (1992) Enhanced tuma@6.
localization of monclonal antibody by treatment with kininase I
inhibitor and angiotensin Il. Jpn J Cancer Res 83:240 37.
Pervez S, Paganelli G, Epenetos AA, Mooi WJ, Evans DJ,
Krausz T (1988) Localization of biotinylated monoclonal antibody
in nude mice bearing subcutaneous and intraperitoneal hunggh
tumor xenografts. Int J Cancer Suppl 3:30

121

Renkin EM, Curry FE (1979) Transport of water and solutes across
capillary endothelium. In: Giebisch G and Tosteson DC (eds)
Membrane transport in biology. Springer, Heidelberg, p 1

Rippe B, Haraldsson B (1987) How are macromolecules trans-
ported across the capillary wall? News Physiol Sci 2:135

Russell SM, Krauer KG, McKenzie IF, Pietersz GA (1990) Effect
of tumor necrosis factor on the antitumor efficacy and toxicity of
aminopterin-monoclonal antibody conjugates: parameters for op-
timization of therapy. Cancer Res 50:6028

Sato H, Wakui A, Hoshi M, Kurihar M, Yokoyama M, Shimizu H
(1991) Randomized controlled trial of induced hypertension I
(human) in advanced gastric carcinoma. Jpn J Cancer Chemother
18:451

Sung C, Youle RJ, Dedrick RL (1990) Pharmacokinetic analysis of
immunotoxin uptake in solid tumors: role of plasma kinetics,
capillary permeability and binding. Cancer Res 50:7382

Sung C, Wilson D, Youle RJ (1991) Comparison of protein
synthesis inhibition kinetics and cell killing induced by immuno-
toxins. J Biol Chem 266:14159

Sung C, Dedrick RL, Hall WA, Johnson PA, Youle RJ (1993) The
spatial distribution of immunotoxins in solid tumors: assessment
by quantitative autoradiography. Cancer Res 53:2092

Suzuki M, Hori K, Abe |, Saito S, Sato H (1981) A new approach
to cancer chemotherapy: selective enhancement of tumor blood
flow with angiotensin Il. J Natl Cancer Inst 67:663

Suzuki M, Hori K, Abe I, Saito S, Sato H (1984) Functional
characterization of the microcirculation in tumors. Cancer Metasis
Rev 3:115

Suzuki M, Hori K, Saito S, Tanda S, Abe |, Sato H, Sato H (1989)
Functional characteristics of tumor vessels: selective increase in
tumor blood flow. Sci Rep Res Inst Tohoku Univ 36:37

Takeda A, Kikuki T, Ozaki M, Ariga T, Nagashima T, Isono K,
Miyoski T (1991) Enhancement of radiolabeled monoclonal anti-
body uptake with angiotensin Il and tumor necrosis factor. Nippon
Ega Gakkai Zasshi 92:475

Tozer GM, Shaffi KM (1993) Modification of tumour blood flow
using the hypertensive agent, angiotensin Il. Br J Cancer 67:981
Trotter MJ, Chaplin DV, Olive PL (1991) Effect of angiotensin Il
on intermittent tumour blood flow and acute hypoxia in the murine
SCCVII carcinoma. Eur J Cancer 27:887

Zlotecki RA, Boucher Y, Lee |, Baxter LT, Jain RK (1993) Effect
of angiotensin Il induced hypertension on tumor blood flow and
interstitial fluid pressure. Cancer Res 53:2466



