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Physiologic barriers to the delivery of macromolecules to solid
tumors are a major obstacle to the clinical success of radioim-
munotherapy (RIT). Only a small fraction of the injected dose of
the radiolabeled monoclonal antibody (mAb) localizes at the
tumor site. This situation worsens as the tumor burden in-
creases. It is hypothesized that improvements to RIT of adeno-
carcinoma can be realized by inclusion of vasoactive agents, in
particular agents able to increase the vascular permeability of
tumor capillaries. In these studies, a response-selective peptide
agonist of human C5a, GCGYSFKPMPLaR (AP), was used to
transiently increase tumor vascular permeability in an effort to
improve RIT of solid tumors. Methods: Athymic mice xenografted
with human colorectal adenocarcinoma LS174T were treated
intravenously with low doses (9.25 MBq) of '3'I-labeled mAb
B72.3 in combination with various intravenous doses of AP. The
progression of the disease or the loss of >20% body weight
was taken as the endpoint. Biodistribution and tumor uptake
kinetics were studied in the same tumor-antibody system. Re-
sults: The uptake of 125-B72.3 in LS174T xenografts increased
in a dose-dependent manner with an apparent maximal effect
between 3 and 6 h after intravenous administration of AP. Aug-
menting the dose of 9.25 MBq '3'-B72.3 with a single administra-
tion of 0.1 mg AP delayed tumor growth nearly 2-fold; the tumor
quadrupling time (T,) was 14.2 + 3.3 d for ¥'|-B72.3 alone versus
26.0 = 3.6 d for 81-B72.3 plus 0.1 mg AP (P < 0.001). An
additional dose of 0.1 mg AP 24 h after '31-B72.3 further improved
the therapeutic outcome (T, = 48.5 = 7.9 d; P < 0.001) and resulted
in several cases of tumor regression. Conclusion: The inclusion of
agonist peptides of human Cb5a in the RIT scheme results in
improved tumor responses without any manifest side effects.
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I\/I onoclonal antibodies (mAbs) have significantly im-
proved the targeted delivery of various therapeutic agents
and radioisotopes to tumors. However, gains in selectivity
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are strongly counteracted by problems related to the heter-
ogeneity of the structure and physiology of solid tumors.
These physiologic barriers to the delivery of macromole-
cules are a major impediment to the clinical success of
radioimmunotherapy (RIT) of adenocarcinoma. Only a
small fraction of the injected dose of the radiolabeled mAb
localizes at the tumor site. This situation worsens as the
tumor burden increases (1-4). Even in experimental cancer
models in mice, in which most small tumors are treated
successfully with a single dose of radioimmunoconjugate,
the therapeutic response to RIT abates as the tumor size
increases (5). The accretion of radiolabeled mAbs and,
consequently, radiation doses deposited in tumors rely on
the blood flow in and around tumor masses, the tumor
vascular volume, and the vascular permesbility (VP) of
tumor vessels to macromolecules (6—8). All of these factors
are particularly impaired in large tumors, which have dis-
ordered vasculature and lack draining lymphatic systems.
Methods to transiently change the tumor VP have been
suggested as a means to increase the delivery of mAbs to
tumors. Increases in tumor uptake, some significant, are
reported, when the mAb delivery is aided by external beam
irradiation (9), hyperthermia (10), and systemically admin-
istered vasoactive agents, such as angiotensin Il (11), inter-
leukin-2 (12), tumor necrosis factor-a (13), and, most
recently, avp3 antagonist cyclo-RGD-p-phenylalanine-1-
aminocyclohexane carboxylic acid (14). However, to date,
the improved therapeutic outcome resulting from the mod-
ulation of the VP during RIT has not been documented.
The human anaphylatoxin C5a is a multifunctional phlo-
gistic molecule that is generated as a cleavage product of the
fifth component of complement during serum complement
activation. One characteristic of the C5a-mediated activity
is the increase of the VP to facilitate the recruitment of
circulating neutrophils, monocytes, eosinophils, and ba-
sophils to sites of tissue injury or infection (15,16). C5a-
derived small agonist peptides, which maintain this biologic
property, are expected to improve the delivery of radiola-
beled mAb to tumors. On the basis of the structural analysis
of a panel of conformationally restricted peptides with ho-
mology to the C-terminal end of human C5a, a biologically
preferred peptide conformation was defined. Peptides with
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optimal biologic activities have residues 65—69 in a twisted,
helix-like conformation, whereas residues 70—71 exist in an
extended backbone conformation, and residues 71/72—74
exist in a B-turn of either type |l or type V for spasmogenic
responses and a B-turn of type V for neutrophil responses
(17,18). One analog with a Pro-for-Asp substitution at po-
sition 71 and a p-Ala-for-Gly substitution at position 73,
Y SFKPMPLaR (C5a65-74, Y65, F67, P69, P71, p-Alar3),
a = p-Alg, expressed 15%—20% of the full C5a activity in
spasmogenic assays and approximately 5% in polymorpho-
nuclear (PMN) assays. Y SFKPMPLaR was also shown to
be stable in the presence of mouse and human serum car-
boxypeptidases (19). In this study a response-selective pep-
tide agonist of human C5a, GCGY SFKPMPLaR (AP), was
used to transiently increase tumor the VP in an effort to
improve RIT of solid tumors. AP is an analog of Y SFK-
PMPLaR, a conformationally biased, response-selective ag-
onist of human C5a that produces marked increases in the
VP in the skin of guinea pigs and hypotensive effectsin rats
(19,20). Structure—activity studies have shown that the con-
formational features expressed by YSFKPMPLaR and its
analog AP are more amenable to interacting with and acti-
vating Cba receptors expressed on cells responsible for
hemodynamic activities than for C5areceptors expressed on
inflammatory PMN cells (17-20). This report shows un-
equivocally that RIT combined with the VP-enhancing C5a
agonist peptide GCGY SFKPMPLaR improves the outcome
of RIT.

MATERIALS AND METHODS

Peptides and mAbs

AP was synthesized by standard solid-phase methods, purified,
and characterized according to previously described procedures
7).

mAb B72.3 was produced by the University of Nebraska Med-
ical Center Monoclona Antibody Facility and purified from mice
ascites by protein-G affinity chromatography. B72.3 recognizes a
high-molecular-weight glycoprotein complex designated as tumor-
associated glycoprotein 72 (TAG-72) and shows reactivity with
>85% of adenocarcinomas with minimal reactivity to normal
tissues (21).

lodination of mAbs

B72.3 was labeled with Na'?®l (biodistribution) or Nat3!l (ther-
apy) using the IODO-GEN (1,3,4,6-tetrachloro-3«,6a-diphenyl-
glycoluril; Pierce, Rockford, IL) method. Briefly, to prepare 1311-
B72.3 for RIT studies 2 mg B72.3 were reacted with 370 MBq
Na3 in the presence of 0.1 mg IODO-GEN as the oxidant. The
unbound radioi sotope was removed on a desalting column (Econo-
Pac 10DG; Bio-Rad, Hercules, CA) equilibrated with 0.01 mol/L
phosphate buffer, 0.0027 mol/L KCI, 0.137 mol/L NaCl (phos-
phate-buffered saline [PBS]), pH 7.4, at 25°C. Quality assessment
using instant thin-layer chromatography with 20% agqueous meth-
anol as the solvent indicated that >95% of the radioiodine was
routinely protein bound. Specific activities of 150-190 MBq 3|
per milligram B72.3 and 290—-330 MBq 1%l per milligram B72.3
were typical. The immunoreactivity of radiolabeled B72.3 was
tested using bovine submaxillary gland mucin ((BSM] Sigma, St.
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Louis, MO) attached to Reacti-Gel beads (Reacti-Gel HW-65F;
Pierce). Beads coated with bovine serum albumin (BSA) were
used as the negative control. Radiolabeled B72.3 (100,000 counts
per minute [cpm]) was incubated for 1 h with 0.1 mL BSM- and
BSA-beads at room temperature. The unbound B72.3 was re-
moved by repeated washing with PBS containing 1% BSA and
0.1% Tween 20. The radioactivity in the bead pellet was deter-
mined in a y-counter, and the percentage bound to BSM-coated
beads was calculated.

Animal and Tumor Models

Athymic female mice (nu/nu; National Institutes of Health,
Bethesda, MD) (average weight, 18 g; age, 4—6 wk) were used.
Mice were housed in the University of Nebraska Medical Center
Animal Facility, which is fully accredited by the American Asso-
ciation for Accreditation of Laboratory Animal Care. Mice had
free access to food and water and were kept on a 12-h light cycle.
Potassium iodide-supplemented water was provided 3 d before and
for 7 d after any treatment with radioiodinated antibodies. Subcu-
taneous tumors (20—200 mm3) were produced in these mice ap-
proximately 10 d after a right flank injection of 5 X 10 LS174T
human colon carcinoma cells in 0.2 mL minimum essential me-
dium ((MEM] GIBCO-BRL, Gaithersburg, MD). The cells were
obtained from subconfluent monolayers grown in MEM supple-
mented with 10% fetal bovine serum.

Immunogenicity of AP

Swiss Albino (n = 6) and C57BL/6 (n = 6) mice were given 3
daily doses (either intradermally or intravenously) of 0.1 mg AP;
2 wk after the last dose, blood was collected through a cardiac
puncture and serum was separated and tested for 1231-AP binding.
Serum samples were incubated with 300,000 cpm 125]-C5a (spe-
cific activity, 740 MBg/mg) for 2 h and tested using either a
size-exclusion centrifugation or a 96-well plate binding assay (data
not shown). Serum samples were also analyzed by nondenaturing,
nonreducing polyacrylamide gel electrophoresis (PAGE). These
samples were incubated with 300,000 cpm 125]-C5a (specific ac-
tivity, 740 MBa/mg) for 12 h at 0°C-4°C. Mouse I1gG, IgM,, and
IgM,, were used as negative controls.

Biodistribution of 125]-C5a

To investigate the in vivo fate of AP, the peptide was radioio-
dinated with no-carrier-added 1% to a specific activity of 0.37
MB@/0.1 mg using IODO-GEN as an oxidant. Mice bearing sub-
cutaneous LS174T xenografts were treated with 0.1-mg doses of
125]-AP (0.37 MBq) administered intravenously in 0.2 mL PBS
through a tail vein and euthanized at designated times.

Biodistribution Studies

Mice with LS174T xenografts received an intravenous dose of
AP in 0.2 mL 0.1% abumin in PBS through the tail vein. To
determine the optimum dosing sequence for AP and B72.3, atime
interval between the injection of AP and 1%[-B72.3 was varied
from 0.5 to 24 h. AP was injected intravenously through atail vein
0.5, 1, 3, 6, and 24 h before the dose of 1%5-B72.3 was given. At
the times indicated above after AP, an intravenous dose of 0.37
MBq ?°1-B72.3in 0.2 mL 0.1% abumin in PBS was administered.
Control mice were treated with 125]-B72.3 alone. Additiona doses
of AP were administered at 24 and 48 h after injection of 123-
B72.3 in 2 groups of mice. Seventy-two hours later, mice were
euthanized and the necropsy was performed. The weight and
radioactive content of blood, lung, heart, spleen, liver, kidney,
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uterus, muscle, stomach, small intestine, large intestine, skin, and
tumor were determined.

To examine the overall effect of AP on the distribution of
macromolecules and to access the dose dependence, a nonspecific
mouse 1gG labeled with 1% was used as a tracer. Athymic mice
(without tumors) received a simultaneous injection of AP and
125]-1gG (0.37 MBq per mouse) through the tail vein. Thirty
minutes later, the aforementioned tissues were harvested and their
radioactive content was determined.

Tumor Therapy Studies

Mice with 10-d-old subcutaneous LS174T xenografts were as-
signed to 3 therapy groups (9.25 MBq 31-B72.3 plus 0.1 mg AP,
9.25 MBq 131-B72.3 plus 2 X 0.1 mg AP, and 9.25 MBq 31I-
B72.3 plus 2 X 0.01 mg AP) and 2 control groups (9.25 MBq
1311-B72.3 dlone or 0.1 mg AP alone) so that the tumor size
distribution was similar in each group. APin 0.2 mL 0.1% albumin
in PBS was administered intravenously, which was followed 3 h
later by an intravenous dose of 9.25 MBq 31-B72.3 in 0.1%
albumin in PBS. Control groups received a sham injection of 0.2
mL 0.1% albumin in PBS in place of either AP or 181-B72.3. In
studies with 2 AP doses, the second administration of APwas 24 h
after 1311-B72.3 administration. Drinking water was supplemented
with 0.04% potassium iodide 3 d before treatment and for 7 d after
treatment to protect thyroid function. The tumor size and body
weight were measured 3 times a week. Tumor volume ([V] mmsg)
was calculated as: V = 4zm - (¥2 of longer tumor dimension in
mm) - (%2 of shorter tumor dimension in mm)2. All therapy exper-
iments were terminated when the size of tumor in control groups
was 2,000 mm3. Premature euthanasia was also indicated if any
ulcer formation was observed or the weight loss was 20% of the
initial body weight. Serum collected during the necropsy was
analyzed by gel-filtration high-performance liquid chromatogra-
phy (HPLC) (TSK G2000SW and TSK G3000SW, 0.75 X 30 cm;
Toso Haas, Tokyo, Japan; connected in tandem with PBS at aflow
rate of 0.5 mL/min) and sodium dodecyl sulfate-PAGE ([SDS
PAGE] 4%-15% acrylamide gradient) to determine the effect of

AP on the metabolic fate of 1311-B72.3. The immunoreactivity of
all radioactive fractions collected from an HPLC column also was
measured using the bead-binding assay described above.

Data Evaluation

Each tumor quadrupling time (T,) was calculated as the average
of the T, of al LS174T tumors in a given group of mice. Com-
parison was made using the 2-tailed t test for difference in means.

RESULTS

Dose-Dependence Studies

Permeability of mouse tissues to immunoglobulin was
evaluated 30 min after a simultaneous intravenous admin-
istration of 0.37 MBq %I-1gG and escalating doses of AP.
The egress of 1%5]-1gG from the intravascular space into the
extravascular space depends on the AP dose and is most
pronounced in skin, muscle, uterus, and stomach (data for
stomach are not shown because data nearly overlap with the
uptake in the uterus), but not in other parts of the gastroin-
testinal tract (Figs. 1A and 1B). Although, the VP increase
is dose dependent, this is not a linear relationship (i.e., a
0.4-mg dose of AP does not produce a response 40 times
greater than a 0.01-mg dose) (Table 1).

At the 0.01-mg dose AP, the VP of skin rose by nearly
100%, whereas the 0.4-mg AP dose increased the VP to
850% of the control values. The absolute amount of 1231-1gG
localized was 1.5 + 0.1 percentage injected dose per gram
(%ID/g) at 0 mg AP versus 7.8 = 1.0 %ID/g with 0.4 mg
AP. The response to AP appears to saturate at higher doses
of AP. For example, gradients of the VP increase are ap-
proximately 3 pL blood per gram of skin and 0.6 p.L blood
per gram of skin per each ng AP at 0.01- and 0.4-mg doses
of AP, respectively. The radioactivity accumulated in stom-
ach doubles from 3.1 = 0.1 %ID/g (0 mg) to 6.9 = 2.0
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TABLE 1
Changes of Tissue Permeability in Response to Treatment
with Agonist Peptide GCGYSFKPMPLaR

Tissue permeability* (nL blood/g tissue)

Tissue Control 0.01 mg AP 0.40 mg AP
Skin (ear) 33=3 62 =9 280 *+ 31
Muscle 24 +3 58 = 14 101 = 25
Stomach 70 £3 135+ 9 247 *+ 62
Uterus 134 = 23 161 + 37 318 += 31
Lung 422 =17 490 * 45 604 * 54
Large intestine 58 £ 6 49 £ 7 82 £ 10
Small intestine 98 = 13 93 = 11 124 =15
Spleen 317 = 89 275 *+ 56 418 = 178
Liver 292 + 27 308 * 26 377 = 45
Kidney 692 + 25 672 = 31 812 = 60
Heart 250 = 15 245 + 24 267 =17

*Calculations and formulas are from (33).
Values are expressed as average = SD.

%ID/g (0.4 mg). There is aso a significant perivascular
leakage of radioactivity in uterus, approximately 1.5-fold,
reaching 8.9 + 1.0 %ID/g at this dose of AP. The blood
level of 125|-1gG decreases with the increasing dose of AP
starting at 44.4 = 1.1 %ID/g when no AP is administered
and plummeting to about one half of this value at 0.4 mg
AP. The levels of radioactivity recovered in large and small
intestine, liver, spleen, kidney, heart, and lung remain rel-
atively constant with only a dlight increase at the highest
dose of AP.

Tumor Uptake Changes After AP Administration
Changes in the 125-B72.3 uptake in LS174T xenografts
as a function of the time interval between the dose of AP
and the dose of 1%5-B723.3 were measured after 1 intrave-
nous dose of 0.1 mg AP (Fig. 2). %1-B72.3 was injected
either simultaneously with AP (0 h) or at defined intervals
(05, 1, 3, 6, and 24 h) after AP administration, and the
necropsy was performed 72 h after 125-B72.3 administra-
tion. The rate of uptake increase was approximately 6.2%/h
during the first 3 h. From 6 h on, the process of extravasa-
tion slowed to about 0.34%/h. The best specific uptake in
terms of the %ID of 1%5]-B72.3 per gram of tumor occurred
between 3 and 6 h after AP injection. During this period, the
distribution of 125-B72.3 into normal tissues was compara-
ble with that of control values obtained in mice not treated
with AP. On the basis of these data, a 3-h time point was
sdected as an optimum time interva for dl thergpy studies.

Effect of Multiple Doses of AP on Uptake of Tumor and
Normal Tissues

Using the time line established in kinetics studies, AP
was injected 3 h before mAb 1%5]-B72.3 injection, and the
necropsy was performed 72 h after administration of 129I-
B72.3 (tumor uptake of thisand several other radioiodinated
murine antibodies is consistently at a peak value at thistime
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point or near this time point). Additional doses of AP were
given intravenously in equal fractionated doses every 24 h.
Retention of 125-B72.3 in tumor measured at 72 h increased
by approximately 50% with increasing doses of AP, as did
the radioactivity levels in blood (i.e, from 105 = 0.7
%I D/g blood with no AP to 14.6 = 1.3 %ID/g blood at 2 X
0.1 mg AP) (Fig. 3). 51-B72.3 levels in tumor approach a
plateau after three 0.1-mg doses of AP, whereas accumula-
tion of radioactivity continues in several norma tissues
(Fig. 3), indicating redistribution and return of the extrava-
sated radioactivity into the bloodstream and normal tissues.
This contrasts with necropsy results obtained at 30 min after
AP plus ?1-1gG, when the only changes measured are these
associated with the VP modifications. At 72 h after 125]-
B72.3 administration, the radioactive contents of normal
tissues, including skin, parallel blood levels (i.e, thereis a
gradual increase with escalating doses of AP). However,
tumor-to-normal tissue ratios remain similar even at the
highest administered dose of AP (3 X 0.1 mg). For example,
the tumor-to-liver ratio measured in the absence of AP was
3.5 *= 0.9 compared with 3.2 = 0.5 after three 0.1-mg doses
of AP. Similarly, the tumor-to-kidney ratio stays at approx-
imately 5 in the aforementioned groups of mice. The second
dose of AP at 24 h resultsin further incremental increases of
the %ID/g in tumor, and the third dose of AP at 48 h after
mAb administration produces a dightly smaller incremental
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FIGURE 2. Uptake kinetics of 1251-B72.3 by LS174T xeno-
grafts in athymic mice treated intravenously with one 0.1-mg
dose of AP at indicated time points before administration of
1251-B72.3. For example, 3 h on x-axis indicates that AP was
administered 3 h before dose of radiotracer. Biodistribution was
conducted 72 h after injection of 25]-B72.3. Data are expressed
as average *= SD (*3-h vs. 6-h uptake, P > 0.2 at 0.05 level of
significance; **3-h vs. 24-h uptake, 0.05 > P > 0.02 at 0.05 level
of significance).
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FIGURE 3.
first dose of AP. Each point is average + SE of 6 mice.

change in %ID/g in tumor from 12.8 %ID/g at 2 X 0.1 mg
AP to 13.1 %ID/g a 3 X 0.1 mg AP. On average, the
buildup of radioactivity in tumors amounts to approximately
3-4 %I D/g per each 0.1-mg AP. On the basis of these data,
the therapy studies were conducted either with 1 dose of AP
or with a booster dose 24 h later.

For as yet unknown reasons, the levels of radioactivity in
spleen drop to approximately 50% of control values with
0.01- and 0.1-mg doses of AP. An additional dose of 0.1 mg
AP brings the radioactivity to the control baseline. A similar
effect is observed in spleen of norma mice (i.e., athymic
mice without tumors) treated with 0.01 mg AP and 1%I-1gG.
Because this is a 72-h biodistribution, the effect cannot be
ascribed to neutropenia or a similar event caused by rapid
extravasation. Further studies of this phenomenon are in
progress.

Immunogenicity of AP

One potential long-term limitation in the use of Cba
agonists is a possibility of immunogenic responses when
injected into humans. Studies by Tempero et a. (22) have
shown that conjugation of an analog of C5aagonists used in
our studies, YSFKPMPLa&R, to a peptide epitope results in
an antibody response to the peptide epitope and to the C5a
agonist. Therefore, the effect of multiple doses of AP,
administered in normal (i.e., not immunodeficient) mice, on

Uptake of 125-B72.3 in tumor-bearing mice 72 h after injection of radiotracer. 1251-B72.3 was administered 3 h after

the production of anti-AP response was studied. Mice were
given 3 daily doses (either intradermally or intravenously)
of 0.1 mg AP; 2 wk after the last dose, blood was collected
and tested for 1251-AP binding (Fig. 4). Several components
in mouse serum bind the radiolabeled peptide, but no dif-
ference was found between serum from AP-immunized
(Fig. 4, lanes 3 through 6) and untreated mice (Fig. 4, lanes
1 and 2). There is, however, a good indication that the
distribution of AP binding proteins in sera from inbred
C57BL/6 mice (Fig. 4, lane 1) differs from that seenin mice
of Swiss origin.

Localization of AP in Normal Tissues and Tumors

The delayed effect of AP on biodistribution and tissue
perfusion does not correspond to the expected biologic life
of low-molecular-weight peptides in vivo. Usualy, the
blood residence time of radiolabeled peptides is on the order
of afew minutes and clearanceisrapid from all tissues, with
the possible exception of kidneys.

To investigate the in vivo fate of AP, the peptide was
radioiodinated with no-carrier-added 125 to a specific activ-
ity of 0.37 MBg/0.1 mg and administered intravenously in
athymic mice bearing subcutaneous LS174T xenografts.
Biodistribution results are shown in Figure 5. The maxi-
mum level of 125-AP in tumors is reached 60 min after
injection. Blood clearance curves are typical of substances
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FIGURE 4. Native PAGE of sera recovered from normal and
AP-immunized mice reacted ex vivo with 125]-AP. Mice were
given 0.1 mg AP through intradermal or intravenous route once
daily for 3 d. Two weeks after last injection, mice were eutha-
nized. Sera collected from mice were incubated with 125]-AP
overnight and examined by electrophoresis on native PAGE gel.
Lanes: 1, control, C57BL/6 mouse serum; 2, control, Swiss
Albino mouse serum; 3, immunized mouse serum, Swiss Albino,
intradermal; 4, immunized mouse serum, Swiss Albino, intrader-
mal; 5, immunized mouse serum, Swiss Albino, intravenous; 6,
immunized mouse serum, Swiss Albino, intravenous.

interacting strongly with blood components. There is a
delayed (approximately 60 min after injection) return of
radioactivity into the systemic circulation. At this sametime
point the activity in all normal tissues reaches a second
maximum. The time to reach a steady-state concentration is
approximately 3 min for al tissues except kidneys (10 min),
skin (30 min), and lungs, where only the secondary reab-
sorption phase is observed. The '?5-AP activity in lungs
parallels blood levels at earlier time points but from 30 to
300 min remains relatively constant with an elimination
half-life of 19.4 h and a mean residence time of 27 h
(uncorrected for 125 decay). Skin-associated AP reaches a
maximum after 30 min. The delayed influx of radioactivity
into several tissues might indicate an active transport mech-
anism through the binding and extravasation of PMN leu-
kocyte—1?51-AP complexes or the binding of thus activated
PMNs to vascular endothelial cells. Both possibilities are
being investigated further.

RIT
Therapy studies were conducted at 3 levels of AP: a
single dose of 0.1 mg, 2 doses of 0.1 mg, and 2 doses of 0.01
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mg (Tables 2 and 3). The 0.1-mg dose was selected as the
optimal dose on the basis of the biodistribution studies. The
0.01-mg doses were included because this was the lowest
amount of AP that gave measurable and statistically signif-
icant VP changes and tumor uptake increases. The tumor
growth rate in the control mice treated only with AP is
rapid, with the mean tumor T, of 7.1 d (Fig. 6A). A similar
rapid growth of xenografts is observed in untreated control
mice (Fig. 6A, dotted line) and matches our archival data.
RIT with 9.25 MBq 31-B72.3 slows the growth of tumors
for approximately 7 d, after which time the growth resumes
at approximately the same rate as in the untreated controls
(Fig. 6B). The overall T, in this control is 14.2 d. Even at
the lowest dose of AP (i.e., 2 consecutive administrations of
0.01 mg AP 24 h apart), there is a considerable increase in
Ty from 7.1 to 34.7 d with the stable disease (i.e.,, no
changes in tumor volume) for about 2 wk. A single dose of
0.1 mg AP is nearly as effective (i.e., the tumor growth
delay lasts 2wk and T, = 26 d (Fig. 6C). An additional dose
of 0.1 mg AP 24 h after 131|-B72.3 administration increases
T, 7 times to 48.5 d. In both groups treated with 2 doses of
AP, 4 tumors regressed to 10%—90% of the initial volume.
These were excluded in the calculations of T,

Serum samples collected on day 22 of RIT were analyzed
by HPLC and SDS-PAGE (Fig. 7) under nonreducing and
reducing conditions to examine the metabolic fate of 1gG in
the presence of AP. On average, the recovered radioactivity
amounted to 2.29 = 0.26 %ID/g and 3.40 =+ 0.47 %I D/g of
serum (corrected for decay of 131) in control mice (331-
B72.3 without AP) and treated mice (0.1 mg AP plus
1311-B72.3), respectively. As indicated by HPLC (data not
shown) and SDS-PAGE, virtualy all 3! recovered in se-
rum was bound to B72.3. The immunoreactivity of serum
fractionated on size-exclusion HPLC columns tested in a
bead-binding assay is almost identical in different treatment
groups (i.e., 48% vs. 51% for 131-B72.3 alone and 13-
B72.3 plus 0.1 mg AP, respectively, compared with the
initial value of 84% on the day of administration).

The radioactivity retained in tumors harvested at the same
time (22 d) is also similar, 3.95 = 0.63 %ID/g and 4.70 =
0.80 %ID/g (corrected for decay) for 3!-B72.3 control
mice and the 0.1 mg AP plus 31-B72.3 treatment group,
respectively. However, tumors were considerably smaller in
the AP-augmented therapy group, resulting in artificially
inflated mean values. The distribution of radioactivity in
these tumors from various therapy groups appeared to be
more uniform in the AP-treated mice (Fig. 8B). Although on
average the values of %ID/g tumor were similar in control
and AP-treated mice, autoradiography indicated that in tu-
mor sections from 131-B72.3 treatment mice a considerable
fraction of radioactivity was around blood vessels, whereas
the combination of AP plus 1311-B72.3 resulted in the leak-
age of radioactivity into the extracellular spaces in some
regions of the tumor (Fig. 8A).
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FIGURE 5. Clearance curves for 125|-AP (0.1 mg) administered intravenously in LS174T-bearing athymic mice. Each symbol

represents average = SD (n = 5); SDs are omitted when they are <56%. Sm Int = small intestine; Lg Int = large intestine.

TABLE 2
Summary of LS174T Tumor Growth in Athymic Mice
After Combination 3'1-B72.3 RIT with 1 Dose of AP

9.25 MBq
131]-B72.3 plus
0.1 mg AP 0 mg AP
Parameter control control 0.1 mg AP
Initial tumor size* (mm3) 76 + 15 112 = 22 99 + 20.0

Tumor size on day 15*

(mm3) 1,941 = 3157 447 = 102% 245 + 74.0
Tumor T4* (d) 71+04 142 =33 26.0*+36
Specific growth delay$ 0 1 2.7

*Mean *+ SE.

TP < 0.001 at 0.05 significance level for both AP-treated groups.

¥0.01 > P > 0.02 at 0.05 significance level between 2 AP-treated
groups.

SSpecific growth delay = (T treated — T control)/T4 control (77).

DISCUSSION

The growth rate of subcutaneous adenocarcinoma in an-
imals is decreased after treatment with radiotherapeutic
doses of radiolabeled antibodies. The response is usualy
excellent and dependent on the size of the tumor at the start
of RIT and the choice of antibody. For example, a single
dose of 131-labeled CC49 produces profound tumor regres-
sion and cures when tested in subcutaneous LS174T human
colorectal adenocarcinoma xenografts in athymic mice.
Sixty percent of LS174T tumors treated with 18.5 MBq
131]-CC49 regress completely (23). However, in a clinica
setting this outcome is never achieved. Clinical studies
using B72.3 and CC49 labeled with either 131 or Y for the
treatment of pancreatic and colorectal cancer (24—-26) had
only a marginal success. Although no dose-limiting, extra-
hematopoietic toxicity was identified, the suboptimal tu-
mor-absorbed radiation dose estimates for 131-CC49 sug-
gested that further escalation of 131-CC49 would not be
useful. A similar outcome was recorded for *°Y-CC49. Even
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TABLE 3
Summary of LS174T Tumor Growth in Athymic Mice After Combination 13'1-B72.3 RIT with 2 Doses of AP

9.25 MBq 311-B72.3 plus

Parameter 0.1 mg AP control 0 mg AP control 2 X 0.01 mg AP 2 X 0.1 mg AP
Initial tumor size* (mm?3) 76 £ 15 97 = 36 55 £8 71 19
Tumor size on day 15* (mm3) 1,941 = 315 466 = 249 156 = 78 121 £ 40
Tumor Tg* (d) 71 +04 15.5 = 3.1 34.7 = 6.07 48.5 = 7.9%
Specific growth delay$ 0 1.2 3.9 5.8

*Mean *+ SE.

TTwo tumors regressed to 25% and 30% initial volume.

#Two tumors regressed to 10% and 93% initial volume.

SSpecific growth delay = (Tq treated — T control)/T, control (17).

at the highest administered radioactivity, radiation doses
deposited in tumor were below therapeutic threshold levels.
The inevitable conclusion derived from these and other
studies was unequivocal: Strategies to enhance access of
radioimmunoconjugates to tumor need to be developed for
effective treatment of solid tumors.

B72.3 is a prototype mAb, which recognizes a high-
molecular-weight glycoprotein complex designated as
TAG-72 (21) and shows significant reactivity with >85% of
adenocarcinomas, including colorectal and pancreatic can-
cers, with only a minimal reactivity with normal tissues
(27,28). Although B72.3 is excellent as a diagnostic agent,
it is less effective than CC49 in anima tumor models and
invariably fails in clinical RIT trials. When planning the
evaluation of augmented RIT, we elected to use the less-
effective, first-generation mAb B72.3 rather than CC49 to
evaluate the advantages of the adjuvant treatment. These
conditions, with the degree of response to RIT far less than
optimal, better reflect the more difficult clinical situation
encountered in RIT of adenocarcinoma.

The uneven penetration of mAb into the tumor mass,
attributable in part to the impaired tumor’'s VP and blood
flow, resultsin apoor efficacy of radioimmunoconjugatesin
solid tumors. A discrete localization pattern of radiolabeled
mADbs is evident even in small metastatic deposits. There is
a good uptake of radiolabeled mAb on the edge of micro-
metastases, which follows the distribution of capillaries,
whereas the core of the tumor remains unlabeled (29).
Fractionated RIT with mAb fragments is often proposed as
away to provide a more uniform distribution of radioactiv-
ity within the tumor mass. However, adramatic reduction of
the tumor’s VP noted after just 1 administration of radio-
immunoconjugates (30) suggests that repeated doses of RIT
may amplify already existing problems of a nonuniform
radiation dose distribution. Strategies allowing a transient
increase in the VP using vasoactive agents are considered to
be afeasible solution to these problems (7-14). To date, the
improved therapeutic outcome resulting from modulation of
the VP has not been documented. Part of the problem liesin
the choice of vasoactive agents studied thus far. Cytokines,

— — —
o o -
| | |

FIGURE 6. Relative growth of LS174T
colon cancer xenografts after RIT treat-
ment (n = 9). Tumor size changes are ex-
pressed relative to tumor volume 10 d after
tumor implantation on day of ¥1-B72.3
treatment (day 0). (A) AP (0.1 mg) without
RIT. Solid lines represent kinetics of tumor
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growth for each mouse treated with AP;
dotted line is mean tumor growth curve in
control mice that received no treatment.
(B) RIT with 9.25 MBq '3'1-B72.3 alone. (C)
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FIGURE 7. Autoradiogram of 5%-20% gradient SDS-PAGE
gel of serum samples indicating no difference in processing of
181]-B72.3 in serum of AP-treated mice compared with 31I-
B72.3 alone. Lanes: 1, 131|-B72.3 stored 22 d at 4°C; 2, 31]-
B72.3 with AP; 3, 1311-B72.3 alone. All radioactivity recovered in
serum 22 d after dosing is in form of 131-B72.3. HPLC analyses
on TSK G2000SW-TSK G3000SW columns confirmed this find-
ing. MW = molecular weight.

vd

such asinterleukin-2 and tumor necrosis factor-o have been
shown to improve the uptake of mAbs in experimental
tumor models (12,13). However, their clinical application
may be difficult to realize because of toxicities observed in
the course of the systemic cytokine tumor immunotherapy,
such as vascular leak syndrome, hypotension, a hyperdy-
namic response with low systemic vascular resistance, and
a host of symptoms similar to a severe infection. The
mAb-cytokine constructs and fusion proteins are also tested
(13,31) with the aim to target cytokines directly to the tumor
site and, consequently, to minimize systemic toxicities. In-
creasingly, it is becoming apparent that the amount of mAbs
needed to deliver effective doses of a cytokine to tumor are
impractical and may be a source of additional side effects
(e.g., anti-antibody response, anti-cytokine response, and so
forth). To avoid shortcomings of the cytokine approach, we
have examined a response-selective agonist of the human
Cb5a anaphylatoxin as a vasoactive agent.

AP is an analog of YSFKPMPLaR, a conformationally
biased, response-selective agonist of human Cba that pro-
duces marked increases in the VP in the skin of guinea pigs
and hypotensive effects in rats (19,20). Structure—function
studies have shown that the conformational features ex-
pressed by AP are more amenable to interacting with and
activating Cha receptors (C5aR) expressed on cells respon-
sible for these hemodynamic activities than for C5aR ex-
pressed on inflammatory PMN cells. Although used as the
free peptide in this study, AP was generated by attaching the
residues GCG to the N-terminal end of YSFKPMPL&R to
provide a convenient way to link AP through a disulfide
bridge to various carriers for the site-targeted delivery for

'.L B

FIGURE 8. Microautoradiography of 5-pum tumor sections harvested 22 d after administration of 9.25 MBq 131-B72.3. (A) Section
of tumor from mouse treated with 1311-B72.3. (B) Section of tumor from mouse treated with 0.1 mg AP followed 3 h later by treatment

with 31-B72.3.
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future investigations. AP’'s pharmacokinetics in mice paral-
lel these of other agents able to interact with blood compo-
nents (32). All organs except lungs clear 1%I1-AP with the
elimination half-life of <60 min.

The effect of an enhanced VP on the tumor uptake of
mADbs is known and usually manifests itself as the increase
of %ID/g tumor in several tumor models (11-14,31). How-
ever, the actua augmentation of RIT in the presence of
VP-modulating agents has yet to be shown. A recent report
on the effect of angiotensin ll-induced hypertension com-
bined with kininase inhibition indicates that altered tumor
circulation can enhance tumor targeting of radiolabeled
mADb and RIT. The T, of colorectal carcinoma xenografts
increases 1.4 times when treated with RIT in combination
with angiotensin Il and kininase inhibitor. However, in the
absence of studies with each of these agents individually, it
is difficult the attribute the overall therapeutic effect to
changes in the VP (11).

Our study convincingly shows an improved RIT outcome
in response to the controlled changes in the tumor's VP. A
single dose of AP administered before RIT increases T,
nearly 2 times. A therapeutic protocol with 2 equal doses of
0.01 mg 24 h apart is more effective than a single dose of
0.1 mg AP. A booster dose of 0.1 mg AP resultsin afurther
delay in tumor growth, 3.5 times compared with 31-B72.3
alone or nearly 7 times when no treatment is given. Indeed,
the tumor response to a well-tolerated dose of 9.25 MBq
1311-B72.3 combined with AP produces therapeutic effects
normally observed in this tumor model at the dose-limiting
level of 37 MBq 3!-B72.3.

The possibility was also considered that the response of a
tumor to combination radioimmunoconjugate-AP therapy
may be secondary to both (a) the increased radiation dose to
tumor cells caused by the enhanced VP and (b) the syner-
gistic or additive effects of radiation and activated effector
cell mechanisms. However, the absence of any tumor re-
sponse in control mice treated with AP aone indicates that
the immunoinflammatory effect of AP does not contribute
to RIT. Additional studies are in progress to explore in
greater detail the effect of AP on the tumor biology. On the
basis of the currently available data, the enhanced response
to RIT appears to be solely aresult of the increased VP of
tumor vessels.

Any therapeutic scheme involving substances that may
elicit other than desired biologic responses may be difficult
to trandate to the clinic. The AP-augmented RIT is no
exception. Of particular concern in this approach is the
potential for immune responses to AP (22), especially when
several administrations of the peptide are to be used. AP's
chemical structure is derived from a human C5a; therefore,
if immunogenic, the responses in a rodent model would be
agood indication of future problems. To date, in the studies
with multiple challenges of AP administered intravenously
or intradermally in normal mice, there were no detectable
antibody responses. These results are encouraging and in-
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dicate that RIT with several doses of AP should not pose a
problem in clinical protocoals.

CONCLUSION

RIT of solid tumors can be improved significantly when
judiciously selected biologic response modifiers are in-
cluded in the therapy scheme. Because no blood-borne
molecule can reach tumor cells without passing through the
tumor’'s vascular and interstitial compartments, transient
increases in the VP engendered by small, nonimmunogenic
peptides such as discussed in this article have a significant
impact on the egress of radioimmunoconjugate into the
extravascular spaces in atumor and, consequently, improve
the outcome of RIT.
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