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Aim 1: 0 study the relative rate etabolic degradati
A. Survey of Endocytosis and Degradation Rates of RAbs. We have systematically studied the

endocytosis, intracellular routing, and metabolism of a large panel of MoAbs recognizing the major
surface antigens present on T and B lymphocytes as well as selected antibodies targeting myeloid
cells, and breast cancer cells (summarized in Table I below): These experiments have documented
marked variability in the rates of endocytosis and catabolism of 125I-labeled MoAbs.

Tumor
Line

RAMOS
(Bcell
lymphoma)

HPB-ALL
(T cell
lymphoma)

HEL

(Myeloid
Leukemia)

AKR/A
Murine T
Lymphoma)

SKBR3
(Breast CA)

*See Figure

Table I: Characteristics of 125]-Labeled MoAbs Studied

MoAb
(Isotype)

DA4-4 (IgG1)

HD37 (IgG1)
HD6 (1gG1)
MB-1 (IgG1)
7.2 (IgG2a)
B1 (gG2a)
BCS (IgG1)

64.1 (IgG2a)
35.1 (IgG2a)
66.1 (IgG2a)
66.2 (IgG2a)
BCS8 (IgG1)

P67-6 (1gG1)
BC8 (IgG1)

0X7 (IgG1)

4D5 (IgG1)

Rate* in 24 Hr* Iamgt Sites/CellT (L/M)
Fast 35-50% IeM 330,000 4.3 x 109
Fast 20-30% CD19 100,000 3.0x 108
Intermediate  22% CD22 90,000 2.9 x 109
Intermediate  15% CD37 235,000 3.0x 109
Slow <10% HLA DR 390,000 1.7 x 109
Slow <10% CD20 305,000 3.7 x 108
Slow <10% CDh45 200,000 5x 108
Fast 35-60% CD3 100,000 2x109
Fast 50% CD2 20,000 1.5 x 109
Intermediate  25% Ch4 60,000 0.7 x 109
Slow <10% CD8 90,000 2.2 x 109
Slow <10% CD45 N.D. N.D.
Fast 50-60% CD33 10,000 1 x 1010
Slow <10% CD45 200,000 5x 108
Slow <10% Thy 1.1 1,000,000 7 x 108
Fast 30-55% Her2/neu 105,000  1.6x10°

1 and Reference (30. 32).

tReference (1, 2) and unpublished results.

The endocytosis and degradation rates of represertative RAbs determined by cellular
radioimmunoassays (see Methods and Refs 1 & 2) are depicted in Figures 1 & 2, respectively .

1Abbreviations: CT, chloramine T; HPLC, high performance liquid chromatography; MoAb,
monoclonal antibody; PIB, paraiodobenzoyl; RAb, radiolabeled antibody; RIT,
radioimmunotherapy; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis;
TCB, tyramine cellobiose; TLC, thin layer

SN, supernatant; TCA, trichloroacetic acid;

chromatography.
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Fig. 1: Rates of Internalization of Selected Fig. 2: Rates of Metabolism of RAbs by Tumor
RAbs by the Tumor Cell Targets listed in Table I Cell Targets (determined by appearance of small

(determined by cellular radioimmunoassay). molecular weight [TCA soluble] 125I-labeled
species in culture supernatants.
B. and Degradation, A typical kinetic profile quantifying

the % of RAb present on the cell surface, inside cells, and in the culture supernatant as a function
of time is shown in Fig. 3 for 125I-labeled anti-CD3 MoAb 64.1 targeted to the HPB-ALL T cell
lymphoma line. Similar curves (albeit with different slopes) have been generated for the other
MoAbs listed in Table II (1-4). In Fig. 4, the radioactivity appearing in supernatants of malignant
T cells labeled with 1251-MoAb 64.1 is fractionated into small molecular weight species (<10,000
kD) which are soluble in 25% trichloroacetic acid (TCA), and large molecular weight species
which are TCA-precipitable. It can be seen that early in the culture period (<4 hours), most of the
supernatant radioactivity is TCA precipitable (primarily intact RAbs passively dissociated from cell
surface antigenic sites), whereas late in the culture period, the majority of radioactivity released
from cells is present as small molecular weight species (characterized by SDS-PAGE, HPLC, and
TLC in Aim 3 below).

Recent studies in our laboratory have shown that antibody internalization and degradation
are identical for MoAbs radioiodinated using the IodoGen technique or biosynthetically labeled by
incubation of hybridoma cells with 3H-leucine. These data show that the patterns of cellular
internalization and degradation for the radioiodinated antibodies faithfully mimic those of native
antibody and are not due to protein damage during the iodination process as can occur when
harsher iodination conditions are used (5).

C. Morpholologic documentation of intracellular routing, Immunoperoxidase electron microscopy
and ultrastructural autoradiography have been used to directly observe the trafficking of antibody
conjugates from the cell surface through clathrin-coated pits to endosomes and lysosomes (1,2, 6).
(See Appendix I Figures 1-3 for photomicrographs).
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Fig. 3: Distribution of 125I-MoAb 64.1 on the Cell Fig. 4 Accumulation of TCA-soluble, TCA-
Surface, Intracellularly, and in Culture precipitable, and total cpm in culture supernatants
Supernatants as a Function of Time after Targeting of HPB-ALL cells pulse-labeled at time 0 with
HPB-ALL cells (determined by cellular 1251-MoAb 64.1.

radioimmunoassay).

A. In vitro Assessment of Pharmacologic Ag 212 " A variety of
pharmacologic agents (listed above) have been shown to interfere with catabolism of 125]-labeled
protein ligands (3,7-13). We have tested the hypothesis that these agents can be used to retard
degradation of radioimmunoconjugates by tumor cells and augment the retention of RAbs by
tumors. The success of this approach in vitro is documented in Figs 5 & 6 which demonstrate that
the tested drugs decrease the degradation of 125I-64.1 by T lymphoma cells by 15-90% at nontoxic
doses (Fig.5) and augment retention of the RAb by 150-330% at 24 hours of culture (Fig. 6)
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Fig. 5: Inhibition of 1251-MoAb 64.1 Degradation by Fig. 6: Augmented Retention of 1251-MoAb 64.1 by
HPB-ALL cells by 20 uM colchicine, 10 mM HPB-ALL cells after 24 hours of culture with the
propylthiouracil, 20 mM NH4Cl, 400 uM leupeptin, 2.5 pharmacologic agents listed in Fig. S.
mM amantadine, 0.8 mM chloroquine, 0.64 mM
verapamil, 10 uM monensin, and 10 uM nigericin (as
determined by appearance of TCA soluble cpm in culture

supernatants).

Drug
Single Agents

Verapamil
Propylthiouracil
Amantadine

Monensin
Chloroquine
Verapamil

Monensin + Chloroquine
Monensin + Verapamil

ici i Although the pharmacologic
agents investigated work dramatically in vitro (Figs. 5 & 6), their effective clinical implementation
depends upon whether they can be administered at effective concentrations in vivo with tolerable
toxicity. To determine the maximalily tolerated doses of these drugs in a murine model, escalating
concentrations were administered to groups of BALB/c mice (5 each) as outlined in the original
application. Table II summarizes the highest doses of drugs which could be administered without

observing any toxic deaths.
Table II: Maximally Tolerated Doses of Lysosomotropic Agents

b | x  Injecti
6 mg/kg IP twice daily for 5 days
70 mg/kg IP twice daily for 5 days
25 mg/kg IP twice daily for 5 days
100 mg/kg IP daily for 7 days

100 mg/kg IP daily for 7 days

>40 mg/kg IP daily for 7 days

not feasible--precipitates in pump
320 mg/kg subQ for 7 days
72 mg/kg sub Q for 7 days

by I . | Injecti
6 mg/kg + 20 mg/kg IP twice daily for 2 days
6 mg/kg + 12 mg/kg IP twice daily for 2 days

Nigericin § o .
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Percoll density gradient

sedimentation of organelles was used to analyze the intracellular routing of RAbs in tumor cells
which had been pulse-labeled with RAbs and then disrupted with a Dounce homogenizer. With
this technique, buoyant surface membrane and endosomal fractions (sp. grav. 1.010-1.035) were
easily separated from the dense lysosomal fraction (sp. grav. 1.080). The position of organelles on
these gradients was documented by marker enzyme analyses (S' nucleotidase and alkaline
phosphodiesterase for plasma membrane; B galactosidase for lysosomes) and by electron
microscopy (see Appendix I, Figure 4). A typical experiment is shown in Figs. 7 & 8 for HPB-
ALL cells pulse-labeled with 151-MoAb 64.1. At time 0, virtually all 125]-64.1was on the cell
surface whereas by 8 hours the majority was present in lysosomes, and by 24 hours all
radioactivity had been cleared from the cell surface and the total amount of cell associated
radioactivity ("area under the curve") was markedly diminished, presumably due to lysosomal

degradation and exocytosis of RAbs.
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Fig. 7: Transit of 125I-MoAb 64.1 from buoyant Fig 8: Distribution of the lysosomal enzyme 8-
(cell surface/endosomal) fractions to dense galactosidase on the same 20% Percoll gradient
(lysosomal) fractions on 20% Percoll gradients depicted in Figure 7.

as a function of time (using HPB-ALL cells).

B. Biochemical analysis of metabolites. Target cells incubated for various periods of time at 37°C
with 125]-labeled RAbs were lysed and analysed by HPLC, SDS-PAGE, and thin layer
chromotography (TLC) to determine the sizes of generated fragments. The tempo of RAb
degradation was monitored for whole cell lysates, for lysates of organelles purified on Percoll
gradients, and for culture supernatants at time intervals ranging from 1-24 hours after pulse-
1abe1mg target cells with RAbs. A typical experiment using 1251-MoAb DA4-4 targeted to RAMOS
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cells is depicted in the SDS-PAGE and TLC autoradiographs in Appendix I, Figs. Sa & 5b. This
experiment shows progressive accumulation of intermediate-sized RAb metabolites (50 kD, 28 kD,
25 kD, and 12 kD) inside B lymphoma cells beginning 4 hours after tumor cell targeting. Studies
using organelle fractions demonstrated a minimal amount of RAb metabolism in prelysosomal
endosomes, with >95% of degradation occurring in the lysosomal fraction (data not shown).
Analysis of culture supernatants revealed that these intermediate sized fragments were not
exocytosed from tumor cells in detectable quantities (data not shown), and that >95% of TCA-
soluble supernatant radioactivity (>70% of total supernatant radioactivity) was present as 125]-
tyrosine. Contrary to popular belief, free 1251 represented <10% of culture radioactivity. These
results suggest that the process of "dehalogenation" reported by most authors in fact consists
primarily of terminal degradation of RAbs to 125-tyrosine by lysosomal hydrolases rather than
liberation of free 125I from RAbs by "deiodinases". This distinction can not be made using TCA
precipitation, standard SDS-PAGE or size-exclusion HPLC; thin layer chromatography (as
employed here) or reverse phase HPLC is required.

Tumor cells pulse-labeled
with 125]-RAbs and cultured for 18 hours at 37°C in the absence or presence of optimal
concentrations of lysosomotropic agents were disrupted with a Dounce apparatus, sedimented on
20% Percoll gradients, and analyzed by gamma counting organelle fractions to assess the impact of
these drugs on lysosomal degradation of RAbs. As shown in Fig. 9, all the agents markedly
enhanced the retention of radioactivity in the lysosomal fraction of tumor cells. Analysis of cell
lysates by SDS-PAGE (not shown) and by TLC (Appendix I, Fig. 5b) showed that the sizes of
metabolic fragments generated were not altered by the pharmacologic agents, but that the amount of
degradation occurring in a given time period was markedly diminished. Lysosomal
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Fig. 9: Effect of pharmacologic agents on the retention of 125I-MoAb DA4-4 by lysosomes in
RAMOS cells 18 hours after pulse-labeling with 1 tM monensin, 200 uM leupeptin, 200 pg/ml
verapamil, or no agent (control).
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nude/beige mice (groups of 5 each) bearing 0.5-1.0 cm diameter Her2/neu tumor xenografts
beginning 12 hours before injection of 10 pg/25 uCi 1311-labeled MoAb 4D5 (anti-Her2/neu) and
an 125]-labeled, isotype-matched control MoAb. Mice were euthanized 48 & 96 hours after RAb
injection and the biodistributions of relevant and irrelevant RAbs in tumor, blood, and normal
organs measured by gamma counting (after correcting for radioactive decay and crossover of 1311
into the 1251 channel). In these pilot experiments, a modest (25%) improvement in tumor retention
was observed (see Fig. 10). Although this finding is encouraging, it is less impressive than we
had anticipated from our in vitro experiments. We suspect that the limited aqueous solubility of
monensin and its rapid serum clearance (14, 15) may have mitigated the beneficial effects of this
ionophore in vivo. Two approaches are being investigated to improve the bicavailability of this
potentiating agent. First, monensin-albumin conjugates are being synthesized since they have been
shown to have a prolonged serum half-life and a greater in vivo potentiating effect for ricin A chain
immunotoxins compared with unmodified monensin (16, 17). Secondly, liposomal monensin is
being investigated since it has been shown to be 500-fold more potent than unmodified monensin
([15] see below). Further experiments will be necessary to ascertain whether other agents or
combinations of agents (see Table II) will yield superior results, and whether this approach will
ultimately result in improved radioimmunoscintigraphy and radioimmunotherapy.

B. Novel new formulation of carboxylic ionophores, Dr. Thomas Griffin and Dr. Ali Salimi at
the the University of Massachusetts (Worcester) have recently described the preparation of
liposomal monensin (15). This formulation represents a major advance over the aqueous and lipid
emulsion formulations which we and others have been using with monensin, since it assures
sustained systemic concentrations of this lipophilic drug, and has been shown to be 500-fold more
efficacious than aqueous monensin in potentiating the efficacy of ricin A-chain immunotoxins in
vivo (15). Whether this will be true for RAbs as well as immunotoxins remains to be tested,
though our recent studies with liposomal monensin in vitro indicate a marked potency advantage
over conventional monensin formulations (Fig. 11).
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Fig.10: Biodistribution of 1251-MoAb 4D5 in Fig. 11: Superiority of liposomal monensin
Her2/neu tumor xenografts and in normal compared with unmodified monensin in
organs 48 hours after injection in the presence augmenting the retention of 125I-MoAb DA4-4
and absence of unmodified monensin (150 pg by RAMOS cells in vitro. Note the logarithmic

_subcutaneously q 12 hours x 4 doses). scale.
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i We have recently shown that novel, new radioiodination techniques
using nonmetabolizable aryl carbohydrate adducts (e.g. tyramine cellobiose, tyramine glucose) to
link 131 to MoAbs result in prolonged trapping of polar TCB-13! metabolites inside lymphoma
cells (46). We have recently confirmed these findings using the anti-CD33 MoAb P67-6, which is
used clinically at our institution to target 1311 to acute myeloid leukemia cells (Fig. 12 & 13).
Conventional 1251- or 131]-labeled P67-6 RAbs made using the chloramine T or IodoGen methods
are rapidly internalized and degraded by leukemia cells, with resultant rapid release of small
molecular weight, TCA-soluble metabolites (Fig. 12). In contrast, 131I-TCB-P67-6 constructs are
degraded one third as rapidly (Fig. 12) and the amount of cell associated radioactivity after 24
hours of culture is doubled using this novel new method (Fig. 13).
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Fig. 12: Diminished rate of degradation of 125I- Fig. 13: Enhanced retention of 125I-MoAb
MoAb P67-6 by HEL cells after conjugation by the P67-6 by HEL cells after conjugation by the
tyramine cellobiose method compared with the tyramine cellobiose method compared with the
chloramine T method (as determined by rate of chloramine T method.

accumulation of TCA soluble cpm in culture

supernatants).

Time has not yet permitted comparative analyses of metabolism of RAbs made with
radiometals (111Indium, 90Yttrium, 99mTechnetium, 186Rhenium), though these experiments are
planned in conjunction with our collaborators in the Division of Nuclear Medicine (Drs. Nelp and
Venkatesan).

Preliminary Results For Her2Neu Project (Aim 5 in the renewal application; not
described in original application).

As mentioned in the Background section of this grant we have been investigating the potential
utility of targeting the p185 Her2/neu oncoprotein expressed on the surface membrane of poor
prognosis breast and ovarian cancer patients in collaboration with Dr. Dennis Slamon (UCLA).
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Initial cellular radioimmunoassays have documented the pattern of endocytosis and degradation of
the 4D5 MoAb targeting this molecule (Fig. 14). Experiments in a beige/nude mouse xenograft
system have documented the specific localization of injected 1311-4D5 to Her2/neu bearing tumors
(Fig. 15). Tumor to non-tumor ratios of 5-10 to 1 were observed (Fig. 16). Pilot studies have
documented the radioimmunotherapeutic efficacy of this approach (Fig. 17), though all tumors
have eventually regrown at the three dose schedules tried so far. Further animal experimentation is
required in this exciting new system before its application to refractory human breast cancers can
be contemplated.
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Fig. 14: Distribution of 125I-MoAb 4D5 on the Fig. 15: Localization of 131I-labeled anti-Her2

surface, intracellularly, and in the supernatant of neu MoAb 4D5 (10 uCi/10 pg) and 125]-labeled

Her2/neu-transfected NIH3T3 cells as a function control MoAb DA4-4 to Her2/neu expressing

of time after pulse-labeling. tumor xenografts in nude mice (expressed as %
of the injected dose/gram of tumor).
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Fig.16: Biodistribution of !31I-labeled anti- Fig. 17: inhibition of growth of Her2/neu

Her2/neu MoAb 4D5 (10 uCi/ 10 ug) in tumor expressing tumor xenografts in beige/nude mice

and normal organs as a function of time. injected on Day O with a single dose of anti-
Her2/neu RAb 1311-4D5 (400 uCi/45 pg), 1311-
DA4-4 (400 uCi/45 pg of nonbinding MoAb),
45 pg unradiolabeled MoAb 4DS, or saline.
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