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ABSTRACT
Monoclonal antibody (Mab) internalization by cancer cells has been recently gaining
increasing recognition as one of the important factors affecting the action of Mabs or
immunoconjugates (ICs) on tumour sites. This project addresses the underexplored
subject of internalization, by comparing existing internalization assays in terms of
accuracy and consistency, as well as by developing more rapid and concise methods for
the detection of internalized antibody. A number of in vitro techniques for investigating
internalization are evaluated, using a model which consists of a well characterized anti-
carcinoembryonic antigen (anti-CEA) Mab and a number of CEA expressing human
cancer cell lines. Employing two alternative radiolabelling assays, evidence for
internalization of an anti-CEA Mab by a CEA-positive colorectal cancer cell line
(LS174T) was obtained throughout the time intervals examined (5 min to 150 min.). A
widely employed internalization assay involving the use of a low pH buffer for the
dissociation of surface antigen-antibody bonds, has been thoroughly analyzed and shown
not to fulfill its alleged role, thereby introducing inaccuracies in the experimental
method. Electronmicroscopy employing horseradish-peroxidase labelled anti-CEA Mab,
permitted the direct visualization of anti-CEA Mab related staining in intracellular
compartments of a high CEA-expressor human colorectal cell line (SKCO1). SDS/PAGE
analysis of samples derived from cytosolic and membrane components of solubilized cells
from lung and colonic cancer cell lines, provided evidence for non-degraded internalized

anti-CEA Mab throughout seven half hour intervals, starting at 5 minutes. Internalized



anti-CEA was detected in all CEA expressing cell lines (LS174T, SKCO1, BENN) but
not in the case of a very low CEA expressor line (COLO 320). When the last method
was compared to a newly developed internalization assay involving flow cytometry,
results were very similar for all the above cell lines. Given that these two methods
consistently provided comparable results, use of flow cytometry for the detection of
internalized antibody is suggested as a fast and uncomplicated alternative to the
internalization assays used at present. Finally, the question of the endocytic route
followed by CEA-anti-CEA complexes is addressed through blocking clathrin-mediated
endocytosis in the cell lines examined. Preliminary results indicate that such complexes
may be internalized only partially by clathrin-coated vesicles, with an alternative uptake-

endocytic mechanism also at work.
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receptor which contains the Y;-E¢-N,-F; internalization signal in its cytoplasmic tail
(Ozaki et al., 1993), a protein kinase inhibitor abrogated its endocytosis (Fallon et al.,
1992).

Interestingly, a reverse type of internalization signal seems to operate in the case
of the CD4 glycoprotein. This glycoprotein is constitutively internalized and recycled in
nonlymphoid cells, but is excluded from the endocytic pathway in lymphocytes.
Inhibition of CD4 endocytosis is dependent on CD4 expressing an intact cytoplasmic
chain and is only observed in cells where CD4 can interact with the protein tyrosine
kinase p56'*, a member of the src gene family (Pelchen-Matthews et al., 1992; Sleckman
et al., 1992).

Internalization signals for lymphocytes and antigen-presenting cells (APCs) still
remain elusive. It was recently shown that endocytosis of the antigen receptor surface Ig
(sIg) on B lymphocytes is a process independent of B lymphocyte activation, since
calcium (Ca’*) and protein kinase C (PKC) were found not to be involved in the
endocytic process of cross-linked sIg (Shuler et al., 1993). Internalization by APCs is an
extremely active process mostly undertaken by macrophages, B lymphocytes and, as
shown recently, by dendritic cells to an equal degree (Levine et al., 1992). A recent
study on internalization and antigen presentation via type III receptors for IgG (FcyRII)
demonstrated that a tyrosine-containing motif that transduces cell activation signals also
induces internalization. Macrophage FcyRII receptors consist of « (ligand binding) and

v (signal-transducing) subunits. When murine FcyRIII was transfected into FcyR-
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negative antigen-presenting B-lymphoma cells it mediated rapid ligand internalization and
strongly increased the efficiency of antigen presentation when antigen was complexed to
Ig. This process furthermore, was dependent on a structural motif containing two tyrosine
residues present in the cytoplasmic domain of associated 4y chains (Amigorena et al.,
1992). The hypothesis proposed by these researchers is that, since high affinity IgE
receptors (FceRI), as well as T- and B-cell antigen receptors contain subunits structurally
related to those on FcyRIII, there may be a general role for these associated chains in
the internalization of multimeric receptors. The relation, if any, between initiation of
internalization and signal transduction in this system however remains to be found.
Recognition of receptor signals is the first stage in the endocytic process, which
begins with transmembrane transport and is followed by intracellular transport and
possible recycling of components of the receptor-ligand complex. Both endocytic steps
in eukaryotic cells also require the cooperation of the cytoskeletal network, which is

interconnected with the plasma membrane.

I. 6.4  Association of the cytoskeleton with the endocytic process

The cytoskeletal network, which consists of microtubules, microfilaments,
intermediate filaments and associated proteins, forms a three-dimensional array in the
cytoplasm of all eukaryotic cells. The membrane-bound cytoskeleton is believed to be
involved in the undertaking of processes such as cellular contact, endocytosis and the

organization of the membrane structure (reviewed in Bilej et al., 1989). Some
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giving rise to multivesicular bodies. As with early endosomes, late endosome-lysosome
interactions have been reconstituted in cell-free systems, such as the one using rat liver
late endosomes interacting with lysosomes when incubated at 37°C in the presence of
cytosol and an ATP generating system (Mullock et al., 1989). Their major function
seems to involve the transport of ligand to the lysosomal compartment (Schmid et al.,
1988), presumably using the microtubular network, since nocodazole, a microtubule-
disrupting agent, inhibited the transport of a marker molecule from an endosomal
compartment to pre-lysosomes (Gruenberg et al., 1989).

Pre-lysosomes differ from late endosomes in that they are rich in acid hydrolases.
This compartment was distinguished from the endosomal compartment by virtue of the
fact that it was not labelled by endocytic tracers in cells held below 20°C, a temperature
at which the transfer of materials from endosomes to lysosomes is inhibited (Helenius et
al., 1983). Morphologically, pre-lysosomes have been shown to have deep membrane
invaginations in normal rat kidney (NRK) cells (Griffiths et al., 1988) and it was
postulated that this structure may represent the site of overlap of the endocytic and
biosynthetic pathways where newly synthesized lysosomal enzymes are delivered. The
receptor for mannose-6-phosphate (which is involved in the transport of newly
synthesized lysosomal enzymes) is present in pre-lysosomes and it provides a way of
distinguishing this compartment from lysosomes which do not carry this receptor
(Kornfeld et al., 1989).

Lysosomes are dense organelles found in the perinuclear area. They have a pH
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to the o-tubulin subunit thus inhibiting microtubule polymerization. Other drugs with
similar antimicrotubule properties include nocodazole, podophyllotoxin, rotenon,
steganacin and the vinca alkaloids vincristine, vinblastine and vindesine (strangely,
another alkaloid, taxol has a microtubule stabilizing effect) (Bilej et al., 1989). In
contrast to the variety of antimicrotubule agents, the only agents known to disrupt
microfilaments belong to a class of fungal metabolites, the cytochalasins. Cytochalasin
B reduces the rate of actin polymerization by inhibiting monomer addition to the barbed
end of actin filaments (Bilej et al., 1989).

On the intracellular level, transfer of internalized ligands from endosomes to
lysosomes is reportedly delayed by carboxylic ionophores such as monensin and nigericin
(Manske et al., 1989; Tartakoff, 1983). Ligand degradation can be inhibited by
neutralizing intralysosomal pH using both carboxylic ionophores (Carriere et al., 1985)
and lysosomotropic amines such as chloroquine, ammonium chloride and amantadine
(Ziegler et al., 1982; Krogstad et al., 1987), or by inhibiting lysosomal enzymes such
as leupeptin (Chang et al., 1984; Press et al., 1990).

In systems such as the asialoglycoprotein receptor one, where coated pit receptor-
mediated endocytosis is believed to be modulated by the activity of protein kinases and
protein phosphorylation, protein kinase inhibitors such as staurosporine were found to be
potent and rapid inhibitors of receptor trafficking by a yet unknown mechanism, which
was found to be independent of the inhibition of protein kinase C (Fallon et al., 1992).

Inhibitors of endocytosis have recently been used to dissect the endocytic process on the
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cell surface of polarized epithelial cells (Gottlieb et al., 1993). Using cytochalasin D the

specific inhibitor of actin microfilaments, it was possible to show that these
microfilaments play a critical endocytic role in the apical but not the basolateral surface
of these cells. Similarly, receptor-mediated phospholipase C activation in cultured rat
proximal tubule cells, was shown to require cytoskeleton-dependent endocytosis for apical
but not basolateral surfaces.

Finally, some evidence pointing to possible similarities between the endocytic and
biosynthetic pathways, was produced by a comparison of the action of the fungal
antibiotic brefeldin A (BFA) on the Golgi network and on endosomes (Hunziker et al.,
1992; Low et al., 1992). BFA inhibits protein secretion and causes the breakdown of the
Golgi network presumably by dissociating a non-clathrin cytoplasmic coat from Golgi
membranes through the redistribution of at least three components of the coat material,
namely 3-COP, ADP ribosylation factor and ~-adaptin from the Golgi membrane to the
cytosol. Both §-COP and vy-adaptin share significant homology with the 8-subunit of the
clathrin adaptor complex of endocytic coated vesicles and BFA has been found to
significantly increase the tubular appearance of the early endosomal compartment
involved in the recycling of internalized transferrin receptors. However BFA does not
markedly affect internalization, recycling or delivery of internalized ligands from early
endosomes to degradative endocytic compartments. Currently the role of BFA in the

exocytic and endocytic pathway is an area of intense interest.
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) 7 Antibody Internalization

Initial interest in the ability of antibodies to be internalized was generated
following the observation that antibodies can induce the disappearance of membrane
antigens from the cell surface using immunofluorescence techniques (Chatenoud et al.,
1984). This phenomenon of antigenic modulation was first described in 1963 (Boyse et
al., 1963), when it was found that thymic leukaemia cells expressing the TL antigen lost
their sensitivity to the complement-mediated cytotoxic action of anti-TL antibodies when
they had been previously exposed to this antibody.

A decade ago the study of antibody-induced antigenic modulation had progressed
to the point of awareness of processes taking place on the cell membrane following
exposure to antibodies against surface immunoglobulins and a limited number of other
surface antigens such as T-cell differentiation antigens (mostly those already identified
as leukaemic markers) (Chatenoud et al., 1984 and references within). The stages
identified following exposure to anti-Ig antibodies included:

a) patching, or the clustering of surface Ig into "patches"” on the membrane within 1-2
minutes after exposure, a process which was energy independent, inhibited by low
temperatures and influenced by valency of the ligand;

b) capping, or the concentration of patches at a cell pole (the uropod) over the Golgi
region within 3-4 minutes, a process which is energy dependent and thus inhibited by
inhibitors of the respiratory chain (eg. sodium azide and dinitrophenol) or of glycolysis

(eg. fluoride, iodoacetamide) and,
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c) endocytosis (and subsequent degradation) of surface Ig which is again energy
dependent. Cytoskeletal elements were found to be involved in the lateral mobility of
cellular determinants as well as capping although there have been contradictory results
with inhibitors of both microtubules and microfilaments, some of which seem to inhibit
while others seem to promote capping.

The two first stages (patching and capping), were identified by
immunofluorescence, whereas endocytosis was identified by loss of anti-Ig induced
cytotoxicity and could not be effectively differentiated from loss of surface markers by
shedding. Furthermore, the same process applied to the modulation of the other surface
antigens studied, except for the stage of polarized capping, since other surface antigens
did not exhibit a preferential membrane capping region. Also, other antigens exhibited
variable degrees of endocytosis. It was also observed that antibody fragments do not
generally induce antigenic modulation whereas antibody crosslinking (eg via the use of
a second antibody), enhances the process. The type of cell and antigen involved in this
type of endocytosis was found to have a profound effect on the process, since it was
noted that histocompatibility antigens internalize following this mechanism only in non-
lymphoid cells (eg fibroblasts), and then only after extensive cross-linking (Pernis, 1985).
During the same period the effects of antigenic modulation were confirmed in the
therapeutic  setting, when antigenic modulation observed with indirect
immunofluorescence, was induced by the murine T101 antibody (recognizing the T65

antigen on normal and neoplastic human T cells), on cells of patients with chronic












85
CEA mediates homotypic Ca?*-independent cell aggregation (Benchimol et al., 1989).

This function of CEA as an intercellular adhesion molecule, is dependent on its N-
domain since N-domain deletion mutants lose their adhesion properties (Eidelman et al.,
1993). Recently the third internal repeat domain of CEA was shown to be essential for
CEA mediated cell adhesion (Zhou et al., 1993). The model derived from this study
proposed interactions between immunoglobulin supergene family members in which
especially strong binding seems to be effected by double reciprocal interactions between
the V-like domains and C-like domains of antiparallel CEA molecules on apposing cell
surfaces. Furthermore, expression of functional CEA on the cell surface blocks terminal
differentiation and maintains cell proliferative potential (Eidelman et al., 1993).
Generally the high expression of this cell adhesion molecule in embryonic tissue is
essential for intercellular interactions involved in organogenesis (Thompson et al., 1991),
whereas its elevated expression in malignancy is believed to play an important role in the
creation of metastases, especially to the liver, by increasing hepatic retention of tumour
cells via binding onto specific Kuppfer cell receptors (Thomas et al., 1990; Jessup et al.,
1993). The role of CEA in the maintainance of proliferative potential of malignant cells,
as well as its relation to the reversion of adult epithelial architecture to an embryonic

(multilayered) one, is currently being investigated (Eidelman et al., 1993).
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L. 9 Aims of this project

A number of studies clearly showed that different antigen-antibody systems exhibit
considerable quantitative and qualitative differences in internalization processes.
Studies examining unconjugated antibodies targeting different antigens expressed on
malignant cells, revealed that those antibodies which internalize, do so at considerably
variable rates (Press et al., 1989; Wang et al., 1987; Sutherland et al., 1987,
Aboud-Pirak et al., 1988; Matzku et al., 1987; Matzku et al., 1988b; Matzku et al.,
1988a; Matzku et al., 1990; Matzku et al., 1986; Della Torre et al., 1987). However,
those of the studies performed in an immunological context, were mostly focused on the
functional outcome rather than the mechanics of endocytosis and did not emphasize
dissection of the process and understanding the differences which would account for such
variabilities. In general, very similar techniques were used in studies of internalization
and often a number of indirect techniques inadvertantly incorporated artifacts which were
not accounted for, or alternatively disregarded the biochemistry of ligand-receptor
interactions. Thus these techniques started from a basis of inaccurate assumptions (see
section ITI.2 and Tsaltas et al., 1993).

In view of the foregoing the aims of this project were to:

1) examine whether the anti-CEA monoclonal antibody used in a CEA-targeting
model system, is internalized by CEA-expressing human cancer cell lines. This basic
information on the model system is necessary in order to optimize the effect of anti-CEA

immunoconjugates being produced in this laboratory.
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2) determine an accurate and efficient way to study antibody internalization, and
in so doing compare the accuracy and efficiency of some of the most established
methods (past and current) used in similar studies.

3) use inhibitors of endocytosis, to study the CEA endocytic mechanism at the

cell surface level.

The model used throughout this project, consists of a CEA anti-CEA targeting
system, along with CEA-expressing human cancer cell lines. The monoclonal anti-CEA
antibody studied (11-285-14) has been well characterized previously (Ford et al, 1987a)
and has been extensively evaluated for immunotargeting in vitro (Allum et al., 1986b;
Gatter et al., 1982), in vivo (Pimm et al., 1985; Macdonald et al., 1986; Rowland et al.,
1984; Casson et al., 1987; Richardson et al., 1989), and clinically (Hockey et al., 1984,
Allum et al., 1986a). This antibody is produced and purified in the Oncology Research
laboratory and it has already been used to produce vindesine immunoconjugates which
have been extensively evaluated (Ford et al., 1987a; Casson et al., 1987; Ford et al.,
1990). Doxorubicin-11-285-14 immunoconjugates have also been produced and
characterized in this laboratory (Richardson et al., 1989), while further such conjugates

are currently being produced here, using alternative conjugation methods.



CHAPTER 11
MATERIALS AND METHODS
II. 1.0  Cell lines
Cancer cell lines used in this study were of human origin and were propagated
in culture in the Oncology Research Laboratory. The human lung cancer line BENN was
obtained from Dr. M. Ellison, Ludwig Institute for Cancer Research (Sutton, U.K.) and

the other lines were obtained from the American Type Culture Collection (Rockville,
Maryland, U.S.A)).

Cell lines utilised and their source __I

Cell line Source —I
LS174T Human Colon Adenocarcinoma
SKCO1 Human Colon Adenocarcinoma
COLO320DM Human Colon Adenocarcinoma

BENN Human Lung Carcinoma
11-285-14 Murine hybridoma I
P3-X63-Ag8 Murine Myeloma ||

The above cell lines have been extensively characterized in terms of CEA
expression in the same laboratory,using three monoclonal antibodies which recognize
different epitopes of the CEA molecule (Ford et al., 1987a). Cell lines were aliquoted
in 1.8 ml NUNC cryotubes (Inter Med, Rocksilde, Denmark) at 4-6 x 10° cells per
sample and were kept frozen in liquid nitrogen cannisters (Minnesota Valley Engineering
Inc., New Prague, MIN.). Cell growth was supported by the media and supplements

listed in table 3.
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Table 3: Cell Culture Media * ]l
Cell line Medium Supplements
LS174T Minimum 50ml fetal calf serum (8.8%)
essential medium 6 ml glutamine
(500 ml) 6 ml non essential
aminoacids |
12 ml penicillin-
streptomycin
SKCOl Minimum 50ml fetal calf serum (8.8%) 6 ml
essential medium glutamine I
(500 ml) 6 ml non essential
aminoacids
12 ml penicillin-
streptomycin
RPMI-1640 50m] fetal calf serum (8.8%) ||
COLO320DM | (500 ml) 6 ml glutamine
! 12 ml penicillin-
streptomycin
BENN M199 (250 ml) 50ml fetal calf serum (8.8%)
Dulbecco’s 6 ml glutamine
(250 ml) 12 ml penicillin-
streptomycin
11-285-14 RPMI-1640 50ml fetal calf serum (8.8%)
(500 ml) 6 ml glutamine
12 ml penicillin-
streptomycin
| P3-X63-Ag8 | Dulbecco’s 50ml fetal calf serum (8.8%) 6 ml
modification of glutamine
Eagle’s medium 12 ml penicillin-
sreptomycin
4.5 g/lit glucose

* All media were supplied by either Flow laboratories (McLean, Virginia, U.S.A.), or
Gibco laboratories ( Life Technologies Inc., Grand Island, N.Y., U.S.A)).
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II. 1.1 Cell Culture Maintenance

The cell lines were grown as monolayers in 75 cm? perspex tissue culture flasks
(Falcon, Becton-Dickinson), and maintained ina 5% carbon dioxide atmosphere at 37°C,
in a humidified incubator. Cell growth was monitored by viewing the monolayer under
an inverted viewing phase microscope (Diavert, Leitz). Fresh medium was supplied as
needed to support optimal cell growth. On average, 25-30 ml of medium were added
twice per week depending on cell growth. Cells were always handled under sterile
conditions, using a laminar air flow enclosure (Contamination Control Inc.), sterile
equipment and standard techniques such as flaming the containers and equipment and

avoiding their contact with work surfaces.

II. 1.2 Trypsinization

When cells in the tissue culture flasks became confluent the cell monolayer was
detached from the bottom of the flask by trypsinization and a cell suspension was
prepared. A small cell sample was then removed in order to perform a count of the

number of viable cells in the suspension.

II. 1.2 (a) Materials
€y Phosphate buffered saline (PBS) pH 7.2, 0.15 M.
PBS tablets (Oxoid Ltd.,Hampshire, England), were dissolved in distilled water

as per manufacturer’s instructions and sterilized by autoclaving.
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Trypsin-EDTA (Gibco); 1:10 dilution in PBS.

1.2 (b) Method

Medium in culture flasks was poured off under sterile conditions and discarded.
The cell monolayer was washed twice with approximately 20 ml PBS and the PBS
was then discarded.

5.0 ml trypsin-EDTA/PBS solution were added to the flask, which was
then incubated for 10 min at 37°C.

The trypsin solution containing the cells was then poured into a 15 ml sterile
centrifuge tube (Falcon) to which approximately 5-6 ml PBS were added in order
to wash off any remaining cells from the flask.

The cells were then centrifuged for 5 min at 200 x g IECHN-SII centrifuge,
Damon/IEC).

The supernatant was discarded and the cell pellet was resuspended by tapping the
tip of the tube.

10 ml of the appropriate medium was then added to the cells and a cell count was

performed.

1.3 Cell Count

The cell concentration in the suspension was calculated using a Neubauer

haemocytometer. Cell viability was determined by viewing the cells under a fluorescence
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on the sections for 30 minutes in a moist chamber. This secondary labelled
antibody was washed off using PBS.

The slides were transferred to a wash bath containing PBS-Brij and were agitated
for 15 minutes.

Freshly prepared diaminobenzidine in PBS was incubated on the slides for 5
minutes and was then washed off with PBS.

Mayer’s haemalum was used to counterstain the sections followed by blueing in
saturated lithium carbonate.

Sections were dehydrated through the alcohols, cleared in xylene and mounted.

5.0 Enzyme linked immunosorbent assays (ELISAs)

Use of this solid phase immunoassay makes possible the immobilization of

proteinaceous substances such as antigens or antibodies by adsorption onto a solid surface

such as a polystyrene bed or a plastic microtitre plate. Antigen, (purified or cell-bound),

is usually adsorbed to the solid phase first, followed by the addition of the antibody being

tested. This antibody is then detected by a second labelled antibody directed against the

first one. Both radioisotopes and enzymes have been used as labels on the detector

(secondary) antibody, however enzymes are both safer in terms of handling and can be

stored for very long periods of time so that they are now almost exclusively used in

routine ELISAs. Outlines of some representative ELISAs are presented at the end of this

section (figure 1).
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5.1  Materials

0.5%, 1% or 2% bovine serum albumin (BSA, Sigma) in PBS/Tween (Sigma)
(0.5, 1 or 2 g BSA in 100 ml PBS + 100 xl Tween).

Carbonate - bicarbonate buffer, pH 9.2 (1.59 g sodium carbonate (Na,CO;,
Fisher) + 2.93 g sodium bicarbonate (Na,HCO,, Fisher) dissolved in 1 litre of
distilled water).

1% BSA in carbonate - bicarbonate buffer (1 g BSA in 100 ml carbonate-
bicarbonate buffer).

Citrate-phosphate buffer (BDH), pH 4.0 ( 9.06 g citric acid (CH30,.H,0) +
8.16 g disodium hydrogen phosphate (Na,HPO,, BDH) dissolved in 1 litre
distilled water).

Sodium chloride ( Fisher)/ 1% Tween (Sigma) wash solution 0.15 M (8.76 g
sodium chloride + 1 ul Tween dissolved in 1 litre distilled water).
2,2-azino-di-3-ethylbenzthiazoline sulphonic acid (ABTS, Sigma; 100 ul of a
27.8 mg ml’ stock diluted in 12.5 ml citrate-phosphate buffer + 1ul hydrogen
peroxide (BDH)).

Linbro 96 well sterile enzyme immunoassay plates (Flow Laboratories).

Soft round bottom polyvinyl chloride (PVC) 96 well plates (Dynatech).
Glycine-HCI buffer 0.05 M, pH 2.8 in 0.1 M NaCl (5.844 g NaCl in 1 litre
distilled water + 3.753 g glycine (ammonia-free Glycine, Sigma, St. Louis, Mo.,

U.S.A. or 98% pure glycine, Aldrich, Milwaukee, Wis., U.S.A.).
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II. 6.0 Radioimmunoassays

To estimate amount of antibody internalized by CEA-expressing cancer cell lines,
two types of radioimmunoassays were employed. The first, referred to as the "glycine-
HCI internalization assay" makes use of a low pH glycine buffer to dissociate surface
antigen-antibody bonds. The second, referred to as the "double labelling assay" makes
use of a secondary antibody which detects surface anti-CEA antibody at any time
interval. Both assays make use of iodine-125 labelled antibodies and they both provide

semi-quantitative estimates of internalized antibody.

II. 6.1 Glycine-HCI Internalization Assay

Uptake and internalization of iodinated 11-285-14 antibody were measured by a
modified internalization assay (Matzku et al., 1986). Cells were incubated with
radiolabelled antibody for various time intervals after which glycine-HC] buffer was
applied to test groups in order to dissociate surface antigen-antibody bonds. In these
groups remaining radioactivity after buffer treatment was presumed to reflect internalized
(ie. non buffer accessible) antigen-antibody complexes.

A graphic representation of this assay is provided in Figure 2 (following page).
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group of tubes (Group 1) would eventually be used for assessment of total
antibody binding.

After the 30 min incubation period samples were washed 3 times in 1 ml of 2%
FCS in PBS and were then divided into subgroups - to be incubated either at 4°C
or at 37°C.

Samples were subsequently retrieved in duplicate at pre-specified time intervals,
were washed again x 3 and radioactivity counts of the cell pellets were taken.
The second group of tubes (Group 2) was treated as follows:

Samples were left at 37°C for pre-specified incubation intervals (same as for
Group 1).

At the end of each interval duplicate samples were retrieved and !*I labeled RAM
was added to each (1 ug/tube).

Samples were incubated for 30 min at RT, and were then washed 3 times in 1 ml
of 2% FCS-PBS.

Radioactivity counts of the cell pellets were then taken. This group of samples
would be used for the assessment of surface Ab binding during each time
interval.

Radioactivity counts obtained for group 2 tubes (surface antibody) were then
subtracted from counts obtained for group I tubes (total antibody) for each

time interval.
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Once the run was completed the power was turned off and the glass plates were
removed from the chamber.

The sandwich clamps were removed and one plate was prodded out using a third
spacer as a wedge. When one plate was removed distilled water from a squirt
bottle was used to pry the gel from the second plate.

The gel was then placed in transfer buffer for Western blotting.

8.3 Transfer Procedure (Western Blotting)

8.3 (a) Materials

Transfer Buffer 1000 ml
Tris 30g
Glycine 144 ¢
SDS 10g
*Methanol 200 ml

* Pure Grade Fisher A-4128

Filter paper (Whatman #3), 24.0 cm.

Nitrocellulose membrane (Schleicher & Schuell) pore size 0.45 uM.
Bio Rad Transfer system with cooling element.

Bio Rad Model 250/2.5 power supply.
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8.3 (b) Method

After completing the electrophoresis run, the gel was placed in transfer buffer
to pre-equilibrate (pre-equilibration facilitates the removal of contaminating
electrophoresis buffer salts and neutralization salts i.e. salts resulting from the
denaturation of nucleic acids prior to transfer). 1.5 mm gel thickness requires
about 60 minutes in transfer buffer at room temperature.

Transblot chambers were filled with buffer.

Scotch-brite pads were soaked with transfer buffer. Whatman #3 filter paper and
nitrocellulose membranes were also soaked before using (gloves were used for the
handling of nitrocellulose membranes).

The nitrocellulose membrane was placed over the gel (gel and membrane were
kept wet with transfer buffer) and all air bubbles were removed.

Water was run through the chilling unit and a stirring bar was placed inside the
transfer cell to maintain uniform conductivity and temperature during
electrophoretic transfer.

The transfer was performed at a constant current of 750 mA for 5-6 h.

8.4 Immunoblotting

Blotting was performed according to the method of Towbin et al., 1979, with

some modifications.
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II. 8.4 (a) Materials

(1) 3% BSA in PBS + 0.1% Tween.

2) 0.1% BSA in PBS + 0.1% Tween.

3) Horseradish peroxidase-conjugated rabbit-anti-mouse immunoglobulins (Dako
Corp., 1:1000 dilution in (2)).

4) Methanol.

5) Tris-HC1 50 mM, pH 7.4; Trizma base (Tris hydrohymethyl aminomethane,
Sigma), pH to 7.4 with HCI.

6) Hydrogen peroxide (Mallinckrodt).

@) 4-Chloronaphthol (Sigma).

II. 8.4 (b) Method

€)) After protein transfer from the gel to nitrocellulose membranes, blots were

blocked by incubation in 3% BSA, 0.1% Tween 20 in PBS for 1 hr.

2) Blots were then incubated overnight in RAM immunoglobulins linked to HRP
(100 m1 of 1:1000 solution).

3) After washing the blots 3 times in PBS the enzyme reaction was developed by the

addition of substrate (30 mg 4-chloronaphthol in 1.5 ml methanol + 50 ul 50 mM

Tris-HCI pH 7.4 + 25 ul hydrogen peroxide), for approximately 30 minutes
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II. 9.0 Flow Cytometry

Flow cytometry is a sophisticated analytical tool with current clinical applications
in haematology and in cellular immunology (Melamed et al., 1990). It is also an
analytical method of choice for classifying leukaemias and lymphomas. It involves the
use of fluorescent cell markers to identify specific cells and cell components. The major
advantages of flow cytometry are rapid cell processing, cell-by-cell analysis and the
simultaneous evaluation of multiple markers (Stewart, 1992). The marker is detected as
right-angle light scattering of an argon laser beam as it passes perpendicularly through

a water jet containing labelled cells (Steen, 1990).

II. 9.1 Internalization assays using flow cytometry

The fluorochrome of choice for our internalization assays was fluorescein
isothiocyanate which emits a green fluorescence. The advantage of using fluorescein in
such assays had been established previously in the Oncology Research laboratory (Hopper
et al., 1990; Osbome, 1992).

Cell samples treated for flow cytometric processing were run in parallel with
samples prepared for solubilization and analysis using SDS gels and Western blots for
comparative purposes. In order to keep conditions identical for the two sets of samples,
slight modifications were introduced in the incubation protocol for the samples to be used
for Western blotting. Otherwise these samples were processéd as described in section

I1.8. The concentrations of all antibodies used for flow cytometry (fluoresceinated 11-





















CHAPTER III
RESULTS
omm. 1. Initial Radioimmunoassay For The Estimation Of
Internalized anti-CEA Antibody
(employing a low pH glycine-HCl buffer)

Until recently this assay had been the one most frequently employed for the
determination of internalized antibody (see section IV.3 and Tsaltas et al., 1993). It
relies on the assumption that a low pH environment is disruptive to previously formed,
surface antigen-antibody complexes. Since internalized antibody is inaccessible to the low
pH buffer, the residual activity lines in Figures 1.1, 1.2 and 1.3 (a,b) are assumed to
represent internalized antibody. In our initial experiment (Figures 1.1.a, 1.1.b)
incubation of cells at 0°C (a temperature at which internalization is inhibited) (Figure
1.1.a), resulted in moderate antibody uptake throughout the incubation intervals whereas
residual (internalized) activity was below control levels, suggesting that antibody was not
internalized. Conversely, when cells were incubated at 37°C, total antibody uptake
increased significantly (more than doubled) and modest residual activity was observed
(Figure 1.1.b). Furthermore the peak of "internalization" at 37°C, was reached after an
incubation interval of 90 minutes at which point residual radioactivity represented
approximately 30 percent of total antibody uptake. The same incubation period of 90
minutes represented the highest point of antibody internalization in the case of samples
incubated at 0°C (Figure 1.1.a). The decrease in radioactivity values (indicating

decreased antibody uptake beyond the 90 [0°C], or 120 [37°C], minute interval), which
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ox.  S. SDS/PAGE Analysis of Internalization

We attempted to confirm the progress of antibody internalization by examining
both the membrane and cytosolic components of cells incubated with the anti-CEA Mab
or control Ag8 for increasing time intervals (section II.8). Approximately 5-6 repeats of
the assay were performed for each cell line examined, but due to space considerations
one representative Western blot per cell line is presented in this section. Figures 5a, 5b
and 5c show the results of Western blots performed on membrane and cytosolic samples
for three different CEA expressing cancer lines. In all cases, immunostaining for the
primary anti-CEA antibody shows the presence of this Mab in both the membrane and
cytosolic portions of the cells from a very early stage (after about 5 minutes of
incubation).

In Figure 5a anti-CEA bands are evident throughout the first 60 minutes of
incubation (part A, lanes b,d,f,h,j,1) whereas non-specific control staining is only evident
in the 60-minute cytosolic component (part A, lane k), and may indicate that beyond a
60-min incubation interval non-specific accumulation in the cytosol may occur. In part
B of the same figure evidence for accumulation of non-specific antibody is again evident
(lanes c,e,g,l). As shown by the controls in these gels (lanes a, h) intensity of staining
is generally much higher. Even under these conditions however anti-CEA cytosolic
samples corresponding to 90-minute and 120-minute incubations (lanes b, f) have the
strongest intensity bands. In Figure 5b (SKCOI1 cells), there is strong evidence of

increasing accumulation of anti-CEA Mab in the cytosol from the 5 min to the 60 min
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incubation intervals (part A, lanes b, f, j). The highest anti-CEA intracellular
accumulation furthermore, is noted at the longest incubation time of 180 min (part B,
lane j). For this cell line only minimal accumulation of non-specific control antibody is
evident in one case (part B, lane g).

In the case of the human lung carcinoma line (BENN, figure 5c¢), similar levels
of intracellular anti-CEA Mab are obtained throughout the incubation intervals examined
(part A, lanes b, f, j; part B, lanes b, f), although part B seems weaker due to much
fainter staining in the case of this gel. Also uptake of non-specific antibody is much
higher in the case of this cell line (part A, lanes c, g, k) (see Discussion).

An additional antigen specificity control is shown in figure 5d. In this case the
cell line used shows very low levels of binding of 11-285-14, presumably due to its very
low expression of CEA. There is only very weak evidence of anti-CEA antibody
membrane binding (part A, lanes i, m), as is its intracellular accumulation (part A, lanes
b, k; part B, lanes a, €). Conversely there is evidence of surface and cytosolic

accumulation of non-specific antibody (part A, lanes g, j, 1, n).
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om. 6. Comparison of SDS/PAGE and Flow Cytometric analysis in the

depiction of anti-CEA Mab internalization

In an effort to develop a more convenient assay for detecting antibody
internalization, we attempted to make use of flow cytometry. The principle of this assay
is that surface FITC-labelled antibody can be detected by anti-FITC antibodies which will
"quench" surface fluorescence, while internalized FITC-labelled antibody will escape
such detection and the subsequent quenching. In the case of an internalizing antibody
therefore, initial (time 0) fluorescence should be minimal (with quenching effect being
maximal), since the primary antibody would still be on the cell membrane and would not
have been internalized yet. However, with increasing incubation intervals, fluorescence
should increase progressively, as increasing amounts of internalizing antibody escape
anti-FITC-mediated quenching.

Table 6 provides a summary of the arithmetic estimation of the degree of anti-
CEA antibody internalization per time interval, for each of the three cell lines studied
(values are means of results from six or seven repeat assays for each line). Internalization
is expressed as a percentage of the positive control (% antibody internalization = test
sample fluorescence reading / positive control fluorescence reading x 100). There was
some degree of variability in terms of antibody uptake (positive controls) for each cell
line, which is also inevitably reflected in the test samples. This variability however, does
not exceed differences in cell line characteristics normally observed with passaging of

cell lines.
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Estimation of anti-CEA Mab internalization by human
cancer cell lines using data from flow cytometric assays

F Cell Line Incubation Positive th_ % Intern. H
time (min) control

LS174T 0 27.5 (12) 10.7 (6.8) 38.2 (11.9)
(7 assays) 30 26.5 (11.4) 13.7 (8.5) 50.9 (15.3)

90 25.5 (8.2) 14.5 (6) 58.6 (16.2)
SKCO1 0 69 (22.1) 11.1 (5.6) 15.4 (4.8) »
(6 assays) 30 59.4 (11.9) 18.1 (7 | 30.512.3)

90 61 (7) 17.3 (6.2) 28 (7.9)
COLO320 0 1.7 (0.9) 1.8 (0.9) NA
(6 assays) 30 1.5 0.7) 2.3 (1.7) NA

90 2.1 (1.2) 1.8 (0.9) NA ||

Numbers correspond to % fluorescence emitted by the respective cell samples. Control
ascites was used as a negative control. All values are means derived from the repeat
assays indicated below the cell line. Numbers in parentheses indicate standard deviations
for the respective groups.
Positive control : fluorescence emitted by cell samples incubated with FITC-labelled
anti-CEA Mab only.
Test : fluorescence emitted by cell samples incubated with FITC-labelled anti-CEA Mab,
followed by incubation with anti-FITC antibody.
% Intern (% Internalization) : test x 100%

control
NA : Not Applicable (due to background fluorescence values for all samples of this cell
line).
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Studies on the progress of internalization using flow cytometry are depicted in
Figures 6.1.a, 6.2.a and 6.3.a. The negative control employed in these assays consisted
of a sample of the tumour cells studied, incubated with fluoresceinated control ascites,
ie. antibodies which do not bind to CEA. This negative control is represented in the
FACS image by the clear leftmost curve and is the point of reference for positive
controls and test samples. The clear rightmost curve depicts positive controls, ie. cancer
cell samples which have been incubated with FITC-conjugated anti-CEA antibody for
different time intervals, but have not been subsequently treated with anti-FITC, so that
no surface fluorescence quenching has occurred. These samples therefore represent total
fluorescence of both surface and internalized antibody at each time interval (positive
control). The middle (shaded) curve represents cancer cell samples incubated with FITC-
conjugated anti-CEA antibody for the same time intervals, but which have subsequently
been treated with anti-FITC to quench surface antibody fluorescence. Thus, at each time
interval the only fluorescence detectable from these cell samples should be fluorescence
associated with internalized antibody. Actual FACS outputs corresponding to one assay
for each cell line are shown in figures 6.1.a, 6.2.a and 6.3.a. As incubation times of
LS174T (legend to Figure 6.1.a) and SKCO1 (Figure 6.2.a and legend) cells with
fluoresceinated anti-CEA antibody increased, there also occured an increasing right shift
of the curve representing test samples. This shift represents increased depiction of
fluorescence due to the fact that surface antibody is being progressively internalized and

is no more subject to the anti-FITC quenching activity. However, as seen in figure 6.3.a,
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when COLO320 cells (which express very low levels of CEA) are used, both positive

controls and test samples exhibit a fluorescence level which is very close to that of the
negative control, throughout the time intervals studied, reflecting the inability of the anti-
CEA antibody to adhere onto the cell surface. In order to ensure consistency with the
previously performed cell solubilization assays (section III.5), such flow cytometric
assays were coupled with Western blots, which were derived using membrane and
cytosolic samples of solubilized cells from the same lines as before and were treated in
parallel and under the same experimental protocol as the cells used for FACS analysis.
Results of these SDS/PAGE assays are presented below their flow cytometric
counterparts (Figures 6.1.b, 6.2.b, 6.3.b).

In Figure 6.1.b we saw evidence (bands corresponding to the cytosolic portion
of the sample) of anti-CEA antibody internalization by LS174T cells at all time intervals
studied whereas for the most part no bands are visible on the lanes where cells were
incubated with control ascites. Similar results were obtained for the SKCO1 cell line
(figure 6.2.b), whereas in the case of the COLO320 cells (very low CEA expressor;
figure 6.3.b), no bands were visible either for test or for negative control samples (with
the exception of a very light band for the 30-minute cytosolic test sample), which was
confirmed by the FACS results. Lack of densitometric data prevent quantitative
correlations of the results from the two sets of assays, however a large number of such
assays with solubilized cells (Tsaltas et al., 1992) has provided evidence of increased

antibody internalization through the time intervals studied for the same cell lines.





















210
m. 7. Observation of the effect of hypertonic medium on anti-CEA Mab

uptake and internalization, using flow cytometry.

The involvement of clathrin in the uptake and internalization of the anti-CEA Mab
was examined through cell incubation in hypertonic medium, a method which was
recently shown to inhibit clathrin-mediated endocytosis by preventing clathrin and
adaptors from interacting (Hansen et al., 1993). Antibody was again detected through the
use of flow cytometry as described in the two previous sections. This assay involved the
use of only one high CEA-expressor, the colorectal cancer cell line (SKCO1), chosen
mostly for the large number of CEA antigenic sites it expresses. The time course
incubations at 37°C, which allowed for internalization of surface adherent anti-CEA
antibody, again involved the three time intervals previously examined, namely 0, 30 and
90 minutes. Assays were performed both after pre-incubating cells in hypertonic medium
for 30 minutes, prior to the beginning of the experiment (Table 7.a) and by incubation
of test cell samples in hypertonic medium thereafter. Alternatively, as a further test, test
cell samples were exposed to hypertonic medium through the course of the experiment
only (no prior pre-incubation in hypertonic medium (Table 7.b)).

From the two alternative treatments it became obvious that the decreased overall
anti-CEA uptake by cells bathed in hypertonic medium, necessitated extensive (30
minute) pre-incubation of the test samples in this medium. When the hypertonic medium
was introduced following incubation of cells with the primary antibody (anti-CEA-FITC),

uptake values were similar between the hypertonic-medium treated and regular-medium
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treated groups.

Overall, the use of hypertonic media seemed to have a sizeable and consistent
effect in diminishing primary anti-CEA-FITC antibody uptake (see Table 7.a, samples
(c) versus (e)) when pre-incubation of the cells in this medium took place however this
medium did not seem to inhibit antibody internalization (as measured by this assay), to
any appreciable degree (Table 7.a, (g) versus (h)). Lack of pre-incubation in hypertonic
medium resulted in no change in anti-CEA-FITC uptake (Table 7.b, samples (c) versus
(e)) and in no inhibition of its internalization (Table 7.b, samples (g) versus (h)).
Interestingly, relative internalization in cells which were exposed to hypertonic medium
during the course of the assay without being pre-incubated in this medium, seems to
exceed internalization rates of cells which had been pre-incubated in such medium.
However, more assays would have to be performed in order to ascertain that such a trend
is not due to inter-assay variability. Representative FACS outputs from two such assays

are presented in figures 7.a and 7.b.
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Table 7.a
Effect of hypertonic medium on Mab Internalization
with 30 min. preincubation

SAMPLES Average values
(3 assays)

0(min) 30(min) 90(min)
(a) mediumg 1.2 (0.6) 1.8 (0.7) 1.8 (0.3)
(b) mediumg 1.3 (0.8) 0.7 (0.2) 1.0 (0.3)
(c) 11-285-FITC, 72.3 (21.1) 61.3 (17.7) 56.9 (23.9)
(d) 11-285-FITC + 25.5 (20.5) 11 (6.3) 20.7 (15)
anti-FITCy,
(e) 11-285-FITCy 38.9 (15.1) 30.4 (14.8) 23.5 (6.5)
® 11-285-FITC + 3.8(5.3) 4.7 4.2) 6.1 (4.8)
anti-FITCy
(g) %Internal.; 33 (22.2) 17.3 (5.7) 33.3 (12.1)
(h) %Internal.g 8.3 (9.9 13.6 (6.8) 26.6 (21)

1 x 10° SKCOI cells were preincubated in hypertonic medium containing 0.45M sucrose
for 30 min. at 37°C. All subsequent incubations were performed in respective (regular
or hypertonic) media.

The subscripts y y signify regular and hypertonic medium respectively.

Samples (a) to (h) are explained in the table.

%Internal. = Internalized (non-anti-FITC quenched) primary antibody, as compared to
its respective positive control i.e. sample (d) / sample (c) for regular medium and
sample (f) / sample (e) for hypertonic medium (11-285-14-FITC, abbreviated in the table
as 11-285-FITC).

All % fluorescence values were read against a common negative control represented by
sample (a).

All data represent mean values of the respective groups from the combined (3) assays.
Numbers in parentheses denote standard deviations.
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Table 7.b
Effect of hypertonic medium on Mab Internalization
without 30 min. preincubation

SAMPLES Average values
(3 assays)

0(min) 30(min) 90(min) |‘
(a) medium, 1.1 (0.5) 1.0 (0.1) 1.2 (0.4)
(b) mediumg 0.2 (0.3) 0.3 (0.4) 0.3 (0.2)
(c) 11-285-FITC, 58.0 (11.2) 50.9 (22.7) 45.3 (19.7)
(d) 11-285-FITC + 6.5 (5.2) 6 (3) 11.1 5.3) |
anti-FITC,
(e) 11-285-FITCy 60.9 (24.4) 44.3 (25.7) 50 (23.8)
(f) 11-285-FITC + 12 (10.3) 14.8 (8) 20.1 (10.7)
anti-FITCy
(g) %Internal.g 10.8 (7.7) 11.7 (1.7) 24.1 (4.6)
(h) %Internal.y 17.3 (11.4) 37.8 27.7) 41.3 (22.7)

SKCOI1 cell samples were not subjected to pre-incubation in hypertonic medium (0.45M
sucrose) this time, but all other incubations were performed on respective media as
before.

Again the subscripts p y signify regular and hypertonic medium respectively.

Samples (a) to (h) are explained in the table.

%Internal. = Internalized (non-anti-FITC quenched) primary antibody, as compared to
its respective positive control i.e. sample (d) / sample (c) for regular medium and
sample (f) / sample (e) for hypertonic medium (11-285-14-FITC, abbreviated in the table
as 11-285-FITC).

All % fluorescence values were read against a common negative control represented by
sample (a).

All data represent mean values of the respective groups from the combined (3) assays.
Numbers in parentheses denote standard deviations.
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Figure 7.a
FACS results of samples treated (both prior to beginning and throughout the assay)
with hypertonic medium in order to examine the possibility of inhibition of antibody
internalization via the clathrin-mediated pathway
(i) Cells incubated with medium only at 0°C.
(ii) Cells incubated with 11-285-14 Mab for 30 min. at 37°C.
(iii) Cells incubated with 11-285-14 Mab for 90 min. at 37°C.
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Figure 7.b
FACS results of samples treated (during the assay only) with hypertonic medium in

order to examine the possibility of inhibition of antibody internalization via the
clathrin-mediated pathway

(i) Cells incubated with medium only at 0°C.
(ii) Cells incubated with 11-285-14 Mab for 30 min. at 37°C.
(iii) Cells incubated with 11-285-14 Mab for 90 min. at 37°C.



CHAPTER IV
DISCUSSION
Iv. 1. Immunoconjugate internalization: Mode and Significance

The effective destruction of tumour cells by any of the major classes of cytotoxic
immunoconjugates currently in experimental or clinical use, has been shown on a number
of occasions to correlate with the ability of the targeting antibody to be internalized by
the targeted cancer cell.

Antibody internalizing ability has been found particularly essential in the case of
immunotoxins (IT’s), where internalization of the toxin is generally necessary for
cytotoxic action. In fact, due to their extremely high cytotoxic potential, I'T’s have been
some of the most widely studied "magic bullets”. A general background on IT’s has been
given briefly in Chapter I, while a number of reviews on immunotoxins have appeared
in the literature in the last 15 years (Vitetta et al., 1987; Olsnes et al., 1989; Lord et al.,
1985; Byers et al., 1992). The structure of toxins and method of IT preparation will not
be repeated in this section, however the action of IT’s on the protein synthesis machinery
will be elaborated on briefly.

Most bacterial toxins (such as diphtheria toxin and Pseudomonas aeruginosa
exotoxin A) inactivate elongation factor 2, an enzyme required for the translocation of
growing peptide chains from the A-site to the P-site of the ribosomes. Elongation factor
2 modified by these toxins cannot properly interact with the ribosomes, resulting in
blocking of protein synthesis (Olsnes et al., 1989). Most plant toxins inactivate the large

ribosomal subunit, by modifying a loop in the 28S RNA of the subunit. Although toxins
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are very effective cell killers, their cytotoxic efficacy depends directly on their binding,
uptake and intracellular routing, in other words their ability to selectively internalize. For
that reason immunotoxins have been the major class of immunoconjugates for which
internalization potential has been studied in parallel with the development of new IT
constructs.

Some initial experimental evidence on this subject raised a number of questions,
when it was found that IT killing of human melanoma cells (Casellas et al., 1982; Godal
et al., 1986), was increased by ammonium chloride. This agent, which was thought to
inhibit internalization, turned out to increase IT cytotoxicity on tumour cells that
expressed high levels of the antigen being targeted (p97) (Casellas et al., 1982). The
authors speculated that ammonium chloride (a lysosomotropic amine), inhibited the
degradation of the IT by inactivating lysosomal enzymes through raising intralysosomal
pH. The role of this agent and monensin (a carboxylic ionophore) was immediately
investigated in an examination of the endocytosis of an antibody ricin-A conjugate
(Carriere et al., 1985). In this study it was concluded that such agents markedly slowed
down the speed of IT transportation through lysosomal compartments, thus increasing
cytotoxic efficacy, probably both by lengthening the period the IT remains in a non-
lysosomal compartment, as well as by lowering intralysosomal pH. Notably, these agents
did not interfere with the initial IT internalization process, which was thought to occur
mostly through receptor-mediated endocytosis.

Alternative experimental approaches however, such as subjecting cells to
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hypotonic shock followed by incubation in potassium (K*)-free medium, showed at the
time that human fibroblasts can arrest their coated pit formation and therefore arrest
receptor-mediated endocytosis in the case of low density lipoprotein (Larkin et al., 1983).
When Hep-2 cells were subjected to a similar treatment, it was shown that although
cytotoxicity mediated by diphtheria toxin was blocked, the one mediated by ricin toxin
was not (Moya et al., 1985), suggesting a non-receptor mediated internalization pathway
for the unconjugated ricin toxin. However, a subsequent comparison of three anti-CEA
ricin A ITs (Levin et al., 1987), suggested modulation of the antigen-antibody complex
from the cell surface.

While the debate on the endocytic pathway followed by toxins continued, the
above study also suggested that cytotoxic efficacy of the ITs studied was not related to
the affinity of the monoclonal antibody carriers to the CEA target antigen. This point
however was also debated since it was later shown that the cytotoxic ability of an anti-
CEA IT containing ricin A (228-RTA), was potentiated by Mabs recognizing different
epitopes, suggesting that enhanced antibody affinity leads to increased endocytosis of
bound immunoconjugate and potentiates cytotoxicity (Byers et al., 1988).

The one factor that seems to be more important than antibody affinity in terms
of immunotoxin efficacy however, is the rate of IT internalization. Specifically, it was
shown with human melanoma and small lung carcinoma cell lines using an anti-
ganglioside GD2 Mab linked to ricin-A toxin, that the rate of IT internalization correlated

with cytotoxic activity against human tumour cells (Wargalla et al., 1989). Furthermore,
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an analysis of the rate of endocytosis of another extremely potent ricin-A Mab against
sarcomas and colon and ovarian cancer cells (Byers et al., 1991), showed that this
particular IT internalized very slowly (possibly via smooth pits), and that in these cases
cytotoxicity was not affected by potentiators such as ammonium chloride.

In turn, the importance of internalization rate as the major variable influencing
IT potency, has also been questioned. Specifically, it was determined using ITs
constructed against different epitopes of murine B cells, that neither cross-linking nor rate
of internalization could account for the degree of difference in potencies between various
ITs (May et al., 1991). However, in the same study, the type of intracellular routing
promoted by the choice of target antigen was found to have a profound effect on IT
potency. When the respective effects of the intracellular compartments (namely
endosomes versus lysosomes), were made relatively similar due to the pH-raising action
of the lysosomotropic amine chloroquine, the less potent IT became 100 times more
potent, whereas the other IT’s potency was unaffected. This outcome was thought to
reflect differential compartmentalization of the two ITs during intracellular routing. The
role of another major compartment in intracellular routing, namely the Golgi region, has
also been extensively studied mostly through the use of brefeldin A (BFA), which affects
the Golgi network by causing a redistribution of its proteins into the ER (Wood et al.,
1991). Such disruption of the Golgi apparatus has been shown to inhibit the cytotoxicity
of ricin, modeccin and Pseudomonas toxin, (Yoshida et al., 1991), while more recently

such Golgi-dependent inhibition of cytotoxic action was observed for cholera toxin
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(Nambiar et al., 1993), although it differs considerably in structure and mode of action.

Irrespective of what the point of greatest importance in the process of IT
internalization is, one thing that seems to have been made rather clear is that IT’s require
that their specific endocytic mechanism be intact for maximizing, or for that matter,
potentiating their cytotoxic action. To further illustrate the point, it has been shown that
conjugation of an IT to a non-internalizing antibody completely abrogates any specific
conjugate cytotoxicity (Cogliati et al., 1991). Such observations, along with the recent
progress in the preparation of recombinant IT constructs whose internalizing profiles have
yet to be elucidated (Brinkmann et al., 1993; Better et al., 1993; Friedman et al., 1993),
make this a subject of urgent study.

The mode of action of chemotherapeutic drugs has been, for the most part, less
clearly defined in terms of membrane or intracellular targets, and studies correlating
between immunoconjugate internalization and drug efficacy have been rather limited.
Initial studies on Mab-methotrexate (Mab-MTX) conjugate uptake and internalization by
melanoma and teratocarcinoma cell lines (Uadia et al., 1985; Shen et al., 1986),
established some links between immunoconjugate efficacy and its degree of
internalization and lysosomal degradation. A more detailed study on the nature of linkage
and mode of action of methotrexate conjugated with Mabs against a mouse mammary
tumour, or irrelevant antibody (Endo et al., 1988), suggested that amide-bond linked
MTX is taken up by endocytosis, whereas a substantial portion of MTX linked by an

ester or other less stable bonds is released extracellularly, and may then enter cells by
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the MTX active transport system. In a recent effort to increase the levels of expression
of the human folate receptor (hFR) using transfectants of human MCF-7 breast cancer
cells (Chung et al., 1993), it was also shown that increased levels of hFR resulted in
increased MTX uptake, internalization and cytotoxicity. Interestingly, some evidence
derived from in vivo studies of the antitumour activity of a non-internalizing Mab-vinca
alkaloid immunoconjugate (Starling et al., 1991), suggested that non-internalizing ICs
may still have significant antitumour activity. Conversely, adriamycin hydrazone (ADM-
Hzn) immunoconjugates, were shown to be more cytotoxic against lymphoma tumour
xenografts, when linked to internalizing rather than non-internalizing Mabs (Braslawsky
et al., 1991). Furthermore, a recent in vitro study of the internalization of a doxorubicin
anti-CEA Mab immunoconjugate, constructed using an aminodextran carrier (Shih et al.,
1994), showed that both the unconjugated Mab and the IC were internalized and
distributed mostly in the cytoplasm of LoVo cells, whereas unconjugated doxorubicin was
quickly absorbed by the cells and concentrated in the nucleus of those cells. This
immunoconjugate had previously shown a better therapeutic effect than either
unconjugated doxorubicin or an irrelevant antibody conjugate (Shih et al., 1991).
Unfortunately, due to the diverse mode of action of different chemotherapeutic drugs as
compared to toxins and a paucity of information on IC internalizing potential and
efficacy, it is impossible to clarify this relationship at the present stage.

Internalization of radioimmunoconjugates has attracted interest (Mariani et al.,

1990; Scheinberg et al., 1991) as the potential of Auger emitters such as the commonly
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used Iodine-125 (with an effective radius of only 20 to 30 A®) is greatly enhanced when

the energy derived from the radionuclide is highly localised. This is a point of great
interest since it has been shown that radiotherapy of small lesions necessitates nuclides
with low energy radiation due to diffusion of long range radiation (Griffith et al., 1988).
A number of studies on immunodiagnosis have also shown that retention time of
radioactivity is a combination of labelling technique and the ability to internalize (Mariani
et al., 1990).

The problem inherent to most of these studies however, has been the lack of an
adequate and consistent experimental model studying the process of internalization for
each system under consideration. Methodologies which have been used to study antibody
or immunoconjugate internalization, initially involved mostly indirect methodologies,
such as attempting to detach radiolabelled cell-surface bound antibody via the use of low
pH buffers (Matzku et al., 1986; Matzku et al., 1990; Starling et al., 1991; Tagliabue
et al., 1991; Casalini et al., 1991) or using secondary radiolabelled antibody (Rosenthal
et al., 1980) to detect and quantify any remaining surface primary antibody. Direct
methods of visualization have primarily involved electron microscopy for the detection
of internalized antibody conjugated to different extracellular markers such as horseradish
peroxidase (HRP), cationized ferritin (CF) (Bick et al., 1993) or colloidal gold (Weltzin
et al., 1989). Fluorescence microscopy has been a preferred method for the direct
detection of cell surface phenomena, such as the capping of antibodies tagged by

fluorescein isothiocyanate (FITC) (Pulczynski et al., 1993).
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Recently, direct or indirect methods have made use of flow cytometry, for faster
quantitative analyses of internalized antibody (Pulczynski et al., 1993; Garrigues et al.,
1993; Hopper et al., 1990). Furthermore, the question of lysosomal degradation of
internalized antibodies has been addressed by estimating the amount of remaining intact
radiolabelled antibody which is precipitable with trichloroacetic acid (TCA) (Kyriakos
et al., 1992). A method which allows visual detection of internalized antibody involves
solubilization of cells previously incubated with antibody, followed by sodium dodecyl
sulfate/ polyacrylamide gel electrophoresis (SDS/PAGE). This approach was developed
as part of this project in order to verify quantitative internalization evidence derived from
previously used assays (see section ITI.5 and Tsaltas et al., 1992), and has recently been
used by another group for the detection of non-degraded internalized antibody (Garrigues
et al., 1993).

The present study attempts to establish a reliable and consistent approach to the
study of internalization of a well characterised anti-CEA Mab by different human cancer
lines, by providing a basis for comparison of results obtained by a number of direct and

indirect techniques.
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Iv. 2. Direct radioimmunoassay for the detection of internalized antibody.

This method was chosen due to its widespread use at the time the study was
initiated, as well as its ability to generate quantitative results in a relatively
uncomplicated manner. However, as described in the literature, this assay did incorporate
a number of experimental shortcomings. For example, no time was allowed for the initial
binding of antibody to antigen, hence the increasing binding values for all the time
intervals studied. Additionally, since dead cells are permeable to Ig molecules, cell
viability should have been determined as part of the assay procedure, as this would
contribute to increased estimates for internalization. Nevertheless, we decided to initially
perform the assay as described and our initial assays (presented in section III.1), were
generally indicative of moderate internalization of the particular antibody, at the 30% to
40% level of total antibody uptake (although the fraction of antibody internalized varied
according to incubation time). Also, there was consistently no evidence for any
internalization at least during the first 30 minutes of incubation, despite the fact that
general internalization profiles for most antibodies that follow the endocytic pathway
seemed to suggest that the process usually begins much earlier on (during the first 5
minutes of antibody incubation), and that the 20 minute incubation interval with glycine-
HCI1 would have allowed some antibody to be internalized.

Results were contradictory in terms of peak internalization and saturation of
antibody uptake, since there was no consistent plateau observed on the respective binding

curves. Furthermore, one of the assays (figure 1.1) showed a slight decrease in
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Iv. 3. Use of low pH glycine-HCl buffer in dissociating antigen-antibody

bonds.

The low pH (2.5 - 2.8) Glycine-HCI buffer has been used extensively in acid
elution of antibodies from immunoadsorbents. More recently (during the last decade),
assays employing the same buffer for the dissociation of bonds between antigen-antibody
complexes have extended the use of this buffer and have established methodologies which
are being used in studies involving internalization of antigen-antibody complexes (Matzku
et al., 1986; Imamura et al., 1987; Matzku et al., 1990; Starling et al., 1991).

The general outline of this method, as applied to internalization experiments, includes the
following steps.

1) Incubation of cells with antibodies specific to surface antigens for various time
intervals, in order to allow for internalization of antibody or antigen-antibody complexes.
2) Measurement of the total cell-associated antibody (comprising both surface-bound and
internalized) on samples from each time interval.

3) Application of the glycine-HCL buffer to the sample in order to dissociate surface
bound Ag-Ab complexes.

4) Estimation of the amount of antibody remaining in the target cell assuming that all
surface bound complexes have been dissociated.

5) Equating the amount of remaining radioactivity with the amount of internalized
complexes.

Recently, the question of incomplete Ag-Ab bond dissociation by this buffer has
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also been addressed by another laboratory (Matzku et al., 1991), which had been

instrumental in establishing this technique. However, no data have been provided to
illustrate the nature and extent of this observation, and to our knowledge, there has been
no attempt to date to analyze the degree of error that this experimental approach might
introduce. This confidence in the effectiveness of the dissociating action of the glycine-
HCI buffer seemed peculiar in view of the repeated cautioning in the literature (Absolom
et al., 1986; Helmerhorst et al., 1982; van Oss et al., 1981) suggesting the need for
improvements in the methodology used to reverse attractive forces in antigen-antibody
complexes. For example, a thorough analysis of the nature of such bonds (Absolom et
al., 1986) strongly suggests that low pH conditions alone would generally prove
ineffective in fully dissociating them. This review stresses the fact that antigen-antibody
interactions are usually the combination of two types of attractive forces, namely van der
Waals’ and electrostatic (Coulombic) forces. Lowering the surface tension of the aqueous
medium by adding organic solvents such as ethylene glycol or dimethyl sulfoxide, results
in reversing the attractive van der Waals’ force into a repulsive one, whereas extreme
(either high or low) pH conditions are bound to reduce or even reverse the electrostatic
attractive component. Therefore, although bond dissociation in other systems may be
possible solely by pH adjustment, as is the case in the dissociation of DNA-anti-DNA
complexes at high pH (de Groot et al., 1980), both pH adjusting and lowering of the
surface tension of the surrounding aqueous medium are required in order to effectively
reverse antigen-antibody binding (Helmerhorst et al., 1982; van Oss et al., 1981).

Based on the above, a thorough examination of the role of this buffer on both
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fixed and live cells expressing CEA was thought to be necessary. Both

immunocytochemical assays and enzyme-linked immunosorbent assays (ELISAs) were
employed to this end. In addition to the question of efficacy of the buffer in breaking
antigen-antibody bonds, we also briefly investigated its possible role in the shedding of
antigen-antibody complexes or in dissociating antibody-HRP bonds. Information on the
latter would be useful in cases where such antibody conjugates are used in a direct assay.

Initial immunoperoxidase results on fixed cells provided no evidence of
dissociation except in the case of the direct assay using HRP-conjugated antibodies.
Similar ELISAs on fixed cells did show evidence of partial dissociation at both room
temperature and at 37°C, but in only one occasion was a high level of original binding
shown to be lost (85 % dissociation). After averaging the dissociation values derived from
a number of these assays (Tables 2.2.a.1 and 2.2.a.2), it was shown that this buffer’s
dissociating effect did not exceed (on average) a 50 % reduction in binding (Table 2.2.¢),
and that this effect was very similar for the three cell lines used. However, this
dissociation effect did show some variability among the assays performed, while there
was very little variability among wells belonging to the same group (usually 5 wells per
group) in any particular assay. Although readings of individual plates were not generally
presented in the results, for the sake of brevity and in order to avoid confusion, part of
this variability seemed to be due to variation in the level of antibody uptake in each
particular assay. This difference in uptake could be due to some variation in cell
characteristics in terms of antigen expression after multiple passaging of cells. Such

variations were commonly observed with most of the cell lines used in this project, as
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documented in the FACS analysis of internalization (Table 6, standard deviations for
means of antibody uptake values). In general, a higher overall uptake of antibody seemed
to reduce the dissociating effect of the glycine-HCI1 buffer, a phenomenon which might
be explained by an increased antibody avidity due to either level of antigen expression
or conformational changes in the way this antigen was expressed. However, some
exceptions did exist which would not support such a hypothesis (for example, in Table
2.2.a.1, assay #386, low dissociating levels were observed despite rather high original
antibody uptake by the two higher CEA expressor cell lines). Dissociation did not seem
to be particularly favoured by one of the two temperatures during incubation with the
glycine-HCI buffer. Furthermore, use of glycine obtained from different companies or
slight increases in buffer incubation times, did not seem to have any effect either.

Initial estimations of any distorting effect that the glycine-HCI1 buffer might have
on antigenic sites (through evaluating the amount of antibody that can re-attach to those
sites after treatment with this buffer), seemed to indicate that full reassociation could be
achieved, suggesting intact antigen (% FB in tables 2.2.a.1 and 2.2.a.2). However the
implementation of a correction factor (as shown in tables 2.2.a.3 and 2.2.a.4), resulted
in deriving a more accurate estimation of reassociation values shown in table 2.2.a.5.
According to this derivation, reassociation of antibody to cells previously treated with the
glycine-HCI buffer is quite low, indicating distortion of antigenic sites.

Results tended to be more variable in the case of ELISAs employing live cells,
probably due to the nature of the assay, but again dissociation levels rarely exceeded

50%. However, when direct assays were performed using HRP-conjugated antibodies
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there was a two to three fold increase in dissociation observed (tables 2.2.b.1 and
2.2.b.2). This increase may have been attributed to antibody-HRP bond dissociation
rather than CEA anti-CEA bond dissociation as shown in tables 2.2.c.1 and 2.2.c.2. In
similar immunocytochemical assays (table 2.1) the low levels of dissociation observed
only in the case where the HRP conjugate was used might be entirely attributable to
dissociation of the enzyme. Results also indicated that the high dissociating effect on
antibody-HRP bonds, seems to depend both on strength of bond (conjugation) and
temperature conditions during incubation with the buffer (table 2.2.c). In general, our
results indicate that use of the glycine-HCI buffer is particularly inappropriate in cases
where such conjugates are used in direct assays, since dissociation levels do not only
reflect dissociation between antigen-antibody complexes, but also the dissociation of
enzyme from the antibody.

In contrast to the above results, when purified antigen was used in similar assays
there was complete dissociation of CEA anti-CEA bonds after a 20 minute incubation
with this buffer (table 2.2.d). One possibility accounting for the difference between
assays involving cells versus purified CEA, would be that cellular conformation might
deny the buffer access to the desired epitope. This view is in contrast to a study
involving different modes of binding and internalization of Mabs to human melanoma cell
lines (Matzku et al., 1986). Although, according to this report, antigens expressed on
the cell surface and complexed with antibody show no resistance to the dissociating effect
of this buffer, the same investigator has more recently alluded to the fact that there may

be incomplete desorption of high affinity antibodies when this buffer is used (Matzku et
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al., 1990; Matzku et al., 1991). The systematic production of evidence shown in this

thesis has certainly substantiated such fears. Furthermore, since it seems likely that
degree of antibody desorption by this buffer is not uniform across a panel of antibodies,
it is not feasible to introduce a uniform correction factor accounting for these differences.
Realisation of this shortcoming has recently led this group to the evaluation of alternative
ways of dissociating antigen-antibody complexes from cell surfaces (Matzku et al., 1991).
Although there has been no such systematic study that we are aware of to date supporting
the acknowledgment that this buffer may not be desorbing “very high" affinity antibodies
(Matzku et al., 1990), alternative desorption procedures such as the one employing
phospholipase C to detach CEA from its phosphotidylinositol bond (Matzku et al., 1991)
have been suggested. Stripping of the antigen from the surface of the cell however, might
be considered a rather drastic alternative, since it would make it impossible to further
study the fate of the antigen (for example in cases where recycling potential is of
interest).

In conclusion, the consistency of our results across different assays involving high
CEA-expressing cell lines, strongly indicates that routine use of glycine-HCI buffer for
the purpose of dissociating cell-bound antigen-antibody complexes can introduce major
inaccuracies in the analysis of antibody internalization experiments and its use in such
experiments should be reconsidered. Alternatively, if this internalization assay is to be
used in the future, the utmost care should be taken to ensure that the action of the buffer

in question (or variants of it) is thoroughly investigated prior to use.
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IV. 4. Use of an indirect radioimmunoassay in estimating antibody
internalization

The alternative indirect double radiolabelling assay, consistently showed relatively
high retention of radioactivity correlating with an upward trend in antibody
internalization. Both uptake and internalization seem to be specific to the anti-CEA
antibody, since the nonspecific control antibody did not exhibit any significant uptake or
residual activity. However, there were some notable differences between results derived
from the direct versus the indirect RIA, the most obvious being the much lower activity
registered in the case of the indirect assay, which at times reached 8-10 fold radioactivity
decreases, as compared to respective groups in the direct assay. This was probably due
to the fact that cell samples were pre-incubated with primary antibody as described in the
literature (i.e. at 37°C and not at 0°C) for 30 minutes in order to establish initial binding.
During this time it is certain that some internalization would have occurred, leading to
decreased levels of surface-bound activity detectable by the secondary antibody. This pre-
incubation of cell samples at 37°C also led to another major difference between the two
assays, namely that the groups used to test for differences in antibody uptake at 4°C
versus 37°C did not show any appreciable differences in uptake when the indirect RIA
was used, whereas a 50% decrease in uptake was noted at 4°C in the case of the direct
(previous) RIA. Furthermore, there was no peak in internalization profile through the
time intervals examined using the indirect RIA, but rather a steady upward trend
suggesting continued internalization at almost the same rate up until the 150-minute

interval. This rate of internalization was definitely much higher than the one noted with
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the direct assay, however the most likely explanation for this is that cross-linking
between primary and secondary antibodies may have strongly influence (increased)
internalization activity.

In general, although this method offered more consistent results that suggested
vigorous and sustained internalization, it was subject to a number of theoretical
shortcomings the most serious of which involved the augmenting effect that cross-linking
caused by the secondary antibody would have on internalization. From a technical point
of view the pre-incubation of samples with primary antibody should be performed at 0°C,
a larger number of samples per group should be included and cell viability should be
determined for every step of the assay. Additionally, this assay followed a relatively
complicated protocol, which made the study of short incubation time intervals quite
difficult. Furthermore, both of the RIAs did not allow direct visualization of a possible
internalization process. In view of all the above, it was decided that the
tworadioimmunoassays should be abandoned without introducing any of the necessary
modifications and that a new approach should be developed, which would be free of
theoretical and technical inadequacies. As a first step, we attempted to visualize the
surface-bound and internalized antibody emplying a quantitative electron-microscopy

approach.
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IV. &. Visualizing internalized antibody through Electron
Microscopy.

Labelling the test and control antibodies with HRP and incubating for a two hour
time interval, resulted in cell sections which under EM analysis showed that our CEA-
specific Mab both accumulated on the cell surface of a high CEA expressor cancer line,
and was internalized into lysosomal vacuoles (figures 4.1.a, 4.2.a, 4.3.a). In contrast
no antibody uptake or internalization were evident.with the HRP-labelled, non-CEA
specific antibody at antibody concentrations of 25 and 50 ug ml* (figures 4.1.b, 4.2.b).
Increasing the concentration to 100 ug ml?, led to much stronger staining but also a very
low level of non-specific uptake as indicated by faint staining along the cell contour
(figure 4.3.b). This profile was evident on all samples examined (approximately 5 per
group). Overall, this methodology provided very strong qualitative evidence for antibody
internalization, although it did not allow for quantitation of surface-bound or internalized

antibody.

IV. 6. Detection of internalized antibody using SDS/PAGE.

Strong evidence for internalization was also provided by Western blots of samples
from membrane and cytosolic portions of cells incubated with test and control antibodies,
which was developed in order to better define changes in surface-bound and internalized
antibody through time. Although this method had not been used in the literature for the
study of internalization at the time we initiated this study, we found that it generally has

the potential of assessing internalization in a more direct way. All three CEA expressor
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lines tested showed definite evidence of CEA-specific Mab accumulation in the cytosolic

portion of the cells, with mostly minor background accumulation of the control antibody.
The high accumulation of non-specific antibody in the case of the BENN cell line may
be due to a higher number of Fc receptors on the surface of BENN cells, although we
have no direct evidence for this at present. Although, as stated before, all our test lines
(LS174T, SKCOI1 and BENN) showed uptake and internalization of the anti-CEA Mab,
it was interesting to note characteristics specific to each cell line. For example, strong
evidence for time-dependent increasing intracellular accumulation of anti-CEA Mab
which was CEA-specific (extremely low control antibody levels evident on blots) was
obtained in the case of the SKCOI line, whereas this accumulation was relatively uniform
in the case of LS174T and BENN cell lines. Factors such as levels of antigen re-
expression (turnover rate) and surface antigenic distribution particular to each cell line
may be affecting the degree and rate of Mab internalization. Furthermore, some of the
internalized antibody may be degraded intracellularly to a point where it cannot be
detected by the secondary antibody employed in this assay. Although there is no evidence
supporting the notion that differences in cell line characteristics (other than the type and
level of receptors they express), may seriously affect intracellular routing and level of
lysosomal degradation, this still remains a possibility. In the case of an additional
specificity control provided by a very low CEA expressor line, we saw evidence of some
non-specific antibody accumulation in our cell samples, whereas there was little evidence
of CEA-specific antibody internalization other than in the cytosol after a 30 minute

incubation (Figure 5d.A, lane g). We have no explanation for this at present and it is



238

possible that this band may be attributable to an artefact. Again, Fc receptor status of
this, and the other lines, is not known at present.

Although this assay provided clear and consistent results, it was also recognized
that it was burdened with shortcomings, such as that it contained multiple steps, therefore
increasing the probability of introducing errors at each step, that it was lengthy, and that
it required large numbers of cells and amounts of antibody. The requirement for high cell
numbers per sample, in addition to the practical difficulties in cell culture, also presented
potential problems of cell aggregation and increased cell loss. Another problem was that,
using this assay, we were not able to quantitatively define internalization and that the
level of possible contamination of cytosolic components by membrane components was
again, not quantifiable. Furthermore, although this assay is ideal for estimating non-
degraded antibody, it may not detect all possible antibody fragments. Given that in most
circumstances internalization is rapidly followed by sequestration of internalized material
into lysosomal vacuoles and degradation, a more generalized approach would have to be

followed for a more accurate estimation of internalized antibody levels.

Iv. 7. Detection of internalized antibody using flow cytometry.
Internalization assays using flow cytometry developed in this laboratory (Hopper
et al., 1990; Osborne, 1992) generated concise and reproducible internalization data.
Characteristics particular to each line were again observed, as was the case with the
SDS/PAGE analysis. For example the lines LS174T and SKCOI1, despite both being high

CEA expressors, exhibited variable potential for anti-CEA internalization with SKCO1
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having the highest antibody uptake (consistently higher positive controls), and LS174T

being the most avid "internalizer" (higher relative test curve shifts) (Table 6). In both
lines there was strong evidence for very early internalization activity, as was noted with
previous assays. Internalization seemed to plateau on average by the 30 minute interval
incubation in the case of the SKCOI1 cell line (Table 6), whereas no decrease in
internalization rate was observed in the case of the LS174T line. The COLO320 line
provided evidence for the specificity of the process, since no anti-CEA antibody uptake
was evident at any time (section III.6, Tsaltas et al., 1992; Osborne, 1992).

In an effort to establish the reliability of internalization data produced using flow
cytometry, SDS/PAGE assays similar to the ones presented in the previous section and
flow cytometric analyses were compared. Indeed, when samples were run in parallel for
FACS and SDS/PAGE analyses and treated in an identical manner, the same pattern
emerged. Uptake and internalization (bands on membrane and cytosolic sample lanes)
were clearly visible for all time intervals for both lines, with SKCO1 sample bands being
stronger (presumably higher overall antibody uptake). In certain cases some nonspecific
uptake of control antibody was visible (LS174T membrane 30 min, SKCOI1 cytosol 0
min), which we have no explanation for at present. No such non-specific uptake was
noticed in the case of the COLO320 line. In general, results from flow cytometric
analyses correlated well with those from Western blots. FACS results indicated highest
antibody uptake in the case of the SKCOL1 cells, the cell line for which the strongest
bands were also obtained for membrane samples. Similar results were obtained for

internalized antibody (cytosolic bands and absolute numbers for test samples during the
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FACS analysis), although relative curve shifts (percentage of antibody internalized)

seemed to be highest for LS174T cells (although, due to moderate antibody uptake
absolute amounts of internalized antibody for this cell line were relatively low in both
procedures). Based on these observations, it appears that internalization profiles can be
affected by characteristics particular to the cell line. The cell line used as a specificity
control (COLO320) showed no antibody uptake and consequently no internalization
following either procedure. Interestingly, both assays showed evidence of very early
internalization activity (0 minute samples). Presumably, procedures followed during both
assays (i.e. length of initial washes following antibody application, or inability to
completely remove primary antibody) allow for some internalization activity in the first
minutes of exposure to antibody. Although some additional intracellular antibody
accumulation is discernible with both assays as incubation intervals increase, it seems that
in this model internalization activity is a very early phenomenon, with internalization
rates remaining rather stationary thereafter. However, it is rather difficult to comment
on the incremental nature (if any), of the progress of internalization based on the blots
since there were no densitometric data available, although earlier results (previous
section), provided some evidence of increasing internalized antibody with prolonged
incubations. Slight procedural modifications of the Western blot assay (for example
increased number of washes and resuspensions) which were necessary in order to make
it possible to directly compare the two assays, may have also affected the degree of
sensitivity of the Western blot assay. Based on those results it could be concluded that

the assay for the detection of internalized antibody using flow cytometry compares well
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with other reliable internalization assays and has the added advantages of being
considerably faster, less cumbersome and requiring much lower amounts of the necessary
cells and antibodies. A possible extension of this assay might involve the inclusion of
control, glutaraldehyde-fixed cells for comparison with cell samples incubated at 0°C. In
this way the inhibition of endocytosis during washes or removal of supernatants would

be verified.

IV. 8. CEA-anti-CEA complexes and clathrin-mediated
endocytosis.

Endocytosis mediated by clathrin-coated vesicles is known to be perturbed by
different mechanisms, such as cytosol acidification, potassium depletion and use of
hypertonic media (Hansen et al., 1993) (discussed in section 1.6.5.c). Cytosol
acidification interferes with budding of clathrin-coated vesicles from the plasma
membrane, whereas potassium depletion and hypertonic media are believed to act by
preventing clathrin and adaptors from interacting. Other methods of inhibiting
endocytosis include pH-clamping of cells at neutrality with nigericin, swelling cells with
hypotonic media and sticking cells to the surface of a culture dish with polylysine
(Heuser, 1989). In an effort to examine whether internalization of monoclonal anti-CEA
antibody proceeds via the clathrin-mediated pathway, cells were exposed to hypertonic
medium containing a high concentration of sucrose. Results indicate that only prolonged
incubation in hypertonic medium inhibits absolute amounts of antibody internalized due

to a much reduced overall antibody uptake by cells treated in this manner (figure 7.a).
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This inhibition does not take place when cells are exposed to hypertonic media
throughout the assay but have not been pre-treated in such media (figure 7.b). These
results suggest that disruption of clathrin-coated membrane domains partially abrogates
internalization in our model, solely by reducing antibody uptake. The fact that uptake is
only partially reduced (50% reduction in treated versus untreated samples), while
internalization relative to uptake is either unchanged or increases, suggests that some
CEA-anti-CEA complexes may also be internalized via an alternative pathway not
involving clathrin. The profile of internalization in clathrin-inhibited samples, is quite
similar to previous ones, inasmuch as the rate of internalization seems to be highest in
the very initial stages of incubation with antibody (probably first few minutes). Since
non-specific internalization through fluid-phase endocytosis is a much slower process than
active endocytosis, it is very likely that this alternative endocytic pathway may involve
a pathway similar to the recently demonstrated non-clathrin coated vesicle pathway (see

section 1.6).

Iv. 9. Conclusions and future.

Based on the above data, we conclude that the anti-CEA monoclonal antibody,
11-285-14 does get specifically internalized by CEA expressing cancer cell lines. This
information is essential to further construction of immunoconjugates, since the strong
possibility that the cytotoxic moiety will be allowed to enter the cell may well influence

the mode of drug conjugation so that it would become easier for the drug to detach from
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its antibody carrier in order to exert its action. Furthermore, comparison of experimental
results across the different assays used, suggests that the direct internalization assays
involving the examination of solubilized membrane and cytosolic components of cells,
as well as flow cytometry assays, provide a good indication of amount of antibody
internalized. In comparison, the indirect internalization assays employed proved to be
cumbersome and provided less conclusive results in our hands.

The incorporation of results on the inaccuracy of the assay involving the low pH
glycine-HCI1 buffer in the general body of knowledge on internalization seems to be
particularly relevant, since this assay is still used to study internalization. It is interesting
to note that even recently produced humanized Mabs, are still being characterized in
terms of internalizing potential through the use of this assay (Caron et al., 1992). Since
the production capacity of monoclonal antibodies is rapidly expanding with the use of
different repertoires (Hoogenboom et al., 1992; Burton, 1993; Winter et al., 1991), their
characterization in terms of endocytosis should be based on reliable and uniform
procedures.

Indeed, establishing a rapid and reliable internalization assay is central to the
study of the dynamics of any antigen-antibody system, before it is attempted to evaluate
the cytotoxic action of targeted immunoconjugates on cancer cells. Through use of
SDS/PAGE on solubilized cells and flow cytometric assays, internalized antibody has
been detected in all the CEA-positive cell lines examined. Furthermore, depiction of

internalized antibody was possible without the use of radioactive probes, and was rapid
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and consistent when flow cytometry was used. Given that flow cytometric techniques
have been rapidly developing in recent years with the use of multiple cell markers
(Stewart, 1992) for the detection of an ever increasing number of surface and
intracellular proteins (Melamed et al., 1990), this approach seems to provide an excellent
alternative to existing methods for the detection of internalized antibody.

Eventually this method will be modified to accomodate detection of both drug and
antibody, once satisfactory immunoconjugates have been produced in this laboratory.
Initial attempts to detect doxorubicin separately via its natural fluorescence have not been
successful due to an extensive overlap in the emission spectra of FITC and doxorubicin
(Osbome, 1992) (emission peaks differing by no more than 20 nm).

Another future project of great interest would involve the further examination of
endocytic mechanisms of CEA-anti-CEA complexes. To date (to our knowledge), there
has been no report on the mode of uptake and intracellular routing of this receptor
molecule and its complexes. Preliminary work in this project has suggested that the
endocytosis of this molecule proceeds via an active pathway possibly involving both
clathrin-coated pits and non-clathrin-coated vesicles. The recent discovery of markers for
non-clathrin-coated vesicles and related adaptors (Carter et al., 1993; Maholtra et al.,
1989; Orci et al., 1986; Serafini et al., 1991), makes it possible to address the question
of co-localization of these markers and markers of the CEA-anti-CEA complex. Given
that CEA does not fall into the general category of transmembrane proteins that

internalize following the recognition of signal peptides, the study of any further
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similarities or differences in the mode of endocytosis of CEA versus such transmembrane
proteins might shed some light both on the process of internalization and on particular
characteristics of this elusive molecule.

Another point of interest in terms of immunoconjugate internalization and
processing, would involve the place and degree of their degradation (if any), and the
effect of this degradation on their efficacy as cytotoxic agents. Such studies might involve
the inhibition of various intralysosomal compartments (such as endosomes and lysosomes)
through the use of agents that may disrupt intracellular trafficking, neutralize
intralysosomal pH or inhibit lysosomal enzymes (such as lysosomotropic amines and
carboxylic ionophores (Press et al., 1990)), coupled to estimation of levels of degraded
antibody and degree of cytotoxic activity of respective immunoconjugates.

It is entirely possible that the key to turning immunoconjugates into the "magic
bullets" envisioned by Ehrlich, lies in deciphering the effect that a number of different
factors have on the processing of these agents. We believe that their internalization and
intracellular fate makes up an essential component of their potency and hope that work

on this subject will be ongoing.
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