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Abstract

The Thomsen-Friedenreich (T) antigen in its exposed form is found on the surface ol many
human adenocarcinoma but is masked by sialic acid on normal healthy tissues. Peanut lectin
agglutinin (PNA) binds avidly to the immunodeterminant structure (8-D-galactosyl-a-(1-+3)
N-acetyl-D-galactosamine) of the T-antigen and has been investigated as a potential
radiopharmaceutical in the detection of T-antigen expressing solid tumors and metastases.
High tumor uptake and clear delineation of the TA,/Ha solid adenocarcinoma in a mouse
animal model are observed with radioiodinated PNA. However, rapid in vivo deiodination of
this radiotracer occurs.

Chelation of radioactive metal ions via bifunctional chelating agents is a feasible
alternative to radioiodination. Indium-111 is attached to PNA by using the bifunctional
chelating agent DTPA cyclic dianhydride. The conjugation reaction between PNA and DTPA
anhydride is affected by the pH of the buffer, the PNA concentration and the molar ratio
between PNA and DTPA dianhydride. With a starting PNA concentration of 20 mg/ml and a
10 to 1 DTPA/PNA molar ratio at pH 8.5, a kit preparation of DTPA-PNA can be obtained
with high In-111 chelating capacity. The radiolabelling with In-111 can be achieved by the
simple addition of In-111 citrate to the DTPA-PNA kit. The In-111 DTPA-PNA prepared is
found to retain its T-antigen binding ability by binding to neuraminidase-treated red blood
cells, various T-antigen expressing tumor cell lines, and to an immobilized synthetic T-antigen
disaccharide (T-Synsorb). The In-111 DTPA-PNA is stable for at least 3 days at room
temperature and is resistant to transchelation to an excess of free DTPA or EDTA. Gradual
loss of the In-111 label was noted upon incubation with serum.

Biodistribution studies with In-111 DTPA-PNA in CAF,/] mice bearing the TA,/Ha
tumor revealed high tumor uptake of the radiotracer but uptake in various non-target organs,
especially liver and kidneys, is also very high. Maximum tumor uptake of 8.96% injected
dose/gram of tumor is achieved at 3 hours post injection. The tumor uptake of In-111

DTPA-PNA is higher than that observed with 1-125 PNA but the slow whole body clearance



of In-111 DTPA-PNA decreased the tumor to non-target ratio of the radiotracer. The
different biodistribution patterns of In-111 citrate and In-111 DTPA-PNA in the same animal
model confirmed the specificity of tumor uptake of the radiolabelled lectin.

Whole body radioscintigraphic imaging with In-111 DTPA-PNA in the TA,/Ha
muripe wmor model revealed good delineation of the tumor as early as 6 hours post-injection
without the need for dluod background subtraction techniques. No uptake in the thyroid was
observed.

The renal elimination of In-111 DTPA-PNA in NZW rabbits ag:.. s ~wed higher
retention of the radiolabel in the kidneys as compared to I-131 PNA. Following 1.V.
injection, intact In-111 DTPA-PNA was detected in the urine of Sprague Dawiey rats
together with some smaller molecular weight forms which do not possess affinity for the
T-antigen. This may reflect the metabolic breakdown of In-111 DTPA-PNA in the kidneys.

Further studies with newer chelates which are metabolizable in the liver may decrease
the non-target uptake of In-111 labelled PNA and enhance the contrast between the tumor

and the non-target tissues.
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1. INTRODUCTION
Many different radiolabelled compounds have been developed and investigated for use in
radioimaging of malignant neoplasia. The design of these radiopharmaceuticals was aimed at
achieving affinity to tumor cells based on certain unique characteristics of tumor cells as
opposed to the normal cells in the host. One of these features is the presence of tumor cell
surface antigens which results from the alteration of certain cell surface properties, such as
the expression of various carbohydrate chains, during the neoplastic transformation.

The Thomsen-Friedenreich (T) antigen is a common surface antigen found in a
non-cryptic form on many human adenocarcinomas but normally not on other healthy
tissues. The detection of this T-antigen is currently of great interest for the early diagnosis of
certain cancers. Peanut Agglutinin (PNA) has been shovn to have an avid and specific
binding affinity for the immunodeterminant structure (B-D-galactosyl-a-(1-+3)
N-acetyl-D-galactosamine) of the T antigen. In previous studies, clear delineation of the
T-antigen expressing TA,/JHa mammary adenocarcinoma in strain A mice had been obtained
with radioiodinated PNA.

A significant problem, however, with most radioiodinated proteins is that they
undergo rapid in vivo deiodination resulting in the release of free radioiodide into the
circulation. The redistribution of the free radioiodide to other non-malignant tissues can
severely interfere with the diagnostic quality of the scan. Although radioiodinated PNA
localized readily in experimental tumor models, rapid in vivo deiodination was observed.

Another recent approach to the radiolabelling of proteins involves the radiochelation
of radioactive metal ions via the use of bifunctional chelating agents. Studies with a variety of
proteins, especially radiochelated antibodies showed that the biological activity can be retained
with proper radiolabelling procedures.

The aim of this project was to prepare In-111 radiolabelled PNA with the expectation
of circumventing the dehalogenation problems of radioiodinated PNA. The efficiency of the

radiochelation reaction is influenced by the amino-acid composition of each particular



-protein, thus it was necessary to establish the optimal conditions for radiochelation of
indium-111 to PNA via the bifunctional chelating agent DTPA dianhydride. Finally, a
comparison was made between In-111 DTPA-PNA , 1-125 PNA and In-111 citrate with
respect to their in vitro binding characteristics and their in vivo biodistribution in a TA,/Ha

animal tumor model.



2. SURVEY OF THE LITERATURE

2.1 Tumor Imaging

Tumor localization by the administration of radiolabelled tracers provides a
non-invasive method for the early detection of tumors and also provides a simple means for
evaluation and follow up on the efficacy of the treatment modalities’.

The tumor must show a preferential accumulatioa of the radiotracer over inc normal
tissues to allow for a clinically useful scan. It has been suggested tha. « tuiior to background
ratio of 2:1 is required for the detection of a tumor with a 2 inch Ji:..ieter’. Smalier tumors
will need a higher tumor to background ratio in order to be visualized®.

Malignant and normal tissue differ in many characteristics , and the tumor localizing
radiotracers utilize one or more of these characteristics as their mechanism for localization.
Due to the complexity between the nature of normal and malignant tissue, it is quite unlikely
that any single radiopharmaceutical will be developed which will localize in all cancerous
lesions’. Some examples of commonly employed tumor localizing radiopharmaceuticals are

presented in the following section.

2.1.1 Indirect Localizing Radiopharmaceuticals

Tumor localizing radiopharmaceuticals which utilize the indirect method of tumor
uptake depend on cancer induced alterations in normal tissue function and structure thus
allowing a diagnostic scan. These radiopharmaceuticals are non-specific in their action since
they also localize in other non-malignant tissues. They do not have a direct affinity for the
tumor cells as such, and their uptake is due to the physiological changes induced by the
presence of tumor. Some examples of this type of radiopharmaceutical include: brain imaging
with Tc-99m sodium pertechnetate in areas with increased permeability in the blood brain
barrier’; Tc-99m phosphates which localize in bone with incre d osteoblastic activity*; and

radiolabelled colloids which show decreased localization in areas of liver with parenchymal



destruction®.

2.1.2 Direct Localizing Radiopharmaceuticals

Direct localizing radiopharmaceuticals are taken up preferentially in vivo by the tumor
cell itself. They are either a metabolite which is taken up by the tumor cells, or they have an
affinity for certain unique characteristics of the tumor cells which are different from
non-malignant tissues® .

Many tumor cells have a higher rate of metabolism due to the increased rate of cell
proliferation, thus they have a higher requirement for metabolites’. Radiolabelled metabolites
can be tailored to a particular tumor. I-131 iodocholesterol accumulates in cortical secreting
adenomas’, 1-131 sodium iodide is taken up to a large extent by hyperactive thyroid tissues’,
and Se-75 sclenomethionine localizes in hepatomas and lymphomas with increased protein
synthesis' . Other radiolabelled amino acid and sugar analoges have been investigated as
tumor scanning agents, but they fail to interact with a broad spectrum of tumeor types'.

Antibiotics with antitumor activity such as bleomycin, adriamycin, tetracycline and
streptozotocin are thought to exert their effects on tumor cells. Therefore, they have been
radiolabelled with various radioisotopes for use in tumor detection and enhancement of
therapeutic effects’. Much of the research has been done on bleomycin, which has been
labelled with Tc-99m, Ga-67, Co-57, In-111, 1-123 and Au-198 without loss in activity’.
However, the radiolabel is not stable in vivo, and bleomycin is found to localize in other
non-malignant processes such as infection. Clinical utilization of these compounds is limited
due to a low tumor to background ratio’ ™.

Despite its disadvantages, gallium-67 citrate is commonly used as a tumor localization
agent at the present time. The use of gallium-67 citrate in clinical studies has recently been
reviewed by Bekerman et a/ **. Gallium-67 citrate is a broad spectrum tumor localizing agent
with good uptake in certain tumor types, such as bronchogenic carcinoma, lymphoma and

Hodgkin's disease, hepatoma and melanoma, but this agent is not very useful for detection of



breast, gastrointestinal and genitourinary tumors '*"'. The biodistribution of gallium-67
citrate is somewhat complex, with an increased uptake in various inflammatory diseases as
well as localization in a wide variety of benign tissues. This non-specificity has limited the
diagnostic value of gallium-67 citrate in tumor imaging'®.

Recently, radiolabelled antibodies, based « - their specific affinity for tumor associated
markers have been extensively investigated. The specificity of the antibody-antigen interaction
provides a potential tool for the differentiation between malignant and normal tissues based
on the binding to antigens which appear after the malignant transformation’’ "’ Some of the
progress that has been made in the field of radiolabelled antibodics for tumor localization is

reviewed in the following section.

2.1.3 Radiolabelled Antibodies

The first reported use of radiolabelled antibodies for tumor localization was by
Pressman and Korngold in 1953'¢"S. Since then, many researchers have studied the
application of a variety of radiolabelled antibodies for tumor detection and therapy' "'.

In the early days, polyclonal antibodies, which were produced by immmunizing the
host animal with whole tumor cells or cell fragments, were used for the studies. Due to the
heterogeneous nature of the antibodies, a high degree of reactivity with normal tissues was
seen when these antibodies were used in vivo'. This necessitated the use of background
subtraction techniques to visualize the localization of the tracer'’ ™. The use of certain
purification techniques such as tissue absorption and affinity chromatography improved the
quality of the antibodies but failed to significantly increase the quality of the scans®!.

In 1975, Kohler and Milstein?? developed the hybridoma technology that allows the
production of highly specific monoclonal antibodies. This technique revolutionized the field of
radioimmunodetection by providing highly specific antibodies which can be raised against

specific tvmor antigens and can be produced in large amounts (up to several grams).



The monoclonal antibodies have been labelled with a wide variety of radioisotopes for
radioimmunodetection or therapy (see table 1 and 2). Radiolabelled monoclonal antibodies
have also been studied in a wide range of human malignancies including melonoma, ovarian
cancer, testicular cancer, colorectal carcinoma, germ cell tumors and tumors of the nervous
system? ", Background subtraction techniques are not usually necessary with many current
monoclonal antibody preparations which yield tumor to tissue ratios of up to 7:1 in patients
and of up to 70:1 in mice?*.

It has generally been recognized that there are a number of factors which will
influence the localization of the radiolabelied monoclonal antibody in the host tumor and
these include:**-*

1. The affinity of the antibody to the antigen.
2. The concentration of the antigen on the tumor.
3. The isolation of tumor specific antigens.

4. The mass amount of radiolabelled monocional antibody administrated.

S. The route of administration of the radiolabelied monocional antibody.

6. The use of radiolabelling and quality control procedures that allow the retention

of immunological reactivity.

7. The use of either IgG, F(ab'), or Fab fragments to increase the rate of blood

clearance.
8. The use of different monoclonal antibodies in combination.
Table 3 summarizes some of the radiolabelled antibodies that have been used in the

study of human cancers.

2.2 Temor Associated Markers
The binding of radiolabelled tracer compounds to tumor-associated markers is
clinically utilized for the carly identification of neoplasias and monitoring of treatment.

Tumor-associated markers arise from the neoplastic transformation of normal tissue and are



Table 1. Characteristics of Some Radionuclides Used for Radioimmunoimaging

Radioisotope Half -Life Decay mode Major y energy
Tc-99m 6 hr LT 141 KeV(89%)
1-123 13.2 hr E.C. 159 KeV(82.8%)
1-131 8.04 B 31 KeV(16.0%)
364 KeV(81.2%)
Ga-67 334 E.C. 93 KeV(38.3%)
185 KeV(20.9%)
300 KeV(16.8%)
Ga-68 68.0 min B 511 KeV(178.2%)
E.C.
In-111 284 E.C.’ 177 KeV(%0.0%)
247 KeV(94.2%)
In-113m 99.5 min LT, 392 KeV(64.9%)

' I.T. = Internal Conversion

? E.C. = Electron Capture



Table 2. Characteristics of Some Radionuclides Used for Radioimmunotherapy

Radioisotope Half -Life Decay mode Major decay energy
(E-max)

I-131 8.05d B 0.608 MeV(86%)

Y-90 64 hr B 0.279 MeV(100%)

Cu-67 62 hr B 0.091 MeV(7%)
0.093 MeV(17%)
0.184 MeV(49%)

Bi-217 1hr B 8.78 MeV

At-211 7.2hr « 5.90 MeV(41%)

EC:

P-32 14.29 days B 1.71 MeV(100%)

Re-188 16.98 hr B 2.12 MeV(100%)

Sc-47 3.4 days B 0.60 MeV(100%)

! E.C. = Electron Capture
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usually absent or occur in only minute amounts in normal tissues. The phenotypic expression
of a tumor associated marker varies from neoplastic cell to cell, and a variation in production
of the markers exists during the natural progression of the malignancy* *’. Thus, it may be
possible to correlate the level of tumor markers to the tumor burden, although in some cases
the tumor may lose its ability to produce the marker during the course of therapy*’.

Antibodies raised against tumor associated markers have the potential for use in tumor
localization and other clinical applications®® ***. The utility of various tumor-associated
markers in clinical practice has recently been reviewed by Zalcberg and McKenzie®. For
radioimmunodetection of malignancy, the ideal tumor associated marker should be expressed
on the surface of the tumor and be immunologically detectable, to allow the in vivo interaction
with the radiolabelled tracers. To enable adequate detection, the tumor associated marker
should also be expressed during all stages of the cell cycle, and upon binding with
radiolabelled tracer, should not be shed very rapidly*.

Carbohydrate containing antigens constitute an important type of tumor associated
markers. Carbohydrate chains can be found on the surface of cells, attached to glycoproteins
and glycolipids and forming a glycocalyx over the cell membrane’ *. They are known to
participate in important cell-cell interactions and in the regulation of cell growth and
differentiation, and may play an important role in maintaining the malignant phenotype™ ™.
During oncogenic transformation the structures of these cell surface carbohydrate chains may
be changed as a result of altered levels or activity of one or more glycosyltransferases’. One
example of a cell surface carbohydrate antigen is the Thomsen-Friedenreich antigen which
normally occurs in a cryptic form in normal tissues, but in an exposed form in many

malignanices.

2.2.1 The Thomsen-Friedenreich Antigen
In 1928, Thomsen and Friedenreich discovered that bacterial contamination in red

blood cells uncovered a normally cryptic receptor on the erythrocyte and rendered the red
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blood cell agglutinatable by all human sera including one's own™. The causative agent was
found to be a bacterial enzyme now known to be neuraminidase’. This enzyme is also termed
Receptor Destroying Enzyme (RDE) or sialidase™ ”’. The action of this enzyme involves the
removal of the terminal sialic acid residues (N-acetyl neuraminic acid) and reveals the
normally cryptic antigen, which is named the Thomsen-Friedenreich antigen (T-antigen). It
has been further demonstrated that the expression of cryptic T-antigen occurs not only on red
blood cells from human and several animal species but also on liver, muscle and most strongly

on brain tissue’.

2.2.1.1 The Composition of the Thomsen -Friendenreich Antigen

Neuraminidase treatment or mild acid hydrolysis of MN glycoproteins on red
blood celis will uncover the T-antigen with concomitant release of neuraminic acid™ *°.
The properties of the T-antigen prepared from human red blood cells are listed on
table 4.

The Thomsen-Friendenreich antigen can be defined as belonging to the
glycophorin type of erythrocyte membrane glycoprotein and is located near or on the
amino terminal area®®. The composition of the glycoprotein may vary from species to
species and even from M to N specificity*®. The alkali-labile carbohydrate part of the
T-antigen is represented by the T-disaccharide structure, B-D-galactosyl-a-(1-3)
N-acetyl-D-galactosamine, and is common to all T-receptors. This carbohydrate unit is

also detected by a plant lectin, peanut lectin ( Arachis hypogaea )" ™*.

2.2.1.2M, N, T and Tn Antigens

The second human blood group system, the MN system, was discovered by
Landsteiner and Levine's. It was shown by Springer et a/**™* that the blood group MN
antigenic determinants are not the products of allelomorphic genes, but that N is the
precarsor substance of M, and the immediate biosynthetic precursor of the MN blood

group system are the T and Tn antigen. Their biochemical relationship is shown in



Table 4. Physical and Chemical Characteristics of the Thomsen-Friedenreich Antigen from
Human Red Blood Cells™ *

A, Physical Characteristics:

Sedimentation constant 11.1s
Diffusion constant 1.62F

Partial specific volume 0.696 ml/g
Molecular weight 555,000 daltons

B, Carbohydrates (wt%)

Galactose 13.21
Mannose 6.43
Fucose 0.83
N-Acetylgalactosamine 10.27
N-Acetylglucosamine 7.37

C. Amino Acids (wt%)

Aspartic acid 3.49 Isolcucine 3.00
Threonine 5.07 Leucine 4.84
Serine 4.26 Tyrosine 2.12
Glutamic acid 5.01 Phenylalanine 2.20
Proline 3.49 Lysine 2.75
Glycine 1.74 Histidine 2.48
Alanine 2.63 Arginine 3.02
Half cystine 0.00 Methionine 293

Valine 3:65 Tryptophan 0.00



Figure 1. The Biochemical Relationship Between MN, T and Tn Antigen.
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figure 17,

Human red cell M and N antigens are aggregates of sialoglycoproteins, composed
of identical subunits’” "**. The molecular weight of the aggregates range from 3x10* to at
least 1.2x10" depending upon the method of isolation'’. M and N antigens differ from
cach other in the terminal immunodominant carbohydrate structure® ™'. The peptides
that carry the M and N specific structures on erythrocytes differ from one another in two
amino acids; the ainino terminus for M is serine, while it is leucine for N, and the amino
acid fifth from the amino terminus is glycine for M and glutamic acid for N'’. Terminal
N-acetylneuraminic acid (NANA) is an essential component of both M and N
specificities since the sole removal of NANA leads to inactivation of both antigens*'.

Neuraminidase treatment or mild acid hydrolysis of MN glycoproteins uncovers
the T-antigen with a concomitant release of NANA exclusively. B-D-galactosidase
treatment of T-antigen uncovers the Tn antigen’™’. Covered T and Tn specific
structures also occur in carbohydrates that do not terminate in the M and N
immunodeterminants’® ',

T antigenic receptors in healthy human tissues are shielded by O-glycosidically
linked carbohydrates, but immunoreactive T-antigen is present in the cytoplasm and on
the outer cell membrane of approximately 90% of the major forms of carcinoma and T
lymphoma, as determined by absorption of human anti-T antibodies and
immunohistochemistry®* 5. The major cases of immunoreactive Tn antigen are believed
to be the result of spontaneous mutation and frequently associated with in vivo
thrombocytopenia and leukemia’’. Tn antigen is also detected in primary breast carcinoma
and their metastases*®. This makes T and Tn antigens important tools in the study of

carcinoma cell surface antigens and the host reponse to them.

2.2.1.3 The Tumor Specificity of T-Antigen
The observation that the T-antigen is expressed on many human carcinoma cells,
but is masked by sialic acid on homologous normal epithelia suggests that the T-antigen is
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a tumor associated antigen** "*. Inhibition of agglutination of erythrocytes bearing the
T-antigen by anti-T antisera or peanut lectin with extracts of human carcinomas reveals
the presence of T-antigen active substances in the carcinomas®. The T-antigen could be
detected in homologous normal tissues only after neuraminidase treatment®’,

Several mechanisms have been proposed for the presence of non-cryptic
T-antigen on tumors. It may be due to the alteration of specific glycosyl transferases in
malignancies which block the incorporation of sugar residues at or near the non-reducing
terminus of oligosaccharide chains®, or the inability of tumors to synthesize certain
classes of glycoconjugates due to the lack of the necessary substrates’’. Another possiblity
is the enzymatic removal of the cell surface glycoconjugates by highly active tumor
enzymes such as glycosidases or proteases, and thus unmasking the cryptic T-structure on
the tumor cell surface”:.

The relative proportions of T-antigens on human carcinomas frequently correlate
with the carcinomas' aggressiveness. The majority of low grade tumors are T-antigen
negative or cryptic T-antigen positive, while high grade or highly invasive tumors are
usually T-antigen positive® 7. It is also found that tumor cell adhesion to hepatocytes
can be specifically inhibited by T and Tn specific glycoconjugates, suggesting that they
may be involved in specific cell-cell adhesions required for invasion and metastasis by
cancer cells®* ",

In normal healthy mammauan tissues, the T-antigen is masked by sialic acid
residues in many common membrane glycoproteins and glycolipids. However, many
animal and human tumors have been reported to express the T-antigen in a non-cryptic
form, which can be detected by buth chemical and serological methods’ -'**. In animals,
the TA, spontaneous mouse mammary adenocarinoma® **, the Rl lymphoma'*® "** and
the ASPG-1 rat mammary adenocarcinoma'*’™* have been shown to express the

non-cryptic T-antigen.
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The TA,/Ha murine mammary adenocarcinoma animal model which was
employed in the experimental procedures of this thesis project has been well characterized
as to the T-antigen expression. This tumor line has been shown to bind PNA both in vitro
and in vivo '*. Epiglycanin, a high molecular weight (500,000 dalton) glycoprotein known
to contain the immunodeterminant structures of the T and MN antigens, is present on the
TA,/Ha tumor cell surface®. Epiglycanin is composed largely of N-acetyl -galactosamine,
galactose, sialic acid, serine and threonine”. Epiglycanin on the TA,/Ha tumor cell
surface is shed into the serum and may be responsible for the transplantability of the
TA,/Ha cell line**. Specific lung or liver metastatic variants of the TA,/Ha cell line have
been selected and employed as animal models for the study of localization of
radioiodinated PNA!*,

The TA,/St subline is a spontaneous variant of the TA,/Ha but it does not secrete
epiglycanin and lacks the ability to grow in a host other than the strain of origin (strain
A mice)*’. PNA binding in both tumor lines has been well documented'** and thus it is a
convenient model to use for the comparison of the localization of PNA labelled with

different isotopes.

2.2.1.4 T-antigen Expression on Human Tumors

T-antigen has been termed a "tumor associated antigen” since it is present in an
unmasked form in many cases of cancers of epithelial and possible neuroectodermal origin
but not on corresponding healthy tissues®® **, A large variety of malignant, benign and
healthy tissues, as well as cell cultures are examined by various immunoreactive methods
to check for the presence of the T-antigen. These methods include immunohistochemical
staining of tissues sections with PNA, polyclonal or monocional anti-T antibodies,
measurement of decrease of in vivo anti-T titre, and the presence of delayed
hypersensitive reaction to injected purified T-antigen*! **". So far, the occurance of
T-antigen has been demonstrated on malignant tumors of the human breast!*¢-'*, urinary

bladder carcinoma!*-}1, lung adenocarcinoma'*’, colon and gastric carcinomata''? **’ and
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in some T cell lymphomas and leukemias*‘. The exposed T-antigen has not been, so far,
found in sarcomas, benign tissues, thyroid carcinoma or tissues with non-cancerous
disease!?*-11¢,

In various studies, T-antigen was found in all 45 colon and 25 of 26 breast
carcinomas examined®*. Springer et a/ ** found T-antigen in 95 percent of 144 fresh
surgical samples of all types of primary carcinomas from all major organs, and on the
outer cell membranes of 25 of 26 human breast carcinoma derived epithelial cell lines.

It has also been shown that in urinary bladder cell carcinoma, most low grade
tumors were usually cryptic T-antigen positive, whereas high grade tumors were almost
all T-antigen positive or cryptic T-antigen negative!® "!°, This information can be used
as a predictor of biological behaviour in tumors that are histologically indistinguishable.
Springer et al ** "* suggested that for some forms of carcinoma, the densities of T and
Tn antigen on the carcinoma cells are histochemical predictors of the carcinoma's
invasiveness and when present in the primary tumor, T and Tn antigens were found in all
metastases, as well as in tissue cell cultures derived therefrom, which points to the clonal
nature of the antigen**. They have also shown that in vitro clusters of T and Tn epitopes
are involved in the initial adhesion of some cancer cells to healthy epithelial tissues.

Orntoft et al !'* suggest that the T-antigen may occur early in the malignant
transformations in human colorectal cancer and could be of potential value in the

identification of patients at risk.

2.2.1.5 Anti-T Antibodies

All humans and most animals are reported to possess anti-T antibodies in vivo due
to the continuous antigenic stimulation by their own intestinal flora* "!’. Numerous
symibiotic gram negative bacteria isolated from the stools of hcalthy individuais presented
the T-specific antigen'!’. Under prolonged oral administration of antibiotic, many
individuals will experience a decrease in anti-T antibodies levels due to the diminished

gastrointestinal flora*’.
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Human anti-T antibodies consist predominally of IgM, constituting 7-14% of
total IgM, with some IgG and very little IgA**. The T-antigenic structure is recognized
by the immune system as foreign, and cancer patients have been found to show a strong
respond to the T-antigen on their tumor cells, although the reaction may not be clinically
significant!®¢.

Anti-T agglutinin levels have been found to remain quite steady in a given
healthy adult. However, severely depressed anti-T scores have been observed to be
associated with a number of breast, respiratory or gastrointestinal tract carcinomas®* "*. It
has been suggested that the depression of anti-T titre levels is due to the interaction of
anti-T antibodies with T-specific antigens or closely related glycoproteins and possibly
glycolipids which are either attached to the cancer cell surface and/or released into the
circulation*. Surgical removal of the primary tumor led to a rebound or overshoot of
anti-T titre score. This rebound implicates the carcinoma as the cause of depressed anti-T
antibodies rather than a genetic defect that would render the patient unable to produce
anti-T antibodies'**.

The titrations of anti-T antibodies are usually done by routine blood banking
procedures. In the assessment of anti-T titre scores, the hemagglutination method is
specific but not sensitive enough. Therefore, a solid-phase immunoassay for the
quantitative measurement of anti-T immunoglobulins and total serum immunoglobulins
has been developed'**. From this assay, it is found that in carcinoma patients, only
anti-T IgM levels are different from those of other patients and healthy persons. The
detection of carcinoma was most sensitive when a person's anti-T IgM was related to
total serum IgM by establishing the value Q by the formula [{anti-T IgM)*/total
IgM]x100 %, In 183 carcinoma patients tested, 164 had a Q value outside the normal
range, giving a sensitivity of 89.6 percent!*‘. Thus this assay may be useful in screening

and for early detection of carcinoma.



2.2.1.6 Cellular Immune Response to T-antigen

The cellular inmune response to T-antigen can be measured both in vivo and in
vitro. The leukocyte inhibition test can be used to determine cellular immunity to the
T-antigen in vitro, while the in vivo response is measured with the delayed type
hypersensitivity reaction to T-antigen (DTHR -T) following intradermal injection® "** "%,

Table 5 summarizes the results after a single injection of T-antigen to various
groups of subjects. The DTHR-T reaction detected 112 of 124 patients with
adenocarcinoma, squamous-cell carcinoma, or small-cell carcinoma in body cavities,
while out of the 85 healthy individual tested, none showed a positive DTHR-T reaction®®.

Measurement of cellular immune responses in vitro oversimplifies conditions seen
in vivo. Researchers found the in vitro responses to carcinoma associated T-antigen to be
less sensitive and less specific than the DTHR-T*®. In vitro responscs to the T-antigen's
defined cleavage products, which carry hapten clusters on their peptide chains, are more
sensitive than those towards the intact T-antigen or the synthetic T-haptenic
disaccharide'®¢.

Another class of compounds which are useful in w.. study of cell surface
carbohydrates are lectins. Peanut Agglu.inin (PNA) is widely used in the
immunodetection of the T-antigenic structure since it has an affinity for the
immunodeterminant group of the T-antigen. Therefore, PNA, since it is used as an
immunohistological stain in certain T-antigen expressing animal and human tumors, has

also been investigated as a tumor localizing agent.

2.3 Lectins

In 1888, Stillmark obtained a partially purified proteinaceous preparation from castor
beans that he called ricin. He observed that upon addition of ricin to red blood cells, the cells
stuck .ogether “like in clotting™"!*. Thus the term "hemagglutinin® was introduced for the

first time by Elfstand (1898) for plant proteins that cause clumping of cells, due to the



Table S. Intradermal delayed-type Hypersensitivity Response to T-antigen, of Carcinoma
Patients and Controls**

Category DTHR-T + /total tested
Lung
Carcinoma
Adeno 45/59
Bronchioloaveolar 5/6
Small-cell 15/17
Squamous-cell 12/14
Large-cell anaplastic 171
Other pleuropulmonary cancers 1/5
Benign diseases 2/35
Pancreas
Adenocarcinoma 23/26
Pancreatitis 0/13
Breast adenocarcinoma
Ductal
Stage I noninfiltrating 10712
Stage I infiltrating 32/37
Stage II and 11 37/42
Stage IV 11717
Lobular
Stage I noninfiltrating 7/10
Stage I infiltrating, II and III 1/19
Tubular 1/4
Benign breast disease 117144
Urinary bladder
Transitional -cell carcinoma 19723
Cancers originating elsewhere
Adenocarcinoma 11711
Melanocarcinoma 3/5
Other cancers 5/24
Non-cancer diseases not related to lung, pancreas, or
breast
Tumors 0/14
Other diseases 0740
Healthy 0/85
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similarity of their activity to that of human and animal serum agglutinins'*’.

Later, several of this group of "hemagglutinins” were found to be blood group
specific, and Boyd introduced the name "lectin®, from the Latin, "to pick out or to choose”,
for such a group of compounds'?. The subsequent discovery of many similar substances in
both animal as well as plant tissues has prompted several attempts to reach a common
agreement as to how to define the term “lectin”. Gold and Phelps'?* used the term
"receptor-specific proteins” to cover the wide range of reagents found in viruses, bacteria,
fungi, plants, snails, fish and other lower vertebrates. The broader adjective "receptor
specific” was chosen rather than the narrower "sugar-specific” used by Sharon and Lis'*
since at that time a small number of lectins were already known which werc not inhibited in
hemagglutination tests by simple sugars or oligosaccharides.

The definition for lectin most commonly adopted is the one proposed by Goldstein et
al '** . They suggested lectin as a carbohydrate-binding protein of nonimmune origin that
agglutinates cells or precipitates polysaccharides or glycoconjugates. This definition is adopted
by the Nomenclature Committee of the International Union of Biochemistrv. The definition
implies that lectins are multivalent, that is, they posses at least two sugar binding sites which
enable them to agglutinate animal and plant cells and/or to precipitate polysaccharide
glycoproteins, glycolipids, etc. The emphasis on *nonimmune” is included in the definition in
order to distinguish lectins from anti-carbohydrate antibodies which may act as cell
agglutinins!?*,

However, Goldstein's definition of lectin has received criticism, since if it is rigorously
applied, it will exclude sugar-binding proteins with a single binding site. Kocourek et a/ '*
(1981) suggested that the emphasis should be put on the sugar-binding properties and the lack
of enzymatic activity towards carbohydrate structures, whereas the number of sugar-binding

sites ¢ agglutinations/precipitation activities should not be considered.



2.3.1 Detection of Lectins

Traditionally, based on their ability to agglutinate erythrocytes, lectins are detected by
hemagglutination using a panel of freshly drawn animal or human erythrocytes , or red blood
cells (RBC) treated by neuraminidase, papain or trypsin, which are more sensitive to
agglutination’?* 12¢, More refined screening procedures are based on the ability of these
carbohydrate-binding proteins to precipitate glycoconjugates and polysaccharides. Formation
of a precipitate between a lectin and carbohydrate -containing macromolecules, is indicative of
lectin activity.

Affinity electrophoresis, a technique that combines the principles of affinity
chromatography and electrophoresis was devised by Horejsi and Kocourek'*" for the detection
of lectins. Proteins are subjected to electrophoresis on a matrix formed by copolymerization
of alkenyl glycosides with acrylamide and the lectins having sites complementary to the ligand
are retained, while other proteins undergo a normal separation.

Two recent procedures for the detection and preliminary characterization of lectins
involve (a) using polystyrene particles containing adsorbed glycoconjugates to test for
agglutination from plant extracts'?*, and (b) assaying for the adherence of erythrocytes to the

lectin-coated wells of polystyrene microliter plates'?’.

2.3.2 Isolation and Physiochemical Properties

Isolation of lectins generally begins with a saline (or buffer) extraction of the finely
ground seed meal. Purification of the lectin usually involves the use of affinity
chromatography which utilizes the specific sugar-binding capacity of the lectin to separate it
from other proteinaceous material. The application of affinity chromatography as a technique
for lectin purifica n has been extensively reviewed!’*-132,

Lectins occur in a wide range of plants, bacteria and vertebrates, and the lectins
purified from these sources show diverse physical and chemical characteristics. There are no

common structural features except that they are protein in nature'*’. Many of the lectins
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found have been determined to be glycoprotein, but there are several notable lectins such as
the peanut lectin, concanavalin A and wheat germ lectin that lack any covalently linked
sugar'*. Many lectins are found to be composed of several subunits, usually of equal or
similar molecular weight although some are made up of light and heavy chains'** 3%, The
number of subunits may vary from lectin to lectin, but the most common number seems to be
four, with a typical molecular weight of 120,000 (4x30,000). In general, the molecular weight
of lectins have been found to range from 36,000 to 335,000 !**. Another interesting feature of
lectins is that some of them may require certain metal ions such as Mn** and/or Ca** for their

reactivity!*>.

2.3.3 Carbohydrate-Binding Specificity of Lectins

Lectins interact with oligosaccharides of cells or glycoprotein surfaces. Consequently,
free oligo- or mono-saccharides of the appropriate specificity are able to inhibit or even
reverse this interaction. The specificity of the lectin is considered to be rather "relative” since
it is usually represented by the sequence of carbohydrates with the best inhibitory effect on
the lectin-induced agglutination or precipitation recaction known. Other carbohydrates
inhibitors may also be available although the inhibition effects are not as pronounced®*¢.

It is important to establish the carbohydrate-binding specificity of a lectin in order
that it may become a useful tool in biochemical or immunochemical studies. Most plant and
animal lectins may be classified into a rather limited number of carbohydrate-binding groups,
although within th: same group, their detailed sugar specificity may be different’*’. These
carbohydrate-binding groups include the mannose/glucose binding lectins, the
N-acetylgalactosamine/galactose binding lectins, the N-acetylglucosamine binding lectins, the
L-fucose binding lectins, sialic acid binding lectins, and those with "complex” binding sites!?’,
Examp'es of some of the more common lectins in each group and their sugar binding

specificities are summarized in table 6.



Table 6. Saccharide-Binding Specificities of Lectins'’?

Lectin

Nominal Specificity

A, GLUCOSE/MANNOSE BINDING LECTINS
Canavalia ensiformis (Jack Bean)

Dioclea grandiflora

Lathyrus odoratus (Sweet Pea)
Lathyrus sativus (Chickling Vetch)
Lathyrus tingitanus (Tangier Pea)
Lens culinaris (Lentil)

Onobrychis vicilfolia (Sainfoin)
Plsum sativum (Pea)

Vicia cracca (Common Vetch)
Vicia faba (Fava Bean)

B, N-ACETYLGLUCOSAMINE-BINDING LECTINS
Brachypodium sylvaticum (Fslse Brome Grass)
Datura stramonixm (Thorn Apple, Jimsonweed)
Griffonia Bandeiraea simplicifolia Lectin Il
Hordeum vulgare (Barley)

Lycopersicon esculentum (Tomato)

Oryza sativa (Rice)

Phytolacca americana (Pokeweed, Pigeon Berry)
Solanum tuberosum (Potato)

Trisicum vulgare (Wheat; Wheat Germ Agglutinin)

Ulex europaeus (gorse or Furze Seed) Lectin 11

Manal,2Manal , 2Man> Manal 2Man> «-Man>
a-Glc> a-GleNAc

a-Man> a-Gk

a-Man> a-Gk> GlcNAc
a-Man> a-Glc

a-Man> a-Glc

a-Man> a-Gle, a-GlcNAc
a-Man> a-Gle

a-MAnp> a-Glcp> a-GlcNAcp
a-Mzan> a-Gic

a-Man> a-Glc = a-GlcNAc

(-GlicNAcBl,4)a > GicNAc

GicNAcB1,4GIcNAcSL 4GIcNAcB1 4GIcNAc >
ClcNAcf1,4GIcNAc > > GicNAc

a-GlcNAc = B-GlcNAc

(-GkcNAcB1,4-)n >> GlcNAc
GlcNAcB1,4GicNAcB] 4GIcNAcB1 4GlcNAc >
GIcNAcB1.4GIcNAcSL 4GIcNAc >
GlcNAcB1,4GIcNAc

GlIcNAcS1,4GlcNAcB1 ,4GIcNAc >
GlicNAcB1,4GlcNAc > > GleNAc
(GlcNAcS1,4GIcNAc), .,
GlcNAc(81,4GIkcNAc),81,4GIcNAc >
GIcNAcS1,4GlkcNAcBL 4GIcNAc >
GlcNAcB1,4GikNAc > > GIcNAc
GIcNAcS1,4GkNAcB] 4GIcNAc >
GIcNAcS1,4GIicNAc > > GlcNAc

L-Fucal,2Galf1 ,4GkNAc = L-Fucal,2Galfl,4Glc
> GIcNAc(B1,4GlcNAc),1,4GIcNAc >
GlcNAcB1,4GkNAcB] 4GIcNAc = GlcNAcSGIcNAc

C, N-ACETYLGALACTOSAMINE/GALACTOSE-BINDING LECTINS

Phaseolus lunatus (Lima Bean)
Amphicarpaea bracteata (Hog-Peanut)

Dolichos dlflorus (Horse Gram)
Helix pomatia (Edible Snail)

Vicia villose (Hairy Vetch)

Wistaria floribunda Agglulinin

Sophora japonica (Japanese Pagoda Tree)

Glycine max (Soybean)

Griffonla ( Bandelraea) simplicifolia (Lectin 1, GS
1))

GalNAcal,37L-Fucal 2?Gal > ea-GaiNAc > a-Gal
GalNAcal,3GalNAc > GalNAcal, 3Gal >
a-GAINAc

GalNAcal JGAINAc > a-GaINAc > a-Gal
GalNAcal, 3GaINAc > a-GalNAc > a-GlcNAc >
a-Gal

a-GalNAc > a-Gal

GalNAc > Gal

GalNAc > Gal

a-GalNAc = B8-GalNAc > a-Gal

GS 1-B,, a-Gal > a-GalNAc;

GS 1-A,, a-GalNAc > a-Gal



Arachis hypogeea (Peanut)
Vicla graminea
Phaseolus vulgaris (Red Kidney Bean)

Ricinus communis (Castor Bean)
Abrus precatorius (Jequirity Bean)

D, FUCOSE-BINDING LECTINS

Lotus tetragonolobus (Asparagus Pea)

Ulex europaeus (Gorse ot Furze Seed) (Lectin 1)
Angullla (Eel) Lectins

Griffonla simplicifolia Lectin IV

E, SIALIC ACID-BINDING LECTINS
Carcinoscorplus rotunda cauda (Indian Horseshoe
Crab)

Limax flavus (Slug)

Limulus polyphemus (Horseshoe Crab)

Galf1,)YGalNAc > GalNH, > Gal
(Gal81,3GalNAcal-0-)n
GalB],4GkNAcBl+6

Man
G1lB] 4GlcNAcBl+2
Gal > GalNAc
Gal > GalNAc

a-L-Fucose

a-L-Fucose

a-L-Fucose, 3-O-Methyl-D-Fucose,
3-O-Methylgalactose
L-Fucal,2Galf1,37L -Fucal , 4?GIlcNAc

NeuSAca2,6GalOH > NeuSAcal,6Galfl,4Glc
NeuSAc > NeuSGe

Neus5Gea2,3GalNAc > NeuSAca2,6GalNAc >
NeuSAc = NeuSGce

3l
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With few exceptions, lectins interact with the nonreducing, terminal, glycosyl group of
polysaccharide and glycoprotein chain ends. With respect to the structural requirements of the
sugar residues, many lectins tolerate some variation at C-2 of the sugars that they bind??*’.
For example, concanavalin A and the lectins from the pea (Pisum sativum), lentil (Lens
culinaris) and fava bean (Vicia faba) all exhibit a primary specificitity for mannose, but will
also bind glucose and to a lesser extent, N-acetylglucosamine!**-'¢°. However, lectins generally
tolerate very little variation at C-3 of the sugar that they bind'*’. The C-4 hydroxyl group of
carbohydrates (hexopyranose form) is also critially involved in lectin Dbinding.
Mannose/glucose binding lectins do not interact with galactose and N-acetylglucosamine
binding lectins do not interact with N-acetylgalactosamine'*’.

There also exists in some lectins binding sites other than those for carbohydrates and
these non-carbohydrate binding sites may have an important role ir. both lectin function and
their application. Concanavalin A and a large series of legume (and some nonleguminous)
lectins have been shown to bind fluorescent hydrophobic molecules such as ANS
(1,8-anilinonaphthalenesulfonic acid) and TNS (2,6-toluidinylnaphthalenesulfonic acid). A
simple high affinity site for adenine and related compounds with cytokinin activity has been
identified in the lima bean lectin component III tetramer**! 42,

The nature of the forces involved in carbohydrate-lectin interaction is a subject of
considerable interest and some controversy. Based on the polyhydroxylic and hydrophilic
nature of sugars, it would be expected that polar interactions such as hydrogen bonding and
dipole interactions should play an dominant role in these carbohydrate-protein interactions'*:.
X-ray crystallographic studies on concanavalin A - methyla-mannopyranoside complexes and
hapten inhibition of precipitation studies support the role of polar interaction in the
binding'*’. Lemieux and his colleagues'**-'4¢, however, suggested that the carbohydrate-lectin
interaction is hydrophobic in nature, and the oligosaccharide portion of glycoproteins may
play a role in the exposure of its hydrophobic residues. Roberts and Goldstein'*” showed that
the interaction of L-fucose on the blond group A trisaccharide with lima bean lectins appears
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to have hydrophobic characteristics due to the difference in the binding entropy with respect
to other sugars. A more conservative hypothesis is that both hydrophilic and hydrophobic
forces are involved in the carbohydrate-lectin interactions. The polar interaction may occur
between carbohydrate hydroxyl groups and the polar side chains of amino acid residues within

a lectin's hydrophobic binding sites'*'.

2.3.4 Biological Properties of Lectins

By virtue of their inherent property of specific attachment to carbohydrate moieties,
lectins bind readily to the outer carbchydrate coating of cells. Such binding may result in a
variety of biological effects and may serve as a basis for their in vivo function and the
application of lectins to the investigation of chemical and biological probiems'*’. Some of the

commonly observed biological effects of lectins are outlined below.

2.3.4.1 Agglutination

The most common detectable manifestation of the interaction between lectins and
cells is agglutination. The ability to agglutinate cells distinguishes icctins from other
sugar-binding macromolecules, such as glycosidases and glycosyltransferases'’. For
agglutination to occur the bound lectin must form multiple crossbridges between the two
cells. The agglutination effect is influenced by many factors, such as the molecular
properties of the lectin (molecular size, number of sugar binding sites, etc.), cell-surface
properties (number and accessibility of receptor sites, membrane fluidity), and metabolic
state of the cells’*®. Cells that are not agglutinated by low concentrations of a lectin
frequently become agglutinable after very mild proteolysis, although such treatment does
not necessarily affect the total number of lectin binding sites'*’. Chemical or enzymatic
modifications of lectins, especially those that alter the valency and/or size of the lectin,
may have pronounced effect on their biological activites'**. However, modification of the
carbonydrate moieties of lectins that are glycoproteins usually has no effect on their

agglutinating activity!*?.



2.3.4.2 Mitogenic Stimulation of lymphocytes

Mitogenic stimulation is the triggering of quiescent, non-dividing lymphocytes
into a state of growth and proliferation. PHA, the lectin from red kidney bean
( Phaseolus vulgaris) was the first lectin found to be mitogenic'*’. Since then several other
lectins, including pokeweed mitogen and concanavalin A, have also been found to possess
mitogenic activity!*>. Many lectins differ markedly in their ability to stimulate
lymphocytes of different species, and the mitogenic activity is affected by modifications
of the cell surface, as well as of the lectin molecule!**.

In contrast to stimulation by antigen, in which specific clones of lymphocytes are
induced to proliferate, lectins activate multiple lymphocyte clones irrespective of their
antigen specificity. As a result, the percentage of responding cells is rather high, and up
to 70 to 80% of the appropriate lymphiocyte population can be affected***.

The response of the lymphocyte to the mitogenic stimulation by the lectin is
depicted in figure 2 **¢, The stimulated lymphocytes, in addition to the metabolic changes,
release a variety of biologically active polypeptides, known as lymphokines, such as
interleukin 2 (IL-2) and interferon*,

Klaus and Hawrylowicz!** suggested that the mitogenic stimulation by a lectin
could be separated into two phases. The first phase is mediated via a lectin-receptor
interaction and represents the transition of the cell from the resting state to Gl. This
stage is referred to as "competence induction” or "activation”. It has been hypothesized
that the binding of the lectin to the cell surface leads to cross-linking of receptors, which
in turn alters the membrane structure and function. This leads to a generation of a
hypothetical signal which triggers a series of bioc'.*mical events resulting in cell
activation. Another theory suggested that the binding of mitogenic lectin renders the cell
"foreign® to the body, and activation of the lymphocytes occur via an indirect

mechanism.
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Figure 2. Events During Mitogenic Stimulation by Lectin ***
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The second, proliferative phase of mitogenic stimulation is initiated by the
interaction of interleukin-2 with its specific receptors on the surface of the lympocyte,

which leads 10 DNA synthesis and cell division'*¢.

2.3.4.3 Toxicity of Lectins

Several lectins, e.g., concanavalin A, wheat germ agglutinin and PHA are toxic to
mammalian cells both in vitro and in vivo '**. Toxic lectins are generally selective in their
acuon on cells , and transformed cells are usually more sensitive to the cytotoxic effects
of lectins than are normal cells!*’. Thus, there have been attempts to try to inhibit tumor
growth by lectins in vivo. Ricin, concanavalin A and Griffonia simplicifolia I lectins have
been shown to have a protective effect against tumor growth in experimental animal

mwcll.ﬂollo.

2.3.5 Other Biological Effects of Lectins
In addition to agglutination, mitogenic stimulation and cell toxicity, there exists a wide
variety of biological effects that are ai:o initiated by the interaction between certain lectins

and cells. These include!?” "*;

1. Insulin-like effects on fat cells.
Mediation of killing of target cells by lymphocytes and macrophages.

Enhancement of phagocytosis of yeasts and bact:ria by macrophages.

hw!\)

Induction of vacuole formation in macrophages.

Promotion of cell adhesion and spreading.

Induction of platelet release.

Induction of histamine release from basophils and macrophages.

Peroxide release from macrophages.

v ® N2

Inhibition of endocytosis of lysosomal enzymes by cultured fibroblasts.

10. Inhibition of fungal growth.
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2.3.6 Physiological Function of Lectins

Lectins are found in a wide variety of plant and animal species. This widespread
occurrence of lectins suggests that they may have some fundamental biological role, especially
in plants. Since lectins recognize specific carbohydrate structures, they may play some roles in
certain cell recognition events. A variety of functions have been proposed, including plant
defense, specific attractants for rhizobical symbiosis, and in the transport, immobilization and
storage of carbohydrates!®” "**,

One factor that should be considered in the evaluation of lectin's function is the
apparent lack of lectins in some plants. Thus, the role of lectins in vital functions of the plant
may be questionable!’’. However, it should be recognized that most screening assays for
lectins are relatively insensitive and are dependent on the carbohydrate-binding properties of
these molecules. Therefore, failure to detec: one form of a lectin does not necessarily mean
that other forms are not present in the plant!*’.

The various hypotheses on lectin functions are briefly summarized in table 7.

2.3.7 Applications of Lectins

The high affinity of lectins for sugar residues and their derivatives, coupled with the
possibility of labelling lectins by means of a variety of methods, makes them a powerful tool
for use in biochemistry, cll biology, immunology and related areas'’” ¢,

Some of the current applications of lectins are summarized in table 8 and this list of

utilization is growing rapicly.

2.4 Peanut Lectin

The peanut (Arachis hypogoea) lectin (PNA) is a readily available plant lectin that
possesscs anti-T activity. It is also termed as “anti-T agglutinin™¢! due to the similarity
between PNA and anti-T antibody of mammalian sera'*?. Peanut lectin is found to be most

specific for the carbohydrate structure 8-D-galactosyl (1-+3) N -acetyl- D-galactowsnine'*’.



Table 7. Proposed /n Vivo Functions of Lectins'®’
(I)Plant Lectins
A, Defense mechanism

. may protect plants against pathogens during the imbibition, germination and
early growth of the seedings.

- defense against bacteria and viruses.

- defense of plants against animal predators.

B, Pathogenesis

- may aid the invasion by pathogens by serving as receptors for phytotoxin or for
attachment of the pathogen.

C. Symbiosis

- lectins may play a role in the binding of the bacteria to the root hairs of the
plant.

- lectin recognition of rhizobia may account for the specificity in the initiation of
the nitrogen fixing symbiosis.

- lectins may serve as a bridge to cross-link receptors on the rhizobial surface with
similiar receptors on the root surface, thus triggering a chain of events leading to
effective symboisis.

D, Cell wall elongation

- lectins may serve as a non-covalent glueing substance in the cell wall and play a
role in cell wall extension by participating in the breaking and reformation of
non-covalent cross-links with other cell wall components.

E. Enzymes

. Hankins and Shannon *** isolated a hemagglutinin from mung bean seeds that has
strong galactosidase activity, however, these may be enzymes with
hemagglutinating properties.

F, Others

. may aid in the transport of carbohydrates and their immobilization in the seeds.
as a storage piotein.

- mitogenic ;timulation of plant embiyonic cells.

- matur- Loa Or germination of the seeds.

(I1) Anima) Lectins
A, Organization of extracellular glycoconjugates.

B, Shuttling soluble glycoproteins from the outside to the interior of the cell and within
intracellular compartments.



C-

Do

Removal of foreign or unmasked glycoproteins from circulation.

Cellular communication and/or adhesion.
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Table 8. Applications of Lectins'’’.
A, Isolation and Stngctural Swudies of Glycoconjugates.

- detection and identification of carbohydrates by interaction with lectins.

- immunoelectrophoresis with lectin-containing gel to study carbohydrate content
and structure.

- affinity chromatography of glycoprotein on lectin-containing columns for
purification and isolation.

- fractionation of glyceprotein and glycopeptides which differ only slightly in their
structures.

B, Investigation of Complex Carbohydrate Structures.

- study of cell-surface antigens.

- investigation of the architecture of cell surfaces and its change upon malignant
transformation.

- localization of lectin-receptors on cell surface or subcellular structures.

C, Separation of Cells

- peanut agglutinin is used to separate murine and human thymocytes into PNA +
and PNA - subpopulations.

- soybean agglutinin separates penpherial blood lymphocytes.

- separation of pluripotential stem cells from alloreactive cells for bone marrow
transplant.

D, Mitogenic Stimulation of Lymphocytes.
- study of cell division and the role of lymphokines.

E, As a Drug Carrier

- conjugates of Con A with antitumor drugs such as daunomycin, chlorambucil
and methotrexate have been tested in vitro with cultured tumor cell lines.
- Con A linked to the a chain of diphtheria toxin or ricin.

F, Clinical Uses

- blood typing.

- determination of microheterogeneity of «-fetoprotein in amniotic fluid, for the
prenatal diagnosis of fetal neural tube defects and other malformations.

- assess the immunocompetence of patients through the use of mitogenic lectins.

- removal of mature T-cells from human bone marrow by soybean agglutinin, or
by ricin linked to monoclonal anti-T cell antibodies.
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PNA binds to both the a and 8 configurations of thi. disaccharide, which are the
immunodeterminant groups of the T and asialo GM, antigen respectively’¢* "¢*. PNA also
binds to other similar or closely related carbohydrate structures'**. The T-antigen is an
important tumor-associated marker and is found in an exposed form in a wide number of
human carcinomata. but is masked by sialic acid on corresponding benign or healthy tissues.
Thus PNA may be valuable as a potential tumor imaging agent or as a carrier for
chemotherapeutic or radioactive nuclides to the T-antigen expressing tumor. PNA binding has
been demonstrated histochemically in a wide variety of T-antigen expressing adenocarcinomas
including lung, gastrointestinal tract and breast tumors but not in the corresponding normal
cells. In vive studies with radioiodinated PNA in animal tumor models also showed significant

tumor uptake at 48 to 72 hours post injection’®.

2.4.1 Isolation and Purification of PNA

The isolation of PNA from peanuts begins with a crude saline extract (10% w/v NaCl
solution) which takes out most of the protein components'¢® . In addition to proteins, other
lipid components (up to 40% of their weight) are also extracted, so defatting of the extract is
required with organic solvents such as ether or acetone'**. The protein from the defatted
saiine extracts are then salted out with a neutral salt (saturated ammonium sulphate). After
centrifugation, reconstitution of the insoluble fraction, dialysis and/or ultracentrifugation,
only PNA and a few peanut proteins will be present'¢ "¢, Affinity chromatography is then
used to separate PNA from these other peanut proteins. Various adsorbents are available for
rhe affinity chromatography. These usually consist of an immobilized carbohydrate structure
which binds PNA specifically and the PNA may then be desorbed with a sugar solution that
will compete for the same binding site as PNA-1¢",

Another method which does not utilize carbohydrate specificity is by precipitation of
extraneots protein from a defatted peanut extract with a dilute solution of Rivanole

(2-ethoxy-6,9-diaminoacridine lactate)***. This method is simple, rapid and the purified PNA
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was found to be serologically as active as the PNA obtained from some of the affinity

chromatographic process'¢*.

2.4.2 Macromolecular Properties

The molecular weight of affinity purified PNA has been determined by several
investigators. Estimates of the aggregate molecular weight of the lectin have been reported as
98.000 daltons, 106,500 daltons and 110,000 daltons as determined by gel filtration,
sedimentation velocity and by sedimentation equilibrium centrifugations'¢ "¢ "%, The
discrepancies found in the reported values have been attributed to several possible factors such
as the variation 'n extracting methods resulting in slight aggregation, concentration of the
PNA used in the study and/or isolectin variation'’®.

PNA is a relatively acidic (pI=5.95), hydrophilic and compactly fold ' protein'*. It
is composed of four identical noncovalently linked subunits, with molecular weights of 24,500
to 28,000 depending on the technique employed'** "¢*. The stability of the tetrameric structure
is pH dependent and at pH 3.0 PNA reversibly dissociates to a species of about 48,000 daltons
which is devoid of sugar binding capacity’**. In the presence of detergents or denaturing
conditions PNA dissociates to 4 identical subunits of 27,000 daltons in which the last five
amino acid sequences from the amino terminal are identical’** "¢’.

Salunke e a/ ' suggested that the tetrameric structure of PNA is a dimer of a dimer.
The monomers in each dimer are related by a two-fold axis. The two dimers are in turn
related to each other by another two-fold axis perpendicular to the axis of monomers in the
dimer. The molecule thus has 222(D,) symmetry'".

Crystallization and preliminary x-ray crystallographic studies of the peanut lectin have
been reporteds? "2, Three crystalline forms (monoclinic 1 and II ang a triclinic form) were
reported to contain approximately 50% water!”. T-e scvondary structure of peanut lectin is
dominated by B-pleated sheets as determined by cir. 41 dichromic spectra measurements'™.

The hydrodynamic radius of the molecule has been estimated as 35.5+1.5 A'*. Ultraviolet
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spectroscopy reveals a small absorption peak at 290 nm and a double maxima at 277 and 283
am'®’. The extinction coefficient is calculated to be 0.96 at 280 nm and the absorption
coefficient (A,se) is 7.7 cm™ ', Saccharide induced transition is obtained from the UV
spectrum in the presence of inhibiting sugars. The binding of PNA to B-D-Gal(1-+3)GalNAc
occurs with an entropy (S) of -177£16 J/Mole. K and an enthalpy of -78+5 KJ/mole'™.

Peanut lectin contains one atom each of Ca*? and Mg*? per siounit and it does not
contain any covalently bound carbohydrates'’*. Amino acid sequencing studies of PNA have
been reported by several investigators. Lotan et a/ '** found PNA to be rich in acidic and
hydrophilic amino acids, with relatively little methionine, try ptophan, histidine and an absence
of cysteine. Terao et al '** reported different values with considerably less threonine, serine,
tryptophan, agrinine, an absence of methionine, but with 16.6 moles of cysteine per mole of
PNA. The amino acid sequence of the N-terminal has been worked out to forty residues.

Studies of PNA stability have shown that this lectin is quite stable under a wide
variety of conditions. It is stable within the concentration range of 0.5 to 2.0 mg/ml in
PBS'*. Cryoinsolubility has been noticed with PNA solutions of high concentration (>2
mg/ml) at temperatures below 4°C ’¢. This is most likely due to protein insolubility as
polymerization or conformational changes are not observed. The presence of
B-D-Gal(1-+3)GalNAc results in preservation of solubility'™.

PNA is very stable both in solution and as a lyophilized powder. Crude saline extracts
of PNA have shown no significant loss of agglutination ability when stored at 20°C for up to
6 months while reconstituted PNA (1 mg/ml in the presence of bovine serum aibumin) from

lyophilized powder is stable for up to 2 years stored at 4°C *'.

2.4.3 Isolectins
Affinity purified PNA is found to contain multiple .~clecular forms under
polyacrylomide gel electrophoresis and isoelectric focusing'™ ""’. These multiple molecular

forms have very similar isoelectric points and are known as isolectins. All of the isolectins
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found were reported to consist of subunits of similar molecular weight (28,000) and these
isolectins agglutinate neuraminidase-treated red blood cells. Cross-reactivity to a murine
anti-PNA antibody was similiar for each isolectin studied!’® """,

A large-scale screening of peanut and its wild relatives (4556 genotypes) revealed the
presence of 6 to 8 separate isolectins. All but four of the wild species of Arachis seeds
contained PNA!". PNA isolated from the variety "Shulamit” is mitogenic towards desialyzed
lymphocytes, while PNA isolated from other genotypes has not been found to be mitogenic'™.
The slight difference in isolectin properties may account for the minor differences observed

when PNA interacts with cellular glycoproteins.

2.4.4 Carbohydrate Binding Specificity of PNA

Extensive studies on the carbohydrate-binding properties of peanut agglutinin
employing hapten-inhibition and spectroscopic techniques indicated that the lectin possesses
an extended binding site that is specific for galactosyl end groups and recognizes the
T-antigenic structure (Gal-B(1+3)GalNAc) ‘¢4 7718 Earlier studies employing
hemagglutination inhibition also show this disaccharide to be a very effective inhibitor’¢:. It is
also suggested that the peanut lectin receptor is part of the base-labile oligosaccharide
(NeuSAca?,3GalBl,3[NeuSAca 2,6] GalNAcal-O-Ser, Thr) which is responsible for the MN
blood group activity’®’. Desialization by neuraminidase or by acidic hydrolysis unmasks the
PNA receptor.

Many researchers have studied the inhibitory effect of carbohydrate moieties on PNA
hemagglutination or glycoprotein precipitation. The results are summarized in table 9.

Using the information obtained from carbohydrate inhibitory studies illustrated in
table 9, some generalizations can be made concerning the structural features of carbohydrates
that are required for binding or inhibition of PNA agglutination:

1. A methoxy group on C-1 enhances binding to PNA, and the a anomer scems to have

slightly better binding than the 8 anomer. The O-1 atom seems to be involved in the
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Table 9

Inhibition of PNA Hemagglutination or Glycoprotein Precipitation by Carbohydrates.

Relative Inhibitory Potency

Inhibitor Precipitation (a) Hemagglutination (b)
Galactose . 1.0 1.0

L-Fucose 0.60 <0.25

Galactosamine 2.22 1.43-4.25
N-Acetylgalactosamine <0.10

Methyl a-Galactoside 2,22

Methyl B-Galactoside 1.50 1.25

p-Nitrophenyl a-Galactoside 2.2

p-Nitrophenyl B-Galactoside

GalB(1-+3)GalNAc (T-antigen) 54.5 50
GalB(1-+3)GAINACOH 2.20

GalB(1-+3)GicNAc 0.60

Gala(1-+3)Glc 2.22 1.66-2.0
GalB(1-+6)Glc 2.22

Gala(1-+6)Glc 0.60 0.80
MN glycoprotein 25
Asialo MN glycoprotein 5000
Ch-3 (MN glycoprotein fragment) 20.0
Asialo Ch-3 5000

Galactose activity is normalized to 1.0.

(a)Concentration required for 50%-inhibition of precipitation of blood group glycoprotein
(Pereira et al').

(b)Concentration required for 50% inhibition of B-type N'RBC Agglutination (Lotan et
all“).
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glycoside bonding and the second residue is involved in the association with PNA. The
B(1-+4) configuration shows better binding to PNA than the a(1-6) configuration ,
suggesting that the C-1 configuration is also important!¢® " "2,

2. At the C-2 position, a group which is capable of forming hydrogen bonds, such as a
hydroxyl or amino acid group, is required for binding!” "**.

3. A free hydroxyl on C-4 is necessary for binding, and the configuration of the C-4
terminal residue should be similiar to D-galactose'*’.

4. The C-5 hydroxymethyl group is also important in binding to PNA''?,

5. An extracyclic chain on C-6 is necessary for binding and the orientation of the C-6
hydroxy! group is critical'*?.

6. Terminal sugars in the pyranose form are more effective inhibitors than those in the
furanose or 'open chair’ form!¢®,

Jimbo and Matsumoti'*® observed that the tyrosine residues of PNA are being
perturbed upon the binding of carbohydrate ligands. Lactose will protect some tryosine
residues from modification by iodine, while free amino groups do not appear to be involved in
carbohydrate binding.

PNA -glycoprotein, glycolipid or polysaccharide interactions are more complex than
that seen with simple mono- or disaccharides. Other secondary interactions can also occur
outside of the primary binding site. These mechanisms include multivalent binding, steric
interaction and non-specific binding'*®.

A two-step binding mechanism for PNA-ligand interaction has been proposed by
Neurohr et a/ **"%, It involves a initial interaction followed by conformational
rearrangement resulting in the final complex. Changes in the circular dichromic spectrum of
PNA are produced by the binding of simple glycosides and complex glycopeptides, and more
pronounced conformational changes are observed with binding to the simple sugars. This
suggests that the extended binding site for glycoprotein may be predetermined and that simple

sugars should have lower binding constants. This suggestion is consistent with the results
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obtained from the inhibition studies.

2.4.5 Biological Binding of PNA

PNA interacts with the T-antigen and with desialated glycoproteins and glycolipids
containing this antigenic determinant. This makes PNA a useful tool as a cell surface probe in
a number of histological and immunological studies. The binding of PNA to a variety of
tissues and cell populations has been reported'**. The interaction of PNA with neoplasias is of

particular interest and its binding t0 a number of T-antigen bearing tumors has been shown.

2.4.5.1 Red Blood Cells (Erythrocytes)

PNA is used routinely in blood bank procedures for the detection of the
T-antigenic disaccharide B-DGal(1+3)DGalNAc al-linked , which is the mucin type
carbohydrate sequence normally found in a cryptic form on human erythrocyte
membranes'*’. The distribution of PNA positive cells in human penpheral blood is quite
low (about 5%), most of which appear to be monocytes'*'. However, neuraminidase
treated erythrocytes, irrespective of their ABO blood group, will be agglutinated by PNA.
The presence of the Thomsen Friendenreich cryptoantigen on the erythrocyte membrane
has also been demonstrated by other serological and chemical methods.

Several investigators have suggested the presence of two distinct antigens on
erythrocyte membranes when treated with neuraminidase, those with terminal D-galactose
and those with terminal N-acetyl-D-galactosamine!¢¢ "**. PNA only has affinity for the
exposed antigen with the terminal D-galactose residue'**. This may explain the difference
in binding observed between young RBC and senescent RBC*?. Aged RBC, and cells with
extruded nuclei do not bind PNA to the same extent as normal cells. In vivo cleavage of
exposed D-galactose by B8-galactosidase after desialation may be responsible for the lower

galictose content in older erythrocytes which in turn do not bind PNA as well*’.



2.4.5.2 Lymphocytes

The lymphoid system is a complex organization of numerous cell populations,
such as the T and B lymphocytes which differ in their immunological functions.
However, morphologically they are quite similar and various cells are often present in the
same lymphoid tissue!’. Researchers have identified different lymphocyte membrane
antigens which are able to distinguish between the cell populations. Lectins, including
PNA, have been used to identify these lymphocvte cell surface antigens and are used as a
tool to separate the various lymphocyte subpopulations!** "%,

In humans, PNA will bind to periperal blood lymphocytes only after
neuraminidase treatment, and the same is observed with the peripheral blood lymphocytes
of several other species, including rats, mice and guinea pigs'’’. PNA has also been shown
to stimulate mitogenic activity in unmasked human and rat lymphocytes, but not in
untreated cells!™. In lymphoid cells, binding of PNA to immature thymocytes and some
neoplastic lymphocytes is observed'*'. In mice, PNA receptors have been demonstrated on
the membrane of thymus T lymphocytes of cortical origin. PNA also binds to suppressor
T-cells and thus has been used for the differentiation and separation of suppressor-T
celis from lymphocyte population®®’.

There are a small number of cells in the bone-marrow, spieen and lymph nodes
that will bind PNA!*:. The PNA-binding bone marrow cells in mice have been shown to
be immature T-lymphocytes'**. Human umbilical cord lymphocytes are also showu to te
PNA positive. Thus, PNA may be useful in studying the ontogenesis of T-cells and the
hematopoetic stem-cell maturity. PNA may also be a marker of immatur: B-cells since
germinal centres in mice and human are also known to bind PNA'*,

Several lymphoblastoid lines of T or B cells also express PNA binding properties.
Binding of PNA is reported in Burkitts' lymphoma and several T-cel! lines of leukemia,
including blast cells of acute lymphoblastic leukemia, stem cell leukemia and myeloid

leukemia'**. Lymphocytes of most chronic lymphatic leukemias de not bind PNA'3,
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while peripheral lymphocytes of children with acute lymphoblastic leukemia were often
positive!**. PNA binding may be an indicator of poor prognosis in these cases but some
reseachers have shown contradicting results!®’.

PNA has aiso been shown to bind to platelets only after treatment with

neuraminidase, indicating that platelets contain cryptic PNA receptors!®®.

2.4.5.3 Binding to other Tissues

PNA binding sites are also found in human fetal colon’*’. PNA binds to the
glycocalyx of columnar cells but not to fetal goblet cells. Treatment with neuraminidase
renders the goblet cells PNA positive. The PNA binding pattern of fetal colon show
certain resemblances to human colonic adenocarcinomas'’’. PNA will also bind to the
actual goblet theca in normal adult human colon. This represents the detection of nascent
oligosaccharides prior to the addition of terminal sialic acid'**.

PNA receptors are also present in the retinal extract of human and several
mammalian species?®® "', PNA binds consistently to domains of the interphotoreceptor
matrix associated with the cone, but not with the rod. It suggests the presence of
galactosyl and/or galactosaminyl residues in thc mammalian cones, but not in the rods***.

The alveolar lining of newborns with hyaline membrane discase has been shown to
bind PNA, while no reaction with PNA was observed in control lungs?*?. Neuraminidase
treatment did not alter the pattern of PNA binding. This may indicate the absence of
terminal neuraminic acid on the alveolar lining and suggests arrested maturation of the

alveolar lining layer in this neonatal pathological condition?*?.

2.4.6 PNA Binding in the Kidney

The in vitro binding of PNA in kidney sections of many animals and human has been
reported?*-2%. There are considerable species to species variation in the binding pattern in
various components of the kidney. In the mouse, binding of PNA is seen in the glomeiulus,

proximal tubule, loop of Henle, the distal tubule and the collecting ducts’®’ "*. The binding
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pattern in the rat is similiar to that seen in mice except that binding to the glomerulus is not
observed. In other species, PNA binding in the kidney is more selective. In rabbit, binding is
only observed in the distal tubule and the collecting ducts. In guinea pig, intense binding is
seen in the S, segment of the proximal tubule, while in dogs, the distal tubule is the only
component of the kidney that is stained positive?®? "*.

The pattern of PNA binding in human kidneys has also been studied extensively?*,
Binding has been reported in the Bowman's capsule of the glomerulus, the lumina! membrane
of the ascending loop of Henle, the distal tubule, and to the collecting ducts’® 3% The
proximal tubules did not bind PNA even after neuraminidase treatment’®. Children with
haemolytic-uremic syndrome have strong glomerular binding of PNA, possibly due to the
action of neuraminidase released from pneumococcal infections on the cryptic T antigen in the
glomerulus?®’.

Intense binding of PNA has also been reported in cases of hypernephroma’®'. Both
cytoplasmic and membrane bound PNA receptors have been identified. If the hypernephromas
are derived from epithelial cells of the proximal convoluted tubule, their binding may be
explained by the malignant transformations resulting in the synthesis of altered membrane
glycoconjugates which contain PNA binding sites. However, binding can also occur if
hypernephromas are derived from other portions of the kidney which bind PNA?,

The renal pharmcokinetics of intravenously injected radioiodinated PNA has been
examined by Boniface ef al*** in dogs, rabbits and humans. In humans. the time to peak and
percent injected dose-at-peak in kidneys has been calculated to be 90 minutes and 20.214.6%
respectively?*’. In humans, PNA appears to be excreted largely through the renal tubules. The
renal excretion mechanisms of PNA are still not very clear at the present, although filtration
through the glomerulus is not likely, due to PNA's high molecular weight (about 107,000
daltons) and a pl of 5.8. Boniface et al** suggested a receptor-mediated tubular
endocytosis/excoytosis mechanism which may be responsible for the renal elimination of

PNA. The renal excretion characteristics of PNA may make it a useful tool for the in vivo
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assessment of renal-tubular function in certain clinical situations such as monitoring of renal

transplantation , and the effects of renal exposure to nephrote~i+ 2-ugs and/or radiation.

2.4.7 PNA Binding to Tumors

The expression of the T-antigen in a non-cryptic form has been demonstrated on a
number of animal and human tumors. Since PNA detects the T-antigenic structure, it has
been used extensively in a variety of histochemical and immunological studies of these
T-antigen expressing tumors. The binding of PNA to various tumor tissue sections and to in

vitro tumor cell cultures has been widely reported=1*-35,

2.4.7.1 Binding to Mammary Carcinoma

The presence of non-cryptic, immunoreactive T-antigen on human breast
carcinoma but not on corresponding healthy or benign breast tissues as determined by
serological methods has been well documented!®* "!°-2', Some researchers have utilized
the humoral and cellular response to the T-antigen to differentiate carcinoma from
non-carcinoma lesions.

The binding of PNA to the breast carcinoma has been studied extensively and
some of the observations are summarized in table 10. Histochemical studies of
T-antigenic structures with PNA reveals that free T-antigen is aiso expressed on some
portions of the normal breast epithelium as opposed to the serological finding!o® 210 "a1y,
The luminal duct and lobular membranes are stained by PNA, and the intraluminal
secretions in benign conditions occasionally bind PNA. The intensity of PNA staining
appears to be dependent on the secretory state of the epithelium?!$-217 "¢,

The main difference between the binding pattern of PNA in benign and malignant
cells is the transition from luminal to cytoplasmic staining. Several researchers have tried
to correlate the PNA binding pattern with the histological grade of breast cancer but no

significant relation can be established?!® "2 "¢ 1%,
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The binding of PNA to the mammary tissues is affected by the presence of
steroid receptors and correlates with the responsiveness of the tumor to endocrine

treatment?!’ 19,

2.4.7.2 Binding to Carcinomas of the Gastrointestinal Tract

Springer et al ** reported that 42 % of patients with gastrointestinal carcinomas in
his study had severely depressed levels of anti-T antibodies. This suggests the presence of
non-cryptic T-antigenic structures in the gastrointestinal carcinomas. To demonstrate the
presence of the T-antigen, the staining pattern of PNA with normal and malignant
colorectal tissues were studied and some of the observations are summarized in table 11 .

The binding of PNA to normal gastrointestinal mucosal surfaces if present, is
usually confined to the golgi region and in some cytoplasmic granules®* """ In the
gastric mucosa, binding is observed within the isthmus, mucus neck, parietal, chief cells
and the antral cardiac glands, while in the intestinal mucosa, binding is seen in the
brunner glands, the columnar epithelial cells and the globlet cells of the small intestine?*.
The body of the stomach binds PNA only after neuraminidase treatment. Free or cryptic
T-antigen is not observed on the rest of the normal colon, ileum and stomach?*.

An increase in PNA binding in the mucous, golgi body region and perinuclear
region is observed in hyperplastic alterations of the gastric mucosa’’®. In large bowel
carcinoma, the glycocalyx and cytoplasm of apical regions are shown to express free
T-antigen??’. It has been suggested that the increase in T-antigen expression is due to the
decrease in glycotransferase levels in malignant cells resulting in incomplete biosynthesis

of MN blood group glycoproteins??* "7,

2.4.7.3 Binding to Urinary Tract Tumors
The binding of PNA 1o urinary epithelium in histochemical studies is summarized
in table 12. Normal as well as neoplastic urothelium posses "cryptic® PNA binding sites

which are exposed by the action of neuraminidase?”* ***. Spontaneous binding to PNA is



55

**pINUNU0)
*sut2103d0343
219(dWwOodul WI0J PUB $ISBIAJSUTIASOIALT Ul JUANDIJIP 1T YIYM sjayuda
SROTEWOUIdIE 10 113} 01 spuodsaziod usaned xA[e2034[3 s0/put wsejdoif> jende ayy -
-u12103d034(3 dnoi8 poojq NI 19jdwod Yiw wnyaynds
21u0j03 dnse|doau-uou Ul PIAIASQO ulINed Y1 01 JBIwis §1 ula1'ed seajonusidns ay) -
-pan13sqo ase Juiputc \ Nd JO susaned omy -
‘uadnue- |
st ss21dx2 paIpnis SBWOUIPE SNO|IA PUB SEWOUIPE JEINGM JO § (8 A 1eunixosdde - ‘€861 *1a1nay pue sadouy
*es0nwW
Jused snojewourdse> put disejdiadAy *Auokiqua 01 Juipulq YN suaut us st 1Y) -
: ‘sisayiuhs uiaroadosk|3
744 Jo aseyd Aj1ea 3yl Yiim PAIRICSSE 3q 01 SWaAs §{|3d [eHaynda dnsed ut uipuiq YNd . (861 ‘P 12 1ydsiy
*SPWOUIINd Y1 ut uddnue-3 snd4Aid-uou
u sasealdul 21 uie|dxa ABW $I5EIIJSUEN|ASOIA|R [BIOWN) JO [3AI] Padnpal -
-saus Juipuiq vNd ssa1dxa £jiuanbasj ss3| sewouldsed parenuas ) p Apood asow ay) -
*SRWOuIR) Prowdiso1das ut 133 ayy jo uoniod
(Y44 jearde ay) ul pue xA|e3034]18 ay1 jo uoiBas JY) ul paa1sqo s saus Jupulq VNJ - 7861 *33do0)
‘uonewIojsuen
jueudiew Azes Jo ss3301d Y3 ur 3q AW InSS Sty 1EY) $15933ns esodnw
[EUONISURSY JO UIDNW YD UL SANIINANS NRIPAYOqIEd Buipulq YN JO dusaid 3y -
‘VNd £q palaqel 338 1Byl SuIdNW ]3> 131q0F PIUIBIU0D OS]® ESOINW JEUOLIIsSUE] .
Wt ‘UOJOD [EWIIOU YIIM J0U NG SUAWAAS 33duRD UOJOY Ul suldnw |23 12103 s13qel VNd - ‘7861 ‘0 12 puejog
$3U313}2Y SUOIIBALISQ0 sapmg

SEWOUIdIB) [BUIISAIUI0NSES uO $aNs Fuipulq VN JO SAPMIS [BXWIYI0INY

11 %qsL



44

1144

tl

144

[ONU0D seISIP J1SEIdOIU - UOU WOS UL PAAIASQO §1 $As Buipuiq YNJ

*esoonus [BWiou

ul (989) A1d1J103ds MOl INQ SINSSN 12UBD UL (g16) A1 ISUIS 153Q Y1 SeY VNI
‘paredwod st anssi) d1u0j0d urwny

weudijew pue weudiewasd ‘jewsou 01 Buipuiq Apoqliue | -11UB JBUO{IOUOW pue VYNJ

*s325ued JIsed ur uaas st piae dtpers £q saus Juipulq undI| Jo FJuiySEW IAISUNXD
*dnosB Oy JO ssapIeBal $1013153 YUm 10U INQ $I01IIIS-UOU
Ul U23S S BSOONW J111SEF jRWIIOU UL $|13D SNOdNW dejns 01 Fulpulq VNI

*3si1 18 udned Jo uonEedIJNUIPE Yl Ul IN[BA

jenuaiod jo 3G PiNOd pue uolew 0jsuel) ueudew Y1 ut £j1ed 1nd0 Aew uadnue- |
*S||90 PIULBISUN YUm PIIBUIANE $|[3D PIUIBIS ‘SIAYI0 UL JIym ‘pIurers ase

sj}2> Jueudiew jje siown) awos uyj "sNouaolnIy e siown) ul u1INed Buluers Y
*es0dNW |vwiou Yy £q U

NG WIN1I PUE UOI0I AY) JO S[13d BwOULIIE) £q passaidxd Ajuowwod e uadnuse-|

“SNIBIS 10131038 JO $SAPIEdAl YN Yim 519821 $I10R31XD Jown) dused

‘¥YNd {1 19833 10U Op SIOBIIXI INSSI) |€1III00D

‘smns

10121235 U0 Wpudap st SUI101d0IAIT d1I1sER Ul SaNs Fulpulq YN Jo uoissaidxa )
* . $I0121235, JO I50Y)

Yuam 10U INQ _$1013133s-uou, }O sutdoidodf(3 onsed dnserdoau-uou Yium $1831 YNJ

‘9861 ‘1o 12 ueny

gy [ ‘AuuedvY D[

“SBo1 10 12 1o

"£861 ‘1ztad pus pimdyd

% TEYEYEY)

SUONIBAIAQQ

sapmg




57

***pInuIU0)

mt

(444

ot

(174

(244

- Jo1aRYyaq Jowny Jo 1015tpasd 13113q € 3q Lew uoissaidxa uadnue (H)OdY .
- BUIOUIIIL |[3D [BUCHISUEI) JO 51N0J [exuyd 10 ddwrs ‘apesd yum
21891503 10u sa0p 1t *A[[eansoudosd [njasn A1213]dwod jou st uoissdidxa uadnue- | - ‘$861 ‘IO 12 3B

‘uadnue- | Y1 JO UONEZHEIO[AS JEINIINIISOIAD JO DUIPIAY OS[E SI A1) -
*su12101d034(3
dnos? pooj3 N Jo sisayiuds 219(dwodur 01 anp Ajaxy sows st uoissaidxa uadnue- | - ‘$861 ‘P 12 urwya

‘waishs Jaysew 3uls Aue UBY) A1) IIOW I SIIYIBW JO UOHIBUIGWOD -
*$30UNINIA
aaIseAUL 33))ns tou pip K[{e1auad ewoutdzed aansod uadnue- | a1d£15 yum swatied .
*BWOUIDIED |[3 |BUOLIISURI) 33PPelq 30)
101Ut souBold se parpmis a5 smiels uaBnue- | Juipnpdul ‘s10108j Jo Jaquinu B . €861 ‘0 12 s;pwwng

-2anedau ualnue-§ a11d41d 10 aansod uadnue- 1 £jjensn e siowm spuid ydy .
*32URLINJAI PUE UOISEAUL JO
25uap1dUL Jamo| ® Yitm pue ‘aanisod uadnue- | and£id Lfjensn v sown) apri? mo| -
“ueajudis Alydiy st opesd adojoisty pue sniels uaBnue- | UIIMIAQ UONE(III0d .
-aqeusea Ajydiy st usaned Sutuiers yNd ) .
‘uadniue-] Jo a5uasqe Y1 uaad 10 udBnue- 1 md4imn
ssassod awos 1NQ ‘YNJ £Q paulels ale BWOULIIED [[3 [BUOLIISURI] JO SISED WOS -
“WNI2YI0IN [BWIOU UO 10U Inq dNise[dou Ul u3as 1 AINIdNNS duadnue- | dndLid-uou - 7861 ‘v 12 uoo)

TjudwIBI)
ISEPIUILEINaU 131J8 A[UO JIPPE|q AJBULIN UBWINY Y1 Ul WNKIYIOIN O) SPUIq YNJ - Z861 ‘12 12 Kony

$23u212J9Y

SUOIIBALSQQ saipmig

SBWIOUIDIB) AJEUUIN UO SAS SuIpulq YNJ JO SIAPNIS [EJNWIYI0ISIH

T siqel



"sapou ydwij [pucdas
JO WIIWAJOAUT JNBISEI 10§ YSLI Y} SBAIIUL [|im uadnue- | 331) Jo duasad s -
‘safers
JAISBAUI O] PIOUBAPE SBY JOWN) 31 UIYM 1218} N0 Asw uadnue-1 jo uoissaidxa -
‘udNWw pue dejIns (135 ‘wseidoikd ul uds st Jums YN :
*BWOUIDIBD [[30 [BUOHISURI) JAISEAUL JO §,69 PUE JAISEAUL-UOU Y}
601 Jo %01 w wasaid 1ng ‘wnjaynda 1appeiq [ewiou us Juasqe st uadiue-) dLid-uou . ‘9861 ‘Ijuwy pus sswn

‘Jown e Aseuun 13ddn wy
% swuaned jJo (ealaIns pue rowny jo afeis ‘apesd yum 1e[a110d tou Pip smvis ualnue. | - ‘6861 ‘10 12 smuley

$23U213J9y SUONBAIANGO sapmig




59

not observed in the norma! bladder epithelium, but is observed in a small number of
non-invasive and a large proportion of the invasive transitional cell carcinomas??’. The
staining is observed in the cytoplasm, cell surface and in mucin'®’.

The expression of the free T-antigen may reflect the neoplastic transformation in
the bladder epithelium. Some researchers have suggested that the T-antigenic status may
be used as an indictor of prognosis in small cell transitional carcinoma®**. However, other
researchers found that ABH blood group antigens correlate with tumor grade, stage and

survival and may be a better prognostic indicator than the T-antigen’ "1,

2.4.7.4 Binding to Other Neoplasias

The binding of PNA has been studied with a number of different tumor types. In
adenocarcinoma of the prostate, the histochemical binding of PNA to benign hyperplasic
and the malignant lesions has been reported:*. In benign lesions, most of the studies did
not reveal any free T-antigenic binding sites in the grandular epithelia but the presence of
cryptic T-antigen was demonstrated by the action of neuraminidase. In adenocarcinomas,
the tumors may be T-antigen positive, cryptic T-antigen positive or may not posses any
T-antigen binding at all. Using PNA as an in vitro histochemical probe, a correlation was
observed between the status of T-antigen expression and the tumor grade as well as
metastases in patients with prostate carcinoma?*'.

Surface antigens on embryonal carcinoma cell are observed to undergo significant
changes during in vitro differentiation?’’. PNA binding to murine embryonal carcinoma
cells detected the changes in localization and distribution of the PNA reactive antigens
during the developmental stages. PNA will bind to murine embryonal carcinoma cclls but
the binding is lost following in vitro differentiation?*?.

PNA did not bind to normal cervical squamous epithelium but strong focal
membranous and cytoplasmic staining were observed in atypical cells and carcinoma in
situ %, Invasive squamous cell carcinoma showed variable cytoplasmic and membranous

interaction with PNA. The atypical cells in adenocarcinoma of cervical squamous
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epithelium in situ were negative to PNA binding probably due to the lost or altered
secretory activity due to the malignant transformation?**,

Histocytosis X is characterized by a proliferation of Langerhans’ cells thought to
be due to a disorder in the immune system?**, The PNA binding pattern in Histocytosis-X
can be used as a marker to differcntiate it from malignant histocytosis and macrophage
histocytosis?**. PNA showed unique paranuclear and cell surface staining of
histocytosis-X cells while benign macrophage histocytosis cells showed a diffuse
cytoplasmic staining pattern. The malignant cells of malignant histocytosis were not
stained at all by PNA. Similiar findings were observed with eosinophilic granuloma of
bone?**. A unique membrane and cytoplasmic (Golgi) PNA staining pattern was shown
on cells of Langerhan's origin, and this pattern may be used as a simple and quick tool

for routine diagnostic evaluation of suspected eosinophilic granuloma?**.

2.4.8 In Vivo Biodistribution Studies with PNA

Zabel et al *** were the first to report the biodistribution of radioiodinated PNA in an
animal tumor model. CBA/CAJ mice bearing the T-antigenic expressing RI lymphoma were
used as the animal tumor model. Following intravenous injection of 1-125 labelled peanut
lectin, a significant uptake of the radiolabelled lectin was seen in the kidney and tumor
(tumor to blood ratio 7.5 : 1 at 72 hours post injection). This was in agreement with the in
vitro binding studies which showed a specific binding of PNA to this cell line. However, there
was also rapid in vivo deiodination resulting in the uptake of free radioiodide in thyroid,
salivary glands and stomach'®*.

Further biodistribution studies in other murine tumor models were carried out by
Shysh and Eu et a/ *¢ '**". They observed a even more pronounced uptake of radioiodinated
PNA in strain AJ mice bearing the subcutaneously implanted TA,/Ha tumor. Tumor to blood
ratios of 70-85 : 1 at 72 hours post injection were observed. The high tumor to blood ratio

was explained by the rapid blood clearance and renal excretion of the lectin. Clear gamma
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camera scintigraphic delineation of the tumor site was obtained without any background
subtraction technique. The lung and liver metastasic variant of the TA,/Ha cell were selected
and implanted into strain AJ mice resulting in definite lung or liver metastases. Clear
delination of the specific metastases were also obtained by gamma-ray scintigraphy. Rapid in
vivo deiodination are also observed with uptake noted in the thyroid and stomach.

Acute toxicity studies in mice with 1.V. injections between 50 to 3600 wg of PNA did
not reveal any abnormalities using weight gain as a control. Histochemical examination at the
light microscopal level of mouse organs after the injection also confirmed the f indings'®*.

The in vivo uptake of radioiodinated PNA in other tumor model were studied by
Yokoyama et al ***. Superior delineation of Lewis lung carcinoma and Ehrlich ascities tumor
w:re obtained by PNA compared to Ga-67 citrate, and similiar uptake was observed in
Yoshida sarcoma and in B-16 melanolic melanoma. They attributed the superior performance
of PNA over Ga-67 citrate due to the lack of PNA accumulation in abscesses.

Holt et al *** studied the biodistribution of 1.V. administered radioiodinated PNA in
cancer patients. Eight patients with metastatic cancer of the colon, lung or breast were
injected with 37-93 MBq (17-88 ug) of 1-131 PNA. Rapid clearance of the
radiopharmaceutical was observed with 82.515.3% of the activity excreted in the urine within
the first 24 hours post injection. The renally excreted 1-131 PNA appeared 1o be intact and
immunoreactive as determined by binding to asialo GM, synsorb and gel column
chromatography. Gamma scintigraphic studies revealed known metastatic sites in only two
patients, and in a further 2 patients, an adjacent malignant pleural effusion was visualized. In
other cases, the known metastatic sites did not show up in the scans. Although the results in
tumor scintigraphy were quite disappointing, the researchers suggested that PNA may have a
role in the assessment of renal tubular function due to its unique renal excretion mechanism.

Further human studies were conducted by Abdi et a/ *** in 17 patients with proven
metastatic cancer (breast, colorectal, small cell lung carcinoma, renal cell carcinoma, or

adenocarcinoma of the lung). Renal accumulation of 1-131 PNA was apparent shortly after
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the I.V. injection with a mean percentage of the injected dose at peak of 20.51+0.7% in three
patients who exhibited normal renal uptake of I-131 PNA. Interestingly, only 1 patient
exhibited uptake of 1-131 PNA at the site of a known metastatsis and this patient had a
markedly reduced renal lectin uptake. The rest of the patients did not show sufficient uptake
of the radiotracer at the known metastatic sites to provide a useful scan, nor did this
procedure reveal other lesions not detected by other conventional diagnostic methods.

In all the patients studied, no significant immediate or short-term side effects
(hypersensitivity or anaphylactic reaction) due to the intravenously administered of

radioiodinated peanut lectin had been noted?*°.

2.5 Radiolabelling of Protein

2.5.1 Radioiodination

Radioiodination is one of the most widely used methods for radiolabelling of protein.
The techniques used to incorporate the iodine atom into proteins have been extensively
reviewed?*! "42_ The procedure usually involves the addition of iodine atoms mainly into
tyrosine and occasionally into histidine, tryptophan or sulphydryl groups of the protein.
Several isotopes of iodine are available thus offering a number of choices in terms of half -life
and radiation characteristics for imaging or therapeutic purposes. Some of the common
radioistopes of iodine and their characteristics are listed on tabie 13.

Radioiodine must be in its active or oxidized form for labelling. An oxidizing agent is
usually used to convert the radioiodide into radioiodine which in turn reacts with water to
form the the hydrated iodinated ion which is the reactive species’*! *?, Many methods have
been used for the oxidation of the radioiodide, each with its advantages and disadvantages.
Table 14 is a brief summary of the procedures used in radioiodination. In order to mininize
the damage to the protein being labelled, the oxidizing conditions must be mild. Recently,
1,3.4,6- Tetrachloro -3a,6a,diphenylglycouril or iodogene has gained wide acceptance as a mild



Table 13. Characteristics of Commonly Used Radioisotopes of lodine

Radioisotope Half -Life Decay Mode Major y-Ray
Energy in KeV (%)

1-123 13.2h EC.t 159 (82.8%)
Te x-rays :
27 (114%)
31 (26.0%)

1-125 60.1d EC.t 35 (6.7%)
Te x-rays :
27 (114%)
31 (26.0%)

1-131 8.0d B 80 (2.6%)
284 (6.1%)
364 (81.2%)
637 (7.3%)

t E.C. - electron capture.



Table 14. Techniques Commonly Used for Radioiodination of Proteins™! ¢!
1, DIRECT LABELLING METHODS.
A. lodine Monochloride

ICl is mired with radioiodide and reacted with the protein for about onc minute.
the reaction is terminated by the addition of excess sodium metabisulfite.

lower specific activity is obtained since stable iodide is also incorporated into the
protein.

protein is being exposed to potentially harmful radioiodide and reducing agents.

B, Chloramire-T

widely used for radioidination of a variety of proteins.
the reaction is terminated by the addition of sodium metabisulfite.
optimal reaction is obtained at pH 7.
. high degree of iodine incorporation and high specific activities can be achicved.
but protein damage and aggregation may also occur.

C. Chlorine Oxidation.

chlorine gas (produced by chloramine-T and NaQl) is diffused into the reaction
chamber containing the protein and radioidide.

the reaction is terminated by the addition of sodium metabisulfite.

the exposure of protein to harmful reagents is reduced.

D, Electrolytic  iination.

an electrolytic cell with a platinum crucible as the anode and a platimum cathode
is used to generate the radioiodine.
the procedure is mild and gentle to the protein.
but the reaction is complex and specialized equipment is required.

. prolonged exposure to radioiodide and the temperature of electrolysis may
damage the protein.

E, Enzymatic Iodination.

lactoperoxidase is used to oxidize radioiodide in the presence of small amounts of
hycrogen peroxide.
reaction is quenched by cysteine or by dilution.
- pH of S to 6 is optimal for the reaction.
denaturation of the protein is found to be minimal.

F, lodogene

iodogen is coated onto the reaction vessel and the protein and radioiodide are
added to the vessel.

reaction is lerminated by removal of the contents and no reduction step is
required.

the reaction is gentle and easy to perform.



2, CONJUGATION LABELLING METHOD

- 2 step method.
. labelling yield is usually lower than direct labelling methods.

- can target the labelling to specific amino groups.
- decrease the protein exposure to harmful reagents.

A. N-Succimidy! Hydroxypheny! Propionate (N-SHPP)
N-SHPP is first radioidinated by the chloramine-T method.

- reacts with primary amino groups of protein.
- the technique is time consuming and labelling yield yield of 10 *2 30% h~- beca

reported.
B, Radioiodosulfanilic Acid Conjugation

reacts with various amino acid residues in whole protein molecule.
labelling vield of 80% has been reported.
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oxidizing agent for the radioiodination of a variety of proteins?*‘. The reaction is simple,
rapid and does not require a reduction step as the iodogen is coated onto the reaction vessel.
Denaturation of the protein by this labelling method has been found to be minimal.

Certain problems have been encountered with the use of radioiodinated protein. In
vivo deiodination is known to occur releasing free radioiodide from the protein. The free
radioiodide will then localize in the thyroid, stomach and intestine, salivary glands and choroid
plexus. This greatly limits the utility of the radiolabelled protein as the scintigraphic scan will
degrade with time following administration and background subtraction techniques may have
to be employed to visualize the region of interest. Another concern about the use of
radioiodide is the damage to the protein being labelled. The protein is subjected to oxidizing
and reducing conditions and may be in contact with the radioiodide for a considerable amount
of time in some cases. Sufficient or critical damage to the protein will result in the loss of
biological or immunological activities and the subsequent rapid clearance of the protein from
the circulation, usually by the liver, after intravenous administration’! **?, Thus it is
important to compromise between specific activity and the biological or immunological

activity of the protein to obtain a useful product.

2.5.2 Bifunctional Chelating Agents

The first report of attachment of metal binding groups to proteins is that of Gelewitz
et al **$ who coupled azo-phenanthroline and azo-oxine to albumin in 1953. Since then, 1nany
new bifunctional chelating agents have been synthesized, the major area of interest being on
the derivatives of diethylenetriaminepentaacetic acid (DTPA) and ethylenediaminetetraacetic
acid (EDTA), whose structures are shown in figure 3. With the recent advance in monoclonal
antibody technology, there has been a considerabie amount of interest in the attachment of
these bifunctional chelating agents to the antibody, thus providing a metal binding site which

can then be subsequently labelled with a variety of radiometallic ions. s



Figure 3. The Chemical Structure of Two Commonly Used Bifunctional Chelating Agents
(DTPA and EDTA)
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The radiometals most commonly used for the chelation reaction are the isotopes of
indium, gallium and technetium. In-111 has a 2.8 days half -life and major y emissions of 172
and 247 KeV which are suited for imaging with the gamma-camera. In-111 has been widely
used in labelling chelate coupled monoclonal antibodies. In-113m is a short-lived radioisotope
(1.7 hours) available from a generator source. Its short half-live is not very suitable for
labelling antibodies but it has been used as the EDTA and DTPA chelates for brain imaging
and renal function siudies **-. Gallium-67, with its 3.3 day half -life and suitable y emissions ,
has been used for labelling of monoclonal antibodies. Gallium-68 is a short-lived, generator
produced, positron emitting radioisotopes that has beew used in tomographic studies of liver

" “rain. Tc-99m is a generator produced radioisotope .. n a 6 hour half-life and excellent
radiation characteristics for scintigraphy. Its short half-life is not very suitable for imaging
with antibodies since the optima' imaging times ranges from 3 to S days post : .ection.
However, the short lived radionuclic.s may be useful for iabelling monoclonal antibody
fragments which are cleared more rapidly from the body thus allowing imaging at about 24
hours post injection ¢7 "**,

Other radioisotopes, such as Rc-186 or Y-90 can also be attached via the ligand
chelation procedure thus providing compounds for therapeutic applications.

In addition to allowing for a wider choice of radioisotopes, the bifunctional chelating
agents can also circumvent the problem of in vivo dehalogenation which severely limited the
utility of radioiodinated compounds. Also, a convenient kit preparation of the chelated
protein is possible, and the labelling can be performed in a single step by simply adding the

radioisotope of choice.

2.5.3 Development of the Bifunctional Chelating Agents
Pioneer studies by Goodwin et a/ **° and Sundberg et a/ **° "**' with azo-phenyl EDTA
showed that the coupled proteins were stable enough for in vivo use. Although other chelating

agents such as transferrin **?, D-penicillamine *** and deferoxamine *** have been successfully



69

coupled to proteins via glutaraldehyde or carbodiimide, the most commonly used bifunctional
chelating agents remain to be the derivatives of DTPA and EDTA.

Goodwin e a/ **° derivatized EDTA by the addition of a nitrophenyl group and
subsequent conversion into a diazonium salt. The diazo group reacts with terminal amino
groups on the protein forming a stable covalent bond. The In-111 labelled
diazo-phenyl-EDTA protein was stable in vitro, however, its use was limited by the

complicated synthetic scheme and these complexes showed a faster binlogi 2t clearance than

equivalent radioiodinated proteins ***. Other modifications of ".. 4 ruphen” g:oup such as
acylation and alkylation aave been studied and protein coupled sy che o ckvlating group
exnibited plast. clearanc: rates idept’~»' 1r tnose seen with . .valent radioiodinated

proteins?*¢ "7,

In 1979. Yeh et al *** devisc . - ..al method for converting a-amino acids to
bifunctional chelating agents. This met*.cc - rovides a much simpler route for the production
of ni_ro-pheny! and nitro-benzyl EDTA and permits the synthesis of a wide range of reactive
functional group from these two parent structurcs. Meares ef a/ *** "**° and Goodwin et al **
utilized the p-bromoacetamide and the isothiocyanate '-ivaties of EDTA for coupling of
mouse monoclonal antibodies. Both in vitre and in vivo studies with the In-111 labelled
antibody showed that the protcin retained its immunoreactivity as well as a minima.ly
radioiodinated an:ibody. The isothiocyanate derivative is specific for amino groups while the
haloacetamide derivative reacts readily with sulfhydryl groups on proteins, but will also react
with an amino group which is thought to be the dominant site of reaction *¢°.

Recent research with EDTA derivatives invelved the synthesis of chelates that have a
strong enough stability constant to prevent transchelation in the serum which is a major
source of instability for the chelated proteins *¢?. The derivatized EDTA can be attached to
the protein by reactic . with carbodiimide. These newly synthesized EDTA chelates included
propionic acid substitued ethylenediamine N.N'-di-[(o-hydroxyphenyl)acetic acid] and

N.N'-dipyridoxylethylenediamine N,N'-diacetic acid (PLED) ***. Another approach by Haner
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et al ** took advantage of the presence of a dangling carboxylate arm in the [Co(EDTA))*
complex anion and conjugated it to p-aminobenzamide via carbodiimide. The cobalt ion can
then be removed by reduction with Fe*" and ascorbate and alternative metal ions inserted in
its place ¢,

Derivatives of DTPA have been used routinely for labelling monoclonal antibodies
with In-111. The mixed carboxycarbonic anhydride of DTPA was first introduced by
krejcarek and Tucker **¢ and adapted by -rvera! other researchers for labelling monoclonal
antibodiecs. The mixed carboxycarbonic anhydride of DTPA is quite unstable and must be
prepared fre<ily very time before conjugation to the protein **"'?**. The most popular
bifunctional -helating agent used for coupling protein sc far has been the bicyclic anhydride
¢* DTPA. The major advantage for the bicyclic anhydria: over the mixed anhydride of DTPA
is that it is quite stable when stored desicated ***°**¢. The bicyclic anhydride of DTPA was
first described by Eckelman er a/ ***, but was modified and studied extensivelv by Hnatowich
et al -’ 1o label 2 number of monoclonal antibodies. The conjugation to the protein is
through available free amino groups. The amino group of lysine is usually ¢ most readily
available and forms a stable amide bond. The labelling vield, immunoreacti*~ and in vivo
biodistribution of an anti-melanoma monoclonal antibody using the two derivau.., of DTPA
were similar **°. The cyclic anhydride of DTPA possess two protein reactive groups, and
problems arising from the cross-linking of protein molecules may occur. On the other hand,
the DTPA mixed anhydride, under strictly controlled conditions, can be synthesized with only
one protein reactive group, thus minimizing the problem of formation of high molecular
weight forms of the protein 27°.

The optimal reaction conditions for the conjugation of DTPA bicyclic anhydride to
antibodies was studied extensively by Hnatowich er a/ **¢-***, Certain parameters, including the
pH of the buffer used, the starting antibody concentration and the DTPA to antibody ratio
weie all shown to determine the number of cheiates that can be attached to the antibody

molecule. Hnatowich ef a/ concluded that a high antibody concentration (>20 mg/ml) and a
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pH of approximately 8.5 is required for high coupling yield.

Other methods for incorporation of DTPA into the protein molecule included directly
linking DTPA to the protein with carbodiimide and the use oi the N -hvdroxysuccinimide ester
of DTPA *". Najafi and Hutchison *’* studied the use of the DTPA N-hydroxysuccinimide
pentaester as an alternative for the bicyclic anhydride for coupling protein with DTPA. In
vitro studies showed more high molecu. 't weight forms produced and decreased serum stability
compared to the bicyclic anhydride labelled protein This is expected due to the number of
reactive croups available for cross-linking of the protein. This problem is mininized by using
diactivated ester which gives better in vitro protein coupling and better n vivo stability ™.

Manv other new chelating agents are being investigated at the present time, Buckley et
al " used the chelating agent triethylenetetraniinehexaacctic acid and coupled it 10 a
anti-HCG monoclonal antibody by dicyclc .cxylcarbodiimide. Several new multidentatc ligands
designed for chelation with indium and gallium were prepared by Mattias er al *’*. These
structures of the. ‘helates are shown in figure 4. The chelates are lipophilic in nature and
imaging and biouistribution studies in animals showed that they are cleared rapidly from the
circulation and through the hepatobiliary system.

In addition to the development of nc - chelating agents for indium or gallium, there
is also some interest in the labelling of monocional antibodies with Tc-99m through metal
chelation. Tc-99m has excellent emission characteristics for use in imaging studies. Its 6 hour
half life is not very suited to tumor imaging with intact monoclonal antibodies since the
optimal imaging time is usually 2 to 3 days post injection. The fragments of monoclonal
antivodies are cleared more rapidly from the circulation and may be good candidates for
labelling with Tc-99m *'*. Labelling of monoclonai antibodies with Tc-99m by stanncus
chloride reduction does not produce a very stable complex *'*. Chelation of Tc-99m to
DTPA -conjugated protein has been investigated 2” ****, howcver, non-specific labeiling of the
protein by Tc-99m remains 1o be a problem. Paik et a/ *’* demonstrated that DTPA labelled

monoclonal antibodies coupled with Tc-99m in the absence of free DTPA contains both
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Figure 4. The Chemical Structures of New Lipophilic Chelates’™
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direct-labelled and chelated radioisotopes. Active research is now being conducted to find a

chelate that will provide a stable Tc-99m labelled compound for in vivo use.



3. MATERIALS AND METHODS

3.1 Preparation of PNA Solutions

AfTinity purified peanut agglutinin (PNA) was obtained in a lyophilized form from
Sigma Chemicals (St Louis, Mo.). The PNA was reconstituted with 0.01M phosphate buffered
saline (PBS) pH 7.1 to a concentration of 1 mg/ml for radioiodination studies. For labelling
with Indium-111, the PNA was reconstituted with 0.2M phosphate buffer, pH 8.5 to give a
concentration of 20 mg/ml. The reconstituted protein solution was passed through a 0.22,
Milliporee filter into a sterile Falcons tube. The PNA solution was always freshly prepared

for each use.

3.2 Quantitative Protein Analysis

The Bio-Rade protein assay kit (Bio-Rad Lab, Miss., « used for protein
concentration determinations. The assay utilizes the quantitative differential colour change of
a dye, Coomassie Blue G-250 in response to different protein concentration. The absorbance
maximum for an acidic solution of Coomassie Brilliant Blue G-250 shifts from 465 nm to 595
nm when binding to protein occurs. The absorbance of the solutions were read at 595 nm
using a Unicam Sp 1800 UV Spectrophotometer with a blank reference of the appropriate
buffer used with the protein samples.

A standard curve of 10 to 1000 ug/ml protein concentration was generated using the
supplied bovine gamms globulins as the protein standard. A similiar curve was also obtained
by using PNA as the standard (see appendix 1). Hence, all further protein concentraticn
determinations were performed using the supplied bovine gamma globulin as the standard. A

new standard curve was generated cverytime a protein concentration determination was made.

14



75

3.3 Radioiodiration of PNA

3.3.1 Quality Control of Radiolodine Solution

Jodination grade 1-125 and 1-131 were obtained from the Edmonton
Radiopharmaceutical Manufacturing Centre, Edmonton, Alberta. The radionuclidic purity of
the radioiodine was determined by the gamma ray spectrum of each solution in a calibrated
multichannel analyzer (Canberra Series 40 MCA) and compared to the published spectra.

Radiochemical purity was determined by ITLC with 85% methanol in water as the
solvent system. About 20 KBq of each isotope solution were spotted on Gelman Silica Gel
ITLC strips (20 cm in length) and allowed to air dry. The strips were then developed for
about 15 cm in the solvent. The solvent front was marked and the strip was cut into lem
segments and counted in a well type gamma Jetector (Beckman 8000 counter) to obtain a

distribution of the radioactivity at the origin and at the solvent front.

3.3.2 Radi iodination Procedure

Radioiodination was carried out using the mild oxidizing agent lodogene (1,3.4,6-
Tetrachloro-3a-6a diphenyiglycouril, Pierce Chemicals, Rockford, IL.). Using a stock
solution of 1 mg in 5 ml chloroform, 2 ug of ivdogen were coated cato the bottom of a
12x75mm culture tube for each 50 ug of PNA. The chloroform was evaporated under a gentle
stream of nitrogen. The PNA solution (1 mg/ml in PBS) was added to the required amount
of iodination grade Nal-125 (4000 MBq/ml in 0.IN NaOH) or Nal-131, which had been
neutralized with 50 4l of 0.5M phosphate buffer. The mixture was transferred to the iodogen
coated culture tube and was allowed to incubate for 45 minutes with occasional gentle
agitation. At the end of the incubation period, the reaction mixture was transferred 1o another
culture tube containing 20 ul of 1M Nal. The reaction mixture was allowed tu sit for another
20 minutes and the free unreacted radioiodide was then separated from the radiolabelld

protein by means of gel exclusion chromatography using a Bio-Gele P6DG column (Bio-Rad
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Lab., Miss., Ont.).

3.3.3 Separation of Unreacted Radioiodide

Bio Gele P6DG (Bio-Rad Lab, Miss., Ont.) is a spherical desalting polyacrylamide
gel with an exclusion limit of about 6000 daltons and a hydrated particle size range of 90-18.
um. The gel was first allowed to hydrate overnight in PBS. Twice as much PBS was usec as
the expected packed volume (1 gram of dry gel will swell to about 8 ml of packed volume: .
1.0x3C cm Econo Column (Bio-Rad Lab, Miss., Ont.) with about 15 cm of packed gel bed
volume was used and this provided good separation of free radioiodide from the labelied
protein when eluted with PBS.

The non-specific protein binding sites on the gel column were saturated by passing 0.5
ml of 1% BSA in PBS through the column before the application of the radiolabelled protein
mixture. The reaction mixture was applied onto the column bed and aliowed to drain in. A
small volume of PBS was used to wash the mixture into the gel bed. The eluate was monitored
fo. both UV absorbaice by the protein and for radioactivity. A UV monitor (LKB 2238
UCICORD Sil) was set at 280 nm wavelength and the baseline adjusted to zero by eluting
with PBS. The eluate was also passed across the face of a shielded 3"x3" Nal(T1) crystal
detector coupled to a single channel analyzer. The elution profile displaying the absorbance at
280 nm and the radioactivity was recorded on an LKB 2210 dual pen recorder.

Aliquots of about 1 ml were collected as soon as the protein absorbance was detected
by the recorder and the collection continued until the absorbance returned to baseline. The
free radioiodine was collected as a single batch. All the fractions collected were measured for
radioactivity in a Picker Isotope Dose Calibrator and the protein fractions with the bulk of the

ra Jioaciivity were pooled, mixed well and us2a.



3.3.4 Quality Control Of Radioiodinated PNA

3.3.4.1 Trichloroacetic Acid (TCA) precipitation

Small aliquots of the purified labelled protein (about 2 to 5 4l) were diluted to
0.5 ml with 1% BSA in PBS in an Eppendorfe microcentrifuge tube and counted for
radioactivity. Then, 0.5 ml of 25% TCA was added and the mixture was mixed well on a
vortex mixer. After standi.g for 10 minutes, the mixture was centrifuged in an
Eppendorfe contrifuge for 10 minutes. The precipitate was washed twice with 1 ml PBS
with centrifugation. The washed pellet, as well as the combined washings were recounted
for radioactivity and the percentage of added radioactivity which appeared in the pellet

was calculated.

3.3.4.2 Instant Thin Layer Chromatography

A small spot of the purified radiolabelled protein was applied 10 a 20 cm Gelman
Silica Gel ITLC strip and allowed to air dry. Each strip was then developed in 85%
methanol in water system to about 15 cm in length. The strips were then cut into 1 cm

segments and counted for radioactivity in a Beckman 8000 gamma counter.

3.4 Radiochelation with Indium-111

3.4.1 Preparation of In-111 Citrate Solution

Chelation grade In-111 chloride was obtained from Atomic Energy of Canada Ltd,
Vancouver, B.C., Canada. The In-111 chloride was diluted with an equal volume of 0.IM
citrate buffer pH 6.0 to produce the In-111 citrate. The In-111 citrate solution was f urther

diluted with 0.1M citrate buffer pH 6.0 to obtain the specific activities desired.



3.4.2 Preparation of In-111 DTPA Solution

A 0.01M solution of DTPA (Aldrich Chem.) was made with 0.1N hydrochioric acid.
Aliquots of the DTPA solution containing the required amount DTPA were pipetted into
microcentrifuge tubes and In-111 chloride was then added to the DTPA solution and mixed
well with a vortex mixer.

After 15 minutes, a small spot of the mixture was applied onto a silica gel plate and
developed in 10% ammonium acetate/MeOH to assay ior the completness of the chelation

reaction.

3.4.3 Preparation of DTPA Anhydride Coated Vials

To each clean, dried, acid washed reactivial (Pierce, Rockford, Illinois) , an aliquot of
a suspension of DTPA dianhydride (CalBioChem, La Jolla, CA.) in freshly distilled
methylene chloride was added. The volume of the suspension in each vial was made up to 100
ul by adding freshly distilled methylene chlc.ide. The methylene chloride was evaporated
under a gentle stream of nitrogen gas in a fumehood leaving a thin coating of DTPA
dianhydride on the wall of the reactivial. The DTPA coated vials were then capped and used

immediately or stored at -80°C.

3.4.4 Reaction of PNA with DTPA Dianhydride

To the DTPA dianhydride coated reactivial, 100 ul of PNA solution (2 mg/100 ul in
0.2M phosphate buffer pH 8.5) was added. The reactivial was then capped and mixed on the
vortex-mixer for 5 minutes.

The free hydrolyzed DTPA was removed from the reaction mixture by gel exclusion
chromatography. Bio-Gele P-200 was allowed to swell overnight in 0.01M citrate buffer pH
6.0. The gel slurry was poured into a 30 cm Bio-Rade Econo-column (internal diameter 1.0
cm) to give a packed gel volume of about 16 to 17 cm. The reaction mixture was applied onto

the column and eluted with 0.01M citrate buffer pH 6.0. The eluate was monitiored by a UV
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spectrophotometer (LKB 2238 UVICORD SIH) set at 280 nm wavelength. Under these
conditions, with a flow rate of about 5 ml/hour, the DTPA labelled protein usually eluted
within 45-60 minutes while the free hydrolyzed DTPA appeared at 2 to 3 hours. The prot..u
fraction corresponding to monomeric PNA was collected. h

After determination of protein concentration using the Bio-Rad protein assay kit,
aliquots containing 100 ug or 20 ug of PNA were pipetted into clean, acid-washed Eppendorfe

micro-centrifuge tubes. The aliquots were then freeze dried overnight resulting in a kit-form

preparation containing purified DTPA-PNA.

3.4.5 Chelation of DTPA-PNA with In-111 Citrate

Chelation grade In-111 chloride as obtained from Atomic Energy of Canada,
Vancouver, was diluted with a equal volume of 0.IM citrate buffer pH 6.0 before use.
Routinely, 25-100 ul of the diluted In-111 citrate were added directly to the freeze-dried
DTPA-PNA. The reaction was allowed to proceed for 15 minutes with occasional mixing

using the vortex-mixer.

3.4.6 Purification Using Minicolumn Centrifugation

Bio-Gele P-100 was allowed to hydrate overnight in 0.1 M citrate buffer pH 6.0. A
2.5 ml aliquot of the gel slurry was poured into a polystyrene minicolumn (Serva, New
York). The minicolumn was centrifuged for 15 minutes at 2500 rpm to remove the excess
buffer in the gel.

The chelation reaction mixture was added to the exposed gel surface of the
minicolumn. The minicolumn was then centrifuged for 15 minutes at 2500 rpm; 100 ul of
0.1M citrate buffer added to the gel surface and the minicolumn recentrifuged for another 15
minutes. The eluate was collected in a Eppendorfe microcentrifuge tube and was assayed for

total radioactivity in an isotope dose calibrator.



3.4.7 Quality Control of In-111 Radiochelated PNA

The radiochemical purity of the In-111 radiochelated PNA was determinated by thin
layer chromatography. A small spot of the purified proteia solution was applied onto a
1.5x8.0 cm cellulose TLC plate (Eastman Chromagram Sheet, Rochester, N.Y.) . The plate
was developed in 0.1N HCI and methano! (30/70). After development, the plate was allowed
to air dry and the distribution of the radioactivity on the plate was determination by a
Berthold linear TLC scanner (Berthold Lab., Germany) coupled to a Canberra Series 40

multichannel analyzer (MCA).
3.5 Study on the Radiochelation Procedure

3.5.1 The Effect of pH on Conjugation Efficiency

PNA solutions were prepared in 0.2M phosphate buffer at various pH, ranging from
5.4 10 9.8. To a DTPA dianhvdride coated reactivial, 100 41(2 mg) of the PNA solution was
added and mixed for 5 minutes using the vortex-mixer. A small aliquot of the reaction
mixture was mixed with a tracer amount of In-111 citrate for 15 minutes with occasional
mixing. A small spot was then applied on a ceilulose TLC plate and developed in 0.IN HCl
and methanol (307%:i. The percent conjugation efficiency obtained at each pH value was

calculated from the distribution of the radioactivity on the TLC plate.

3.5 2 Effect of PNA Concentration on Conjugation Efficiency

PNA was dissolved in 0.2M phosphate buffer pH 8.5 to give various PNA
concentrations ranging from 1 to 20 mg/ml. The required amount of DTPA dianhydride to
achieve a 10:1 DTPA:PNA ratio at each concentration of PNA was coated onto different
reactivials for the chelatiun reaction. To the DTPA dianhydride coated reactivial, 100 x4l of the
PNA solution was added and mixed for 5 minutes using the vortex-mixer. A small aliquot of

the reaction mixture was then mixed with a tracer amount of In-111 citrate, and the efficiency



81

of the conjugation reaction was measured by TLC.

3.5.3 Effect of the Starting Ratio of PNA to DTPA Dianhydride on Conjugation Efficiency

A fixed amount of PNA solution (2 mg in 100 u!} in 0.2M phosphate buffer pH 8.5
was added to reactivials containing various amount of DTPA dianh;'dride, resulting in DTPA
to PNA ratios ranging from 1:1 to 50:1. The mixture was agitated on a vortex-mixer for 5
minutes. A tracer amount of In-111 was added to an aliquot of the PNA-DTPA sample and

TLC was performed to measure the extent of radiolabelling.

3.6 Characterization of Radiolabelled PNA

3.6.1 In Vitro Studies

3.6.1.1 Radiochemical Stability of In-111 DTPA-PNA

The radiochemical stability of In-111 labelled PNA was checked by means of
TLC. The purified radiolabelled protein solution was stored at 4'C and a small aliquot of
radiolabelled protein soiution was taken from the stock solution at various time intervals
from 1 to 72 hours and applied onto a cellulose TLC plate. After developing the plate in
0.IN HCI/MeOH (30/70), the distribution of the radioactivity on the TLC plate was
measured by scanning on the Berthold linear TLC scanner coupled to a multichannel

analyzer.

3.6.1.2 Challenging with Chelating Agents

The stability of In-111 DTPA-PNA against transchelation to free chelating agents
in solution was assessed by means of TLC. An aliquot of the radiochelated PNA (20 ,g,
4 MBq) was incubated with either a 1:1 or 10:1 molar ratio of DTPA or EDTA at 37C
in an Eppendorfe tube. A! various time intervals, a small aliquot of the mixture was

spotted onto a cellulose TLC plate and developed in 0.IN HCI/MeOH (30/70). The
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amount of radioactivity at the origin and at the solvent front was assessed by scanning

the TLC strip on the linear TLC radioactivity scanner.

3.6.1.3 Challenging with Serum

To determine whether transchelation of the In-111 from PNA to serum may
occur readily, a small aliquot of the radiochelated PNA was incubated with 1 ml of fresh
rabbit serum at 37C in an Eppendorfe tube . At various time intervals, 50 ul of the
solution were removed from the Eppendorfe tube and incubated with 10 mg of T-Synsorb
(ChemBioMed, Edmonton, Alberta) which was previously washed with 1% BSA to
saturate any non-specific protein binding sites. After 8 hours of incubation, the
T-Synsorb was centrifuged for S minutes in an Eppendorfe centiifuge, washed twice with
1 m! PBS and recentrifuged. The T-Synsorb and the combined washings were then

counted for radioactivity in the Beckman 8000 Gamma Counter.

3.6.1.4 Studies with Neuraminidase-Treated Human Red Blood Celis

"O" group blood, freshly collected from normal heathy donors, was kindly
donated by the Canadian Red Cross Society Blood Transfusion Service. The T-antigen
sites on the surface of the normal red blood cells were exposed by treating with
neuraminidase. One ml of whole blood was washed 3 times with 10 ml of PBS. Packed
RBC (100 ul) were removed from the test tube and incubated with 1 ml (1 unit/ml) of
Clostridium perfringens neuraminidase (Sigma Chemicals, St. Louis, Mo.) and 2 ml of
PBS for 45 minutes at 37°C. Control RBC were treated with PBS alone. The RBC were
then washed 4 times with 10 ml of 5% Fetal Calf Serum (FCS) in PBS. Fifty microlitre
of packed RBC from each treatmen: were diluted in 16.67 ml of PBS to give a final
concentration of 0.3% (v/v).

The binding of 1-125 PNA, In-111 DTPA-PNA, In-111 citrate and In-111 DTPA
to neuraminidase treated red blood cells (N'RBC) was studied by mixing aliquots of the

tracers with S00 ul of the N'RBC. The tracer solutions and the N'RBC were mixed in
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BSA -precoated Eppendorf tubes with 500 ul of PBS or 0.05M D-galactose in PBS (for
galactose inhibition study). The mixture was allowed to incubate for 45 minutes on ice
with occasional gentle agitation. The mixture was then centrifuged for 10 minutes at
16000G in an Eppendorfe centrifuge. The RBC were washed 3 times with 1 ml PBS with
centrifugation. The cell pellet as well as the combined washings were counted for

radioactivity.

3.6.1.5 Binding to T-Synsorb

T-Synsorb (ChemBioMed, Edmonton, Alberta) is a synthetic immunoadsorbent
containing the immunodominant structure J-D-galactosyl (1+3) a-N-acetyl
D-galactosamine. Ten mg aliquots of T-Synsorb were incubated with 1 ml of 1% BSA for
6 hours at room temperature to saturate the non-specific binding sites. The BSA was
removed and the synsorb washed twice with 1 m! PBS. A small aliquot of the diluted
lectin (I-125 and In-111 labelled) was added to the synsorb with 500 ul of PBS or 0.05SM
D-galactose in PBS (for inhibition study). The mixture was allowed to incubate for 8
hours with gentle mixing by inversion on a Lab-Quake rotomixer (Labindustries,
Berkeley, Calif.). The mixture was counted for total radioactivity and then centrifuged
for S minutes in an eppendorfe centrifuge, washed 3 times with 1 ml PBS and the pellet

recounted for radioactivity.

3.6.1.6 Binding to Tumor Cells

Various tumor cell lines were incubated with radiolabelled PNA to determine the
binding specificity of this protein. T-antigen expressing TA,/Ha adenocarcinoma tumor
cells, TA,/St and RI lymphoma cell line, as well as the non-T expressing EL, tumor cell
line were used. The various cells used were maintained in culture in RPMI 1640 medium
(Gibco) supplemented with heat denaturated 10% fetal calf serum and 2 mM
L-glutamine. The cells were taken from the log phase of growth and greater than 95%
excluded trypan blue. Aliquots of 10’ cells from each of the cell lines were incubated with
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the various trace: including 1-125 PNA, In-111 DTPA-PNA , In-111 citrate and In-111
DTPA. The amount of lectin used for incubation was 20 ng. After incubation for 45
minutes on ice, the cells were centrifuged for S minutes in the Eppendorfe centrifuge and
washed twice with 1 ml PBS. The cell pellets and the combined washings were counted for
radioactivity. D-galactose at a concentration of 0.05M was added to the mixture to

demonstrate the specificity of the binding.

3.6.2 In Vivo Studies

3.6.2.1 Animal Tumor Model

Male CAF,/J mice weighting approximately 20 g were used for biodistribution and
whole body imaging studies. TA;/Ha cells in tissue culture (about 10* cells) were injected
intraperitoneally into CAF,/J mice. After 10 days, the ascites fluid was collected,
concentrated by centrifugation and the cells counted on a microscope hemocytometer grid.
The T-antigen secreting TA,/Ha mammary adenocarcinoma model was produced by
subcutaneous (s.c.) innoculation with the TA,/Ha tumor cells. Aliquots of 10¢ viable
TA,/Ha tumor cells from ascites were injected s.c. in the right flank and allowed to grow
in the mice for 10-14 days. This resulted in well vascularized, solid tumors of
approximately 150 to 200 mg size.

All the mice used in the various studies were maintained on standard laboratory
food and free access to tap water. No pretreatment with 0.01% KI had been performed in
order to show the distribution of free radioiodide after deiodination of the radiolabelled

PNA had occurred.

3.6.2.2 Biodistribution Studies
The biodistribution of 1-125 PNA, In-111 DTPA-PNA, 1-125 DTPA-PNA and

In-111 citrate in male CAF,/J mice was studied.
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Aliquots of 0.1 ml of the labelled protein (1 ug PNA) or tracer solution
containing about 80 KBq were injected via the tail vein. Monojecte syringes were used to
minimize the residual volume in the syringe, The doses in the syringes were assayed for
radioactivity in a Nal(T1) detector coupled to a Canberra series 40 MCA both before 2nd
after the injection to standardize the actual amount of activity that has been injected. For
dual label study, the iodinated PNA and indium-chelated PNA were prepared separately
and mix>t just prior to the injection to give approximately 110 KBq radioactivity for
each labelled protein.

Three extra doses were drawn up in syringes, the co.: .mptied into Fish~-»
counting vials and diluted 1 to 100 . Aliquot samples of 100 ul, 200 ul and 300 ul were
taken from each dilution and counted as injection standards to correlate the injection
dose to the amount of radioactivity in the samples.

At various time intervals, the mice were sacrificed by cardiac puncture under CO,
anesthesia. The blood, tissues of interest and the remaining carcass were collected and
weighted in tared Fishero counting vials. The samples were then counted in a
programmable NaI(T1) gan,ma well (Beckman 8000 Gamma Counter) together with the
injection standards. The coincidence method of counting was used to determine the
absolute counts for I1-125. For dual label study with In-111 and I-125, the spillover
counts from In-111 into the I-125 channel were calculated and appropriate corrections

were made.

3.6.2.3 Urinary Excretion of PNA in the Rat

Because of the small volume of urine available from mice, the urinary excretion
of radiolabelled PNA was studied in the rat. Sprague-Dawley rats weighting
approximately 150 g were injected with about 17 MBq of In-111 DTPA-PNA (25 ug) via
the tail vein. The rats were maintained in a metabolic cage for urine collection. The first
batch of urine was collected 12 hours post injection, and the final batch collected at 30

hours post injection. The urine was subjected to gel filtration chromatography with
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Bio-Gele P-200 using a 1.0x50 cm Bio-Rade Econo-column and eluted with PBS. The
cluate was monitored for both UV absorbance at 280 nm and for In-111 radioactivity.
The protein peaks which were associated with radioactivity were collected separately and
an aliquot was used for incubation with 10 mg of T-Synsorb to determine the retention of

biological activity of the excreted PNA.

3.7 Dynamic Kidney Activity Time Curve

Normal male New Zealand White (NZW) rabbits were used to study the renal
dynamics of intravenously injected radiolabelied compounds. The rabbits were anesthetized
with an .M. injection of 50 mg/kg ketamine (Rogar/STB, Montreal, Quebec) and 10 mg/Kg
xylazine (Cutter Laboratory, Miss, Ont.) and placed supine on a Searle PHO Gamma 1V
Gamma Camera detector interfaced to the ADAC CAM II Aquisition Unit. The low energy
paralicl hole collimator was used for In-111 data collection (247 KeV), while the high energy
parallel hole collimator was used for 1-131 data collection.

Each of the injection syringes containing about 3 MBq of each of In-111
DTPA-PNA, In-111 citrate, In-111 DTPA or 1-131 PNA were imaged and the data stored on
the floppy disc for subsequent calculation of the count rate in the injection dose.

The compounds were injected via the lateral ear vein, and dynamic data were collected
and stored at an aquisition rate of 20 second frames for 10 minutes, followed by 1 minute
frames for 60 minutes (128x128 matrix). A static image of the syringe with residual
radioactivity was also taken after the dynamic study. At various time intervals post injection,
static images of the rabbit were also obtained to determine the elimination of the compound
from the organs of interest.

The uptake and elimination curves were reconstructed on the computer, and regions of
interest drawn around the two kidneys, the bladder, the liver and a background region distal
to the left kidney. The background corrected activity time curve for each organ of interest was

plotted from the data and corrected to the injection dose. The static images were used to
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*termine the percent activity remaining in each organ at various times post injection.

3.8 Whole Body Scintigraphic Study

3.8.1 Mice

Male CAF,/J] mice weighting approximately 20 g bearing a well defined solid TA,/Ha
tumor on the right flank were used for whole body scintigraphic studies. About 2 MBq (4 ug)
of 1-125 PNA or 3 MBq (2 ug) of In-111 DTPA-PNA were injected via the tail vein. The
mice were anesthetized with 1.3 mg ketamine and 0.13 mg xylazine intraperitoneally and were
held in a prone position on a positioning board by means of masking tape. Serial scintigraphic
images at 6 hr, 24 hr, 48 hr and 72 hr post injection were collected on a Searle PHO/ Gamma
IV camera (100,000 counts, pinhole collimator, Smm aperture) and stored on a ADAC CAM

Il clinical ~cquisition processing unit.

3.8.2 Rabbit

Normal healthy NWZ rabbit were anesthetized with an intramuscular injection of 50
mg of ketamine. About 7.5 MBq of In-111 DTPA-PNA (10 ug) were injected via the lateral
car vein and serial scintigraphic images were taken at various time interval post injection.
100,000 counts were collected for each image on the Searle Gamma Camera using a parallel

hole low energy collimator and stored on the ADAC CAM II Computer.



4. RESULTS AND DISCUSSION

4.1 Radiolodination of Peanut Lectin

The radionuclidic and radiochemical purity of the radioiocdination grade 1-125 and
I-131 sodium iodide solutions, obtained from Edmonton Radiopharmaceutical Centre, were
assessed prior to use in radioiodination procedures. The radionuclidic purity was determined
by obtaining the gamma ray spectra of a small aliquot of the radioiodide solution with a
multichannel analyzer coupled to a 3" x 3" sodium ijodide (Ti) well crystal. The spectra
obtained were found to correspond with those of published spectra for these radionuclides in
the literature’??. Radioch.ecmical purity of the radioiodide solutions was assessed by means of
ITLC. About 20 KBq of the radioiodide solution were applied onto a silica gel ITLC strip and
developed in an 85% aqueous methanol system. Under this solvent system, sodium iodide
migrated with the solvent front (Rf value 1.0) while other oxidized forms of iodine such as
sodium iodate remained at the origin. High radiochemical purity (>98%) was routinely
demonstrated on both the 1-125 and 1-131 radioiodide solutions obtained. On the basis of
these two tests, the radioiodide solutions obtained were deemed to be of high radionuclidic and
radiochemical purity and suitable for subseouent radioiodination procedures.

Lyophilized affinity-purified PNA was reconstituted with 0.01M PBS to give a final
concentration of 1 mg/ml. The PNA solution was mixed with the radioiodide solution
buffered with 50 ul of 0.5M phosphate buffer pH 7.2. The iodination reaction was initiated
by transferring the protein radioiodide mixture to an lodogene coated glass culture tube. For
every 50 ug of PNA to be ijodinated, 2 ug of lodogene were used. The amount of lodogene
used has been shown not to significantly affect the biological activity of a number of
proteins’*?. A particular advantage with the lodogene technique is that no final reduction step
is required as the reaction is terminated simply by removal of the contents from the lodogene

coated tube.



The PNA was radioiodinated to a specific activity of approximately 110 MBq/ug for
the biodistributior. studies in mice and to approximately 740 MBq/ug for radioimaging studies.
The specific activity of the PNA was regulated by the amount of radioiodide solution used.
With increasing amount of radiodide, the specific activity of the radioiodinated PNA increased
while the radiodination efficiency decreased. A radioiodination efficiency of about 40 to S0%
was usually obtained when the specific activity of the radioiodinated PNA was low, while
approximately 20% efficiency was obtained for high specific activity labelling.

The free radioiodide in the reaction mixture was scparated from the radioiodinated
PNA by gel exclusion chromatography. Bio-Gele P6DG, with a molecular weigh! exclusion
limit of approximately 6000 daltons, was used for the separation. With a gel bed height of
about 15cm, good separation was obtained by elution with PBS. Figure 5 illustrates a typical
plot of radioactivity and UV absorbance of the 1-125 PNA reaction mixture when it is passed
through a Bio-Gele P6DG column. The radioiodinated PNA appears at the void volume while
the free radioiodide elutes at about $ ml after the labelled protein. Quality control of the
radioiodinated PNA routinely indicated better than 98% radiochemical purity, using both ITLC

and TCA precipitation.

4.2 Radiochelation with In-111

One of the major concerns with a radiometal chelation reaction is the interference by
trace metals in the reaction vessels or the buffers used ***. To minimize this problem, all
glassware used in this project were soaked in mixed acid (HNO,/H,S0, : 50/50) for 1 hour
and rinsed thoroughly with double distilled deionized water. The buffers used were passed
through a Chelex-100e (Bio-Rad Lab., Miss., Ont.) column to remove the trace metal
contamination. Metal-free pipette tips (Bio-Rad Lab., Miss., Ont.) were also used to

minimize the introduction of any trace metals.
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4.2.1 Conjugation Reaction of PNA with DTPA Dianhydride

PNA at a concentration of 20 mg/ml was added to the DTPA dianhydride coated
reactivials. DTPA dianhydride reacts with free amino groups, mainly lysine residues, on the
PNA molecule. Any excess DTPA anhydride which did not react with PNA will be hydrolyzed
to free DTPA?*,

After the conjugation reaction, the free hydrolyzed DTPA was removed from the
DTPA-conjugated PNA by means of gel exclusion chromatography. Since there are two
protein reactive groups on each of the DTPA anhydride molecule, dimerization of PNA may
occur. Any high molecular weight aggregates of PNA will also be separated from the
monomeric PNA during the same step. Bio-Gel P-200 (exclusion limit 200,000 daltons) was
used for the separation and 0.CIM citrate buffer pH 6.0 was used as the eluant. Under the
conditions used, with a column dimension of 1 cm I.D. X 20 cm height, and at a flow rate of
5 ml/hour, the high molecular weight aggregates of DTPA-PNA eluted at the void volume,
followed by the monomeric PNA fraction at about 45-60 minutes. The free hydrolyzed DTPA
appeared at about 2 to 3 hours. The protein fraction corresponding to monomeric PNA was
collected (see figure 6). Less than 10% of high molecular weight form of PNA was usually
observed after the conjugation reaction.

The concentration of PNA in the eluate was determinated by Bio Rad Protein Assay
Kite. The standard curve was generated by using Bio-Rad Protein Standard 1 (Gamma Bovine
Albumin) and by using PNA itself. Both standard curves were very similiar thus the Bio Rad
Protein Standard I was used in subsequent studies. A new standard curve was generated
everytime a protein concentration determination was made. (Appendix 1 illustrates a PNA
concentration verus absorbance at 595 nm wavelength for each of the standards)

Aliquots corresponding to 100 ug o1 20 xg of DTPA-coupled PNA were pipetted into
clean acid-washed Eppendorfe microcentrifuge tubes and were freeze dried overnight in a
Labconcoe freeze dryer. The 100 ug preparation was intended for use in animal biodistribution

studies while the 20 ug preparation was used for radioscintigraphic studies. The freeze dricd
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DTPA-PNA served as a convenient kit preparation which could be used immediately or stored
at -4'C for use at a later time. The radiolabelling can be achieved by the simple addition of

the appropriate amount of radiometal solution to the DTPA-PNA kit.

4.2.2 Radiochelation of In-111 to DTPA Coupled PNA

In-111 chloride, was routinely obtained from Atomic Energy of Ca.ada as a
no-carrier-added solution of approximately 220 MBq/350 ul in 0.1N HCIi. The gamma ray
spectrum from a small aliquot of the sample was obtained using a Canberra series 40
multichannel analyzer coupled to a 3" x 3" Nal crystal. The spectra obtained yielded main
gamma peaks at 173 and 247 KeV corresponding to the published spectra of In-111 in the
literature thus confirming the radionuclidic purity of the In-111 received?®??,

The radiochelation reaction was usually performed within 1 to 2 days after the arrival
of the radioisotope to take advantage of the high specific activity available. As In-111
radiodecay proceeds, the proportion of In-111 ions to other trace metallic contaminants will
decrease and this wili adversely affect the efficiency of the chelation reaction. The In-111
chloride was first diluted with an equal amount of 0.1M citrate buffer pH 6.0 before use. At
a 10:1 starting DTPA anhydride to PNA molar ratio, the following radiolabelling efficiencies
were obtained (table 15).

Under optimal conditions, labelling efficiencies in excess of 90% were usually obtained
resulting in In-111 labelled PNA at a specific activity of approximately 150 to 18: Bq/ug.
Higher specific activities can be obtained by increasing the amount of In-111 citrate in the
reaction but will result in lower chelation efficiencies. Utilizing this radiochelation method,
specific activity as high as 1.2 MBq/ug are obtainable for radioscintigraphic studies.

The In-111 labelled PNA was purified by the minicolumn centrifugation method?**.
Figure 7 shows the various components of the minicolumn apparatus. The method is fast,
simple to perform, causes minimial dilution of the sample and has a high protein recovery.

The minicolumn was filled with about 2.5m! of Bio-Gel P-100 (preswollen overnight in 0.1M



Table 15. Radiochelation efficiencies for In-111 labelling of DTPA-PNA.

Amount of PNA Amount of In-111 % radiochelation specific activities
citrate added efficiency obtained
100.¢ 1.11 MBq (40ul) 92.50% 181 KBq/ug
100.g 1.70 MBq (40ul1) 93.45% 159 KBq/ug
100ug 2.09 MBq (45ul) 90.87% 189 KBq/ ug
100ug 2.22 MBq (5041) 91.72% 203.5 KBq/ug
100.g 1.58 MBq (30ul) 93.62% 147.6 KBq/ug
100ug 59.2 MBq (120,1) 63.50% 377.4 KBq/ug
20ug 68.86 MBq (140u1) 35.40% 1.22 MBq/ug

20ug 62.2 MBq (142.1) 30.60% 951 KBq/ ug
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Figure 7. Minicolumn Apparatus for Purification of In-111 DTPA-PNA

In-111 PNA Radiolabeling Mixture
( In-111 Citrate + In-111 DTPA-PNA )

Disposable Polystyrenc Column

e 15 ml Céntrifuge tube

P-100 Gel Filtration Media
( Retains In-111 (_Zi(ra(c and In-111 DTPA )

- 1.Sml Microcentrifuge Tube to collect eluate (In-111 PNA)
from sample spin.
~ Rccovery = 175 - 80%
K/ Radiochemical Purity > 95%
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citrate buffer pH 6.0) and spun for 15 minutes at 2500 rpm in a Dynace table top centrifuge
to remove the excess buffer. The PNA reaction mixture was applied to the column and spun
for 15 minutes at the same speed. A 100 xl wash of 0.1M citrate buffer was then applied to
the column to increase the protein recovery. The amount of protein recovered was calculated
from the amount of radioactivity collected in the eluate and the percentage of radioactivity
that was bound to the protein. The quality and recovery of the PNA is affected by the speed
of the centrifugation and th= period of time spend in spinning the column. Table 16
summarizes the conditions used in the centrifugation method and the quality of the
corresponding product. Usually about 80 to 85% of In-111 DTPA-PNA can be recovered from

the minicolumn unde+ the conditions routinely employed.

4.3 Radiochemical Purity of In-111 DTPA-PNA

The radiochemical purity of the In-111 labelled PNA was measured by thin layer
chromatography. A small spot of the labelled PNA was applied onto a 2.5 x 10 cm cellulose
TLC strip. The strip was then developed in 0.IN HCI/MeOH (30/70) to a height of 8 cm.
Under this solvent system, the In-111 DTPA-PNA has a Rf value of 0.0-0.1 while the free
In-111 citrate will travel to a Rf value of 0.7 - 0.8. The In-111 DTPA-PNA obtained after
minicolumn centrifugation routinely gave higher than 98% radiochemical purity when tested in

this TLC system.

4.4 Studies on the Radiochelation Reaction with In-111

Chelation of radiometalic ions via the use of bifunctional chelating agents is an
alternative to radioiodination for radiolzbelling of proteins. In-111 is a commonly used
isotope for radiochelation reactions due to its easy availability, suitable gamma energies for
radiosciLtigraphy and a convenient half-life. The DTPA-dianhydride technique has gained
widespread acceptance for use in the radiolabelling of a number of proteins, especially

antibodies for use in the radiocimmunodetection of tumors. The dianhydride of DTPA reacts
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Table 16. Amount of PNA Protein Recovery During Minicolumn Centrifugation Method.

Speed (RPM) Time (min.) % protein bound % protein recovery
radioactivity

(n=2) (n=2)

1000 5 90.5 - 91.2 18 - 20
10 93.4 - 94.6 2-25

15 94.7 - 95.8 26 - 29

20 96.5 - 96.7 29 - 31

30 96.5 - 97.8 33-35

2000 5 98.5 - 98.7 42 -4
10 98.6 - 98.7 56 - 60

15 98.8 - 98.8 60 - 62

20 98.7 - 98.8 65 - 69

30 9.4 - 97.2 85 - 88

2500 S 98.4 - 98.9 46 - 50
10 98.7 - 99.0 77 - 80

15 98.7 - 99.1 87 - 88

20 97.1 - 98.5 88 - 89

30 96.5 - 97.2 88 - 90

60 94.2 - 94.6 88 - 90
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with free amino groups on the protein molecule, especially with lysine residues to form a
stable amide linkage**-*’. Thus the efficiency of the coupling reaction between DTPA
anhydride and the protein will be affected by the availability and the number of lysine
residues in the protein molecule. The difference in amino acid compositions between PNA and
the antibodies may significantly alter the efficiency of the attachment of the chelate. PNA
contains only about 40 lysine residues per molecule, thus this will limit the eff: iciency of the
incorporation of the DTPA residue and the absolute amount of DTPA that can be attached to
the PNA molecule!**. It was therefore desirable to study the optimal conditions for the
radiochelation of PNA.

The coupling reaction between DTPA dianhydride and protein has been studied
extensively by Hnatowich et al *¢-*'. Several variables in the conjugation reaction had been
shown to significantly affect the efficiency of the reaction. These included the pH of the
buffer used, the protein concentration employed during the reaction and very importantly, the
molar ratio of DTPA dianhydride to the protein used®**-*¢*. All of these factors were studied

in this project with PNA.

4.4.1 The Effect of the pH of the Buffer

The pH of the buffer used had a significant effect on the efficiency of the coupling
reaction between the DTPA and PNA. There is usually an optimal pH range, above and below
which, the coupling efficiencies decreases rapidly?*. The effect of pH of 0.2M phosphate
buffer on the conjugation of DTPA to PNA is presented in table 17 and summarized
qraphically in figure 8.

The highest coupling efficiency was achieved at pH 8.5. This indicated the importance
of the neutral amino groups of lysine residues during the conjugation reaction’””. A rather
high capacity buffer is also required since the hydrolysis reaction of the anhydride will result
in the formation of acetic acid molecules, thus lowering the pH of the buffer?””. Based on the

results of this study, 0.2M phosphate buffer pH 8.5 was used during the subsequent coupling



Table 17. The Effect of pH on the PNA-DTPA Conjugation Reaction

pH of 0.2M PO, Buffer % Conjugation Efficiency + S.D.
(n=13).
5.5 3.50% t 0.56
5.8 6.30% * 1.4
7.0 12.50% t 3.58
7.5 16.80% * 2.69
8.0 19.47% t 3.13
8.5 25.30% + 3.58

9.8 12.90% £ 1.78
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Figure 8. The Effect of pH on the Conjugation Reaction Between PNA and DTPA
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reaction between DTPA dianhydride and PNA.

4.4.2 The Effect of the Concentration of PNA

The efficiency of the conjugation reaction between proteins and DTPA is readily
affected by the concentration of protein employed during the reaction’***¢’. Table 18 and
figure 9 present the effect the PNA concentration has on the conjugation reaction. The
conjugation efficiencies ranged from about 4% at 1 mg/ml PNA concentration to about 28%
at a 20 mg/ml PNA concentration. Higher PNA concentrations may further increase the
efficiency of the reaction but difficulty in solubilizing the lectin becomes a problem. Based on
these observations, a 20 mg/ml concentration of PNA was chosen for use in subsequent
studies.

The efficiency of the DTPA-dianhydride coupling reaction is determined by two
factors, the interaction of the dianhydride with the amino groups on the protein, thus forming
a stable protein conjugate, and the hydrolysis of the anhydride yielding free hydrolyzed
DTPA?®"". Also among the reactive groups on the protein, the acylated products of the
sulfhydry] moiety of cysteine and the imidazole group of histidine are very unstable, and the
O-acylated hydroxyl group of tyrosine also hydrolyses readily*’’. At a low PNA concentration,
the hydrolysis of the anhydride dominates and a low PNA coupling resulted. At a higher PNA
concentration, the chance of the anhydride reacting with a PNA molecule before hydrolysis
takes place increases, thus resulting in an overall increase in the coupling efficiency.

Similiar studies were performed by Hnatowich et a/ *¢¢-** on the optimal reaction
conditions for labelling proteins and antibodies. In all of the studies, a higher protein

concentration resulted in higher conjugation efficiencies.

4.4.3 The Effect of Conjugation Levels on the Radiochelation of In-111
Another variable that strongly affected the number of DTPA chelates that can be
attached to the PNA is the molar ratio of DTPA employed in the reaction. The number of
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Table 18. The Effect of PNA Concentration on the DTPA -PNA Conjugation Reaction

PNA Conce-:tration

% Conjugation Efficiency % S.D.

(0.2M PO, buffer, pH 8.5) (n=3)
1 mg/ml 3.72% + 0.86
2.5 mg/ml 7.12% £ 1.34
S mg/ml 13.70% * 2.5§
10 mg.ml 2432 £ 1.12
20 mg/ml 2846 £ 1.77
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Figure 9. The Effect of PNA Concentration on the Conjugation Efficiency Between PNA and

DTPA Dianhydride
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chelates on the PNA molecule will in turn determine the labelling efficiency with In-111
citrate.

The number of DTPA chelate moieties attached per PNA molecule was determined by
TLC utilizing two methods: the first method involves the addition of a tracer amount of
In-111 citrate to the reaction mixture containing the DTPA coupled PNA and the free
hydrolyzed DTPA. If the affinity of the two species to In-111 citrate was »imiliar, then the
percent distribution of the In-111 tracer will reflect the relative ahundance of the two species.
Since the starting molar ratio of DTPA to PNA was carefully controlled, the average number
of DTPA chelates attached to each of PNA molecule can be calculated by multiplying the
percent conjugation efficiency with the molar ratio of DTPA to PNA used. The formation
constant for amidic DTPA and free DTPA had been shown to be similar since the addition of
stable indium carrier did not affect the percent efficiency calculated’*’. Another method that
had been used to determine the conjugation level involved the prior removal of the free
hydrolyzed DTPA from the conjugated PNA by dialysis, gel filtration or other methods. A
tracer amount of In-111 was added to a standardized solution of stable indium citrate. A
carefully calculated amount of the indium citrate standard (in excess of the DTPA-binding
sites on the protein) was then allowed to react with the chelated protein. The amount of
chelate on the protein can then be calculated by the binding capacity of the conjugated
protein.

Both methods for the determination of the conjugation levels of the PNA were
employed during this project, and the results obtained using the two methods are in close
agreement with each other. Table 19 summarizes the calculations used for both methods and
the results that were obtained.

With increasing molar ratios of DTPA to PNA, the percent conjugation efficiency
decreases but the average number of DTPA residues attached per PNA molecule increases.
The changes in conjugation and radiochelation efficiencies with increasing DTPA to PNA

ratios can be seen in table 20. At very low DTPA to PNA ratio (1:1), a conjugation
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Table 20. Effect of DTPA:PNA Conjugation Levels on In-111 Radiolabelling.

DTPA:PNA Reaction % Conjugation #DTPA/PNA % Radiolabelling

Ratio Attached Efficiency
1:1 9.00% 0.09 2.67%

2:1 46.50% 0.93 8.54%

3:1 41.67% 1.25 26.97%

5:1 32.80% 1.64 56.00%
10:1 28.40% 2.84 92.34%
20:1 22.30% 4.46 95.97%

50:1 15.64% 7.82 96.50%
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efficiency of about 9% is observed. This may be attributed to the high rate of hydrolysis
reaction which dominates at the low DTPA/PNA ratio. A certain amount of DTPA
dianhydride may be required to overcome this problem and have the chance to react with the
lectin molecule.

The radiochelation efficiencies of In-111 citrate with DTPA coupled PNA showed a
direct relationship between the level of chelate attachment and the percent radiolabelling
efficiencies. With a high level of chelate attachment, the radiolabelling of PNA easily exceeds
90%. Thus, it is possible to prepare DTPA coupled PNA as a kit preparation. With a suitable
amount of DTPA attachment, the radiolabelling can essentially be completely in one simple
step by adding the required amount of In-111 citrate.

However, on the other hand, as the level of chelation increases, this is usually
accompanied by an undesirable decrease in the biological activity of the labelled protein?’?-2*1,
The retention of the biological activities of the protein after radiolabelling is an important
requirment during the radiolabelling step. Seme heavily radiolabelled protein exhibited
different in vivo behaviour such as a decrease in plasma half-live when it is compared to the
undamaged protein?*®. When a certain average number of chelates were attached to the PNA,
the Poisson distribution should be applied. So if an average target number of 3 chelates per
molecule is chosen, then 5% of the PNA will fail to couple any chelate, 23% will posses three
chelates and 13% wi!l possess five chelates?** "**!. So a high percentage of the protein molecules
will be heavily radiolabelled and they may account for a high percentage of the radioactive
counts. It is these highly chelated protein molecules that are more prone to lose their native
biological properties?*®. Therefore, it is usually necessary to compromise between the molar
reaction ratio between DTPA anhydride and the retention of the T-antigen binding ability of
the PNA to obtain a useful product. In this project. the aim was to obtain a biologically
active product with a high labelling efficiency (>90%). From table 20, at a 10:1 molar ratio
of DTPA to PNA, a relatively low level of chelate is attached but the radiochelation efficiency

exceeds 90%. Thus, this reaction ratio was chosen for further evaulation of the retention of
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biological activities and for subsequent biodistribution and radioimaging studies.

4.4.4 The Kinetics of the Radiochelation Reaction

The reaction kinetics of the radiochelation process were studied to determine the
- t of time required for complete chelation of the In-111 ions. The radiochelation yields
a. .10us time intervals after the initiation of the radiochelation reaction were determined by
TLC. Figure 10 represents the percent radiolabelling yield of a kit preparation of DTPA
coupled PNA (reaction ratio 10:1 DTPA to PNA) when it was labelled with In-111 citrate. A
plateau was reached after approximately 10 minutes, from then on, the radiochelation
efficiency remained the same. On the basis of this experiment, the radiochelation reaction was
always allowed to proceed for at least 15 minutes to ensure the completion of the chelating
process.

The kinetics of the radiochelation reaction had also been shown to be affected by the
concentration of the citrate ions in the reaction mixture. In-111 also forms a complex with the
citrate ion and at high enough concentration , the citrate ion may compete with the DTPA for
the In-111 ions and a longer reaction time may be required for complete chelation of the

In-111 to the labelled protein?*‘.
4.5 Stability of the In-111 Labelled PNA

4.5.1 Stability on Storage at 25C

The stability of the In-111 labelles *NA when stored at room temperature was tested
by means of TLC analysis to determine the percentage of the radioactivity that was still
protein bound at various time intervals. The results obtained are summarized in table 21. The
purified In-111 labelled PNA retains over 98% of its radioactivity on the protein after 72

hours at room temperature.
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% Radiolabelling Efficiency

100 -

90 4

80 4

70 o

60

50 4

40 +

304

204

10

10: 1 DTPA:PNA Reaction Ratio

v 3

g A S \J

—
10 95 20 25
Time in Minutes

-

109



110

Table 21. The Stability of In-111 DTPA-PNA Stored at 25C

Time % Protein Bound Activity + % Compared to Time 0
S.D.
(n=3)

0 hr. 94.86 + 0.58 100%

1 hr. 94.34 + 1.52 99.45%

3 hr. 9425 + 1.29 99.36%

6 hr. 95.01 = 0.56 100.16%

12 hr. 93.64 £ 0.56 98.71%

24 hr. 93.33 £ 0.94 98.39%

48 hr. 93.18 + 0.88 98.23%

72 hr. 92.98 + 1.73 98.02%
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Such radiochemical stability of the In-111 labelled PNA will allow the use of the
product 2 10 3 days after radiolabelling without significant loss of the radiolabel. However,
due to the relatively short half-life of the radionuclide (T-1/2 = 67 hours), the labelled
product is usually used within 24 hours to take advantage of the higher specific activity

available,

4.5.2 Incubation With Chelating Agents

The In-111 ions attached to the DTPA portion of PNA must be resistant to
transchelation to other chelating agents that may be present in the in vivo system. Incubation
of the In-111 labelled DTPA-PNA complex with an excess of two of the commonly used
chelating agents, DTPA and EDTA were used to assess the ability of the In-111 labelled PNA
10 resist transchelation. The stability of the chelated In-111 will depend on the relative
stability constants and the relative molar ratios between the radiolabelled protein and the other
available chelate sites. The stability constants of some of the commonly encountered In-111
chelate complexes are listed in table 22 2", In certain instances, although the stability
constants of the chelate complex favors transchelation, the steady state of the reaction may
take some time to reach and the labelled protein may have enough in vive stability to allow it
to localize to the region of interest?!! ‘244 "2,

The stability of In-111 labelled PNA when challenged with an excess of DTPA or
EDTA ranging from a 1 to 10 molar excess of the free chelate are summarized in table 23.
The molar ratio between the DTPA-PNA and the free EDTA or DTPA are calculated from
the number of chelates that were being attached to the PNA molecule. Over 90% of the In-111
label was retained on the PNA molecule after 48 hours of incubation at room temperature.
This provides evidence that the radiometal was effectively attached to the DTPA-PNA
complex since any non-specifically associated radiometal would be removed by the challenging

chelating agents.
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Table 22. The Stability Constants of Indium (III) with Various Ligands?®*? "2,

Ligand log K,
OH- -2.11
SCN- +2.34
Cr 2.44
F- 3.67
CH,0, (formate) 2.74
C.H.O," 3.50
C.H,O, (tartrate) 4.48
C.H.O 5.00
C,;H,0." (oxalate) 5.30
CH,0, (citrate) 6.18
HEDTA (2-hydroxyl)ethylenediamine triacetic acid 17.20
EDTA 25.3

DTPA 28.4
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Ward et al** studied the effect of various metal chelating agents on the
biodistribution of an In-111 labelled antibody when they were injected into non-tumor bearing
BALB/c mice. The chelating agents altered the biodistribution of In-111 citrate but did not
affect the 48 hours tissue uptake of the In-111 labelled antibody. This study also suggested
that the In-111 labelled proteins are quite resistant to transchelation to other chelating agents

in vivo **¢,

4.5.3 Incubation with Serum

The stability of the In-111 label in serum has a significant influence on the
biodistribution of the radioisotope in the animal tumor model. Transchelation of the In-111 in
serum will result in the formation of the transferrin-indium complex, which will in turn
localize to the liver and bone®’ ***, If the amide bond between the DTPA and PNA is
unstable, this will result in the release of In-111 DTPA into the circulation. It is well
documented that In-111 DTPA will be promptly cleared through the kidneys’’. In both cases,
the loss of the In-111 label will adversely affect the uptake of the radiolabelled protein into
the tumor, either due to a increase of background activity, or the rapid clearance of the
radioisotope from the blood stream, thus diminishing the chance for tumor accumulation.

Thin layer chromatography cannot be used for the separation of the In-111
DTPA-PNA and the transchelation product In-111 transferrin since their Rf values are very
similar. An indirect method was therefore used to measure the extent of transchelation. This
procedure was based on the binding of In-111 DTPA-PNA to an immobilizied synthetic T
artigen structure (T-Synsorb). While In-111 DTPA-PNA binds readily to the T-Synsorb, the
product of In-111 transchelation does not possess affinity for this antigenic structure. Thus,
as transchelation occurs, and the proportion of In-111 DTPA-PNA decreases, this will be
reflected in a decrease in the T-Synsorb binding.

Table 24 lists the binding of In-111 DTPA-PNA to T-Synsorb (10 ng to 10 mg of
T-Synsorb) after incubation with fresh rabbit serum at 37°C. The In-111 DTPA-PNA retained
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Table 24. The Effect of Incubation with Serum on the T-Synsorb Binding Ability of In-111

DTPA-PNA

Time % Binding to T-Synsorb’
Control? Incubated with Serum’
(n=3) (n=3)

0 hr. 46.58 + 2.34 44.58 + 0.84

6 hr. a4 % 2.10 38.80 £ 0.93

12 hr. 46.27 £ 3.50 37.06 £ 2.21

24 hr. 42.12 + 0.86 35.57 £ 0.93

48 hr. 40.34 + 1.68 31.31 £ 1.69

IMean % * S.D. 50 ul solution incubated with 10mg T-Synsorb for 8 hours.
Incubated with 1 ml of PBS at 37C.

'Incubated with 1 ml of serum at 37°C.



116

88% of its original T-Synsorb binding capacity after 48 hours of incubation . This reflects a
gradua! ioss of In-111 from the labelled PNA in serum. Several investigators had measured
the rate of transchelation of In-111 labelled protein to transferrin (the major metal ion
chelating protein in serum)?" " "33 % The bulk of the research was done on In-111 labelled
albumin and In-111 labelled antibodies. The In-111 DTPA -antibody complex was incubated
with serum at 37°C and the degree of transchelation to serum proteins was measured by a
variety of methods. These included HPLC size exclusion chromatography?** "*°, the separation
of In-111 transferrin from the reaction mixture by affinity chromatography using an
anti-transferrin column?* "*°, or by the electrophoretic separation of the serum proteins on
agarose gel followed by the measurement of radioactivity profile either by scanning with a
radiation detecting strip scanner or by cutting the strip into small sections and counting the
sections in an automatic well counter?*®. The in vivo stability of the radiolabelled compound in
the animal or human can also be determined by collecting serum samples at various times post
injection and subjecting the samples to the aforementioned assays***. In most cases, the rate
of transchelation was found to be about 10% per day. Thus the values obtained from our
studies are comparable to the values reported in the literature.

On the other hand, the incubation of In-111 DTPA with serum did not result in a
significant loss of the In-111 label to the serum proteins®*®. Less than 5% of the radioactivity
is lost after 10 days of incubation when it was analysed either by TLC or HPLC techniques?*:.
Since one of the chelating arms of the DTPA molecule is utilized in the conjugation to the
protein molecule only 4 ligands were available for the chelation of the radiometal. This slight
change in the chelate structure may explain the difference seen on the stability of the

radiometalchelation.
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4.6 In Vitro Binding Studies

4.6.1 Binding to Control and Neuraminidase-Treated Red Blood Cells

The expression of T-antigen receptors on the surface of neuraminidase-treated red
blood cells but not on corresponding normal red blood cells has been well documented™ ™.
Thus, neuraminidase-treated RBC can be used as a in vitro system for the measurement of the
binding of radiolabelled PNA to the T-antigenic structure. The binding of radiciodinated PNA
to neuraminidase-treated red blood celis had been studied by Zabel'*! and Eu'*‘. In both
studies, it was demonstrated that there was a significant amount of binding of 1-125 PNA to
neuramnidase-treated red biood cells but not to control red blood cells, suggesting that the
radioiodinated PNA maintained its T-antigenic binding properties after radioiodination.

The amount of binding of 1-125 PNA to neuraminidase-treated red blood cells of
different blood group origins was not significantly different'**. Thus, only blood group 0"
blood was used in this experiment. The blood was kindly donated by the Canadian Red Cross
Society blood transfusion service.

The binding of In-111 DTPA-PNA, 1-125 PNA, In-111 citrate and In-111 DTPA to
neuraminidase-treated and control red blood cells was measured to assess the degree of
retention of T-antigen binding ability of the In-111 labelled PNA. In-111 citrate and In-111
DTPA were present in the study to assess the non-specific binding ability of the In-111 label
and to ascertain that the binding of the In-111 labelled PNA is due to the interaction between
the PNA and the T-antigenic structure and is not due to non-specific interaction between the
In-111 label and the red blood cells.

The results of this study are summarized in table 25. Both the 1-125 PNA and In-111
DTPA-PNA had high avidity for the T-antigen present on the exposed red blood cells while
an insignificant amount of PNA binding were observed with the control red blood cells. This
suggests that similar to radioiodinated PNA, the In-111 labelled PNA still retains its T-antigen
affinity after the radiochelation procedure. In both cases, the presence of 0.05SM D-galactose
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Table 25. The Binding of In-111 DTPA-PNA and [-125 PNA to Control and Neuraminadase
Treated Red Blood Cells.

% Radioactivity Bound'®
In-111 1-125 PNA In-111 Citrate In-111 DTPA
DTPA-PNA

Control RBC 2.20% £ 0.33 0.43% £ 0.06 0.26% + 0.09 0.21% £ 0.02
Control RBC 1.43% £ 0.72 0.68% + 0.41 0.31% + 0.03 0.24% £ 0.05
with 0.05M
D-Galatose
N' RBC 29.25% t 3.04 20.84% + 6.89 0.33% £ 0.11 0.20%  0.03
N' RBC with 1.22% £ 0.13 1.13% + 0.42 0.25% £ 0.04 0.24% £ 0.07
0.05\M
D-Galactose
Blank Control’ 0.52% = 0.26 0.60% + 0.28 0.22% + 0.02 0.20% £ 0.02
Blank Control 0.65% + 0.08 0.55% + 0.13 0.21% £ 0.03 0.21% £ 0.01
with 0.05M
D-Galactose

! Mean % bound * S.D. of triplicate incubation of approximately SOKBq of In-111
DTPA-PNA, 1-125 PNA, etc (500ng PNA) with 500 4l of 0.3% RBC or N'RBC.

 Mean % bound % S.D. of triplicate determination. Blank control contains the radiolabelled

species in 1ml of PBS only, no RBC or N'RBC is added.
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significantly inhibited the binding of the radiolabelled PNA to the neuraminidase -treated
RBC, thus providing evidence for the sugar specificity of the binding. Visual hemagglutination
can also be observed upon incubation of the In-111 or I-125 labelled PNA with the
neuraminidase-treated RBC, but not with the control RBC.

The binding of In-111 DTPA-PNA to the control RBC was low and the addition of
D-galactose did not affect the binding significantly. This small amount of binding may be due
to the non-specific interaction between the lectin and the RBC surface or due to the
entrapment of a small amount of PNA solution between the packed RBC during the
centrifugation procedure. There also appears to be a slightly higher level of binding for the
In-111 DTPA-PNA than 1-125 PNA to the control RBC. This probably reflects reflects a
higher level of non-specific interaction with the contro! RBC as the binding is not affected by
D-galactose inhibition.

In-111 citrate and In-111 DTPA do not show any significant level of binding to either
the neuraminidase-treated or control RBC. Addition of 0.05M D-galactose did not have any
influence on the binding. This is expected as neither In-111 citrate nor In-111 DTPA possess
any affinity for the T-antigenic structure. This observation also suggests that the interaction
of the In-111 DTPA-PNA and the neuraminidase-treated RBC is due to the lectin-T-antigen

interaction.

4.6.2 Binding to Tumor Cell Lines

The binding of the radiolabelled PNA to T-antigen expressing and non-T-antigen
expressing tumor cell lines was studied in vitro. The TA,/Ha murine mammary
adenocarcinoma tumor cell line is known to react with radioiodinated PNA as well as anti-T
antibodies in vitro . This tumor cell line sheds a high molecular weight glycoprotein
epiglycanin which expresses the immunodeterminant carbohydrate structure of the
T-antigen” "**. The TA,/St subline is a non-epiglycanin secreting cell line which has also been

shown to possess some PNA binding ability*’. The RI lymphoma tumor cell line was used as a
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T-antigen expressing animal tumor model and has been shown to express PNA binding sites in
vitro ', The non-T expressing tumor cell line EL, is used as a control cell line.

The results of thc in vitro tumor cell line binding of the radiolabelled PNA are shown
in wble 26. The binding of I-125 PNA to the T-antigen expressing tumor cell lines had been
demonstrated by Eu'®* and Zabel et a/ **'. From the results, both In-111 DTPA-PNA and
1-125 PNA show a high binding avidity for the TA,/Ha tumor cell line. The binding can be
inhibited to a great extent by the addition of 0.05M D-galactose, thus showing the
carbohydrate specificity of the binding. There are also significant amount of binding to other
T.antigen expressing cell lines as compared to the control. D-Galactose is effec : in
inhibiting the binding of the radiolabelled PNA to all the T-antigen expressing cell lines
studied:®* ¢,

The In-111 DTPA-PNA shows a higher degree of binding to the T-antigen expressing
cell lines than the radioiodinated PNA. This may suggest that the In-111 labelled PNA may be
more reactive towards the T-antigen than the radioiodinated lectin. The addition of iodine
atoms into the protein molecule are known to affect the biological activity of the protein®’’.
There has been some suggestion that the tyrosine residues of PNA are involved in the
carbohydrate binding’. In constrast, free amino groups, which react in the DTPA
conjugation reaction, did not appear to be involved in the PNA carbohydrate binding?*!. The
radioiodination mainly involves the tyrosine moiety of PNA and this may have a negative
effect on the bio-reactivity of the protein. Thus the In-111 labelled PNA may have retaineu
its T-antigen binding ability somewhst better than the 1-125 labelled PNA. It is also observed
that there is a higher level of non specific binding associated with the In-111 labelled PNA.
The binding to the EL, control cell line is 3.0% for the In-111 DTPA-PNA and only 0.49%
for the 1-125 PNA. This observation is consistent with the red blood cell binding study as a
higher level of non-specific binding is also observed for ne In-111 DT! A-PNA.

a-111 citrate and In-111 DTPA do not show any affinity for all the cell lines studied.

This agair confirmed the retention of the T-antigenic binding ability of the In-111 labelled
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Table 26. The Binding of In-111 DTPA-PNA to T-antigen and Non-T antigen Expressing

Tumor Cell Lines.

% Radioactivity Bound'

Tumor Cell Line In-111 1-125 PNA In-111 Citrate In-111 DTPA
DTPA-PNA

TA,/Ha 29.713% + 3.47 19.94% * 3.75 0.24% + 0.04 0.30% £ 0.05

TA,/Ha with 2.45% + 0.60 0.96% * 0.24 0.31% + 0.08 0.32% £ 0.17

0.05M

D-Galactose

TA,/St 12.11% + 1.48 5.96% *+ 0.38 0.35% + 0.10 0.35% %+ 0.16

TA,/St with 1.92% + 0.22 0.62% % 0.14 0.37% % 0.17 0.35% + 0.06

0.05M

D-Galactose

Rl 3.61% £ 0.16 0.67% * 0.23 025% + 0.07 0.44% + 0.12

Rl with 0.05M 1.51% * 0.07 0.56% + 0.22 0.37% + 0.22 0.41% % 0.14

D-Galactose '

EL. 3.00% + 0.34 0.49% £ 0.04 0.29% t 0.05 0.42% t 0.23

EL. with 0.05SM 1.58% + 0.33 049% * 0.73 0.25% + 0.09 0.41% % 0.28

D-Galactose

Continucd...
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Blank Control’ 0.52% + 0.26 0.60% + 0.28 0.22% t 0.02 0.20% + 0.07

Blank Control 0.65% + 0.08 0.55% + 0.13 0.21% + 0.03 0.21% £ 0.0}
with 0.05M
D-Galactose

' Mean % + S.D. of triplicate incubation of approximately 2KBq of In-111 DTPA-PNA,
1-125 PNA, etc. (20ng PNA) with 10’ cells from each of the cell lines.

? Mean % t S.D. of tri;&licalc determination. Blank control contains only the radiolabellied
species with 1ml of PBS. No tumor cells are added.
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PNA.

4.6.3 Binding to Immobilized T-antigenic Structure

Another in vitro test for the T-antigenic binding ability of PNA can be performed
using a synthetic T-discaccharide immobilized on inert support (T-Synsorb). The T-Synsotb
express the a-configuration of the T-antigen dissacharide. PNA possess affinity for both the
a and B form of T-antigen?®. The binding of 1-125 PNA to the asialo GM,-synsorb which
possess the B form of the T-antigen had been studied by Eu'* and Boniface?*’. A high degree
of binding to the asialo GM,-synsorb was observed!®* "**,

The binding of In-111 DTPA-PNA to the T-Synsorb is shown in table 27. A
significant level of binding is observed for both the In-111 DTPA-PNA and the 1-125 PNA.
D-galactose inhibition of the binding is also observed. This further supports the claim that the
In-111 labelling does not adversely affected the T-antigen affinity of the PNA, It also
suggests that In-111 DTPA-PNA may be an potential tool in the scintigraphic detection of the

T-antigen expressing tumors in vivo.

4.7 In Vivo Studies

4.7.1 The Biodistribution of 1-125 PNA and In-111 DTPA-PNA

The biodistribution of I-125 PNA in mice bearing either the RI lymphoma or the
TA,/Ha mammary adenocarcinoma tumor models have been well documented in previous
studies in these laboratories!®! " Shysh and Eu et a/ **¢ "**" have demonstrated the specificity
of the radioiodinated PNA for the T-antigen expressing primary tumors as well as for the
organ specific metastatic variants arising from the primary tumor using the TA;/Ha murine
tumor model. The rapid blood clearance of 1-125 PNA coupled with the high tumor uptake in
the TA,/Ha tumor made this compound a promising agent in the scintigraphic detection of

T-antigen expressing tumors'®. The tumor to blood ratios of intravenously injected 1-125
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Table 27. The Binding of In-111 DTPA-PNA to T-Synsorb.

% Radioactivity Bound*

In-111 I-125 PNA « In-111 Citrate In-111 DTPA
DTPA-PNA
T-Synsorb 4.6% + 2.58 40.8%% 3.67 0.83% £ 0.12 0.58% + 0.09

T-Synsorb with  15.3% £ 1.46 12.7% + 0.84 0.92% + 0.24 0.72% + 0.13
0.0S\M
D-Galactose

' Mean % bound *+ S.D. of 6 determinations. Approximately 3KBq of In-111 DTPA-PNA,
1-125 PNA, In-111 Citrate, etc. (20ng PNA) were incubated with 10mg of T-synsorb for 8
hours.
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PNA were 2.3:1, 7:1 and 55:1 at 6, 24 and 48 hours post injection. This allowed the clear
scintigraphic delineration of the tumor mass without the need for background substraction
techniques'®.

The specificity of the interaction between PNA and the TA,/Ha tumor had also been
evaluated by the simultaneous injection of a non-specific localizing agent labelled with a
different radionuclide*®*. The localization index was calculated according to Pressman et al 2.
The localization index calculated for the uptake of I-125 PNA in the TA,/Ha tumor was 1.19,
7.92 and 12.0 at 24, 48 and 72 hours post-injection'®.

However, as with many radioiodinated proteins, I-125 PNA also undergoes rapid in
vivo deiodination. At 72 hours after intravenous injection in strain AJ mice, 74.5% of the total
amount of radioactivity in the plasma samples were found to be free radioiodide'®*. The high
level of circulating free radioiodide will be deposited into the kidneys, stomach and salivary
glands, thus degrading the quality of the scan.

Another problem associated with the radiodinated PNA is the jodine label itself. I-125
can be used for scintigraphic studies in small rodents, but its low energy emissions preclude its
use in larger animals or in humans. I-131, on the other hand, has been used routinely for
radioscintigraphic studies in humans but its gamma energy is not particularly suited to the
gamma camera‘® "}, 1-123 presents with better energy conditions (159 KeV) but its short
half-life and its high cost of production are practical limiting factors for use®* 93 In-111
possess excellent physical properties for use in gamma ray scintigraphy and its 67 hour
half -life is also very suitable for routine in vivo use.

Recent studies of tumor scintigraphy with In-111 radiolabelied monoclonal antibodies
had revealed some advantages of the In-111 labelled antibodies over radioiodinated
antibodies?*® ' 13 - % A major limitation of the radioiodinated antibodies is that upon
break d. . in the tumor, the free radioiodide released will diffuse out of the tumor site into
the general circulation. This results in a gradual loss of the radiolabel from the site of

interest?*! "% "% On the other hand, when the In-111 labelled antibody is metabolized in the
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tumor, the In-111 released will be chelated to some intracellular components and be retained
inside the tumor?*® ****, This will give rise to a longer half -life for the radiolabel in the tumor
site and provide a better chance for imaging at a later time period.

The aim of this project therefore was to compare the in vivo biodistribution of PNA
labelied with either 1-125 or In-111. This will allow an assessment of the effect of the
different radiolabelling procedures on the PNA molecule and a study to determine whether
one method of labelling is superior to the other in terms of its final utility as an imaging
agent for T-antigen expressing tumors.

The biodistribution of 1-125 PNA and In-111 DTPA-PNA were performed as a dual
label study in CAF,/J mice bearing a solid subcutaneous TA,/Ha tumor. Approximately 1 x
10¢ tumor cells were innoculated into the right flank of CAF,/J mice. The tumor was allowed
to grow for 10 to 14 days resulting in a well vascularized solid tumor of about 100 to 300 mg
in size. I-125 PNA (74 KBq/0.5 ug) and In-111 DTPA-PNA (74 KBq/0.5 ug) were injected
intravenously via the caudal vein into the mice and at time intervals of 1, 3, 6, 24, 48 and 72
hours post-injection of the radiotracer, a group of the mice were sacrificed , a blood sampie
withdrawn from the heart and the entire organs of interest were dissected out, weighted and
placed into counting vials. The simultaneous injection of the two radiotracers gives rise to
paired samples and will contribute to the decrease in intra-sample variations.

The tissues samples were first counted for radioactivity along with the injection
standards in a Beckman 8000 well-type gamma counter using the dual isotope counting
program which accounts for the spillover counts due to In-111 into the I-125 counting
channel. The same samples were also recounted after 60 days for 1-125 radioactivity since by
that time the In-111 activity in the samples will be decayed away. The counts observed for
1-125 were very similar to the counts obtained using the dual isotope counting program after
decay rorrection. This confirmed that the dual isotope counting program was effectively

correcting for the spillover of In-111 counts into the 1-125 channel.
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The results from the biodistribution studies are summarized in tables 28 and 29. From
the tables, it can be seen that there is a rapid clearance of 1-125 PNA from the body, whereas
the clearance of In-111 DTPA-PNA is much slower. Whole body retention of the In-111
labelled PNA was 38.07%, 27.80% and 21.40% at 24, 48 and 72 hours post injection, while
only 7.45%, 2.57% and 1.05% of the injected dose of I-125 PNA were left in the body at the
same time period (figure 11) The major organs that are responsible for the retention of the
indium labe! are the liver, spleen and kidneys.

The slow clearance of In-111 labelled protein compared to the radioinated protein
have been observed by many researchers 3+ *?3-2% "7 *1%_ Most of these studies were done on
In-111 labelled monoclonal antibody (MAb) used for detection of various types of
malignancies. Otsuka er a/ **" ', using a rat animal model, studied the biodistribution of
monoclonal antibody HDP-1 labelled with either I-125 or In-111 (by cyclic DTPA anhydride
or N-hydroxysuccinimide). The radioiodinated MAb or fragments clear rapidly from the
non-target tissue so that by 24 hours post injection, low levels of radioactivity were observed
in all tissue (except lungs, thyroid)?*’. With In-111 labelling of intact MADb, high uptake in
liver is observed while the F(ab), or Fab' fragments showed high uptake in the kidneys for
the course of the study®*’. Thedreq et al *** studied the tissue distribution of I-131 or In-111
labelled F(ab'), fragments of MAb 19.9 in nude mice bearing the human adenocarcinoma HT
29. The plasma clearance for the 1-131 and In-111 were similar at 24 hr after infusion, but
the liver, spleen and kidneys showed a high level of binding of the In-111 labelled F(ab'), .
High liver, spleen and kidney uptake of In-111 labelied antibody compared to radioiodinated
MAD are observed in several other studies?**'***"**’, The reason for the long clearance
half-live for In-111 is not clearly understood, and most researchers suggested that the
difference between I-131 and In-111 labelled protein is the way the body handlied the two
labels?** "***. Transchelation of the In-111 to iron binding protein in plasma directly or after
metabolism of the antibody will produce In-111 transferrin and be deposited in the liver by

ferritin or other iron binding proteins. Metabolism and/or dehalogenation of the
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Figure 11. Whole Body Retention of 1-125 PNA and In-111 DTPA-PNA Following L.V.
Injection in Mice
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radioiodinated proteins will generate free radioiodide which can be cleared from the liver quite
rapidly?**. Studies with MAb internally labelled with Se-75 methionine also reveals a high level
of antibody accumulation in the liver suggesting that the antibody may be actively metabolized
in the liver®**,

The blood clearance of PNA is very rapid for both the I-125 and In-111 labelled
PNA. Figure 12 shows the blood activity for both I-125 PNA and In-111 DTPA-PNA The
clearance of In-111 DTPA-PNA appears to be biphasic with an initial rapid drop followed by
a slower clearance rate after 24 hours. This biphasic clearance is also observed in MAb
labelled with In-111 although the blood level of In-111 MAb is significantly higher than that
with In-111 PNA?* % _ At 48 hours post injection, 0.04% of the injected dose of 1-125 PNA
and 0.25% of the In-111 labelled PNA are left in the circulation (table 28 and 29). The higher
blood levels of In-111 may be due 10 a slow transchelation of In-111 to transferrin which has
a longer serum half-life. The rates of transchelation of In-111 to transferrin from various
In-111 labelled antibodies have been estimated to be about 9-10% per day**‘. Hnatowich e
al** suggested that since only labelled antibody in serum is exposed to transferrin, the degree
of transcomplexation of In-111 MAb 19-9 was only about 1-2% of the administered activity
due to the rapid blood clearance?**. Since the blood clearance of In-111 DTPA-PNA is quite
rapid, the effect of transchelation on the indium labelled lectin should be minimal.

The biodistribution of 1-125 PNA in animal models has been well documented*®' ..
The data presented in table 28 and figures 11 to 15 are in general agreement with previous
work. It was observed (table 28) that there was a rapid uptake of the I-125 PNA in the
kidneys, the highest level was reached within the first hour and the activity slowly decreased
with the excretion of the label from the kidneys. Biologically active PNA was alsv observed to
be excreted in the urine although the high molecular weight of PNA (110,000) should exclude
it from glomerular filtration’*’. Uptake in the tumor is significant and the radioiodinated
lectin continued to concentrate in the tumor up to 6 hours post ‘1jection. This coupled with

the rapid clearance from the circulation, gave rise to a high tumor to blood ratio of 15.6:1 at



Figure 12. The % Injected Dose Per Gram of Blood at Various Times Post 1.V. Injection
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24 hours and 38.7:1 at 72 hours. Uptake in other organs was low, about 3.38% of the injected
dose was accumulated in the liver in an hour, but the activity was cleared rapidly from the
liver. Uptake in the salivary and thyroid was observed some time after the injection, and this
reflected the rapid in vivo deiodination of the protein. The uptake in the stomach may be
attributed to the active secretion of free radioactive iodide, but it may also be due to specific
interactions as some T-antigenic reccptors are located in the stomach'®*. At 48 hours post
injection, only the kidneys, tumor and the salivary glands retain significant amounts of the
radioiodinated PNA activity.

The biodistribution of In-111 DTPA-PNA is quite different from the radioiodinated
Jectin as shown in table 29 and summarized in figures 13A-D. The major difference is the
uptake in other non-target tissues, namely, the liver, kidney and the spleen. The liver
accumulates 9.41% of the injected dose of In-111 DTPA-PNA within 1 hour and the activity
is then cleared slowly with 4.73% of the injected dose left at the end of 72 hours. The kidney
is by far the most significant organ in terms of the uptake of the radiotracer, accumulating
37.62% of the dose within 1 hour. This level is comparable to the I-125 PNA, but the In-111
DTPA-PNA remains in the kidney for a longer time. At 48 hours post injection, 11.14% of
the injected dose of In-111 DTPA-PNA remains in the kidney compared to 0.47% with the
I-125 PNA. No significant uptake of In-111 DTPA-PNA is apparent in the stomach, salivary
glands or thyroid; this is expected since these organs are not involved in the metabolism of the
In-111 label.

The localization of the two radiolabelled lectin compounds in the TA,/Ha mammary
tumors are presented in table 28 and 29 and summarized in figures 14 and 15. Maximum
uptake is observed at about 6 hr for the I-125 PNA while the In-111 DTPA-PNA reaches the
highest I2v.1 in 3 howms post injection. The relatively high tumor uptake and rapid blood
clearance o the radiolabelled lectins gives rise to tumor to blood ratios of 11.50, 10.81 and
21.89 at 24, 48 and 72 hours post injection for the In-111 DTPA-PNA and 7.01, 29.61 and
38.71 for 1-125 PNA.
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Figure 14. The % Injected Dose Per Gram of Tumor at Various Times Post 1.V. Injection
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Figure 15. The Tumor to Blood Ratio at Various Times Post 1.V. Injection
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The uptake per gram of tumor is higher for the In-111 DTPA-PNA than for 1-125
PNA, with about twice as much of the In-111 labelled lectin retained than the iodinated PNA
at each time period (table 28 and 29). However, the total body clearance of the In-111
DTPA-PNA is slower thus resulting in a higher background activity. This can be seen clearly
if the percent tumor uptake/gram is expressed as a percentage of the total dose remaining in
the body at each time period (figure 16). The In-111 DTPA-PNA reaches a maximum of
13.85% at 6 hours and then the percent decreases slowly since the radiolabel is retained in the
body. However, the value for 1-125 PNA continues to increase as the 1-125 label is excreted
from the rest of the body rapidly.

Information obtained from studies with radiolabelled antibodies are in agreement of
the results shown here. Several resecarchers have studied the biodistribution and
immunoscintigraphy using In-111 and 1-131 labelled antibodies in nude mice bearing human
tumor xenographs*® "*** ', The net tumor concentration of In-111 labelled antibody was
found to be higher and retained longer than the corresponding radioiodinated antibodies , but
the In-111 labelled antibody showed a lower tumor to liver and tumor to kidney ratio* "*!.
This may have a negative effect on immunoscintigraphy as the radiation dose to non-target
tissues will increas. and the constrast between tumor and non-target organs decreases. The
high liver uptake may also prevent the detection of liver metastases*’ aithough in some cases
the liver metastases showed up as cold spots in the liver®¢.

Most of the researchers attribute the high tumor uptake of the In-111 labelled
antibody to the stability of the indium label in constrast to the rapid in vivo dehalogenation of
the radioiodinated antibodies '2°1¢ 24" 3%t Pimm et al ** suggested two possible
explanations for such increased tumor accumulation of In-111 labelled antibodies. The first
explanation is that selective dehalogenation of the radiciodinated protein in the tumor occurs,
releasing free radioiodide which is excreted from the tumor site. In-111 labelled proteins did
not undeigo dehalogenation and remained inside the tumor?**. A second and more likely

explanation is that both indium and iodine labelled proteins are being catabolized at the tumor
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Figure 16. The Tumor Uptake of Radiolabelled PNA When Expressed as a Percentage of the
% Dose Remaining in the Body
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site, but while the liberated free radioiodide is excreted and removed, the free In-111 is
retained in the tumor by metal chelating substances?**. The exact nature of the retention of
the In-111 label or the moiety that is responsible for its binding is not very well understood at
present. However, it is usually observed that the whole body clearance of In-111 labelled
antibody is much slower than its corresponding radioiodinated antibody, reflecting a general
trend of retention of the In-111 label in the body?** "*’. Dessin et a/ ** suggested that the
fixation of In-111 in normal organs may be due to the binding to polyanion:.
mucopolysaccharides in connective tissues. Ward et a/ *** studied the effect of circulating
chelating agents and the pre-administration of carrier iron on the uptake of In-111 labeled
antibody in tumor. The administration of chelating agents 24 hours post injection did not
affect or remove the label from the tumor site**. It is also not possible to displace tumor
bound label with carrier iron. This demonstrates that any frec In-111 released from the
antibody in the tumor was unavailable for complexation with external chelating agents and not
displaced by iron*¢.

Al:hough the In-111 DTPA-PNA retains a higher percent injected dose in the tur
than the I-125 PNA, the high liver and kidney uptake of the In-111 radiotracer decreases ...
contrast between the target and non-target tissues. Figures 17 and 18 illustrate the tumor to
liver and the wumor to kidney ratio for the two radiolabelled PNA complex. The tumor to
liver or tumor to kidney ratio continues to rise with time for I-125 PNA as the radioactivity is
cleared much faster in the liver or kidneys than in the tumor site. However, with In-111
DTPA-PNA, the highest ratio is reached in 3 hours post injection, but due to the retention of
tke indium in the liver and kidneys, the contrast between these organs and the tumor

continues to decrease afterwards.

4.7.2 Retention of In-111 DTPA-PNA in Non-Target Organs
The accumulation of In-111 labelled protein in the kidney and liver is a commonly

observed phenomenon but the reasons behind the localization are still not clearly understood



Figure 17. The Tumor to Liver Ratio for I-125 PNA and In-111 DTPA-PNA at Various

Times Post 1.V. Injection
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Figure 18. The Tumor to Kidney Ratio for 1-125 PNA and In-111 DTPA-PNA at Various

Times Post 1.V. Injection
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at the present *¢'293°197 "33 %4 The accumulation of the In-111 labelled protein in these
organs not only decreases the target to non-target ratio of the radiotracer, it also increases the
radiation absorbed doses in these orgaus and makes the detection of liver metastases

difficult®® ",

4.7.2.1 Liver and Spleen

A striking difference is observed when we compare the percent injected dose per
gram of liver between 1-125 PNA and In-111 DTPA-PNA. The clearance of In-111
DTPA-PNA from the liver is much slower than I-125 PNA . This comparison is easily
seen if the amount of radioactivity in the liver is arbitrarily set to 100% at 1 hour post
injection and if the percent dose per gram remaining in the liver at various time intervals
is expressed relative to the level obtained at 1 hour post injection (figure 19).

The high liver uptake of In-111 labelled antibodies has been known for some
time, however, the exact nature of the localization is still not very clear’** ***. The time
course of the accumulation of activity in the liver appears to reach its maximum level
almost immediately and decrease slowly afterwards’*‘. The difference in liver
accumulation of the two differently labelled PNA may be due to the labelling process
which changes the behaviour of the lectin or may be due to the sequestation of the In-111
label by the liver’®.

It may be tempting to assume that the uptake in liver is due to the in vivo
instability of the In-111 label. Transchelation of the In-111 to transferrin can result in
localization in the liver. However, the relatively slow rate of transchelation of In-111 to
transferrin in serum cannot account for the rapid uptake of In-111 radioactivity in the
liver’**. The transchelation of In-111 to other proteins in serum cannot explain the
decrease in liver In-111 level with an increased amount of carrier antibody injected which
is observed in some cases 52 ** "% "3 Thus the In-111 transchelation in serum should not

play a major role in the accumulation of the radiolabel in liver.



14R

Figure 19. The Rate of Clearance of Radinabelled PNA from the Liver
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A dual label study with DTPA-’NA was performed to further investigate the
effect of the labelling process on the PNA molecule. DTPA-PNA from a kit preparation
was iodinated with 1-131 using the lodogen method. The 1-131 DTPA-PNA was injected
with the same amount of I-125 PNA as the control. The biodistribution of the two
tracers were determined at 6 hr and 24 hr post injection. Table 30 summarizes the results
of this experiment. The uptake of 1-131 DTPA-PNA is found to be very similar to I-125
PNA with slightly higher uptake in the spicen for the 1-131 DTPA-PNA. This may be
due to the small amount of DTPA-PNA polymers that may be present in the injection
dose and are being taken up by the spleen. The uptake in the liver is remarkably similar
for the two radiotracers, suggesting that the addition of DTPA molecules to the PNA
does not alter the way the body handles the radioiodinated PNA.

A similar experiment was performed by Khaw et a/ ***, in which he labelled a
DTPA antibody complex first with 1-125 and then with In-111. Prolor zod retention of
the In-111 was again seen in the spleen and liver. This scems to suggest that the
difference in liver activity is due to the In-111 label and not due to the labelling process
itself3%. Studies with Se-75 antibody labelled internally express similar biodistribution
patterns 1o the In-111 labelled antibody’®* ", This suggested that the antibody is being
taken up by the liver. During its retention in the liver, dehalogenation occured and the
free radioiodine was cleared rapidly from th- 'ver’*!. However, the In-111 label somehow
remains associated with the liver after the catabolic mechanism®** **". Mathias and Weich
303 entrapped C'-labelied DTPA complexed with stable indium and a trace of In-111 in
liposomes. The liposomes were administered in a rat moael. The fate of these two
radiotracers were found to be different as In-111 was retained in the liver while the C'*
activity was cleared largely through the kidneys**’.

The exact species that is reponsible for the retention of In-111 in the liver is still
not very clear at the present. Iron binding proteins in the liver are thought to play a

important role*®!. Shocket et a/ *** studied the metabolism of In-111 labelled antibodies in
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the liver of guinea pigs. The homogenized liver extract was studied by size-exclusion
HPLC. The radioactivity was found to be contained in 3 major peaks corresponding to
ferritin, intact antibody and a low molecular weight fraction. The bulk of the
radioactivity was associated with the unidentified low molecular weight fraction*®*,
Although the exact nature of this interaction is not known, the In-111 which was fixed in
the liver was very stable and resistant to transchelation. Infusion of various chelating
agents 24 hours post injection of the In-111 antibody did not remove the radioactivity
from the liver?'¢.

The concept of generalized clearing of foreign proteins by the reticuloendothelial
system (RES) prompted some researchers to try to block the liver uptake by affecting the
RES function®. Sands and Jones'® pretreated the mice with dextran sulfate to induce
RES blockade. The nature of the blockade may be a direct action on the Kupffer cells or
due to the removal of a factor necessary for RES function. The RES blockade did not
change the localization of the antibody in the liver suggesting that the liver uptake may be
due 1o antibody binding to hepatocytes'®.

Receptor interactions between the radiolabelled proteins and the liver are also
thought to play a role in the binding of In-111 to the liver. Liver contains non-specific
Fc portion receptors for the antibodies which may .- reponsible for the high liver uptake
of radiolabelled antibodies?®* **** ****. Removing the Fc portion of the heavy chain will
sometimes reduce the localization of the antibodies in the liver and spleen and this is
thought 1o be due to the decrease in non-specific interactions with the Fc receptors in the
liver?*’. Recently, there are an increasing number of reports which show better tumor
visualization and reduced liver uptake with increasing amount of antibody dose. This has
been shown in both animal and humans studies** ' "4 " %%, Otsuka and Welch '
studied the dose effect of In-111 HDP-1 antibody on the lung and liver .. ~:ke in a rat
animal model. The dose of the antibody injected ranged from 2.5 to 500 ug per rat. The

percent dose per gram of the target(lungs) to percent dose per gram of liver changed
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from 0.26% at 2.5 ug dose to 2.68% with the 500 ug dose**. Murray et a/ *’ utilized
In-111 labelled antibody 96.5 raised against the p97 antigen for imaging of malignant
melanoma in human. The antibody dose ranged from 0.5 mg up to 20 mg. The percentage
of metasiases imaged ranged from 0% with the 0.5 mg dose up to 81% with the 20 mg
dose labetled with 5.0 mCi of In-111*",

The improvement of the image quality with larger MAb dose was attributed to the
saturation of non-target organ uptake with "cold” antibody*. This effectively increases
the total antibody concentration available for the slower uptake of In-111 labelled MAb
by the tumor. The uptake of In-111 labelled MAD by the liver seems to be associated with
a saturable mechanism. The uptake or metabolic process which is being saturated has not
been determined yet?®**.

Alvarez et a/ *** has demonstrate” that site-specifically modified In-111 labelled
antibodies give low liver backgrounds and improved radicimmunoscintigraphy. The
antibodies were modified at their carbohydrate moiety by oxidation of the
oligosaccharides followed by the conjugation with the bifunctional chelating agent
aminoaniline diethylenetriaminepentaacetic acid (AADTPA)*®. The biodistribution data
did not show substantial uptake or localization to non-target tissues and good uptake in
the tumor. The addition of about § chelates per antibody did not affect the
immunoreactivity of the antibody since the modified carbohydrate are present at the Fc
regions of the antibody. The In-111 labelled antibody was quite stable in vivo and resisted
transchelation to transferrin or other metal binding proteins®®®. The results seem to
suggest that carbohydrates in the Fc portions of the antibodies may have some effects on
the biodistribution of the In-111 labelled antibody. However, since PNA does not possess
a Fc region or covalently linked carbohydrates'’®, the mechanisms of its binding in the
liver may be different from that seen with the In-111 labelled antibodies.

Another possible «.::anation for the high liver localization of the In-111 labelled

protein is the clearing of circulating receptor-protein complex into the .
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system®? '28¢ 301 *3¢_ The TA,/H- -~ammary carcinoma is known to shed a high molecular
weight epiglycanin, to which PNA binds®*. The PNA -epiglycanin complex may then be
trapped and cleared by the RES system. Antigen-antibody complex formation has been
detected in human serum samples after the injection of In-111 19-9 antibody raised
against the CA 19-9 antigen. The levels of circulating CA 19-9 in the patients dropped
of f rapidly after the administration of the antibody so that a minimum was reached in 30
min to 1 hr**. However. no obvious correlation can be made between hepatic uptake and
the circulating antigen levels or the decrease in circulating antigen levels following
antibody administration™*. Other studies by Hagan et a/ *'" use athymic mice bearing
tumor with different levels of carcinoembryonic antigen (CEA) secretion. The injection
of In-111 and 1-125 anti-CEA antibody resulted in a higher percent injected dose per
gram of blood with the low CEA secreters than with the high CEA secreters. The mice
with a high CEA tumor secreting rate had a markedly increased In-111 level in the liver
while the liver accumulation of 1-125 anti-CEA antibody was essentially the same
regardless of the level of secreted CEA. Therefore, the formation of antigen-receptor
complex may contribute to the uptake of the radiotracer in the liver. Probably both active
antibody and antibody antigen complex are taken up by the liver'’.

Many researchers have atiempted to reduce the non-target uptake of In-111
labelled proteins to enhance the tumor scintigraphy and to decrease the radiation dose to
the patient**?-*'", The use of antibody fragments increased the excretion rate and reduced
some non-target binding. Although lower blood and liver background was obtained, the
concentration in the target tumor also suffered*!? '3,

Goodwin et al ™* utilized a second antibody which is specific for the antibody
injected. The blood background was decreased but a reciprocal increase in liver
background was observed*'*. Local injection of antibodies subcutaneously or into body
cavities limited the distribution of antibodies to other non-target organs but this approach

is only suitable for a limited number of malignai..ies*'?.
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Recently, Goodwin et a/ *¢ have developed two new methods using a 1eversibly
labelled antibody-hapten complex and an In-111 labelled bifunctional hapten to reduce
the biood background and non-tumor uptake of the radiolabelled antibodies. The first
method involves the injection of the radiolabelled non-covalently binded antibody-hapten
complexes into the animal followed by a nonradioactive hapten chase intravenously 1-3 hr
prior to the optimum imaging time. The nonradioactive hapten will displace the
radioactive hapten in the circulation which is then cleared rapidly through the kidneys3!¢.

In the second approach, the anubody was injected 1.V. and allowed to reach the
target tumor site by slow diffusion. T-¢ second step involves the injection of a matrix
consisting of antigens covalently bound to a slowly diffusable serum protein (human
transferrin) as a chase. The large size of the matrix prevents it from leaving the vascular
space and diffusing into the target site. The antigen-antibody matrix is then removed
rapidly through the RES system so that excess antibody was removed from the
circulation, liver and kidney. but not from the tumor site. This is then followed by the
1.V. injection of the In-111 labelled hapten which is rapidly diffusable to the tumor and
the excess hapten is then cleared rapidly through the kidneys®¢.

Biodistribution studies in a mouse model showed that a significant improvement
in the tumor/non-target organ raiio can be obtained using this method. However, a
relatively large amount of antibody (approximately 100 to 200 mg for a human) was
needed to bind the tracer in the target. This is due to the relatively low binding constant
of the antibody’'‘.

Newer chelates have been developed which can be effectively metabolized and
cleared from the liver:’* "**’. When complexed to an antibody, the blood and whole body
background were lowered, but the target concentration were also affected due to the
faster blood clearance®’’. This group of metabolizable chelates niay be useful for the
chelation with PNA since the liver metabolism of the lectins may play a major role in the

accumulation of the In-111 DTPA-PNA in the liver.
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4.7.2.2 Kidneys

On a per gram basis, the kidneys accumulate the highest percentage of the
injected dose of In-111 DTPA-PNA or 1-125 PNA in the CAF,/] mouse model (Table 28
and 29). The high kidney localization of radioiodinated PNA was seen previously using
the TA,/Ha tumor in strain AJ mice!*, and was also confirmed by the biodistribution
studies in New Zealand White (NZW) rabbits and dogs?®*. A strain difference in the
renal uptake and retention time of 1-125 PNA was observed in mice. AJ and C57b mice
behave similarly in their renal handling of 1-125 PNA, while CBA/CAJ mice showed a
lower accumulation of the radioiodinated lectin in the kidneys?®*. The CAF,/) mice used
in the present study demonstrated a similar percent injected dose per organ values in the
kidney to the strain AJ and C57b mice in the early post injection time period, but the
activity was cleared faster resulting in a lower percent injected dose per gram value at
later time periods.

The strain difference in the renal elimination of the 1-125 PNA may explain the
discrepancies between the tumor uptake in the present study and the values reported by
Eu ef al '* using a TA,/Ha tumor model in strain A) mice. The slightly lower uptake
observed in this study may be a result of the faster renal clearance of the radiotracer thus
decreasing the chance for localization within the tumor tissue.

When the renal uptake of 1-125 PNA and In-111 DTPA-PNA is compared, a
significant retention of the In-111 label in the kidneys is observed compared to the 1-125
PNA(figure 20). The difference between the elimination kinetics of the two radiotracers
may be due partly to the unique way PNA is handled in the kidney. PNA with a
molecular weight of about 110,000 daltons is unlikely to be filtered by the glomerulus and
studies using fluorescein labelled PNA showed no staining in the glomerulus thus
confirming this assumption?®*. However, the proximal tubules of the cortex and a small
percent of medullary cells are stained by FITC-PNA. Examination of the urine samples

after the injection of radioiodinated PNA revealed that in the early time period, most of



Figure 20. The Renal Uptake of Radiolabelled PNA
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the radioactivity excreted was protein bound and showed an affinity for asialo GM,
synsorb indicating that biologically active PNA was excreted from the kidneys. At later
time periods, the percent of protein bound radioactivity decreased probably due to the
higher level of free radioiodide excretion®®’.

Biogel P-100 analysis of the urine samples at later time periods post injection
reveals the presence of intact PNA at the void volume, a lower molecular weight protein
fragment and free radioiodide. This suggested that degradation of the PNA may have
occurred during renal transit resulting in the formation of proteolytic fragments and/or
free radioiodide?*®.

With In-111 labelled proteins, an elevated kidney level is usually observed even
when the corresponding radioiodinated protein does not show much kidney
accumulation?* ' '2*"_ The urinary excretion of In-111 labelled antibody usually foliowed
a biphasic elimination?”* #*s. A rapid excretion of In-111 is observed in the first few
hours post injection and is likely to be due to the clearing of In-111 DTPA which is a
common radiochemical contaminant in the radiolabelied antibody preparation. The second
phase of the elimination curve has a longer half -life and is probably responsible for the
excretion of the metabolized antibody”*. Radiochromatograms obtained by G-25
Sephadex ¢ chromatography of urine samples at various time periods revealec the change
in composition of the radiolabelled material being excreted’**. Excretion of In-111 DTPA
is apparent at early time periods. However, at later time periods, there is a progressive
increase in the abundance of a higher molecular weight speces. When subjected to HPLC
analysis, this species showed a lower molecular weight than the labelled antibody?**.

The difference between the renal excretion of In-111 DTPA-PNA and 1-125 PNA
is probably due to the different way the kidneys handled the two labels after metabolism
of the intact PNA. Extensive in vivo metabolism of the PNA was evident when the
composition of the radioactive species in the urine samples was examined?*’. In a rabbit

animal model, as early as 1 hour post injcction, the percent TCA precipitable
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radioactivity in the urine starts to decrease as does the percent binding to the asialo GM,;
synsorb. This was probably due to the metabolism of the PNA molecule to smaller
fragments and/or free radioiodide. This would explain the decrease in the asialo GM,
synsorb binding as the PNA fragments did not maintain their T-antigen binding
characteristics. After metabolism in the kidneys, the 1-125 label was excreted ir: the
urine?°’. However, in this present study, when the In-111 labelled PNA is metabolized in
the kidneys, the In-111 released may be transchelated to metal binding proteins in the
kidnev thus preventing it from being excreted from the kidneys. Metallothionein is a
major metal binding protein found in the kidneys and may be responsible for the
retention of In-111°!*, Thus the excretion of In-111 DTPA-PNA from the kidneys may
be made up of two separate mechanisms, the elimination of intact PNA through a
1eceptor mediated process and a slower clearance of metabolized products due to

transchelation in the kidneys.

4.8 The Biodistribution of In-111 Citrate and In-111 DTPA

The data obtained from the biodistribution studies revealed that there is a significant
amount of uptake into the TA,/Ha tumor following the intravenous injection of In-111
DTPA-PNA. /n vivo metabolism of the PNA molecule may result in the cleavage of the amide
bond between the chelate and the PNA, thus releasing the free chelate (In-111 DTPA). In
addition, transchelation of the In-111 label to other metal binding proteins (mainly
transferrin) in the serum, inay result in the formation of other In-111 protein complexes*:.
In order to determine if the localization of the radioactivity in the tumor site is due to either
of these degradation products, the biodistribution of In-111 DTPA and In-111 citrate in the

same animal tumor model was investigated.
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4.8.1 The Biodistribution of In-111 DTPA

It was well known that DTPA-metal -omplexes are cleared rapidly through the
kidneys and this allows them to be used as renal imaging agents’'’. This property of the
In-111 DTPA complex is desirable as any radiochemical impurties in the preparation of In-111
DTPA-PNA if present as In-111 DTPA will be cleared from the kidneys shortly after the
injection. This will eliminate the backgound radioactivity arising from this radiochemial
impurty. The localization of In-111 DTPA in strain CAF,/J mice bearing the TA,/Ha tumor
mode! model is presented in table 31. As seen in table 31, the whole body clearance of the
radiotracer is rapid, with only 11.62% of the injected dose remaining at 1 hour post injection.
After 24 hours post injection, less than 1% of the injected dose is retained in the body (figure
21). The kidneys are the major organ of excretion and also the only organ that showed any
significaut amount of uptake of the radiotracer (figure 22). Plasma clearance is also very
rapid with only 0.20% of the injected dose remaining at 1 hour post injection. The rapid
elimination of the In-111 DTPA from the body does not favour any significant uptake in the
tumor site. Only 0.32% of the injected dose is accumulated per gram of tumor at 24 hours
post injection compared to the 4.30% value obtained by the In-111 DTPA-PNA. This
suggested that In-111 DTPA, if present in the In-111 DTPA-PNA preparation, does not

contribute significantly to the uptake of In-111 radioactivity in the tumor site.

4.8.2 The Biodistribution of In-111 Citrate

The use of In-111 chloride or citrate for tumor localization has been well documented
for some time?*? "*** *1*_ It was shown that In-111 citrate was similiar to In-111 chloride in its
in vivo properties and tumor uptake. This is thought to be due to the in vivo formation of
In-111 transferrin from either of the two radiotracer which is then responsible for the uptake
in tumor®**. Farrar et al *** studied the utility of In-111 transferrin as a tumor scanning agent
in humans. After the i.v. injection of In-111 chloride, the plasma disappearance of the In-111

was shown to consist of two exponential components, with an initial rapid excretion phase
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Figure 21. The Total Body Clearance of In-111 DTPA and In-111 Citrate in CAF,/] Mice
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with a T-1/2 of about 4 hours, followed by a slow elimination phase with a T-1/2 of about 30
hours. The tumor:thigh activity increased with time reaching a plateau between 48 and 72
hours. There was also a high level of uptake in the bone marrow which made it difficult to
visualize tumors in the thorax and mediastinum?**.

The mechanism of the localization of In-111 citrate in the tumor is still not very well
understood at the present. It is generally believed that diffusion of the radiotracer into the
tumor followed by intraceliular entrapment of the radionuclide is responsible for its uptake in
the tumor’- .

The biodistribution of In-111 citrate in the TA,/Ha mouse tumor model is presented
in table 32. The biodistribution of In-111 curate is very different from tha: of In-111
DTPA-PNA (table 29). The whole body clearai..c of In-111 citrate appears to be biphasic,
with an rapid clezrance within the first hour, followed by slower elimination of the
radiotracer, with 30.87% nd 28.79% of the injected dose remaining in the ..dy at 24 and 48
hours post injection. The major organs responsible for the uptake of In-111 citrate are the
liver, splcen and kidneys. A considerable amount of radioactivity still remains in the
circulation at 24 and 48 hours post injection. Uptake in the tumo- is not very high, with only
1.55% of the injected dose per gram of tumor compared to the 4.40% per gram obtainable
with In-111 DTPA-PNA. This low level of tumor accumulation coupled with the high level of
background radioactivity gives rise to a low tumor to blood and tumor to non-target organ
ratio. These findings are in agreement of previous works with In-111 citrate which showed a
h:gh background uptake of this radiotracer?'” “** "*13,

The relatively high tumor uptake and rapid blood clearance observed with In-111
DTFA-PNA suggested that this radiotracer may localize in the tumor via a receptor mediated
process and is not due to the non-specific trapping of In-111 transferrin in the tumor as a

result of serum transchelation.
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4.9 Whole Body Scintigraphy

It has been demonstrated that 1-125 PNA injected intravenously can clearly delincate
the TA,/Ha adenocarcinoma and sclected tumor variants in the AJ mouse model'*. Whole
body gamma scintigraphic imaging using In-1i) DTPA-PNA and In-111 citrate were
compared to the images obtained from the I-125 PNA to investigate the potential of these
agents for the radicimaging agent in the detection of T antigen expressing tumors. Strain
CAF,/] mice bearing a s.c. nplanted solid tumor in the right flank were used as the animal
tumor model. The results obtained fron. the biodistribution studies demonstrated that the
In-111 DTPA-PNA has a higher percent dose per gram than 1-125 PNA, however, the
background activity associated with the In-111 tracer is also significantly higher than that seen
with 1-125 PNA.

The whole body gamma scintigraphic images obtained from the tumor bearing mice
are presented in figures 23, 24 2 . 25. In vivo deiodination is a major limiation for the use of
radioiodinated proteins in radioscintigraphic studies. The presence of free radioiodides after
the 1.V ijecuon of 1-125 PNA is apparent as early as 6 hours post injection and appeared as
a "h.. spot in the thyroid. In these studies, no pre-treatment with Lugol's solution was
used. Also. high kidney activity and some stomach activity is visible. Tumor uptake is also
visible with low background act: in the liver and lungs. The background radioactivity
continues to clear from the body s that at 72 hours post injection, only the thyroid, the
kidneys and the tumor are visible on the scan. The clear delineation of the TA,/Ha tumor
without background substration techniques confirms the utility of the radioiodinated lectin in
the scintigraphic detection of T-antigen expressing tumor in the animal model.

Figurc 24 represents the whole body image taken when the tumored mice are injected
with In-111 DTPA-PNA. The high background activity in the early time period was expected
from the biodistribution data which showed high uptake in the liver and the kidney. The high
background radioactivity decreases the contrast between the tumor and the non-target tissue

but the tumor site can still be ciearly identified. No thyroid radioactivity is observed with
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Figure 23. Static Gamma Scintigraphy of Intravenously .ajected 1-125 PNA in a Mouse

Bearing a Solid TA;/Ha Tumor in the Right Flank




Figure 24. Static Gamma Scintigraphy of Intravenously Injected In-111 DTPA-PNA in a

Mouse Bearing a Solid TA,/Ha Tumor in the Right Flank
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Figure 25. Static Gamma Scintigraphy of Intravenoustv Injected In-111 Citrate in a Mouse

Bearing a Solid TA,/Ha Tumor in the Right Flank
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In-111 DTPA-"NA as opposed to 1-125 PNA showing the different handling of the two
isotopes by the mice. The background radioactivity is cleared slowly from the body, how er,
the liver and kidneys continue to show a high concentration of the radiotracer. At 72 hours
post injection, only the liver, kidneys and the tumor are clearly delineated in the scan.
However, due to the decrease in the tumor to liver and tumor to kidney ratio, the quality of
the scan for the tumor did not improve with time. The high concentration of the radiotracers
in the liver may also make the detection of specific liver variant metastases difficult.

On the whole, the two differently radiolabelled PNA preparations both showed clear
delineation of the TA./Ha adenocarcinoma in the CAF,/] mice without the need of
background subtration techniques. However, they both have their advantages and
disadvantages. The In-111 DTPA-PNA did not present with the same problem as in vivo
deiodination, but the higher background radioactivity decreased the contrast between the
target and non-target organs.

The whole body gamma scintigraphy of tumor bearing mice when injected with In-111
citrate is presented in figure 25. High background radioactivity is observed in the body with
no apparent improvement up to 72 hours post injection of the radiotracer. This reflects the
general non-specific interaction that is usually observed with group IlII B metal ions such as
gallium and indium when injected intravenously®?*. High kidney radioactivity is seen in the
early post injection time but the liver continues to accumulate the radioactivity and becomes
more prominent in the later time periods. Some localization is evident in the tumor site but
the high background radioactivity makes the exact delineation of the tumor site somewhat
difficult.

The scans obtained from the In-111 citrate again reassured that the clear delineation
of the T-antigen expressing tumor with radiolabelled PNA were indeed a receptor-specific
process. The lack of diffuse whole body distribution of the In-111 DTPA-PNA also
demonstrates the in vivo stability of the lectin and that the tumor uptake is mawnl, d .z 1o "o

lectin and T-antigen receptor interaction. More work has 1o be done to try to limit t:e uptake
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in non specific organs in order to increase the utility of the In-111 labelied PNA. The recent
development of chelates which are metabolized in the liver may help to minimize such uptake
in the liver?™*.

Recently, Zalutsky and Narala **' have reported a method for the radiohalogenan..
of proteins which decreased thyroid uptake of radiodine. This would eliminate the ba. d
radioactivity due to the accumulation of free radioiodides in non-target organs. 7" vivo
dehalogenation of radioiodinated proteins is presumably due to the structural «rmilarity
between the radioiodophenyl groups and the thyroid hormones. The N-succin’ ~ .1 ester of
3-tri-n-butylstanyl benzoate (ATE) was radioiodinated bearing the iodine in the meta
positions on the phenyl ring. This arrangement of the halogen does not involve substitution of
the halogen ortho to a hydroxyl group on an aromatic ring which is the mechanism for other
commonly used radioiodination methods®?'. The radioiodinated ATE is then coupled to the
pi.rein via an amide linkage. The biodistibution of I-125-goat IgG labelled using the ATE
reagent showed a significant decrease in the thyroid uptake of radioiodine from day 1 to 8
post injection when it is compared to I-131 goat IgG labelled with the iodogen method. No
significant difference between 1-125 and 1-131 uptake were observed at other times**'. Such an

approach imay possibly be advantageous with radioiodinated PNA.

4.10 Dynamic Kidney Activity Time Curve in NZW Rabbits

The renal excretion of radioiodinated PNA is believed to be a receptor mediated
process by the proximal tubular cells of mouse, rabbit and dog**’. From the data obtained
from the biodistribution studies, it was observed that In-111 DTPA-PNA was accumulated in
the kidneys to a greater extent than 1-125 PNA. The renal kinetics of the uptake of these two
radiotracers were studied more carefully by examining the dynamic renal activity time curve
using NZW rabbits as the test model.

The dynamic renal activity time relations for In-111 DTPA-PNA and 1-131 PNA was

revealed in figur:s 26 and 27, The time to peak and estimated percent injected dose at peak
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Figure 26. Dynamic Renal Activity Time Curve of Intravenously Injected In-111 DTPA-PNA

in NZW Rabbits
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Figure 27. Dynamic Reaal Activity Time Curve of Intravenously Injected 1-131 PNA in NZW

Rabbits
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were approximately 35 minutes and 16% respectively for 1-131 PNA. Static scintigrams up to
80 minutes post I.V. injection revealed the accumulation of activity in the kidney and bl: .der
with rapid clearance from the liver (Figure 28). The renogram obtained for In-111
DTPA-PNA is quite different. The radioactivity in the kidneys continues to accumulate,
reaching a plateau level in about a hour. From then on, the radioactivity is cleared slowly
from the kidneys. The percent injected dose at peak was about 26%. The liver and kidneys are
the two major organs revealed in the static scintigrams confirming the biodistribution and
imaging studies in mice. The In-111 radioactivity is cleared from the liver more rapidly than
from the kidneys, so that at 90 minutes post injection, the kidneys become the major organ
visualized in the scintigrams.

The high kidney retention of In-111 DTPA-PNA is probably due to the accumulation
of the metabolized fragments of the PNA in the kidneys. Iron binding proteins in the kidneys
may effectively tie up any free indium which is produced along the metabolic process®*. To
determine if intact PNA was actually excreted from the kidneys, a finding which is consistent
for radioiodinated PNA, urine analysis was performed by collecting the urine samples after

the L.V. injection of In-111 DTPA-PNA in Sprague Dawley rats.

4.11 The Urinary Excretion of In-111 DTPA-PNA

The kinetics of urinary excretion of In-111 DTPA-PNA is quite different from that
of the radioiodinated PNA as shown in the renograms. In order to further investigate the
nature of the species that is being excreted, urinary samples from Sprague-Dawley rats, which
were injected intravenously with In-111 DTPA-PNA, were collected and analyzed by gel
filtration chromatrography and binding studies with svathetic T-antigen. The rats were kept in
a metabolic cage after the injection of In-111 DTPA-PNA and the urine was collected as a
batch pool. An aliquot of the urine sample was then passed through a Bio-Gel P-300
(exclusion limit 300,000 daltons) column and the eluted peaks were collected separately. The

fraction corresponding to the molecular weight of monomeric PNA was tested for the in vitro
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Figure 28. Static Gamma Scintigraphy of Intravenously Injected In-111 DTPA-PNA and
I-131 PNA in NZW Rabbits
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binding to T-Synsorb to estimate the T-antigen binding capacity of the excreted product.

The UV absorption and radioactivity profile of the urine sample following the elution
through a Bio-Gel P-300 column is presented in figure 29. A large portion of the radioactivity
was associated with the peak which elutes with a molecular weight similar to monomeric PNA.
When this fraction was incubated with T-Synsorb, a binding value of 25% was observed which
was only slightly less than the value observed with freshly labelled In-111 DTPA-PNA. These
results suggested that biologically active PNA molecules are contained in this urine fraction.
This observation confirms the reports that the biologically active 1-125 or 1-131 PNA were
excreted through the kidneys of a few specizs of animals studied’*’. Two smaller peaks
containing In-111 radioactivity were also eluted at the lower molecular weight fraction. The
exact nature of these two species had not been determined but they did not possess any
affinity for the T-antigenic structure as determined by binding to the T-Synsorb. The
relatively large proportion of high molecular weight In-111 excretion products may suggested
than the smaller metabolized fragments of PNA may be retained inside the kidneys probably
due to the action of metal binding proteins in the kidneys. Examination and identification of
the In-111 associated species in the extracts obtained from the kidney homogenate may yield

more important information on the subject.
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£. SUMMARY AND CONCLUSIONS
The conditions and parameters for the radiolabelling of PNA with In-111 through a
DTPA conjugation followed by In-111 chelation were investigated. The In-111
DTPA-PNA product was then characterized and compared with radioiodinated PNA in
several in vitro and biological systems.
The conjugation of DTPA to PNA can be easily performed in a one step reaction by
adding the PNA solution into a DTPA dianhydride coated reactivial. The DTPA-PNA can
be pusrified by a single passage through a Bio-Gele P-200 column. Aliquots of the
purifiead DTPA-PNA solution after freeze-drying will result in a convenient kit-form
preparation.
The efficiency of the DTPA-PNA conjugation reaction is affected by a variety of
conditions, including the pH of the buffer us.d, the concentration of the PNA solution
and the molar ratio between PNA and DTPA dianhydride. The optimal pH for the
conjugation reaction is found to be 8.5 and a high PNA concentration (20 mg/ml) favors
the conjugation yield. Increasing the molar ratio between DTPA dianhydride and PNA
lowers the conjugation efficiency but the average number of DTPA residues attached per
PNA molecule increases.
The radiolabelling of the DTPA-PNA with In-111 can be easily performed by mixing the
required amount of In-111 citrate with the DTPA-PNA kit preparation. The labeliing
reaction is completed within 15 minutes. The unbound In-111 citrate can be separated
from the In-111 DTPA-PNA by using a minicolumn (Bio-Gele P-100) centrifugation
procedure. About 80-85% of the In-111 DTPA-PNA is recovered from the column with
over 95% radiochemical purity as determined by TLC.
The radiolabelling efficiency of DTPA-PNA is determined by the average number o0
chelates attached per PNA molecule and the amount of In-111 citrate used in the
reaction. The radiolabelling efficiency increases with increasing level of chelate

attachment. The radiolabelling efficiency also decreases slowly with the addition of large
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amount of In-111 citrate.

A typical DTPA-PNA kit can be produced by reacting PNA (20 mg/ml) with DTPA
dianhydride at a starting DTPA/PNA molar ratio of 10:1 in 0.2M phosphate buffer pH
8.5. The purified DTPA-PNA from this reaction contains an average of 3.2 DTPA/PNA
molecule. In-111 radiochelation efficiency of about 90-95% is routinely achieved with
specific activities between 160 - 200 KBq/ug of the labelled PNA.

The In-111 DTPA-PNA preparation is stable after 72 hours of storage at room
temperature with over 98% of the original ragioactivity being retained on the protein.

The In-111 DTPA-PNA is also quite resistant to challenging with an 10:1 molar excess of
EDTA and DTPA or against transchelation in serum. Over 90% of the In-111 label was
retained on the PNA after 48 hours of incubation with the chelating agents. A gradual
loss of the In-111 label from the PNA is observed when it is incubated with serum. The
In-111 DTPA-PNA still retains 88% of its T-Synsorb binding capacity after 48 hours of
in vitro incubation with serum.

The In-111 DTPA-PNA preparation obtained retains its T-antigen binding ability.
Binding tc neuraminidase-treated red blood cells, T-antigen expressing tumor cell lines
and the synthetic T-antigen (T-Synsorb) are all comparable to that obtained with 1-125
PNA. The binding can all be readily inhibited by 0.05M galactose confirming the
specificity of the binding.

Biodistribution studies with In-111 DTPA-PNA in mice bearing the TA,/Ha tumor at
various time periods revealed high tumor uptake of the radiotracer but uptake in various
non-target organs, especially the liver and kidneys, are also very high. Compared to 1-125
PNA, In-111 DTPA-PNA has a slower whole body clearance and a higher uptake in the
liver and kidneys. Thus, although the percent injected dose/gram of tumor is higher with
In-111 DTPA-PNA than with 1-125 PNA, the tumor to blood and tumor to non-target
organ ratio did not show much improvment with time.

The biodistribution of In-111 DTPA and In-111 citrate in the TA,/Ha tumor model
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confirmed the specificity of the uptake of In-111 DTPA-PNA in the same animal tumor
model. While, In-111 DTPA is excreted rapidly through the kidneys, the In-111 citrate
showed a diffuse pattern of localization that does not resembie the uptake of In-111
DTPA-PNA.

The rate of clearance of the radiolabels in the liver and kidneys are markedly different for
1-125 PNA and In-111 DTPA-PNA. The In-111 label is retained longer in these organs
probab.y due to the interaction with other metal binding proteins present in these organs.
The biodistribution of I-125 PNA and 1-131 DTPA-PN? v+ :.-  imilar suggesting that
the high liver uptake of In-111 DTPA-PNA may be attribu.~ ‘he In-111 label it it
Whole body scintigraphic imaging with In-111 DTPA-PNA in CAF,/J mice bearing -
solid TA,/Ha tumor revealed good delineration of the tumor at 6 hours post injection
without the need for blood background subtraction. However, the images fail to improve
significantly with time due to the high non-target uptake of the radiotracer. No uptake in
the thyroid is observed as opposed to that of 1-125 PNA.

The kinetics of the accumulation of the radiolabelled PNA in the kidneys of NZW rabbits
are different for In-111 DTPA-PNA than for I-131 PNA. I-131 PNA reached the peak
kidney level in about 35 minutes post injection and than began to decline. The In-111
DTPA-PNA reached a plateau in about an hour and thereafter the radioactivity level
remained elevated for a long period of time.

Intact In-111 DTPA -PNA was observed in the urine of Sprague Dawley rats over the first
24 hours. This supports the receptor mediated excretion mechanism proposal by Boniface
et al **. Other smaller molecular weight forms which do not possess affinity for the
T-antigen are also observed in the urine sample. These forms may result from the in vivo

metabolic breakdown of In-111 DTPA-PNA.
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APPENDIX 1

OD,,; Versus Concentration of Bovine Gamma Globulin and PNA with the Standard

Bio-Rade Protein Assay

Protein Concenu'aﬁOﬂ BGG'® ODy,; PNA OD,”
PNA or BGG'
0.20 mg/ml 0.12 0.09
0.50 mg/ml : 0.32 0.28
0.75 mg/ml 0.45 0.41
1.00 mg/ml 0.64 0.56
1.35 mg/ml 0.80 0.75
1.60 mg/ml 0.87 0.84

! BGG = Bovine Gamma
Globlin Standard
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