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ABSTRACT 

“Characterization of Tumor-Avid Antibody Fragments Genetically Engineered for 
Mono-Specific Radionuclide Chelation.” 

DOE DE FGO2 95ER 62027 

The successful clinical application of targeted-radiopharmaceuticals depends on the 
development of molecules that optimize tumor specific radionuclide deposition and 
minimize non-specific organ irradiation. To this end, this proposal outlines a research 
effort to identify and evaluate novel antibodies and antibody fragments that bind breast 
tumors. The tumor-avid antibodies will be investigated for as imaging and therapeutic 
agents and to gain a better understanding of the pharmacokinetics and metabolism of 
radiolabeled tumor-avid antibody fragments through the use of site-specifically labeled 
molecules. Antibodies or antibody fragments, that bind breast carcinoma carbohydrate 
antigens, will be obtained from hybridoma or bacteriophage library screening. More 
specifically, antibody fragments that bind the carcinoma-associated Thomsen- 
Friedenreich (T) antigen will be radiolabeled with gh”rc and ‘‘‘Re at a natural amino acid 
chelation site and will be investigated in vivo for their abilities to target human breast 
tumors. In addition, site-specific radiolabeled antibody fragments will be biosynthesized 
using misacylated suppressor tRNAs. Homogeneously radiolabeled populations of 
antibody fragments will be used to investigate the effects of radionuclide location and 
chelation chemistries on their biodistribution and metabolism. It is hypothesized that site- 
specifically radiolabeled antibody fragments will possess enhanced tumor imaging and 
therapeutic properties due to optimal label location and conjugation chemistries. New 
insights into the factors that govern antibody metabolism in vivo are also expected from 
this work. Results from these studies should enhance our ability to design and synthesize 
radiolabeled antibody fragments that have improved pharmacokinetic properties. The 
studies in this proposal involve basic research into the development of antibody-based 
radiopharmaceuticals, with the ultimate goal of application in humans. This type of basic 
nuclear medicine research has been funded by the Department of Energy and is consistent 
with the research topics and guidelines recommended during the recent review of the 
Medical Applications and Biophysical Research Program. 

1 



Final Report 

“Characterization of Tumor-Avid Antibody Fragments Genetically Engineered for Mono- 
Specific Radionuclide Chelation.” 

DOE DE FGO2 95ER62027 

The research conducted under the award titled, “Characterization of Tumor-Avid 
Antibody Fragments Genetically Engineered for Mono-Specific Radionuclide Chelation,” 
had two major foci, evaluating the tumor imaging properties of an anti-Thomsen- 
Friedenreich antibody and the application of novel molecular biology technologies for 
site-specific radiolabeling of anti-tumor antibody fragments. The Thomsen-Friedenreich 
(T) antigen is a carcinoma-associated glyco-antigen that is expressed on the surfaces of 
most malignant tumors but masked on the surfaces on normal tissues, making it a 
potentially good imaging target. Anti-TF antibodies were screened for their abilities to 
target breast and prostate cancer cells. Second, we employed molecular technologies to 
introduce radiometal chelates at specific locations within an antibody fragment or protein 
structure. Our goal was to generate proteins and antibody fragments that have a 
radiometal chelator inserted into every molecule at the same location, thereby insuring 
that each molecule retains maximal bioactivity and radiolabeling efficiency. The specific 
aims of this project included; 1) evaluation of the in vivo tumor targeting and 
biodistribution properties of a radiolabeled anti-T antigen monoclonal antibody, 2) the 
synthesis of chelate or radiohalogenated amino acid analogs that could be specifically 
inserted into proteins and antibody fragments during in vitro translation, and 3) the 
biosynthesis and characterization of site-directed radiolabeled tumor-avid antibody 
fragments. 

The Thomsen-Friedenreich (TF) Antigen Pancarcinoma Epitope and Antibody. 

The Thomsen-Friedenreich (TF) antigen is a carbohydrate epitope that is expressed on 
the surfaces of most carcinomas and lymphomas making it an attractive target for the 
development of tumor diagnostic and therapeutic agents. The immunodominant portion 
of the TF antigen is the terminal GalBl-3GalNAc carbohydrate moiety. Cryptic, 
covalently or structurally masked and non-immunoreactive, TF antigen is present on the 
surfaces of healthy cells in most tissues. It is, however, exposed and immunoreactive on 
most human carcinomas and T-cell lymphomas. TF antigen has been proposed to be 
involved in tumor cell adhesion and tissue invasion. 

Dr Rittenhouse-Olsen published the identification of an anti-TF IgG antibody and has 
generously supplied us with purified antibody and the hybridoma so we could clone and 
genetically engineer the antibody to contain radiometal binding sites. The anti-TF 
antibody was shown to bind cultured MDA-MB-435 breast carcinoma cells and DU-145 
prostate carcinoma cells, but did not bind normal umbilical vein or bone marrow 
endothelial cells. In cell adhesion experiments, the anti-T antigen antibody inhibited the 
adhesion of both DiL and acridine orange labeled MDA-MB-435 breast carcinoma and 
DU-145 human prostate cancer cells to human umbilical vein endothelial cells (HUVEC) 
in a dose dependent manner. Inhibition of tumor cell binding to the endothelium ranged 
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from 43-56%. A control antibody did not inhibit tumor cell adhesion to the endothelial 
cells. These results were presented in Cancer Research 60,2584-2588. 

The ability of this antibody to inhibit tumor cell adhesion made it even more attractive 
as a potential imaging agent, since it could localize to metastatic disease as well as 
primary tumors. The intact antibody was initially radiolabeled with 1-125 using Iodogen. 
The antibody was efficiently radiolabeled, but lost a significant amount of its biological 
activity. An examination of the amino acids in and around the antibody’s antigen binding 
loops showed a large number of tyrosine residues (see cloning results in next paragraph). 
We postulated that iodination must have targeted a large percent of the tyrosine residues 
around the antigen binding site, rendering the molecule inactive. Our next strategy was to 
use the bifunctional p-isothiocyanatobenzyl-diethylenetriaminepentaacetic acid (SCN- 
DTPA) chelate and In-1 11 to label the antibody. The SCN-DTPA should attach to lysine 
residues. An analysis of the antigen-binding site revealed the presence of one lysine in 
loop H3. Once again the radiolabeled antibody exhibited low bioactivity. Direct labeling 
with Tc-99m was also examined as an alternative labeling method. The radiolabel 
antibodies were unstable. We plan try our labeling strategies in the presence of excess 
sugar ligand. If the antigen-binding site is occupied during radiolabeling it might protect 
the antibody from loss of activity. 

The difficulty in radiolabeling the anti-TF antibody was likely due to modification of 
critical amino acid sidechains during the labeling procedure. This problem is not unique 
to the anti-TF antibody. The development of novel site-specific labeling strategies is a 
potential way to circumvent this problem. To apply modem molecular biology techniques 
to antibody radiolabeling, the corresponding Fab or Fv region of the molecule must be 
cloned and expressed. To this end we cloned the DNA encoding the Fab portion of the 
anti-TF antigen antibody. A hybridoma cell line expressing an anti-TF antibody clone 
was sent to us from Dr K. Rittenhouse-Olsen. Total mFWA was prepared from the 
hybridoma cells and reverse transcribed into cDNA. Primers from a consensus primer- 
library to all murine antibodies were used in a combinatorial approach to amplify the 
genes for the heavy and light chain anti-TF Fab. The genes were cloned into an E. coli 
expression vector and sequenced. To our knowledge this is the first time an anti-TF 
antibody has been cloned and sequenced. The sequence information told us about the 
presence of multiple tyrosine residues and a lysine residue in the antigen-binding site. For 
example the H2 binding loop’s sequence of [Phe-Ile-Ser-Pro- Asn-Thr-Asp-Tyr-Thr-Tyr- 
Asn-Gln-Lys-Phe-Arg-Asp] highlights two residues that could be modified by traditional 
radiolabeling techniques, Tyr and Lys. 

Unfortunately; expression levels are low. Multiple expression constructs were made and 
tested to date. It appears that we will have to transplant the TF-antigen binding loops into 
another Fab backbone that expresses at a higher level. Since the intact anti-TF antibody is 
difficult to radiolabel and maintain activity, we have cloned an oligo nucleotide that 
encodes the amino acids Cys-Cys-Gly-Cys to the carboxyl terminus of the heavy chain. 
We have previously shown that recombinant Fab that contain this tag are efficiently 
radiolabeled and exhibit greater radiochemical stability than native Fab when labeled 
with Tc-99m directly. We will determine if this tailed construct retains its biological 
activity to a greater extent than the whole IgG. 

Expression studies of the recombinant anti-TF Fab were performed in E. coli. 



Initially, we set out to radiolabel an anti-TF antibody supplied by our collaborator Dr. 
Kate Olson. Unfortunately, as reported previously the radiolabeled antibodies were not 
biologically active. The Fab fragment of the TF-antibody was cloned and sequenced but 
it did not express in E. coli to any detectable amount. Since radiolabeling the intact 
antibody resulted in inactive protein we decided to make use of the antibody itself and 
examine the role to the TF antigen in tumor cell adhesion to the endothelium. We were 
able to show the importance of the TF antigen in the initial adhesion steps of TF-positive 
tumor cells to human umbilical vein cells (HUVEC) and human bone marrow endothelial 
cell monolayers. The anti-TF antibody was able to inhibit the binding of MDA-MD-435 
human breast carcinoma and DU-145 human prostate carcinoma cells to human bone 
marrow endothelial cells by 78% f 5% and 56% f 5%, respectively. Likewise, the anti- 
TF antibody was able to inhibit MDA-MD-435 human breast carcinoma and DU-145 
human prostate carcinoma cell adhesion to human umbilical vein endothelial cell 
(HUVEC) monolayers by 50% f 5% and 43% f 5%. Direct visualization of the cancer 
cells on the monlayers showed that blocking or masking the TF-epitope on the cancer 
cells dramatically reduced adhesion to the endothelium. These results were published in 
the journal Cancer Research, Vol. 61, pages 485 1-4857,200 1. 

We have continued to examine the role TF-antigen plays in tumor cell adhesion. 
Recently our focus has been on its role in homotypic aggregation. We demonstrated in 
vitro, ex vivo, and in vivo that metastatic breast and prostate carcinoma cells form 
multicellular homotypic aggregates at the sites of their primary attachment to the 
endothelium. The results suggest that metastatic cell heterotypic adhesion to the 
microvascular endothelium and homotypic aggregation represent two coordinated 
subsequent steps of the metastatic cascade mediated largely by similar molecular 
mechanisms, specifically by interactions of tumor-associated Thomsen-Friedenreich 
glycoantigen with the p-galactoside-binding protein, galectin-3. In addition to inhibiting 
neoplastic cell adhesion to the endothelium and homotypic aggregation, disrupting this 
line of intercellular communication using synthetic Thomsen- Friedenreich antigen 
masking and Thomsen-Friedenreich antigen mimicking compounds greatly affects cancer 
cell clonogenic survival and growth as well. Thus, p-galactoside-mediated intravascular 
heterotypic and homotypic tumor cell adhesive interactions at the sites of a primary 
attachment to the microvascular endothelium could play an important role during early 
stages of hematogenous cancer metastasis. These results were published in Cancer 
Research 65,3805-381 l(2003). 

Sitespecific Incorporation of Radiometal Binding Sites in Proteins via 
Recombinant or Enzymatic Synthetic Systems. 

Three methods of introducing radiometal binding sites into antibody fragments were 
investigated. First, we cloned and expressed cysteine and histidine containing sequences 
at the C-terminus of the heavy chain of the DNA- 1 antibody Fab fragment. Second, we 
examined the use of directed tRNA misacylation to introduce chelator conjugated amino 
acids into proteins during protein translation. Finally, protein splicing technology was 
employed to introduce non-natural amino acid radiometal chelator sequences onto the C- 
terminus of antibody Fab fragments. 
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Natural amino acid *Tc and lmRe chelation sites genetically engineered at the C- 
termini of Antibody Fragments. 

DNA oligonucleotides encoding Gly-Cys-Gly-Cys, Gly-Cys-Cys Gly-Cys, Gly-Cys- 
Gly-Cys-Cys or a His6 peptide sequence were cloned at the C-terminus of the gene for 
the DNA-1 Fab. The recombinant Fab constructs were expressed in E. coli and purified to 
homogeneity. Native Fab (no additional C-terminal sequences), Fab containing the 6- 
(His) tag, or Fab containing the Gly-Cys-Gly-Cys tag were radiolabeled with 99mT~ via 
transchelation reaction with glucoheptonate. Native Fab and the 6-His tag Fab exhibited 
labeling efficiencies of <5% while the Gly-Cys-Gly-Cys tag Fab displayed a 50% 
radiolabeling efficiency under the same conditions. Similar radiolabeling yields were 
obtained with DNA- 1 containing the C-terminal Gly-Cys-Cys Gly-Cys and Gly-Cys-Gly- 
Cys-Cys sequences. All three radiolabeled Cys-tagged DNA- 1 Fab retained their 
biological activity and were chemically stable in physiological saline and in serum at 37 
C". Thus, recombinant Fab isolated fiom the phage display libraries appear highly 
amenable to sequence-specific radiolabeling strategies. 

wmTc glucoheptonate transfer reaction. In initial radiolabeling reactions, pre-reduced 
99"rc was incubated with purified Fab under nitrogen for 20 min at 25°C. Thin layer 
chromatography (TLC) analysis of the reaction indicated that approximately 90% of the 
label was incorporated into the Fab. Upon further HPLC analysis it appeared that there 
were two major species of radiolabeled Fab. Radiolabeling efficiency and stability could 
be improved if the labeling proceeded at pHs greater than 10. Structural studies carried 
out in our laboratory indicated that the secondary and tertiary structure of our Fab 
molecules began to denatured above pH 10. Therefore, these reaction conditions were not 
pursued because they would generate a high percentage of denatured or improperly 
folded Fab. In parallel experiments Fab were radiolabeled with w"'Tc and '*'Re via a 
glucohept~nate-~~Tc transfer complex. The optimal labeling procedure consisted of 
adding the preformed glucoheptonate-99"rc complex to a solution of Fab (N.25 mglrnl), 
in phosphate buffer, pH 7, and incubate it at 42 "C for 2 hrs. This reaction yielded a 
single major radiolabeled Fab species. The stability of radiometal coordination by the 
Fab was studied in different buffers and at various pH's ( i.e. Na acetate pH 5.0, Na 
phosphate 7.4, and Tris-HC1 pH 9.0). Fab which were labeled with 99mTc via 
glucoheptonate were more stable than Fab labeled directly by pre-reduced 99mTc. HPLC 
analysis indicated that Fab labeled directly by pre-reduction of 99"'Tc yielded multiple 
labeled species and that the number of peaks and their elution times changed at different 
pH's and over time. The major reaction product from Fab labeled via a glucoheptonate- 
wmTc transfer reaction retained its elution pattern over time and at different pHs. Even 
though the gross wmTc labeling efficiencies were similar between the two Fab 
radiolabeling techniques, the use of glucoheptonate yielded a more homogeneous and 
stable reaction product. 

radiolabeled via a glucoheptonate transchelation reaction described in the paragraph 

DNA-1 Fab were either directly radiolabeled with pre-reduced 9h"Tc or labeled via a 

Recombinant DNA- 1 and DNA-1 containing the His-6 and Gly-Cys-Gly-Cys tags were 



. . , .  

above. The radiolabeling efficiencies of DNA- 1, DNA-His-6 and DNA-Gly-Cys-Gly -Cys 
with wmTc were investigated by SDS-PAGE. Only Fab with the Gly-Cys-Gly-Cys tag 
were efficiently radiolabeled with %'Tc. Chemical stability studies on the 99mTc-Fab 
indicated that the radiolabeled antibody complex was stable in phosphate buffer and 
serum for greater than 24 hrs. The Gly-Cys-Gly-Cys tagged Fab was also radiolabeled 
with '"Re (data not shown). Previous work with radiolabeled peptides indicated that 
radiometal chelation may be more stable with the addition of a third Cys residue. DNA-1 
containing the Gly-Cys-Gly-Cys-Cys, Gly-Cys-Cys-Gly-Cys, and Gly-Cys-Gly-Cys were 
radiolabeled with 99mTc and analyzed by SDS-PAGE (Figure 1). All three Cys tags were 
radiolabeled with %"Tc. The radiolabeling efficiencies for Gly-Cys-Gly Cys and Gly- 
Cys-Gly-Cys-Cys tagged were slightly better that Gly-Cys-Cys-Gly-Cys tagged Fab. All 
three wmTc labeled Fab exhibited similar radiochemical stability properties during 
phosphate buffer and serum incubation assays. These results demonstrated the utility to 
the Cys-Gly-Cys tag as antibody fragment site-specific 9h"Tc and '''Re coordination sites. 
Tag sequences Gly-Cys-Gly-Cys and Gly-Cys-Gly-Cys-Cys were cloned into the 
expression vectors containing the anti-T antigen Fab and scFv. These results were 
published In; Technetium, Rhenium and other metals in chemistry and nuclear medicine 
V,  549-552 

Figure 1. Autoradiogram of SDS-PAGE analysis of T c - D N A - 1  constructs containing the 
metal chelation sequences (1) Gly-Cys-Cys-Gly-Cys, (2) Gly-Cys-Gly-Cys-Cys, and (3) Gly- 
Cys-Gly-Cys. 

Suppressor tRNA insertion of Lysine conjugated to a P2S2 metal chelator during 
protein translation. 

Misacylated transfer RNA (tRNA) was used to direct insertion of a chelate-amino acid 
conjugate at a specific location in a protein during in vitro protein synthesis translation 
reactions. As presented in the previous progress report, lysine (Lys) was misacylated with 
the suppressor tRNA(CUA) by recombinant Lysl-tRNA synthetase to yield Lys- 
tRNA(CUA). The Lys-tFWA(CUA) complex was derivatized at the epsilon-amino group 
of the Lys sidechain by NHS activated iodobenzoate and a P2S2 bifunctional chelate or 
DTPA anhydride. The conjugated Lys-tRNA(CUG) complexes were tested in an in vitro 



translation reactions using a luciferase mRNA that contained a suppressor codon at 
position four. If the suppression was successful, the chelate or iodobenzoate conjugated 
Lys would be inserted at position 4 and the remainder of the protein would be synthesize. 
If the Lys-conjugate was not inserted the protein synthesis reaction would be terminated at 
position 4. Luciferase was selected as a test protein because the intact protein is 
bioluminescent and its activity can be easily detected and quantified. 

Figure 2. Luciferase activity from translation reactions containing 
suppressor tRNAs: Lys, P2S2-Lys and a negative control with no 
Lys-tRNA. 

i 

Rabbit reticulocyte lysate system was applied to test suppression efficiency of modified 
and unmodified (Lys)tRN&,,, Luciferase mRNA containing an amber codon in the place 
of Lys4 was transcribed in vitro by using a "7- RNA polymerase production system. The 
luciferase mRNA was translated in a rabbit reticulocyte lysate reaction. Luciferase 
enzyme reactions were incubated in the presence of substrate at 30 "C for 1 hour and 
luciferase activity was measured by a luminometer. The results are presented in Figure 2. 
To see luciferase protein translated on the SDS gel electrophoresis amino acid mixture 
minus methionine and 2 pl of S35Met were used during in vitro translation-suppression 
reaction. After translation 2 pl of the each reaction were loaded into the 12% SDS 
polyacrylamide gel and bands were visualized by autoradiography after gel. The results 
are presented on the Figure 3. The lines on the gel correspond to the f is t  two columns of 
the luciferase activity chart. 

I I 

Figure 3. SDS-PAGE of 
35S-Met luciferase 
translation reactions 
containing RNAs: Lys, 
P2S2-Lys and no tRNA. 
An arrow marks lucifierase . .  

Results from the in vitro translation reactions revealed that both the Lys-iodobenzoate 
and Lys-P,S, conjugates were inserted, but that the Lys-DTPA conjugate was not. Based 
on luciferase activity assays, Lys-P,S, was better tolerated than Lys-iodobenzoate at 
position 4 in the luciferase protein. The Lys-P,S, luciferase exhibited twice the activity of 
Lys-iodobenzoate luciferase even though the P2S2 chelate is much larger than the 
iodobenzoate moiety. However, the overall yield of the Lys- P2S2 protein was very low, 
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approximately 50% of the unmodified Lys control. Yield improvements will have to be 
improved greatly if this is to become a viable method of synthesizing proteins containing 
chelator-conjugated amino acids. 

Protein Splicing of radiometal chelator sequences to recombinant antibody 
fragments. 

1 2  3 4  

A, 
4- 
B 

Figure 4. SDS-PAGE scFv 
slicing reaction. Lane 1, h4W 
markers; lanes 2,3 8z 4 
spIicing reactions . (A) 
intein-scFv, (B) intein, and 
(C) scFv. 

We have employed protein splicing to add a non-natural 
amino acid tail to a single chain Fv (scFv) construct of the 
B72.3 tumor-avid antibody. The intein polypeptide has been 
shown to catalyze the self-splicing of the polypeptides 
encoded on either side of it. A mutant intein polypeptide was 
developed that prevents the completion of the splicing 
reaction, yielding an intermediate that can be intercepted by 
a thiol-containing molecule. The gene encoding the B72.3 
scFv was joined to an intein-chitin binding domain (CBD) 
coding region. Expression of the construct in E. coli yielded 
a B72.3-inten-CBD fusion protein. The fusion protein was 
affinity purified on a chitin bead column. The self-splicing 
reaction was allowed to proceed while the fusion protein was 
still attached to the column. Since our fusion protein 
contained the mutant intein polypeptide, the self-splicing 
reaction was stalled at an intermediate where the antibody 
scFv was linked to the intein-CBD fusion via a thioester 
intermediate. The thioester intermediate was intercepted with 
a thiol contained peptide to yield a B72.3 scFv conjugated at 
its carboxylic acid terminus with a non-natural amino acid 

peptide. The interceptor peptide had the sequence of NH,-Cys-Gly-Ser-Gly-Lys-dTrp- 
COOH. Performing the interception reaction on the chitin bead column insured that only 
peptide-tailed B72.3 scFv were released from the column. Therefore, each B72.3 scFv had 
a peptide tail at its C-terminus, well away from the antibody’s antigen binding site. The 
protein splicing reaction allowed us to add non-natural amino acid polypeptides to our 
antibody fragments. We expanded the protein splicing reaction to include DOTA 
containing peptides (i.e. NH,-Cys-Gly-Ser-Gly-Lys(D0TA)-dTrp-COOH). The major 
difficulty with this technique is that the target protein (SCFV) must be well expressed in the 
intein vector and that one must have a large amount of thiol containing peptide. We 
needed to get our peptide to 3 mM to make the reaction work. This is trivial with a small 
molecule but requires significant amounts of peptide. 

All three methods of site specific chelator introduction by recombinant methods were 
successful. However, the use of misacylated suppressor tRNAs and protein splicing using 
the intein system did not yield enough final product to make them viable at the present 
time. Adding a natural amino acid metal chelation sequence to the C-terminus of a Fab 
heavy chain was effective. The recombinant protein could be expressed at high levels, the 
introduction of the chelation sequence did not affect antigen binding, and the protein could 
be radiolabeled with reasonable efficiencies. 
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