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Abstract

A novel bifunctional maleimido CHX-A”-DTPA chelator 5 was developed and conjugated to the
monoclonal antibody trastuzumab (Herceptin) and subsequently radiolabeled with 111In. The
resulting 1111n labeled immunoconjugate 2 was demonstrated to bind to SKOV3 ovarian cancer cells
comparably to an isothiocyanato CHX-A” DTPA modified native trastuzumab, 1. Through efficient
thiol-maleimide chemistry, antibodies, peptides or other targeting vectors can now be modified with
an established radioactive metal chelating agent CHX-A” DTPA for imaging and/or therapies of
cancer.

The use of monoclonal antibodies (mAbs) as targeting vectors to selectively deliver a lethal
dose of radiation to cancer cells through either a B~ or a-emitting radionuclide,
radioimmunotherapy (RIT), has been extensively investigated for cancer therapies.l'3 The
targeted nature of such therapies as well as imaging with y- or *-emitters (SPECT / PET),
radioimmunoimaging (RII), offers the promise of greater efficacy and less toxicity.4 This field
has attracted greater attention particularly after the recent Food and Drug Administration
approval of two radionuclide-bearing monoclonal antibody therapies (°°Y-ibritumomab

and 131|-tositumomab) for the treatment of lymphohematopoietic malignancies.5’ 6

The development of suitable bifunctional chelating agents for modification of proteins for RII
and RIT continues to receive great attention. To achieve useful radiolabeled mAbs in the
clinical setting, chelating agents must form thermodynamically and kinetically stable
complexes to prevent loss of radionuclides in vivo, while retaining mAb immunoreactivity.7’
A variety of DTPA and DOTA derivatives bearing isothiocyanate reactive groups are well
documented for this purpose and some have been carried forward into antibody-targeted
radiation therapy clinical trials (Figure 1).4 The acyclic bifunctional ligand, CHX-A” DTPA
(N-[(R)-2-amino-3-(p-aminophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-
N,N,N’,N”,N”-pentaacetic acid) reported in 1997, has been found to be excellent at sequestering
radionuclides such as 86/90y, 212/213g; 111|n and 177y with great in vivo stability. 912 In
particular, radiolabeling of CHX-A” DTPA modified mAb with the therapeutic a-
emitter 212Bj was found to be statistically comparable to protein conjugates formed with a
bifunctional DOTA derivative (2-(p-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane
tetraacetic acid) in stability, without the detraction of the slow formation kinetics inherent to
the DOTA macrocycle.11
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In this laboratory, the isothiocyanate form of CHX-A” DTPA reacts with primary e-amine
groups of lysine or terminal a-amine residues of proteins and has routinely been used for
conjugation to mAb (Figure 2). This conjugation method can be problematic in controlling the
precise number and exact position of chelates that have been attached. This can lead to concerns
regarding potential interference with antigen binding, particularly so if there are lysine residues
in the antigen binding region.

An alternate conjugation strategy |s available via the selectivity of the Michael addition
between a thiol and a maleimide.13 The maleimide group reacts efficiently and specifically
with thiol-terminal biomolecules and has been widely used to form stable protein conjugates
through thioether linkages. This conjugation method is widely considered to give greater
control over the position of the chelating agent on a protein when the thiol group(s), e.g.,
engineered cysteine residues, can be introduced at the genetic level. One the other hand, thiol
groups are less likely than charged groups (e.g. amino groups) currently used for conjugation
to be found in at mAb’s binding sites, thereby offering better chemistry to retain
immunoreactivity of mAbs. A small number of chelating agents that exploit this strategy have
been reported, 14-17 put few have seen extensive use for in vivo studies of radiolabeled
antibodies or peptides for either imaging or therapy. In part, this may be due to a lack of
familiarity with this chemistry and/or more problematically, the lack of appropriate derivatives
of previously established chelating agents.

Herein, the synthesis of a novel maleimido CHX-A” DTPA chelator, 5, is described as well as
its successful conjugation to the monoclonal antibody trastuzumab. This novel malemide
CHX-A” DTPA derivative thus offers an alternative route to modify antibodies, peptides, and
other targeting vectors with an established radiometal chelate. This conjugation strategy might
be particularly useful considering the availability of engineered Fab or Fab’ antibody fragments
containing free sulfhydryl groups.

For the synthesis of 5, we used the tert-butyl ester protected p-amino functlonallzed CHX-A”
DTPA, 3, which was recently developed in this laboratory (Figure 3) 8,19 This aniline
derivative was reacted with N-e-maleimidocaproic aC|d (EMCA) using standard peptide
coupling conditions to provide maleimide 4 (63%) 0 The tert-butyl esters in 4 were
quantitatively cleaved by TFA as monitored by TLC to generate 5. 1 Thereafter, the liberated
five carboxyl groups, along with the three tertiary amines, became available for sequestering
radioactive metals, such as 111In, 86/90y  212/213g;j or 177 y, The maleimide moiety in 5
provides a highly reactive group towards thiol groups either extant or introduced into proteins
or peptides. To conjugate 5 to trastuzumab, the mAb was first thiolated with 15 equivalents of
Traut’s agent using standard procedures with minor modifications.22 Routinely, ~ 2 - 4 thiol
groups per trastuzumab were introduced as quantified by Ellman’s reagent. Thiolated
trastuzumab was then reacted with 10 equivalents of 5 to produce conjugate 2.23 Unreacted
thiolated conjugate was capped with iodoacetamide to minimize cross-linking of the mAb
conjugate product and to promote a longer shelf life of the immunoconjugate. Finally, the
reaction mixture was dialyzed into PBS buffer at 4 °C to remove all small molecules from the
protein solution. The final average ratio of CHX-A” DTPA moieties per trastuzumab achieved
by this process was calculated to be ~ 2 based on an Arsenazo (l11) assay 4 The
immunoconjugate 2 was radiolabeled efficiently (> 95%) with the SPECT radionuclide 111In
within 30 min at room temperature.25Figure 4 shows the size-exclusion HPLC profile of the
isothiocyanate and maleimide-functionalized trastuzumab as compared to their

respective 111In labeled analogs as well as to the unmodified mAb. The profiles of the
maleimide-modified analogs were similar to those of the previously reported isothiocyanate-
modified analogs, both radiolabeled and unlabeled, as well as to unmodified trastuzumab.
Immunoreactivity of the resulting 111In labeled immunoconjugate 2 was demonstrated by
binding to SKOV-3, a human ovarian carcinoma cell line. There was comparable binding
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between 111In labeled immunoconjugate 2&44.9%) and the 111In-labeled isothiocyanato CHX-
A” modified trastuzumab, 1 (38.6%).19’2

In conclusion, a novel bifunctional maleimido DTPA derivative 5 was designed, synthesized
and characterized for conjugation to thiol containing biomolecules such as antibodies, peptides
or other targeting vectors, which was based on a previously established chelating agent, CHX-
A”. Successful conjugation of 5 to the monoclonal antibody trastuzumab (Herceptin) was
achieved by efficient thiol-maleimide chemistry. One should note that the direct use of 4 would
also be possible for solution or solid phase conjugation to peptides and other vectors.
Subsequent cleavage of the esters would provide a conjugate product suitable for radiolabeling.
Therefore, this newly developed maleimido CHX-A” DTPA allows a new route to providing
an established radioactive metal chelating agent on biomolecules for imaging and/or therapies
of cancers.
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NH4OAc buffer (0.15 M, pH 7, 100 uL) was added to a solution of the maleimido CHX-A” DTPA
chelator, 5, conjugated to trastuzumab, 2, in PBS (1 mg/mL, 50 pL). 111InCI3 in 0.05 M HCI (1 mC,
3 uL) (PerkinElmer) was then added to the mixture and vortexed. The reaction mixture was incubated
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(0.IM EDTA, 4 pL). The 111in labeled product was purified on a PD-10 column using PBS as the
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26. Radioimmunoassay: Immunoreactivities of the radiolabeled preparations were assessed in a

radioimmunoassay using methanol-fixed cells. Briefly, SKOV-3 cells were trypsinized, pelleted, re-
suspended in PBS (pH 7.2) and fixed with cold methanol at a final concentration of 80% methanol.
After 1 hr at 4°C, the cells were washed with PBS (3 times) and re-suspended in PBS containing 1%
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Figure 1.
Structures of CHX-A” DTPA, 1B4M-DTPA, ¢c-DOTA and PA-DOTA.
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Figure 2.

A schematic presentation of CHX-A” DTPA conjugated trastuzumab 1, conjugation through
an isothiocyanato CHX-A” DTPA chelator, and 2 conjugation through the maleimido CHX-
A” DTPA chelator, 5, to prepare 2.
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Figure 3.
Synthesis of the bifunctional maleimido CHX-A” DTPA chelator, 5.
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SE-HPLC chromatograph of (a) 1; (b) 2; (c) 111In-1; (d) 111In-2; (e) trastuzumab. (a), (b), and
(e) were monitored by UV at 280 nm, while (c) and (d) were recorded by an in-line HPLC
radiodetector.
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