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Generalintroduction
 

1 Tumor-targeting with radiolabeled monoclonalantibodies (MAbs)

wl
About a century ago, Ehrlich postulated the concept of the "magic bullet"’. A magic bullet

should consist of a compound with specific affinity to microorganisms, enabling the

destruction of that organism without harmful effects to the rest of the body. He envisioned

that antibodies could act as such, If antibodies could be developed that recognize tumorcells,

and tumorcells alone, the same principle would then be applicable to detect and kill cancer.

The introduction of the hybridoma technology for the production of monoclonal antibodies

(MAbs) by Kohler and Milstein’ in the mid 1970s turned the magic bullet concept of Ehrlich

into a realistic option. With the hybridoma technology, an unlimited range of MAbscould be

developed against any particular cellular antigen. The MAbs can have effector functions of

their own,but therapeutic efficacy can be enhanced by arming MAbs with "warheads"such as

toxins, drugs, enzymes or radionuclides. Due to a “cross-fire" effect, radionuclides are

especially attractive as warheads since, in order to be effective, not all tumorcells have to be

targeted by radiolabeled MAbs. Nowadays, radiolabeled MAbs can be used for detection of

primary tumors and metastases throughout the body with radioimmunoscintigraphy (RIS) or

for systemic treatment of cancer with radioimmunotherapy (RIT).

1.1 Tumor-targeting with MAbs

A variety ofcell surface proteins on tumorcells have been exploredas targets for MAbs. The

efficacy of antibody targeting will be determined by the characteristics of the MAb,the tumor

physiology, and the nature of the antigenic target.

1.1.1 MAb

Several considerations have to be taken into account when using MAbsfor the targeting of

tumor cells. Factors such as origin, size, and affinity all have their impact on the in vivo

behavior of the MAb. After a short description of the structure of MAbs and the hybridoma

technology, the influence ofeachofthese factors on tumor-targeting will be discussed.

MAbstructure Antibodies, also called immunoglobulins (Ig), consist of two identical

light chains and two identical heavy chains linked to each other by disulfide bonds (Fig. 1A),

These chains are composed of different domains: the variable heavy (Vy) and hght (V,)

chains, called the variable region (Fv), serve as the antigen-binding domains while the

constant heavy (Cy) and light (C,) chains, called the constant region (Fe), are involvedin the

interactions with effector cells or in the activation of the complement cascade. The small

regions that directly interact with the antigen are called complementarity determining regions

(CDRs). Upon bindingto the target cell, most antibodies are internalized gradually or rapidly

(depending on the antigen, tumor cell, and antibody) and become degraded within

lysosomes **. In order to generate MAbsvia the hybridoma technology, mice are immunized

with the desired target antigen or antigen-expressing tumorcells. Subsequently, their antibody

11
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producing B cells are fused with immortal myelomacells and the resulting hybridoma cells

can be propagatedindefinitely and used for the in vitro production of murine MAbs (mMAbs)

in unlimited quantities.

 

A

Variable
region

(Fv)

Constant
region

(Fe)

Mouse IgG Chimeric Humanized Human

Y wy
F(ab’), F(ab’) Fab

© Wp Sp Sh Sift
Single chain Fy Covalent scFv dimer Diabody Minibody

scFv sc(Fv),

Figure 1. Schematic representation of intact MAb (A), MAb fragments (B), and single chain-based

fragments (C). A, MAb of mouse (gray), chimeric (gray and white), humanized (white, only CDRs

gray), and complete human origin (white). B, MAb fragments (of mouse or human origin) can be

made by enzymatic cleavage of the whole MAb molecule and/or by molecular biological techniques.

C, Monomeric and dimeric scFv (trimeric and tetrameric variants not shown).
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MAborigin One ofthe first limitations encountered when using these mMAbsin

patients was immunogenicity. The injection of mMAbscan induce the developmentof human

anti-mouse antibodies (HAMA), resulting in an increased clearance of the MAb *, allergic

reactions, or even anaphylaxis *. Developments in recombinant DNA technology opened up

an entirely newperspective for selection and production of MAbs. These techniques permit

the construction of MAbspreserved for binding sites but with possible variations in subclass,

origin, size, and configuration.

Besides murine MAbs, nowadays chimeric and humanized MAbs can be engineered in

order to minimize the chance that the human immune system recognizes the MAb molecule as

being non-self (Fig. 1A). Chimeric MAbs (cMAbs) possess murine variable domains and

human constant domains “*. If the immunereaction is directed against the variable domain of

the mMAb, the construction of a cMAbwill not solve the immunogenicity problem. For this

purpose, also humanized MAbs (hMAbs) can be developed which are almost completely of

human origin with only the CDRs derived from mouse. Thelatest achievement in MAb

engineering is the fully human MAb,produced by use of phagedisplay libraries *"'

of transgenic mice that contain human immunoglobulin gene repertoires'*"*. During
or by use

humanization, however, a considerable decrease in affinity can occur.

Recent developments in the fields of phage display library technology and expression

of recombinant antibodies in heterologous systems such as microorganisms 13.16 transgenic

plants'’ and transgenic animals 'S are expected to further enhance the development,

production andapplication of MAbsin the comingyears.

MABsize In humans, intact MAb molecules have a long residence time ranging from a

few days to over three weeks. This results in high MAb concentrations at tumorsites, with

optimal tumor-to-nontumor ratios after 2-4 days. Disadvantage is that the slow blood

clearance also results in significant exposure to normal organs, especially to bone marrow.In

addition, the large size of a MAb molecule (~150 kDa) limits its diffusion from the

vasculature into tumor.

The use of MAb fragments increases blood clearance. This results in higher tumor-to-

nontumorratios at earlier time points, but the absolute uptake in tumoris often lower 9 With

decreasing fragment size, penctration of tumor masses will be easier and more

homogeneous 20 For many years, enzymatic digestion methods have been used for the

production of smaller functional fragments out of intact MAb molecules. The resulting

fragments ate called F(ab’); (~100 kDa), F(ab’) (~50 kDa), or Fab (~40 kDa) (Fig. 1B). Since

these fragments are lacking the Fc portion, they are in general less immunogenic.

Morerecently, the genes encoding the IgG variable and constant domains have been

used to construct a variety of recombinant antibody-based fragments. Single chain Fy(scFv,

~25 kDa)is the simplest and smallest fragment, in which the V,, and Vy chainare linked by a

small peptide linker and expressed as a single protein (Fig. 1C). Dueto its small size, more

than 50% of monomeric scFv is cleared from the blood within 10 min”!”, resulting in high

tumor-to-nontumorratios already within a few hours after administration. A disadvantage of
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scFv, F(ab’), and Fab is that they exhibit lower avidity compared to intact MAbs or F(ab’)s

due to their monovalent binding”*. The scFv can be further engineered to form a covalent

dimer (sc(Fy)2, ~50 kDa) or, through shortening of the linker and thus forcing noncoyalent

associations between two molecules, a diabody (~55 kDa). Fusion of a scFv to a constant

domain and assembly into a dimer is called a minibody (~80 kDa). These dimers all exhibit

high functional affinity *425It is also possible to enhancethe affinity of scFv by random or

site specific mutations of the selected peptide binding domains. Affinities (K,) as high as 10"!

M for affinity-matured scFv have been documented 2627 A commoncharacteristic of small

fragments is that they are cleared from the blood pool primarily by glomerular filtration,

which can cause high kidney level values*!’*?. The kidney uptake will be especially

pronounced whenresidualizing radionuclides are used for RIS and RIT studies nace

MAbaffinity An issue that has notbeen settled yet. is the choice between high or low

binding affinity of the MAb.Atfirst glance, high affinity of the MAb seems desirable for the

firm bindingto the target antigen and for reaching high tumor concentrations. Several studies

have demonstrated improved tumor delivery and therapeutic efficacy in xenograft-bearing

nude mice when using MAbs with increased affinity **°. Also for the scFv C6.5 (anti-

HER2/neu) and twoofits affinity mutants which target the same epitope, it was shownthat

increased affinity led to improved tumor retention*?. On the other hand, mathematical

models ** and experimental studies *” produced strong indications that tumor penetration by

high-affinity MAb molecules was impaired andthat the MAbs were only binding to the outer

layers of the tumor mass, by the very fact of their successful binding to antigen. This

phenomenon was called the "binding site barrier". Higher MAb affinity, higher antigen

density, lower MAb dose, and faster MAb internalization and metabolism by cells were all

predicted to enhance the "barrier" effect *”.
Recently, Adams ef al. *7 demonstrated with a panel of scFv C6.5 mutants with

affinities ranging from 107” to 10'' M that very high affinity not only limits tumor
penetration, but also the level and specificity of tumor accumulation. They showed that

quantitative tumor retention did not significantly increase with enhancements in affinity

beyond 10° M.Ataffinities of 1.2x10'" to 1.5x10'' M tumor retention even decreased.

These data were confirmed with diabodies that were created from the same scFv”. In fact, the

diabody with the lowest affinity exhibited the highest quantitative retention. These data are in

line with the observations made in the studies with intact MAbs as described in chapter 2 of

this thesis, which were performed during the same time period. Only this year, a mathematical

model has been described that provides a meansto predict the tumorpenetration and retention

of an antibody by taking several parameters, including MAb affinity, into account“.

Comparison of the experimental scFv C6.5 data with the simulated data provided by this

model showeda strong qualitative agreement.
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1.1.2 Tumor
Several factors have been recognized to influence the accessibility of tumor associated

antigens for MAbssuch as vascularisation, interstitial pressure, the nature ofthe disease (e.g.

solid tumors vs, hematological malignancies), and the tumor location in the body 8 The

latter can partly be explained by the natural barrier offered by normal capillary endothelial

cells. This barrier can vary between tissues, from highly regulated (blood-brain barrier) to

poorly permeable to macromolecules (lung and skin) to almost non existing because of the

numerous gaps between the endothelial cells, fenestrations in the cells, and the lack of

basement membrane (liver, spleen, and bone marrow) *®Tumor vasculature is in general

better permeable for MAbsthan blood vessels in normal tissues *Because tumor vasculature

consists of vessels recruited from the pre-existing network of the host vasculature, as well as

of neovasculature resulting from the angiogenic host response to cancer,it is thought that the

local microenvironment also has a tremendous impact on antigen accessibility “.

Tumor vasculature is typically disordered and with a low and irregular blood flow,

resulting in a failure to provide adequate and homogeneousnutritional support to tumorcells.

In the end, this can lead to chronic and/or diffusion-limited hypoxic regions in the tumor.

These effects are relevant for RIT, as MAb access to these sites within the tumor will be

hampered, while absence of oxygen might also cause radiation resistance “5 In addition,

hypoxic tumorcells are often in a state of reduced proliferation or quiescence, another factor

reducing tadiation efficacy ~*.

An additional barrier is formed by the extracellular matrix surrounding the tumor

cells*’. The composition of extracellular matrix is thought to be the result of an active

interaction between tumor cells and stromal cells of the host organ. The diffusion rate of

MAbsthrough the extracellular matrix might thus be largely determined by the tumor type as

well as by the anatomical location’. A combination of above mentioned factors can

account for variable MAb uptake among tumors and heterogeneous distribution of MAb

throughout an individual tumor.

1.1.3 Antigen

The ideal target antigen shows an expression which is exclusively restricted to tumorcells.

Unfortunately, until now no fully tumor-specific antigens have been found. The next best

candidates are tumor-associated antigens (TAA),proteins that are present more abundantly on

tumorcells then in normal tissue*’. When the antigen is expressed in normaltissues that are

poorly accessible for intravenously injected MAbs, targeting becomes "operationally" tumor

selective. Preferably, a TAA is homogeneously expressed among tumorsas well as within an

individual tumor, with low or no expression on normal tissues. TAA onthe outer cell surface

will ensure accessibility of the antigen by the MAb while a high density expression of TAA

will favor MAb accumulation atthe tumorsite. Someantigens are shed or secreted, resulting

in MAb-antigen complexes in the circulation, which limits the amount of unbound MAb

available for tumor binding*!. Additionally, antigenic modulation or down-regulation of
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antigen expression upon MAb administration can hamper the efficacy of the targeting

procedure.

As alternative targets for anticancer MAbs, also antigens involved in angiogenesis or

expressed by tumor neovasculature have been explored = The potential advantages over

direct targeting of tumorcells are that the vasculature is better accessible for antibodies, while

many tumor cells become affected upon destruction of vasculature***’, Disadvantages are
that tumors with heterogeneous blood supply and tumor deposits without blood vessels such

as micrometastases are less likely to be affected and that the expression of the target antigens

is less restricted to tumors. At the moment, the lack of neovasculature-specific target antigens

limits the potential of this approach.

Recent developments in the fields of gene and protein expression analysis by

microarrays and proteomics are expected to greatly enhance the discovery of novel candidate

tumortargets *"*?. Description of the variety of TAA that are knownat the momentfor tumor-

targeting purposes is beyond the scope of this introduction, but several comprehensive

reviews have beenpublished in which these antigensarelisted!"

1.2 Clinical applications of MAbs

Diagnostic applications of MAbs \n order to use MAbs for diagnostic purposes,

MAbs have been labeled with y-emitting radionuclides. Until now, five radiolabeled MAbs

have been approved by the U.S. Food and Drug Administration (FDA) for diagnostic

imaging, among which four for imaging cancer (Table 1). The first radiolabeled MAb that

received approval in 1992 was OncoScint. This agent consists of the indium-|! 1 1-labeled

('""Intlabeled) mMAb satumomab (also known as B72.3), that recognizes the tumor-
associated glycoprotein-72 (TAG 72) expressed on ovarian and colorectal cancer cells. In

1996, four more diagnostic antibodies labeled with In or technetium-99m ("Tc) were

Table 1. Diagnostic radiolabeled MAbs approved by the FDA(in order of approvaldate).
 

 

Trade name Genericname MAbtype Isotope Antigen target Condition Reference

OncoScint satumomab Mouse, Nn) TAG 72 Oyarian carcinoma,  °7?

pendetide IgG colorectal carcinoma

CEA-Scan arcitumomab Mouse, “"™To CEA Colorectal carcinoma %*

F(ab")

Myoscint —imciromab Mouse, th myosin Myocardial injury &

pentetate Fab

Verluma nofetumomab Mouse, "Tc EGP40 Small cell lung cancer °°?
merpentan Fab

ProstaScint capromab Mouse, "In PSMA Prostate cancer BE

pendetide IgG
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approved. One of these, Myoscint, is used for myocardial injury imaging, while the other

three, CEA-Scan, Verluma, and ProstaScint, are indicated for detection of several forms of

cancer’. These diagnostic agents are mainly used for staging disease in patients suspected of

recurrent or metastatic disease.

Therapeutic applications of MAbs The first therapeutic MAb receiving approval by

the FDA in 1986 was mMAborthoclone thymocyte 3 (OKT3). This MAbtargets CD3 and is

used to treat or prevent solid organ transplant rejection. Since then several MAbs have been

approved for the treatment of conditions as diverse as transplant rejection, cardiovascular

disease, virus infection, inflammatory diseases, and cancer (Table 2). All approved tumor-

targeting MAbs, except Herceptin, are specific for hematologic diseases (Rituxan/Zevalin,

Mylotarg, and Campath). This can be explained by the relative good accessibility of these

malignantcells, in contrast to cells of solid tumors.

Radiolabeling of a MAb canenhanceits action radius because radionuclides can be

cytotoxic over many cell diameters. Even with a MAbthat showssignificant antitumor effects

in unconjugated form, the coupling of a radionuclide can enhance efficacy. For example, a

randomizedtrial has been performed in which the chimeric MAb Rituxan was compared with

Table 2. Therapeutic MAbs approved by the FDA(in order of approvaldate).
 

 

Trade name Generic name MAbtype“ Antigen target Condition Reference

OKT3 muromonab Mouse CD3 Transplantrejection qn

ReoPro abciximab Chimeric GPlb/Ia Cardiovascular disease as
receptor

Rituxan rituximab Chimeric CD20 Non-Hodgkin's Tg4
lymphoma

Zenapax daclizumab Humanized IL-2 receptor Transplantrejection a

Simulect basiliximab Chimeric IL-2 receptor Transplant rejection wf

Synagis palivizumab Humanized RSV Respitory syncytial virus"

Remicade infliximab Chimeric TNF Rheumatoid arthritis/ e
Crohn’s disease

Herceptin trastuzumab Humanized ErbB2 Metastatic breast cancer”

Mylotarg  gemtuzumab Humanized, CD33 Acute myeloid leukemia“?

ozogamicin toxin-linked

Campath alemtuzumab Humanized CD52 Chronic lymphocytic SL?
leukemia

Zevalin ibritumomab Mouse, CD20 Non-Hodgkin’s a

tiuxetan radionuclide-linked lymphoma

Humira adalimumab Human TNF-a. Rheumatoid arthritis Be

Xolair omalizumab Humanized IgE Allergic asthma aS

 

“ All the therapeutic MAbsaslisted in table 2 are intact IgG.
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Zevalin, the yttrium-90-labeled (°’Y-labeled) murine version (ibritumomab) of Rituxan

(rituximab), in patients with non-Hodgkin’s lymphoma.In this trial the overall responserate

wasin favor of Zevalin: 56% vs. 80%, respectively **. A second cancer specific radiolabeled

MAbthat is awaiting approval by the FDA is called Bexxar (tositumomab). This anti-CD20

mMAblabeled with iodine-131 ('2'1) also holds promise for the treatment of non-Hodgkin’s

lymphoma *’.

In order to confirm tumor-targeting by the therapeutic radiolabeled MAb and to

estimate the radiation dose to tumor and normal organs before applying RIT, scouting

procedures with diagnostic radiolabeled MAbs can be used **" In the Zevalin therapeutic

regimen, an imaging procedure is performed with '\tn-labeled mMAbibritumomab tiuxetan

prior to RIT with °’Y-labeled MAb. Also in the Bexxar regimen, a dosimetric trace dose of

‘311labeled MAbis used to individualize the therapeutic '*'T dose”.

1.3. Radionuclides for radioimmunodetection and -therapy

Asillustrated by Table 1 and 2, one ofthe possibilities to exploit MAbs for diagnosis and/or

therapy is by the coupling of radionuclides. The choice of the radionuclide depends on the

antibody used, antigen properties and application of the radiolabel: tumor detection,

treatment, or treatment planning. Important characteristics of the radionuclide in this regard

are its decay properties, such as its physical half-life and the type (y-, B-, and/or «), energy,

and abundance of the emitted radiation. The physical half-life should by preference be

matching with the biological half-life of the MAb used. Besides that, also its chemical

properties play a role, e.g. the mode of labeling needed andits fate after conjugate catabolism

in vivo. Some radionuclides are rapidly released from the cell after internalization and

catabolism, while others are known to be retained intracellularly and are thus called

residualizing radionuclidesThe availability of a radiolabeling procedure that is simple,

efficient, reproducible, and affordable is an additional requirement, especially when

considering commercial application.

Radionuclides for detection and treatment planning At the moment, for

radioimmunodetection mainly y-emitters are used because photons travel far enough to be

detected outside the body. Dictated by y-camera characteristics, the y-energy should by

preference be 100-200 keV. Besides the y-emitters “”™re and '''In, isotopes used in FDA

approved diagnostic imaging immunoconjugates, also 'S1) and ‘J are currently investigated

in clinical imaging trials (Table 3).

"Te has the advantagesthat it is widely available and that its y-energy of 140 keV

allows high quality imaging with a lowradiation burdento the patient. A limitation is its short

physical half-life of 6 h, making it less suitable for imaging with intact MAb molecules.

Based on similar chemical properties "Te has been evaluated for use as matched pair

radioisotope with rhenium-186 (Re), applying “"Tc-labeled MAb as a tracer to confirm

tumor-targeting and to predict dosimetry for 'S6Re-labeled MAb therapy ”'””. In these studies

quantitation with "Tc was accurate, but not beyond 24 h. Also tracer amounts of "Re could

18
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Table 3. Maincharacteristics ofy-emitting radionuclides presently used in clinical RIS studies.
 

 

Radionuclide Half-life Main y-energics

(h) (keV) (%)

Technetium-99m 6.0 140 89.0

Indium-111 67.3 171 90.0

245 94.0

lodine-131* 192.5 284 6.1

364 81.7

637 yee

lodine-123 13.2 27 70.4

127 13.5

159 82.8

 

“For Pp-emission, see table 4

be used in such scouting procedure, but its accompanying f-emission poses a higher

radiation burdento the patient (see also Table 4).

"ll has good imaging qualities, whereas its physical half-life of 67 h makes it

suitable for imaging intact MAbs. It is customary to use ‘Tn as a y-emitting surrogate for

tracing the biodistribution of the therapeutic radionuclide “Y in RIT trials. Comparisons

between '''In and “’Y-labeled MAbs using DTPA derived chelates in preclinical and clinical

studies, showed minordifferencesin biodistribution ”*”*.
'3!1 is readily available, reasonable in cost, and relatively easy to couple to MAbs.

However,its y-emission of 364 keV limits its imaging qualities for a y-camera. Thehalf-life

of ©'I is long (8 d). In RIT studies that use 'S11 as the therapeutic radionuclide often an

imaging study with a tracer dose of ''T is included for patient selection and for dosimetry

planning. Alternatively, '*I has been used asit has a more suitable y-emission of 159 keV and

a relative short physical half-life.

Nowadays, positron-emitting radionuclides for detection with a positron emission

tomography (PET) camera are considered as alternative for radioimmunodetection and

treatment planningas will be discussed in part 2 of this General introduction.

Radionuclides for therapy For clinical RIT, 8-emitters have been most extensively

studied (Table 4). The path-length of f-particles is several millimeters, i.e. 10-100 cell

diameters, which permits cross-fire of poorly accessible cells or antigen-negative cells.

Dependent on its energy and corresponding particle range, each B-emitting radionuclide is

associated with a certain optimal tumorsize for curability a

Until recently, most RIT studies employed the isotope 'S!T as the therapeutic

radionuclide. Besides the previously mentioned advantages of IT (vide supra), a point of

attention for its use in RIT is the occurrence of dehalogenation, which requires the blocking of
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the thyroid with e.g. potassium iodide to preventuptake of '°'1. Furthermore, during treatment

extensive safety measures are needed to limit the radiation dose to medical personnel and

relatives caused by the accompanying y-emission. Another iodine isotope that has been

studied for use in RIT is '**I. This isotope, with a long half-life of 60 d, produces low-energy

Auger electrons. Due to the short path length of Auger electrons (< 1 cell diameter). the

isotope needs to be internalized in order to damage the nuclear DNA % 1251_labeled MAb 17-

1A and A33 have been evaluated in RITtrials with colon cancer patients ane

New developments in radionuclide production and labeling techniques have facilitated

the use of other therapeutic radionuclides as well. This is particularly true forY Its high B-

energy and particle range of up to 12 mm makes *Y more suitable for irradiation of larger

tumors (centimeter-size ”*). Since °’Y is a residualizing label, ie. has a long residence time in

the tumorcell after internalization,it can delivera relatively large radiation dose. The absence

of y-emission minimizes external radiation exposure and enables outpatient treatment,

howeverit also makes imagingofthe in vivo distribution of the “'YyJabeled antibody virtually

impossible.

A-emitting radioisotope that has shown promise for RIT is 'S6R, This radionuclide

combines a suitable half-life and B-energy with a relatively low abundance ofy-emission

suitable for high quality imaging (Table 4). Encouraging tumor responses have been achieved

with antibodies labeled with ‘Re in patients with refractory metastatic epithelial

carcinoma” and patients with squamous cell carcinoma of the head and neck”. Another

rhenium isotope, the radionuclide '“*Re, has a relative short half-life for RIT and has been

used in patients with gastrointestinal cancer '”’ and for myeloablative RIT for conditioning of

high-risk leukemia patients prior to stem cell transplantation ‘Ol Radionuclides that are also

underclinical investigation are copper-67 (°’Cu) and lutetium-177 ('”Lu). In a pilot study

with “’Cu-labeled mMAb Lym-1l, tumor regressions were observed in patients with non-

Hodgkin’s lymphoma '2' Consistent production of “Cu at high specific activity is still a

challenge 83 The  -emitter Tu has been used in patients with advanced

adenocarcinoma '™' and in patients with ovarian cancer, in the latter case intraperitoneally

administered in combination with the chemotherapeutic agenttaxol '”. '"’Lu is similar to “°Y

in chemistry, but has a considerable shorter maximum particle range of 1.5 mm, makingit

more suitable for treatment of small tumors.

Within the approach to employ a-emitters in RIT, bismuth-213 (Bi; half-life, 0.77

h), 7!Bi (half-life, 1 h), astatine-211 (7"'At; half-life, 7.2 h), and more recently actinium-225

C*Ac;half-life, 10 d) have been indicated to be suitable '"*'"*. Dueto their short path-length,

ie, I-10 cell diameters, and high linear energy transfer, o-particles are thought to be

especially suitable for eradication of circulating tumor cells, micrometastases or minimal

residual disease. The short half-life of most of these o-emitters makes themless suitable for

the labeling of intact MAb molecules. Nevertheless *13Bi-labeled MAbs have been usedin

clinical trials with patients with leukemia '® and prostate cancer Me,
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Table 4. Main characteristics of B-emitting radionuclides presently used in clinical RIT studies.
 

Radionuclide Half-life Main B-energies Main y-energies Maximumparticle Reference

 

(h) (keV)*  (%) (keV) (%) range (mm)

lodine-131 192 333 7 364 82 2.0 i

606 89
Yttrium-90 64 2284 ~=:100 or 12.0 Wm

Rhenium-186 89 939 21 137 10 5.0 ee

1077 71
Rhenium-188 17 1965 25 155 15 11.0 LOg1ol

2120 71
Copper-67 62 SH uinasy7 93 16 1.8 ige

482 22 185 49

575 20
Lutetium-177 161 176 12 113 7 1.5 (D4

384 9 208 ll
497 79
 

“Maximum f-energy

1.4 Radiolabeling of MAbs

Initially, radiolabeling methods were focused on direct labeling because of its simplicity.

These methods were relatively successful for "Te and the iodine radioisotopes '*'I, "I, and

'237but the direct coupling of'“’Re and '*Re to MAbs appearedto lead tostability problems.

For stable coupling of non-halogen radionuclides, indirect labeling methods with bifunctional

chelates are mandatory. Bifunctional chelates are compounds that are able to form stable

complex with the radionuclide while containing a reactive group that can be used for coupling

to the MAb. During the labeling procedure the chelate-radionuclide complex can be prepared

first, followed by coupling to the MAb(prelabeling method) orthe chelate can be coupled to

the MAb, after which the premodified MAb is radiolabeled (postlabeling method).

Advantages of the latter method are the often higher overall radiolabeling yields and the

possibility to formulate labeling kits, enabling easy use in multicentertrials.

Thedirect labeling of iodine radioisotopes to MAbs involves the covalent attachment

ofradioiodine to tyrosine residues under mild oxidative conditions (Fig. 2). A consequenceof

using directly iodinated MAbsis that after internalization and catabolism of the MAbby the

target cell, iodotyrosine is formed which is rapidly released from the cell NIL" Th order to

increase tumorretention of radioiodine, novel labeling methods have been developed using

prosthetic groups that result in residualizing radiolabels '3 This means that the catabolic

products of the radioiodinated conjugates are trapped in lysosomes and thus retained

intracellularly. Because of the more complex labeling procedure, low levels ofradioiodine

incorporation, low specific activities, and problems with MAb aggregation, the development

21



Chapier 1

of residualizing iodine radiolabels still requires considerable research "4 Until now,clinical

studies have only been performed with MAbsthat were directly labeled with radioiodine.

Radiometals suchas '*’Re, '**Re, and"Tc can be bound directly to free thiol groups

after reduction of S-S bonds of the MAb. This method suffers from several problems: (1)

binding is non-specific with poor control ofthe labeling site; (2) often unstable complexes are

formed with limited iz vivo stability, and (3) cleavage ofdisulfide bridges can alter protein

structure and impede biological integrity. The indirect labeling of Re isotopes and "Te can

be performed with bifunctional chelates such as N2S2''> (used in the diagnostic agent

Verluma, Table 1), N3S!!°, NoS4'!’, and S-benzoyl-MAG3''*. The latter chelate was

originally used as precursor for *”"Te-MAG3,a tracer for measuring renal function. Based on

a labeling approach described by Fritzberg ef al. ‘15 a multistep procedure was developed to

radiolabel MAbs with °"Te and '**Re via MAG3(Fig. 3). Especially the formation of '“*Re-
MAG3 proved to be different from that of °"Tc-MAG3 and required a solid-state

synthesis ''*,

For the coupling of the radionuclides '''In, ’Y, '”’Lu, and “Cu to MAbs,indirect

labeling with a bifunctional chelate is the only option. One of the first chelates used

successfully for the coupling of '''In and Y was diethylenetriaminepentaacetic acid (DTPA.

Fig. 4). Examples of '''In-labeled radioimmunoconjugates are the commercial imaging agents

OncoScint and ProstaScint which contain the chelate GYK-DTPA °***. Linkage of GYK-

DTPA to the MAb is accomplished using one of its five carboxy] arms. Analternative

approach involves the synthesis of p-isothiocyanatobenzyl-derivatives of DTPA (e.g. SCN-

Bz-DTPA, 1B4M-DTPA and CHX-DTPA)in which the chelate is coupled via a specific

linker group on the backbone ethylene carbon (Fig. 4). The latter chelate modification

resulted in more stable chelate-radionuclide complexes, probably because all five carboxylate

arms remain available for binding ''°. Of these derivatives, IB4M-DTPA (also known as MX-

DTPA) has been used in the Zevalin regimen and several other clinical studies for imaging

and therapy with '''In and "’Y, respectively ?*'7°'??.

More recently, the macrocyclic chelate 1,4,7,]0-tetraazacyclododecane-1,4.7,10-

tetraacetic acid (DOTA,Fig. 5) has been developed which forms more stable *°Y complexes

than DTPA does '!*'25!*4. This chelate has also been successfully used for coupling of '’”Lu
to MAbs". A different macroclyclic chelate, 1,4,8,1 1-tetraazacyclotetradecane-|,4,8,11-

tetraacetic acid (TETA, Fig. 6), has been developed to couple *7Cu to MAbs |, It is of note

that one of the first clinical studies performed with DOTA-coupled MAb reported

immunogenicity to DOTA "5 However, a subsequent study did not support the viewthat the

chelates DOTA and TETA were more immunogenic than other radiometal chelating

agents '*°. It was proposed that the observed increase of immunogenicity might originate from

the linker used to attach the macrocyclic chelate to the MAb'*’, from a high chelate:MAb

molarratio '**'°. or froman interplay between MAb,linker, and chelate ee
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Figure 2. Chemical structures of the oxidants 1,3,4,6-tetrachloro-3a,6a-diphenylglycouril (lodogen,

used in this thesis, chapter 2, 5, and 6)(A) and N-chloro-p-toluene-sulfonamide (chloramine T)(B).

These oxidants are commonly used for radiohalogenation oftyrosine residues of MAb(C).
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Figure 3. Chemical structure of the bifunctional chelate MAG3 (used in this thesis, chapter 2 and 6).

M:radiometal.
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DTPA: H, H, OH
GYK-DTPA: H, H, lysyl-tyrosyl-glycyl
p-SCN-Bz-DTPA: H, CH,-benzyl-NCS, OH

1B4M-DTPAIMX-DTPA: CH,, CH,-benzyl-NCS, OH
CHX-DTPA: cyclohexyl, CH,-benzyl-NCS, OH

(dashed line)

Figure 4. Chemical structure of the bifunctional chelate DTPA and several ofits derivatives. M:

radiometal.
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DOTA: H, OH
BAD: CH,-benzyl-NH-CO-CH,-Br, OH

OHSCN-Bz-DOTA: CH,-benzyl-NCS,Fee CH Opn (NH-CH3-CO),-NH-CH,(CH,-benzyl-NCS)-CO-NH,
DOTA-peptide-NCS: H,

Figure 5. Chemical structure of the bifunctional chelate DOTA(used in this thesis, chapter 4 and 6)

and severalofits derivatives. M: radiometal.

 

TETA: H
BAT: CH,-benzyl-NH-CO-CH,-Br

Figure 6. Chemical structure of the bifunctional chelate TETA and one of its derivatives. M:

radiometal.

1.5 Improving tumor-targeting with radiolabeled MAbs

Important variables affecting tumor response to RIT include the cumulative radiation dose

delivered to the tumor, dose rate, penetration, and tumorradiosensitivity. From the studies

reported so far, RIT seemsto be mostsuccessful in the treatment of hematologic cancertypes.

Lymphomas and leukemias remain the mostsensitive tumor targets for RIT, because of their

intrinsic sensitivity to MAbs and radiation, and the relatively good access of the tumorcells

for radioimmunoconjugates. The treatment of solid tumors with RITstill remains a challenge.

For further improvement of tumor-targeting, most attention is paid to the selection of

optimal MAbs,radionuclides, and labeling methods. Other approaches focus on maximizing

uptake of radiolabeled MAb in the tumorand/or reducing the amount of radiolabeled MAbin

blood and normaltissues. As an interesting approach to overcome heterogeneousdistribution

of MAbs within tumor tissue caused by heterogeneous antigen expression, it has been

suggested to apply mixtures of MAbsor a bispecific MAbdirected against different antigens
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or epitopes of the same tumor type 131-135Th addition, to enhance RIT efficacy a combination

of radionuclides with different energies may prove more beneficial than using a single

radionuclide. For example, combining a B-emitting radionuclide with high energy and longer

tissue range, and a B-emitter with medium energy and shorter tissue range could possibly

destroy both bulky disease as well as micrometastases ’”'*°.

To eliminate remaining, unbound radiolabeled antibodies from the blood circulation

after saturation of target sites, so-called "secondary" antibodies have been proposed as

clearing agents to reduce exposure of normal tissues *"!**, Another approach to lower the

residence time of radioactivity in the body is the pretargeting strategy '’. The concept of

pretargeting is based on separate administration of the tumor-targeting MAb and a low-

molecular weightradiolabeled ligand. Because the biological half-life in blood of such a

ligand is short, the radiation exposure of bone marrow and other normal organs will be

minimized. The binding of the radiolabeled ligand by the tumor-localized MAb can be

achieved with the use of either a (strept)avidin-biotin or a bispecific MAb recognition

system. Both systems have been investigated in diagnostic and therapeutic clinical trials “”
'3" Although individual dosing and timing is complicated with pretargeting because of the

multiple administration steps, promising diagnostic and therapeutic results have been

observed.

Several other attempts to enhance RIT efficacy have been reported. These include

combined modality RIT '*, fractionated RIT’, and bone marrow transplantation or blood

stem cell reinfusion. In the case of combined modality RIT, in general RIT has been

combined with chemotherapy or external beam radiation '46.197 Clinical data on fractionated

RIT, the administration of multiple-doses of radiolabeled MAb, revealed that toxicity is

reduced and the maximum tolerated dose extended '**'”. Since in most RIT trials

myelotoxicity has been the dose-limiting toxicity, bone marrowtransplantation or blood stem

cell reinfusion may allow dose escalation aS

A role for PET in improving radioimmunodetection and -therapy For optimal

application of tumor-targeting MAbs in approaches for effective RIS and RIT, it must be

demonstrated that the radiolabeled MAbs indeed accumulate selectively and in sufficient

amounts in tumors. This can be performed by absolute quantification of tissue uptake in

biopsied samples or by planar imaging with a y-camera,

The most advanced way for visualization and quantification of

radioimmunoconjugates promises to be the use of PET. Immuno-PET (PET with MAbs)

combines the selective tumor-targeting properties of a MAb with the excellent sensitivity and

resolution of PET. For this purpose the MAb has to be labeled with a positron emitter.

Immuno-PETcan be used for (1) detection of primary and metastatic tumors, (2) assessment

of pharmacokinetics and biodistribution, (3) optimization of MAb scheduling, and (4)

individualization of therapy '**. As such immuno-PET mightplay an important role in tumor

diagnosis and therapy with MAbs, as well as in research and developmentfor the initial

characterization and optimization of novel MAbs/MAb-constructs.
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2 Positron Emission Tomography (PET)

2.1. General introduction imaging

Imaging techniques such as magnetic resonance imaging (MRI), X-ray computed tomography

(CT), and ultrasound are of immense help in noninvasive visualization of the body 'SS_ These

techniques are based on energy-tissue interactions and are primarily used to display anatomy.

With CT and MRI, tumors can in general be recognizedif their diameter is larger than 1 cm.

These techniques cannot reliably distinguish between benign and malignant tumors or

between post-therapeutic alterations such as scarring, inflammation, or necrosis and residual

or recurrent tumors. Moreover, none of these techniques can visualize the in vivo behavior of

new (bio-)pharmaceuticals like MAbs. For a long time, therefore, clinical testing of new

medicines has been uncontrolled, with the body being a black box from which at most data

from blood and urine concentrations, and the presence of metabolites, could be retrieved.

Newcomers in the area of imaging are single photon emission computerized

tomography (SPECT), nearinfrared (NIR) optical imaging, and PET. These techniques can be

used for acquiring anatomical information, as well as information at physiological and

molecular levels. They require the administration of a reporter probe, consisting of a targeting

componentand label, e.g. y-emitter, fluorochrome, or positron emitter, that is detectable by

a given imaging device. The targeting component might be a small molecule, peptide, enzyme

substrate, or antibody.

A limitation of SPECT is that quantification with this technique is difficult. primarily

on account of insufficient correction for scatter and partial absorption of y-photons in the

tissue of a patient. A disadvantage of NIR optical imaging is low penetration depth in tissue.

In contrast, PET offers both accurate quantification possibilities and deep tissue imaging. In

addition PET provides superior spatial and temporal resolution and sensitivity compared to

SPECT.

2.2 Principles of PET

PET is based on annihilation coincidence detection and requires the administration of a

positron emitter. This is a radioisotope that emits a positively charged -particle (also called

positron) and a neutrino upon conversion of a proton into a neutron (p’ — n + B' + v). The

emitted positron will travel a distance of a few millimeters, depending onthe initial positron

energy and the density of the surroundings. After losing its kinetic energy, the positron

combines with an electron. During this event the masses ofthe two particles convert into their

energy equivalent according to E=mc’,resulting in the formation of two 511-keV photonsthat

are simultaneously emitted in opposite directions. This process is called annihilation (Fig 7).

After administration of a positron labeled molecule to a patient, the distribution of the

compound can be monitored by detection of the annihilation photon pairs. For this purpose a

PET camera is used that consists of a ring of detectors placed around the body ofthe patient.

If two photons are detected by detectors on opposite sides of the body within a very short

time, it is assumed that somewhere along the line between the two detectors an annihilation
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event has taken place. This line is referred to as the line of response (LOR)andis registered

as a coincidence event. By calculation of the crossing of all the LORsthe location of the

radiation source can be determined.

Positron-emitting

  
 

      
 

radionuclide

Detector Y<« x % i —> y Detector|

ve keV) \ e l (511 keV)

La \ j y
ae “NNN N / =

< 7 {
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Figure 7. Positron emission, annihilation, and coincidence detection. A positron is emitted during the

decay of a radionuclide. travels a short distance and combines with an electron. The positron and

electron annihilate, converting their mass into two 511-keV photons emitted at 180° to each other. The

two annihilation photons are electronically detected as a coincidence event when they strike opposing

detectors simultaneously (detector ring schematically depicted).

2.3 Corrections applied in PET

All photon pairs that have an energy that falls within the PET acquisition energy window

(typically 350 keV — 650 keV) and that are detected in coincidence within a certain time

period (coincidence time window, in the order of 5-15 ns) are called coincidences. A photon

pair that originates from the same annihilation event and that has no interaction with the

object or object surroundings before detection, is referred to as a true coincidence (Fig. 8A).

Besides that, the gross coincidence rate can consist of scatter coincidences, spurious true

coincidences and random coincidences (Fig. 8B-D). In these cases the LOR is not

representative of the annihilation location and degrades the image quality. Also, part of the

annihilation photons will not be detected due to attenuation and dead time. To arrive at a

quantitative image, a numberofcorrectionshas to be performed on the raw PET data '**'°7,

Corrections. Scatter coincidences comprise of annihilation photon pairs of which one

or both of the photons has undergone a Comptonscatter before detection (Fig. 8B). A larger

object or higher density of the material will increase the scatter rate. The use of lead or

tungsten shields placed between the detector rings, called septa, can reduce the number of

interplane scattered events collected. The septa, however, also reduce the number oftrue

coincidences detected. Acquiring PET data with the septa in place is referred to as two-

dimensional (2D) PET and without the septa as three-dimensional (3D) PET. For 2D PET, a

commonly implemented scatter correction is described by Bergstrém ef al. '™. Scatter
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correction for 3D PET still requires considerable research '*’. Several scatter correction

methods have been suggested for 3D PET, such as using direct Monte Carlo-based scatter

‘60.161 simultaneous acquisition of data in two energy windows".compensation approaches

model-based scatter correction methods '*'4, or non-stationary convolution subtraction

scatter correction techniques '.

Spurious true coincidences can occur when the same decay event simultaneously

results in an annihilation photon and a single y-photon (Fig. 8C). When the energy of such

prompt y-photonfalls within the PET acquisition energy window,the system will accept the

coincidenceas true, although the angle between the two photonsis notrestricted to 180°. The

occurrence of such events results in a quasi-uniform background and an anomalous apparent

activity in inactive regions of high physical density 166,167 Spurious true coincidences are not

an intrinsic problem ofthe PET cameraitself, but rather the result of the positron emitter

used.

Random coincidences involve two annihilation photons (or single y-photons) that do

not originate from the same annihilation event but by chance are detected within the

coincidence time window(Fig. 8D). Correction for random coincidences can be performed by

subtraction of coincidences measured in a delayed coincidence window.In this case, one of

the coincidence detectors has a delayed response relative to the other. The delay is such that

the probability of detecting true coincidences is zero. The probability of detecting random

coincidences will be the same, irrespective of the delay. With increasing radioactivity. the

random rate will increase with the square of the activity, whereas the true coincidence rate

will increase linearly. This meansthat at high activity levels, the occurence ofrandoms can be

a serious problem.

Attenuationis the loss of true coincidences due to Compton processes and absorption

within tissue, causing one or both ofthe annihilation photons not to fall within the PET

acquisition energy window and/or coincidence time window (Fig. 8E). Due to attenuation,

true coincidences in the center of the body have a decreased probability of detection than

those on the periphery of the body. The probability of a true coincidence detection is the

product of the probabilities of each of the two annihilation photons escaping the body without

interaction. For this reason, the amount ofattenuation along a particular LOR is the same.

independentof the location of the event on the LOR. This holds true even if the event took

place outside the body. This fact is used in measured attenuation correction and requires an

additional transmission scan in which the body is scanned with a rotating external radioactive

pointor line source. In addition, a scan of the external source without the body present (a so-

called blank scan) is acquired to characterize the number of counts if no attenuation loss

occurs. The ratio of the blank counts divided by those in the transmission scan yields an

attenuation correction factor for each emission LOR. Alternatively, calculated attenuation

correction can be performed based on body outline determination, assuming that the

attenuation properties are constant(i.e. a homogeneous body) 1,

Dead time losses are due to the inability of the system to process an infinite number

of photonsat the sametime. Asthe rate of photonshitting a detector increases, the probability

28



Generalintroduction
 

of missing a photon due to detector dead time also increases. This problem is particular

troublesome for coincidence detection, because both photons must be detected. Dead time

losses can be minimized by using a system with many independent detectors, fast scintillators

andfast processing electronics.

Normalization is necessary to correct for the variations in detector and LOR

efficiency. Are correction is performed to correct for the fact that due to the curved nature of

the detector ring, LOR passing near the centerof the gantry will be spaced farther apart than

those LOR onthe periphery.

A. True coincidence B. Scatter coincidence C. Spurioustrue coincidence

   

 

* location of annihilation event

SS part of detector ring
gray: detectorhit by photon

—- annihilation photon

omen> single y-photon

-P>| photon, scattered or
absorbed before detection

--~- LOR, not representative of
annihilation location    

Figure 8. Schematic representationoftrue (A), scatter (B), spurious true (C) and randomcoincidences

(D), and attenuation (E). A, True coincidence: two annihilation photons, emitted from the same

annihilation event, travel in opposite directions without interaction with the bodyand are detected by

opposing detectors. B, Scatter coincidence: one photon from an annihilation travels without

interaction, while the other annihilation photonis deflected due to scattering in the body, C, Spurious

true coincidence: a single y-photon is detected simultaneous with an annihilation photon (or another

single y-photon), both emitted from the same decay event. D, Random coincidence: two annihilation

photons(or single y-photons), emitted from two separate decay events, are detected by chance within

the coincidence time window. E, Attenuation: one or both ofthe annihilation photonsis not detected

due to scattering or absorption within the body. In the case of scatter, spurious, and random

coincidences, the LOR drawn between the two detectors is not representative of the annihilation

location (B-D). Three or more photons (multiples) detected in coincidence are rejected by PET

coincidenceelectronics.
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Figure 9. Schematic presentation ofpartial volume effects (A) and isocontour drawing (B). A, Slices

through the center of the true and the PET imagedobject(i.e. a sphere), and their corresponding line

profiles (dashed line: true object; solid line: PET image) for three conditions of radioactivity

distribution: only the object filled with radioactivity (hot spot). only the surroundings filled with

radioactivity (cold spot), or the object filled with a higher concentration of radioactivity than the

surroundings (hot spot in warm surroundings). B, 50% isocontour and 80% isocontour are drawn

around a hot spot and line profiles are presented. Gray areas indicate the amount of radioactivity

contained within the ROI.
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Partial volume effects. lf all the above mentioned effects are corrected for with

sufficient accuracy, then the only factor influencing quantitative PET analysis of radioactivity

is resolution-related. Due to limited spatial resolution, the spread of locoregional radioactivity

to surrounding areas must be taken into account. The ratio of imaged activity concentration in

an object to true activity concentration is called recovery coefficient (RC). With smaller

objects, the RC decreases, indicating that true activity concentration has been underestimated

in the PET image. Hot spot recovery coefficient (HSRC) defines the underestimation of image

activity concentration of a hot object in cold surroundings, while cold spot recovery

coefficient (CSRC) defines the overestimationofimage activity concentration of a cold object

in hot surroundings (Fig. 9A). The loss of radioactivity from the object into the surroundings

and the contribution of near surroundings spillover radioactivity into the object are called

partial volume effects. These errors can be corrected forif the correction factors (HSRC and

CSRC)are knownfrom a test measurement '*,

In general, for such test a cylindrical phantom is used that containssix fillable spheres

with different volumes arranged in a circle. For HSRC measurements the spheres are filled

with radioactivity and the cylinder with water. while for CSRC measurements the cylinderis

filled with radioactivity and the spheres with water. In order to calculate RCs, the

reconstructed images are analyzed by drawing regions of interest (ROIs) in the plane that

includes the center of each sphere. The diameter of the ROI canbe fixed (e.g. approximating

the resolution of the PET system, the true sphere diameter, or an arbitrary size) or can be

semi-automatically determined by drawing a 50%isocontour. The latter ROT contains all

pixels with a radioactivity concentration of 50% or more of the maximum pixel radioactivity

concentration (Fig. 9B). By increasing the percentage of the isocontour, the resulting ROIs

will be smaller. Subsequently, the total radioactivity within the ROI will be less, but the

radioactivity concentration will be higher. Alternatively, volumes of interest (VOIs, drawn

across several planes) instead of ROIs can be drawn for higher accuracy. RCs are calculated

by dividing the radioactivity concentration in the ROI or VOI by the true radioactivity

concentration. When the true radioactivity concentration is unknown, the radioactivity

concentration in the ROI of the largest sphere can be used (assuming that partial volume

effects at this size can be neglected). For a linear system, CSRC should equal one minus the

HSRC. The calculated RCs will depend on the diameter of the ROIs or VOIs used for data

analysis |.

2.4 Positron imaging systems and animal-PET

The potential of annihilation coincidence detection in medical imaging was recognized in the

early 1950s'®’, but it took at least a decade before the first positron imaging devices were

developed", These devices all made use of thallium-doped sodium iodide (Nal(TI))

detectors and consisted of a dual-headed camera or a circular array camera. Although these

devices employed the coincidence detection technique unique to positron imaging, it was not

until 1975 that the first PET scanner was developed by Phelps and coworkers that could form
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true computed tomographic images '”*, Since then the PET scanner has undergone several

developments with respect to system design and scintillation crystals.

PETdesign. Overthe years, the hexagonal and octagonal designs of the first systems

were followed by circular designs. To reduce cost, nowadays also a rotating partial-ring

system is commercially available instead of a full ring device (ECAT ART) The

coincidence detection efficiency of this system, however, is reduced because ofthe regions of

missing detectors. Also available is the "poor man’s PET", a hybrid system consisting of

coincidence circuits loaded onto a dual-headed y-camera. Although this system reduces cost

and is more accessible, detector sensitivity and count rate performance need improvement M1)

Recently, more sophisticated hybrid systems have been developed that make use oftwo layers

of different detector materials '’’. The front layer is for low-energy single photon detection
and the combination of the front and back detector materials are used for 511-keV detection.

This approach has the potential to result in SPECT performancesimilar to that of standard

dual-headed systems and PET performance similar to that of a mid-range clinical PET

scanner, Another low-cost system consists of a full ring formed by multiple flat Nal(T1) 7-

camerasor recently developed curved detectors oa

In orderto facilitate accurate interpretation of PET images,it has been suggested to

combine PET imaging with anatomical imaging by X-ray CT or MRIto provide simultaneous

registration of both biological function and anatomy ‘”. Combined PET/CT scanners are

already commercially available '*’ and although combining PET with MRIis technologically

more challenging becauseof the strong magnetic fieldsrestricting the use of certain electronic

components, also a small MRI-compatible PET scanner has been developed 181 The

availability of anatomical data will not only provide landmarks for PET image interpretation,

but can also be used for attenuation correction '*, reduction of image noise '*’, and partial

volumecorrection '™,

PETscintillation crystals. In the early years of PET, detectors were made ofsingle

crystals of Nal(Tl). Today, most PET scanners contain bismuth germanate (BGO) as

scintillation material because ofits much greater efficiency for detecting 511-keV photons 18,

The most widely used design is the block detector, in which the BGO blockis segmentedinto

as many as 64 elements. Each block is coupled to four photomultiplier tubes (PMT) which

determine where a photon interaction occurred in the block based on Anger position logic. In

this way, small size segments can be used, highly improving spatial resolution, while limiting

the number of photomultiplier tubes needed. In recent years, two promising newscintillation

crystals, cerium-doped gadolinium oxyorthosilicate (GSO) and cerium-doped lutetium

oxyorthosilicate (LSO), have emerged. Both the excitation states of GSO and LSO have a

shorter decay constant than either BGO or Nal, allowing for a short coincidence time window.

Their y-ray detection efficiency is comparable with BGO. Compared to LSO, GSO has a

somewhat lower light output and cleaves easily, making detector manufacturing more

difficult. LSO on the other hand has a lowlevel of backgroundradioactivity as a result of the
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Table 5. Small animal PET systemspresently in use or in development.
 

 

 

 

Commercially available PET system Special feature Reference

Manufacturer

Concorde Microsystems (CTI) MicroPET Crvstal-to-detector coupling: 188

Knoxville, TN, USA Optical fibers

Oxford Positron Systems Quad-HIDAC Detector: 87
Weston-on-the-Green, UK High Density Avalanche Chamber

Hamamatsu Photonics KK Hamamatsu SHR-7700 Ss

Hamakita-city, Japan

Concorde Microsystems (CTI) Dual layer HRRT Scintillator material: LSO 189

Knoxville, TN, USA Design:

Dual layer, depth of interaction

Not commercially available

Site of development

Hammersmith Hospital, RAT-PET 190

London, UK

UCLA CrumpInstitute, MicroPET II Scintillator material: LSO wi

Los Angeles, CA, USA Crystal-to-detectorcoupling:

Optical fibers

Universityof Jiilich, TierPET Scintillator material: ine
Jiilich, Germany Yttrium aluminum peroyskite

University of Ferrara, YAP-PET Scintillator material: ac

Ferrara, Italy Yttrium aluminum perovskite

Max PlankInstitute, MADPET-II Scintillator material: LSO it

Munich, Germany Detector:

Avalanche photodiode

Design:

Dual layer, depth of interaction

VU University Medical Center, Single layer HRRT “ Scintillator material: LSO 195

Amsterdam, The Netherlands

Indiana University, IndyPET-II Design: is

Indianapolis, IN, USA Four adjustable detector banks

University of Sherbrooke, Sherbrooke animal PET Detector: 197

Sherbrooke, Canada Avalanche photodiode

Massachusetts General Hospital, Single-plane PET Design: 198

Boston, MA, USA Single-ring

Scintillator material: LSO

National Institutes of Health, ATLAS Scintillator material: 1

Bethesda, MD, USA LGSO and GSO

Design:

Dual layer, depth of interaction

 

* In use until 2003.
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presence of naturally occurring ‘Lu which could cause higher random event rates and
influence the accuracyofthe singles transmission Se

Animal-PET. The use of dedicated small animal PET systems allows the careful

evaluation of new tracers and of animal models of disease in an efficient and economic

manner prior to human use*”*"*, The first and most obvious challenge to animal PET

imaging derives from the magnitude of difference between the physical size of human

subjects for which clinical PET systems have been developed andthe size of small laboratory

animals such as mouse and rat. To address the same biological questions in small animals as

in humans, animal PET systems must have similar ratios of volumetric spatial resolution to

the volume of the object of interest. Besides high resolution, the sensitivity of the system

plays an important role in obtaining high quality images. Unfortunately, the former is often

pursued at the expenseofthe latter aie:

Thefield of small animal PET research is relatively new and commercial systems have

only been available in the last few years. Recently commercialized systems are the microPET,

the Quad-HIDAC, the Hamamatsu SHR-7700, and the dual-layer high-resolution research

tomograph (HRRT)PET scanner(Table 5). In addition, several institutions have continued to

develop their own systems, a large selection of which is listed in Table 5. These commercial

and research detectors and their predecessors have been described in detail in recently
. + 202,203.205,207published reviews 72770929207,

2.5 Positron emitters for immuno-PET

For a positron emitter to be appropriate for immuno-PET, several aspects have to be

considered. The applicability of a positron emitter is dependent on the availability of methods

to obtain it pure and in sufficient amounts, the time period available for transportation and

labeling, the availability of proceduresfor its stable coupling to the MAb with maintenance of

the in vivo biodistribution characteristics of the latter, and on the presence of undesirable

components in its decay scheme that could affect image quality and quantitation accuracy.

The predominantfactor for a positron emitter to be suitable for immuno-PETis its physical

half-life. This has to be compatible with the time needed for a MAb or MAbfragment to

achieve optimal tumor-to-nontumorratios, being typically 2-6 h for MAb fragments and 2-4 d

for intact MAbs. Thusfar, the application of MAb fragments has mostly been restricted to

tumor detection, while intact MAbs have found broad application for tumor detection, tumor

therapy as well as for treatment planning (see paragraph 1.2). While for immuno-PET with

MAbfragments also the use of short-lived positron emitters (half-life of hours) is an option,

the kinetics of intact MAbs demandtheuse of long-lived positron emitters (half-life of days)

to allow imaging atlater time points for obtaining maximuminformation.

In relation to aforementioned considerations, application of positron emitters with a

very short half-life such as the "bio-isotopes" '°O, "N, and ''C(half-life, 2.0, 9.7 and 20.4
min, respectively) is out of the question. The positron emitters that have been evaluated in

preclinical and clinical immuno-PETstudies are listed in Table 6. Onbasis oftheir half-life,
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Table 6. Decay characteristics " ofpositron emitters used in preclinicalor clinical RIS studies.
 

 

Positron emitter Production Half-life Main Main Intrinsic spatial Ref.

fs'-energies 6 energies” _resolution loss

(hy (keV)* (%) (keV) (%) (mm) 4

Technetium-94m_ *'Mo(p.n) 0.87 2438 67.6 871 88.5 3.2 2020
1869 54

Gallium-68 "Gel*Ga- 1.13 1899 87.9 ac 2.4 ae

generator

Fluorine-18 '*O(p,n) 1.83 634 100.0 — 0.7 a

*Ne(d.o)

Copper-64 Nid2n) 12.7 653 17.9 oo 0.7 agate

*'Ni(p.n)
Yttrium-86 *“Sr(p,n) 14.7 1221 12.5 443 16.9 L8 ae)

1545 5.6 628 32.6
646 «9.2
703 «15.4
777 (22.4
1077 82.5
1153 30.5
1854 17.2
1921 20.8

Bromine-76 ° BasCHe2n) 16.2 871 5.9 559 72.3 5.3 Aiba?

*6Se(pn) 990.1 657 «15.5
3382 27.6 1216 87
3941 6.0 1854 14.0

2793 5.3
2951 7.6

Zirconium-89

—

“’Y (p,n) 78.4 897 22.7 909 99.9 1.0 ed

lodine-124° '™Te(p.n) 100.3. 1535 «11.2 603 62.9 23 e222

Te(d2n) 2138 «11.2 723 (10.1
'°Te(p,2n) 1691 10.6

 

* Half-life, main B’-energy keV and abundance, and main y-energy keV and abundanceas reported by
223

ICRP >and the NuDat database

. Onlythe energies in abundancy of= 5%is given.

© Maximum  -energy

* Calculated according to Paganiet al. 219.

* Positron emitter with more than 50 y-energies
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most of these radionuclides are less suitable for use in combination with intact MAb (in

particular "Te, “Ga, and '*F, and to a lesser extent “Cu, “°Y, and Br). Other aspects that

play a role in the use of these positron emitters are a complicated decay scheme with the

presence of prompt single y-photons Cy and “Br), high B'-energy (“"Tc, “Ga, and Br),

and presence of radionuclidic impurities (radioisotopes of the same element generated during

cyclotron production)(“"Te, “Cu). Except for the production of “Br via the (*He, 2n)
reaction on “As, all these shorter-lived positron emitters require enrichment of the target

material. While the positron emitters “Ga, '8F, “Cu, and “*Y need indirect labeling methods
with bifunctional chelates, “Tc and “Br can also be coupled directly to MAbs.

Only twopositron emitters are suitable for imaging ofMAb fragments as well as intact

MAbs: 'I (half-life, 4.18 d) and Zr (half-life, 3.27 d). The half-life of these radionuclides
offers an advantage with respect to the logistics of radiolabeling and transportation, but a

disadvantage with respect to the radiation burden to the patient especially when coupled to

ligands with a long biological half-life such as intact MAbs. This disadvantage might be

overcomeby the introduction ofthe latest generation of high-resolution PET scanners with a

highersensitivity, allowing lower dosesof injected radioactivity for comparable images,

©41 emits positrons with relative high energies (B" = 22.4%, Ep+max = 1535 and 2138

keV) and some prompt single y-photons with energies that fall within the PET acquisition

energy window. Nevertheless, quantitative PET imaging with 47 has been reported to be

feasible ?*!?**, The production of '™“I requires expensive enrichment of the low abundant

target material '4Te or '°Te and special attention to recovery ofthe target material. Atfirst,

the only source of '*“I was King Faisal Specialist Hospital, Riyadh, Saudi Arabia. Nowadays
production ofIis still limited to a few centers, but several improvements on 47 production

have been suggested with respect to yield, recovery, and radionuclidic purity of 7 and

recovery oftarget material****"°. Whether technical innovation will lead to an improvement
of '*[ availability and cost, and broader application of '“T, has to be seen. A recognized

advantage of ‘Iis that it can be directly coupled to MAbs, without the need for a multi-step

labeling procedure using a bifunctional chelate. However,direct radiolabeling of MAbs with

"41 leaves room for improvement, as it has mostly been performed with harsh oxidants such

as chloramine T, while radiolabeling yields were often low to moderate pean

Zr emits positrons of medium energy (6° = 22.7%, Ep+max = 897 keV) and has no

prompt single y-photons. Its quantitative PET imaging performance has not been evaluated

yet. The production of *’Zr can be performed via a (p.n) reaction on *’Y, an element with a
natural abundance of 100% ******. Isolation of “Zr was strongly improved by the introduction
of a simple and efficient hydroxamate-based method °37 75 can be coupled indirectly to

premodified MAbs that were obtained upon reaction of SMCC-modified MAb with the

SATA-modified chelate desferrioxamine B (SMCC = succinimidyl 4-(N-maleimidome-

thyl)cyclohexane-|-carboxylate; SATA = N-succinimidy! S-acetylthioacetate) 238 The Zre

desferrioxamine B complex itself was reported to be highly stable 3°but the applied linker

chemistry creates a succinimide ring-thioether unit that might be responsible for the release of

the chelate from the MAbat physiologic pH”.
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2.6 Experience with immuno-PET

Although a number of positron emitters has been suggested for MAb labeling, immuno-PET

applications are still in their infancy. The immuno-PET studies that have been performed

consist mostly of animal model experiments, while clinical evaluations are rare. This can be

attributed mainly to limited availability of suitable positron emitters, a lack of robust labeling

methods, and the relatively small number of PET cameras in operation. An issue thatstill

needs substantial attention is the evaluation of quantitative PET imaging techniques in vive.

Because PET is thought to be superior to SPECT with respect to quantification, several PET

isotope analogues have been suggested as substitute for y-emitting radionuclides as used in

RIS. This should, at least in theory, enable easy conversion from a SPECT to a PET imaging

procedure. PET isotope analogues of therapeutic B-emitting radionuclides as used in RIT

enable the application of a PET scouting procedureprior to therapy. Examples of analogous

PET/SPECTisotope pairs are 47) 237 and “Te / "Te, while examples of analogous

PET/RITisotopepairs are !“1/ "1, y /°°Y and “Cu/ Cu.
In the early 1990s, research groupsstarted labeling MAbs with the positron emitter

18p241-246 ISP has been by far the most widely available andapplied positron emitter, which

explains why in early days it was not only used for the labeling of MAb fragments, but also

for labeling of intact MAbsin spite of its short half-life (1.83 h). 'SElabeled Mel-14 F(ab’)>

was evaluated for biodistribution in glioma-bearing nude mice °4Neither maximum tumor

uptake nor maximum tumor-to-nontumor ratios were achieved, however, during the first 6 h

after injection. Choi ef al. 47 Jabeled an anti-Tac dsFv fragment with '*F, and showed a

maximum accumulation of these conjugates in ATAC4 xenografts at 45-90 min after

injection, indicating that the biological half-life of such small fragments is more compatible

with the physical half-life of 'SE No PET evaluation was performed with aforementioned

conjugates. Due to the short half-life of '8P and inefficient labeling, high doses of 'SE are

needed for the preparation of the conjugate. For the preparation of 300 MBq of 'SR_labeled

MAbfragment, Zalutsky er a/.™*° had to start with 3.7 GBq '*F for the 80-90 min taking

synthesis.

Other short-lived positron emitters are “™Te and °SGa. The approved imaging agent

CEA-scan, supplied as an instant kit containing lyophilized NP-4 antibody F(ab’) for labeling

with "Te (Table 1), was used for coupling of “Te instead**. Although "To and "Te

form an analogousisotopepair, labeling results were different as NP-4-F(ab’) contained much

more reoxidized NP-4-F(ab’); in case of “Te, Ideally, for the 0.87 h half-life of "Te, the

percentage ofthe biologically longer lived F(ab’)should be kept to a minimum. The authors

concluded that labeling procedures had to be modified to prevent reoxidation of F(ab’) thiol

groups. Noin vivo evaluation of these conjugates was performed.

Dueto its short half-life of 1.13 h, the positron emitter 8Ga is most suitable for the

labeling of small MAb fragments (scFv) or for use in pretargeting strategies. Pretargeted PET

with “Ga has been evaluated in mice bearing CD44v6- and MUC1-expressing tumorsSS

and in patients with breast cancer***. In the latter study, patients received 10 mg. anti-

MUCI /anti-Ga-chelate bispecific antibody (Bs-MAb), followed 18 h later by 10.7 mg of a
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blocker to remove residual circulating Bs-MAbfrom the blood, and 15 minlater 9.6 j1g of the

chelate labeled with 230-300 MBq “Ga. PET imaging was started 60-90 min after injection

of the “Ga-chelate. Average tumor-to-blood ratios and tumor-to-normal breast tissue ratios

were 0.9 and 3.0 at | h after injection. In ten patients, 14 of 17 knownbreast lesions, ranging

from 10-80 mm in size were clearly visualized as foci with increased activity with PET. No

false-positive but three false-negative readings were obtained. Detection ofaxillary lymph

node metastases was hampered by a high activity in blood vessels located proximately to the

lymph nodes. The authors stated that PET imaging offered better sensitivity for the detection

of breast cancer at low tumor contrast than conventional immunoscintigraphy. This was

demonstrated by the clear visualization of tumor sites 10 mm in size, which contrasted only

by a factor of 2 from surrounding normal breasttissue. Despite these promising initial results,

the anti-MUCI Bs-MAbusedin this study was considered to be far from optimal due to its

low affinity for the tumor antigen (1.2x107 M") and the nonspecific distribution of shed

antigen.

Positron emitters suggested for immuno-PET with a half-life of several hours, but less

than one day, are “Cu, “Y, and “Br. The positron emitter “Cu has been coupled to the intact
anti-colorectal mMAb 1A3 and patients with suspected advanced primary or metastatic

colorectal cancer were subjected to immuno-PET”*. Intact mMAb wasused for this study

because previous studies had shown high renal uptake of “Cu-labeled F(ab’): fragments.

After injection of the conjugate (5-20 mg mMAb, 370 MBq Cu), PET was performed once

or twice, 4 to 36 h later. All 36 patients entered in this study had CT or MRI seans, while 18

patients were also studied with ''FDG-PET.In 29 patients, one or more tumorsites (40 of 56

total) were proven with immuno-PET,in 5 patients absence of tumor was confirmed and in

the remaining 2 patients tumor status was not yet confirmed. All 17 primary and recurrent

sites were clearly visualized, but only 23 of 39 metastatic sites (59%) were detected. The

sensitivity of immuno-PET was best in abdomen and pelvis, and in these regions 11 occult

small tumorlesions were detected, including 9 small foci less than 2 cm in diameter that were

not detected by CT or MRI. For the detection of abdominal-pelvic tumors immuno-PET

exhibited superior sensitivity in comparison with CT and MRI,while it appeared as sensitive

as '8EDG-PET.In contrast, detection of metastatic disease of liver and lung wasdifficult, due

to high blood poolactivity at the early time points of imaging, which were chosen because of

the short half-life of “Cu (12,7 h). Detection of liver metastases was also hampered by

nontarget backgroundactivity, caused by “Cu residualizing in the liver after catabolism ofthe

conjugate. Immuno-PET and 'SFDG-PET appearedparticularly helpful for detecting smaller

tumors, those less than 2 cm in maximum diameter. Whereas CT or MRIdetected just 3 of 15

of such lesions, immuno-PET and '“FDG-PET detected 11 of 15 and 10 of 10, respectively.

Recently, the genetically engineered anti-CEA T84.66/GS18 minibody has been

labeled with “Cu via the DOTA chelate, and PET imaging ofcolorectal carcinoma xenograft-

bearing nude mice was performed °1 Tumors of 25-395 mg were visualized within a few

hours after injection ofthe tracer. Also with these “Cu-conjugates high retention ofactivity in

the liver was observed resulting in tumor-to-liver uptake ratios less than one. As this retention

38



Generalintroduction
 

would restrict the detection of hepatic lesions, the authors started the developmentofalternate

linker chemistry for attachment of DOTA to MAbs and MAb fragments that would allow

metabolism and subsequent clearance ofactivity. “Cu has also been used in a pretargeting

strategy, consisting of the anti-Ep-CAM MAb NR-LU-10 conjugated with streptavidin and a

“Cu-DOTA-biotin ligand °55 In mice bearing colorectal carcinoma xenografts, a maximum

tumor uptake was reached with this strategy at | h after injection. The tumor-to-blood ratio of

areas under the curves was 14 times higher for pretargeted “Cu-DOTA-biotin than for

conventionally labeled “Cu-DOTA-NR-LU-10. Although no PET imaging was performed in
this study, superior PET imaging contrast might be expected when using the pretargeting

strategy. Also in this study increased uptake of “Cu in the liver was observed, but uptake

levels were much lowerthan in the tumor. The positron emitter “°Y has been coupled to the

anti-Lewis Y hMAb hu3S193™ and the anti-HER2 hMAb Herceptin?"* (Table 2) andtheir
biodistributions were compared with that of their respective ''In-labeled MAbs.Therational

for this comparison is that PET with “°Y-MAb mightbe better qualified for predicting aay

MAblocalization and dose delivery in RIT studies than '''In-MAb SPECT. Although

biodistribution data from both studies indicate that this might be the case, accurate

quantitation of **Y with PET still remains a challenge due to the prompt single y-photons

emitted by this positron emitter”. "Br has been coupled to the anti-CEA MAb 38S1 by

Lévqvist ef al. and biodistribution studies and PET imaging were performed in colon

carcinoma xenograft-bearing nude rats and pigs 250258Th the group of halogens, "Br and "I

are the only positron emitters potentially useful for labeling ofintact MAbs, and the authors

hypothesized that “Br might be an interesting alternative to P47 as PETisotope substitute for

the iodine radionuclides used in RIS and RIT. To this end “Br-38S1 and '*°1-38S1 were

prepared by direct labeling, and their biodistribution compared in nude rats carrying human

colon xenografts. While all tumors (weighing 0.5 g or more) could be readily identified by

PET imaging from 46 h after administration of %Br-38S1, the concentration of “Br

radioactivity in tumor, blood and normal tissues was higher than the corresponding |

concentration at all time points. This was mainly due to catabolism ofradiolabeled MAb,

resulting in free radiohalides, of which Br was retained in the blood poo! in contrast to the

rapidly excreted ‘I ion. These data indicate that “Br can not be used as a PET isotope
substitute for iodine radionuclides.

Two long-lived positron emitters are 247 and “Zr. In the 1990s, several studies were

performed with "41 Jabeled MAbs in animals and patients PINES Shock ef ahe™

evaluated the biodistribution of '"I-labeled H17E2 in HEp2 xenograft-bearing nude mice,

without comparison with 311_labeled H17E2 and without performing PET imaging. Similar

studies were performed with "4labeled rat MAb [CR 12 for the targeting of human breast

carcinoma xenografts overexpressing the c-erb B2 proto-oncogene product *©This time PET

imaging was performed, but without quantitative analyses. Tumor xenografts of 6 mm

diameter were successfully delineated with high resolution at 24, 48 and 120 h after injection.

Subcutaneous ovarian cancer xenografts with a similar size (at least 7 mm) were also detected

in rat using immuno-PETwith the ‘I-labeled MAbs MX35 and MAb MH99*™. Clinical
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immuno-PETstudies with '*I-labeled MAbs have been performed with only small numbers
of patients”?!?°!, Wilson et al.”°' used PET with ‘I-labeled mMAb HMFGI for tumor

detection in 7 breast cancer patients and for quantitative measurement of conjugate uptake in

the tumors. In only 2 out of 7 patients the tumor uptake of the specific antibody was greater

than that seen with the non-specific antibody, while tumor-to-blood ratios were consistently

much lower than one. Therefore, it can be concluded that mMAb HMFG1 is not the MAb of

choice for use in immuno-PET. After almost a decade, the interest in '“1 MAb labeling has

been renewed. The CDR-grafted hMAb A33 has been labeled with "41 and colon xenograft-

bearing mice were imaged 232. Biodistribution studies revealed excellent tumor uptake of 50.0

+ 0.7 %ID/g, with maximum uptake at 4 d after injection. PET imaging detected antigen

positive tumors(ranging from ().2 to 0.7 g) by 4 h after injection, and high-resolution images

were obtained by 24 h after injection. In these studies, PET was not exploited for quantitative

measurements. '**I-labeled MAb VG76e, a MAb directed against the vascular endothelial

growth factor (VEGF), has been evaluated with PET in fibrosarcoma xenografi-bearing nude

mice’, Results from this study are difficult to interprete, however, as the immunoreactive

fraction of the conjugate obtained by evaluating three different radiolabelings strategies did

not exceed 34%. The '“I-labeled anti-VEGF hMAb HuMV833 has been administered to

patients with progressive solid tumors, to assess the biodistribution and biological effects of

HuMV833 7". In this study, the affinity of the MAbjust slightly decreased upon coupling of

247 from 1.8x10° M’! to 1.25x10° M™. PET analysis revealed that MAb distribution and
clearance were markedly heterogeneous between and within patients and between and within

tumors. HuMV833 distribution to normal tissues also varied among patients. but the MAb

was cleared from these tissues in a homogeneous fashion. The authors conclude from their

results that either intrapatient dose escalation approaches or larger, more precisely defined

patient cohorts would be preferable in the design of phase I studies with anti-angiogenic

compounds like HuMV833. This study illustrates the potential of noninvasive molecular

imaging with PET in the clinical development of new biopharmaceuticals.

The positron emitter “’Zr has been coupled to the mMAbs 323/A3 and E48 238 The

biodistribution of these radioimmunoconjugates in xenograft-bearing nude mice was similar

to the biodistribution of °°"Tc-labeled MAbs, whereas '“I-labeled MAbs showed lower tumor

uptake. Liver uptake wasin all experiments higherfor 7r-labeled MAb. A preliminary PET

study with “°Zr-labeled mMAb 323/A3 visualized tumors as small as 50 mg at 55 after

injection. As stated before, it is questionable whether these conjugates were fully stable in

vivo, due to the presence of a succinimide ring-thioether unit between MAbandchelate.
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3 Aim andoutline of the thesis

As described in the introductory chapter 1, the use of radiolabeled MAbs has been

recognized asa realistic option for improvementof diagnosis and treatment of cancer. At our

institute we are focusing on the use of radiolabeled MAbs for diagnosis and therapy of head

and neck squamous cell carcinoma (HNSCC). To this end, mMAb U36 and mMAb BIWA|

were selected as MAb candidates with high potential. Both mMAbsbind to overlapping

epitopes in the variable domain v6 ofthe cell-surface antigen CD44. RIS with thesemMAbs

after labeling with"Tc was foundto be as valuable as the conventional imaging techniques

CT and MRI, but the detection of tumor deposits smaller than 1 cm appeared to be a

problem**?*, Subsequently, cMAb U36 wasconstructed and tested in clinical phase | dose
escalation RIT trials. Although not the primary aim in phase I studies, promising anti-tumor

effects were observed with '*"Re-cMAb U36 in inoperable HNSCCpatients ”*!*?. Variability

was observed for '°’Re-cMAb U36 pharmacokinetics and tumor absorbed doses for patients

treated at the same radioactivity dose level, indicating that individualization of therapy might

be desirable. For all three MAbs (mMAb U36, cMAb U36, and mMAb BIWA1) humananti-

mouse or human anti-chimeric antibody responses (HAMA and HACA,respectively) were

observed.

The present thesis aims the further improvement of RIS and RIT with anti-CD44v6

MAbsby engineering of anti-CD44v6 MAbs as well as by introduction of immuno-PET.

Introduction of PET might improve the detection of small tumor deposits with MAbs because

ofits high resolution. In addition, PET has potential for quantitative imaging. These features

should enable PET to provide proofof antibody targeting and dosimetric evaluations prior to

RIT. For this purpose we started the exploration of the long-lived positron emitters Zr and

"41as their physical half-life is compatible with the time needed for intact MAbsto achieve
optimal tumor-to-nontumorratios.

For clinical application of MAbs, two important parameters to consider are the MAb

form andthe affinity of the MAb. Due to immunogenicity of aforementioned MAbs, further

reduction of the murine part of the MAb is strongly recommended. Such procedures,

however, mayresult in MAbs with diminished affinity and affected tumor uptake. In chapter

2, the construction of a chimeric and two humanized derivatives of mMAb BIWA is

described. These MAbs were evaluated together with mMAb U36foraffinity to the antigen

CD44v6 in vitro as well as for biodistribution and efficacy in RIT using xenograft-bearing

nude mice. Such preclinical evaluation studies in animals await confirmation in patients.

Confirmation in a clinical setting requires accurate noninvasive quantitation methods, one of

the reasonsto put effort in the improvement of immuno-PET.In these studies CMAb U36 was

used as a model MAbforreasons ofavailability.

In order to qualify the potential of immuno-PET,robust radiolabeling procedures must

be developed for the stable coupling ofthe long-lived positron emitters *’Zr and '“I to MAbs,
with preservation of MAb integrity and immunoreactivity. In chapter 3, comprehensive

procedures for reproducible isolation of highly pure *’Zr and production of *’Zr-labeled MAbs
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are described, The in vitro stability of “’Zr-labeled cMAb U36 wasassessed andits in vive

behavior was evaluated by biodistribution and PET imaging studies in HNSCC xenograft-

bearing nude mice.

The applicability of Zr immuno-PET as scouting procedure prior to “y-MAb RIT

and its quantitative imaging performance was evaluated in chapter 4. The biodistribution of

7-Jabeled and ““Y-labeled cMAb U36 (**Y as substitute for °’Y) was compared and “’Zr

phantom studies were performed to determinelinearity, resolution, and recovery coefficients

with a small animal high-resolution research tomograph (HRRT) PET scanner, Quantitation

potential was evaluated by relating PET image-derived tumor uptake data to Zr uptake data

derived from excised tumors.

In chapter 5, two regeneration methods were introduced to regain "241 in the iodide

(I) form, and a procedure for radiolabeling of MAbs with "81 is described. An essential

aspectin this procedure is the minimizing of chemical and radiation damage to the MAb. Ay

labeled cMAb U36 was evaluated in biodistribution studies and compared with '*'I-labeled
cMAb U36, and selective uptake in HNSCC xenografis was confirmed by immuno-PET

imaging.

Performing immuno-PET as a tracer imaging procedure prior to RIT enables the

confirmation of tumor-targeting and the estimation of radiation dose delivery to both tumor

and normal tissues. One of the requirements for such a scouting procedure is that the

biodistribution of the diagnostic and therapeutic radioimmunoconjugate should be similar. To

evaluate and compare the potential of *°Zr and '*"I for scouting purposes, in chapter6 the in
vivo behavior of *’Zr-labeled and '“I-labeled cMAb U36 was studied, together with that of

cMAb U36labeled with the therapeutic radionuclides ‘8Y (substituting "’Y), SYand '**Re in

HNSCCxenograft-bearing nude mice.
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ABSTRACT

The CD44 protein family consists of isoforms with tissue-specific expression, which are

encoded by standard exons and up to nine alternatively spliced variant exons (v2-v10) of the

same gene. The murine MAbs U36 and BIWA1, directed against overlapping epitopes within

the v6 region of CD44, have previously been showntoefficiently target HNSCC. Weherein

report on the construction ofone chimeric (BIWA 2) and two humanized (BIWA 4 and BIWA

8) derivatives of BIWA 1. Together with U36 and BIWA lI, these new antibodies were

evaluated foraffinity to the antigen in vitro as well as for biodistribution and efficacy in RIT

using nude mice bearing the HNSCC xenograft line HNX-OE. As determined by surlace

plasmon resonance, the MAbs bound to CD44v6 with an up to 46-fold difference in affinity

(Ky ranging from 1.1x10° to 2.4x107'° M) with the following ranking: mMAb U36 < hMAb

BIWA 4 < hMAb BIWA 8 < mMAb BIWA | ~ cMAb BIWA2.To evaluate their in vivo

tumor-targeting properties, two MAbs with identical murine or human isotype were labeled

with either 'T or '*I and administered simultaneously (50 \1g/0.37 MBq each) as pairs

showing a stepwise decrease in the difference in affinity: U36 vs. BIWA 1 (35.0-fold

difference), BIWA 4 vs. BIWA 2 (14.0-fold), and BIWA 4 vs. BIWA 8 (4.0-fold).

Biodistribution was assessed at 1, 2, 3 or 4 and 7 d after injection. Remarkably, forall three

MAbpairs tested, the lower-affinity MAb showed a higher degree and specificity of tumor

localization. The difference in tumor localization was more pronounced when the difference

in affinity was larger. For example, 3 d after injection, the lower-affinity mMAb U36 showed

a 50% higher tumor uptake than the higher-affinity mMAb BIWA 1, while blood levels and

uptake in organs were similar. After labeling with '86Re (11.1 or 14.8 MBq), the same MAb

pairs showed RIT efficacy consistent with the biodistribution data: '*Re-U36 was more
effective than '’Re-BIWA 1, '*Re-BIWA wasslightly more effective than '**Re-BIWA 2
and '*°Re-BIWA 4 and '“°Re-BIWA 8 demonstrated similar efficacy. Based on these data, we

conclude that antibodies with markedly lower affinity to a given target antigen (e.g., U36,

BIWA 4) may showsuperior tumor-targeting in comparison with higher-affinity versions of

these antibodies.
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INTRODUCTION

The use of radiolabeled monoclonal antibodies (MAbs) has been recognized as a realistic

option for improvement of diagnosis and treatment of cancer. While in the last decade MAbs

have been administered to thousands of patients with various types of tumor for both

diagnostic and therapeutic purposes, the application of MAbs in head-and-neck oncology has

not kept pace. One ofthe main reasons for this slow progress has been the lack of MAbs with

a high specificity for head and neck cancer, in particular for head and neck squamouscell

carcinoma (HNSCC), which accounts for approximately 90% of the head and neck tumors.

In recent years, a panel of MAbs has been developed that is capable ofselective

HNSCC targeting, as was demonstrated in clinical radioimmunoscintigraphy

(RIS)/biodistribution studies with HNSCC patients. Among the best-qualified antibodies are

the murine MAbs (mMAbs) U36 and BIWA 1 (formerly VFF-18) '2 U36 and BIWA | bind

to overlapping epitopes in the variable domain v6 of the cell-surface antigen CD44 and have

been characterized extensively **, CD44 isoforms, which arise from differential splicing of up

to 9 variant exons, show a tissue-specific expression pattern. Homogenous expression of v6-

containing CD44 isoforms has been observed in squamous cell carcinoma ofthe head and

neck, lung, skin, oesophagus and cervix, while heterogeneous expression was found in several

other tumor types, including adenocarcinomas of the breast, lung, colon, pancreas and

stomach”, Among normaltissues, CD44v6 isoform expression has been observed only in a

subset ofepithelial tissues, such as breast and prostate myoepithelium and skin and bronchial

epithelium *, Soluble v6-containing CD44 fragments have been detected in the blood of cancer

patients as well as of healthy individuals °.

The physiological role of CD44 variants has been the subject of many investigations.

Evidence has been found for involvement in adhesion °, signal transduction *, cell migration *,

growth factor binding’, and tumor metastasis formation '®. With respect to the latter,

especially v6-containing CD44 isoforms have attracted muchattention since they appear to be

capable of conferring metastatic potential to tumor cells originally not able to metastasize HY.

while outgrowth of metastases was inhibited by MAbs directed against the v6 domain a,

Overexpression of CD44v6 in tumors has been correlated with reduced survival of patients

with breast and colon cancer and with non-Hodgkin’s lymphoma are

These data indicate that CD44v6 is an attractive target for MAb-based therapy.

especially for the treatment of HNSCC in whichthe level of expression is very favourable.

Since HNSCCs are intrinsically radiosensitive, radioimmunotherapy (RIT) might be

particularly suitable. For the development of optimal RIT, several parameters must be

considered. An important one is the radionuclide to be used, Since rhenium-186 ('86Re) is a

promising candidate radionuclide for RIT, we have puteffort into the production of optimal

'SRe-MAb conjugates '*. Other parameters that can be considered for optimizing RIT are the

MAbform (e.g., murine vs. chimeric vs. humanized constructs) and the affinity of the MAb.

Administration of mMAbsto patients usually induces human anti-mouse antibody (HAMA)

responses, as observed for U36' and BIWA 1*. HAMA responses can lead to rapid clearance
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of the injected MAb from the body, thus reducing MAbuptake by the tumor '®and eventually

to anaphylactic reactions. One possibility to reduce HAMA responses is the use of human-

mouse chimeric antibodies (cMAbs), which are composed of the variable regions of the

murine MAbfused to the heavy andlight chain constant region of the human immunoglobulin

or of humanized antibodies (hMAbs) thatretain only a small fraction of the original murine

protein sequence required for antigen binding. These modifications, however, may result in

MAbswith loweraffinity. Decrease of affinity is generally considered to be undesirable,

based on animalstudies in which it was shownthat tumor uptake of low-affinity MAbsisless

than that of high-affinity MAbs 721 Whether these results are generally applicable remains to

be determined, especially because the MAbs used in many of these comparative studies were

unrelated and directed against different epitopes on the same antigen'’**. Since the

accessibility of such epitopes might be different, data on the relationship between MAb

affinity and tumor uptakeshouldbe interpreted with caution.

In the present study we describe the construction of one chimeric and two humanized

derivatives of BIWA 1. Together with mMAbs U36 and BIWA 1, these antibodies were

evaluated for their affinity to the target antigen in vitro, while biodistribution and therapeutic

efficacy were studied in nude mice bearing human HNSCC xenografts.

MATERIALS AND METHODS

MAbs
mMAbBIWA | (formerly VFF 18, [gG1) was generated by immunizing BALB/c mice with

glutathione S-transferase fusion protein containing the human CD44 domains v3-v107, The

epitope recognized by BIWA | has been mapped to amino acids 360-370 in domain v6 of

CD44 (numbering according to Kugelmanetal. 2)The batch used for the present studies was

obtained after purification on protein-G-Sepharose and dialysis against phosphate buffered

saline (PBS).

mMAb U36 (IgG1) was derived after immunization of mice with the HNSCC cell line

UM-SCC-22B. The epitope recognized by U36 was mapped to the amino acids 365-376 of

CD44v6, indicating that U36 and BIWA 1 recognize overlapping epitopes 3. The batch used

for the current studies was supplied by Centocor Inc. U36 was purified from a concentrated

tissue culture supernatant by affinity chromatography on protein A-Sepharose and further

purified on Q-Sepharose.

Generation of cMAbs and hMAbs

mRNAwas isolated from the BIWA 1 hybridoma cell line using the QuickPrep mRNA

Purification Kit (Pharmacia). cDNA from the variable heavy (Vy) and variable light (V.)

chain was generated by RT-PCR.

Fragments were cloned into the TA cloning vector pCR I] (Invitrogen) and sequenced.

Two expression vectors derived from the plasmid pAD CMV1” were constructed, carrying
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the constant region of human y-1 and of the human « light chain, respectively. Subsequently,

the Vy and V_ fragments of BIWA | were cloned into the corresponding expression vectors in

front of the constant regions, The chimeric antibody was named cMAb BIWA 2. Humanized

versions of the BIWA 1 heavy and light chain variable regions (generated by CDRgrafting)

were cloned in front of the immunoglobulin constant regions of the above-mentioned

expression vectors. The resulting MAb was named hMAb BIWA4. Inaddition, a mutated

version of BIWA 4, called hMAb BIWA 8, was constructed with the aim of improving

binding affinity. This was achieved by back-mutating two amino acids of the light chain

framework 2 and keeping the humanized heavy chain unchanged.

Recombinant MAbs were stably expressed in dihydrofolate reductase-deficient

Chinese hamster ovary cells by electroporation with heavy and light chain expression

plasmids. Cells were seeded into 96-well microtiter plates at densities of 500 and 100

cells/well in selection medium (a-MEM with 10% dialyzed fetal calf serum (FCS)). When

colonies became visible (after approx. 14 d), culture supernatants were tested for their IgG

content by ELISA and the best producers expanded. Gene amplification was performed by

culturing in the presence of increasing concentrations of methotrexate (20-500 nM).

Laboratory scale production of chimeric and humanized MAbs was performed in a

proprietary medium (Boehringer Ingelheim) containing 1% FCS. IgG fractions were purified

from tissue culture supernatants by affinity chromatography on protein A-sepharose. Purity

wastested by SDS-PAGEand high-performance size-exclusion chromatography.

Evaluation of antibodyaffinity

Kinetic and affinity constants were measured using recombinantantigen on a BIAcore 2000

system. A glutathione-S-transferase fusion protein containing domains v3-v10 of human

CD44 (GST/CD44v3-v10; 20 ug/ml) was immobilized on a CMS sensor chip by the amine-

coupling method according to the manufacturer’s instructions, using 10 mM sodium acetate

(pH 5.0) as coupling buffer. MAb (35 ul) at various concentrations (8-67 nM) in HBS [10

mM HEPES,(pH 7.4), 150 mM NaCl, 3.4 mM EDTA, 0.05% BlAcore surfactant P20) were

injected over the antigen-coated surface at a flow rate of 5 l/min. Dissociation of the MAb

was assessed for 5 min in buffer flow (HBS). Between two analyses, the surface of the chip

was regenerated with a single pulse of 15 ul of 30 mM HCI. Analysis of the data and

calculation of kinetic constants were performed with the BlAcore BlAevaluation software,

version 2.1. Association rates (ka), dissociation rates (k,), and dissociation constants (Ka) were

assessed for all antibodies.

Relative binding affinities were also evaluated by competitive cell ELISA. Human

A431 cells, originating from an epidermoid carcinoma of the vulva and knownto express high

levels of CD44v6, were seeded in 96-well tissue culture plates in 200 ul/well RPMI-1640

with 10% FCSat a density of 2.5 — 5x10° cells/ml. Plates were incubated overnight at 37°C in

a humidified incubator with 5% CQOin air. After removal of the medium, cells were washed

once with PBS,fixed with 96% ethanol for | min and washed again with PBS. cMAb BIWA

2, hMAb BIWA 4 and hMAb BIWA (prediluted to 10 ug/ml) were applied in 1:2 serial
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dilutions (8 steps) in 100 pl/well in PBS/0.5% bovine serum albumin (BSA)/0.05% Tween 20

(assay buffer) and incubated for 30 min at room temperature. Prediluted mMAb BIWA | (100

ul, 20 ng/ml) was added and plates were incubated for 2 h at room temperature on an orbital

shaker. Control samples contained prediluted samples only, without BIWA | (0% control) or

BIWA | only without any competing antibodies (100% control). After washing three times

with PBS/0.05% Tween 20 (washing buffer), 100 il of the secondary antibody (peroxidase-

conjugated goat antimouse Fe, diluted 1:15,000 in assay buffer; DAKO) were added for

detection of mMAb BIWA 1, and the plates incubated for 1 h at room temperature on an

orbital shaker. After washing three times with washing buffer, plates were developed with 100

ul/well tetramethylbenzidine substrate solution (Kierkegaard and Perry). The reaction was

stopped after 15 min with 50 pl/well | M phosphoric acid. Absorbance was measured in an

ELISAplate reader at 450 nm (reference 610-690 nm).

Radioiodination of MAbs

lodination of MAbs was performed essentially as described by Haisma eral. 4using either

iodine-125 ('*T; 3.7 GBq/ml)or '*'I (7.2 GBq/ml), both purchased from Amersham. One mg
of MAbIgG dissolved in 500 pl PBS (pH=7.4) and 37 MBq I or ''I were mixed in a vial
coated with 75 jig lodogen (Pierce). After 5 min of incubation at room temperature, free

iodine was remoyed by gelfiltration on a PD-10 column (Pharmacia Biotech), After removal

of unbound |] or 741, the radiochemical purity always exceeded 97% as determined by TLC

and HPLC procedures described previously 'S No aggregates or fragments were formed, as

assessed by HPLC analysis.

Preparation of '*°Re-labeled MAbs
'S6Re-labeled MAbs were prepared according to a multistep procedure using the chelate S-

benzoylmercaptoacyltriglycine (S-benzoyl-MAG3) as previously described 'S In this

procedure, a solid-state synthesis for the preparation of '86Re-MAG3 is followed by

esterification with 2,3,5,6-tetrafluorophenol (TFP) and conjugation of the reactive oR

MAG3-TFPester to the MAb. Afier conjugation, the '*Re-labeled MAb was purified on a

PD-10 column. After removal of unbound '**Re, the radiochemical purity always exceeded

98%,

Binding assay for radiolabeled MAbs

In vitro binding characteristics of the labeled MAbs used in the biodistribution and therapy

studies were determined in an immunoreactivity assay essentially as described previously '°.

Totest the binding ofiodinated or '*’Re-labeled MAbs, UM-SCC-11B cells (kindly provided
by Dr. T.E. Carey, University of Michigan, Ann Arbor, MI) fixed in 0.1% glutaraldehyde

were used. Five serial dilutions (ranging from §x10° cells/tube to 3.1x10° cells/tube) were

prepared with 1% BSA in PBS. Excess of unlabeled MAb IgG was added to a second tube

with the lowest concentration of cells to determine nonspecific binding. IgG labeled with

10,000 cpm of '*1, "I orRe was added to each tube; and samples were incubated
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overnight at 4°C. Cells were spun down, radioactivity in the pellet and supernatant was

measuredin a y-counter (LKB-Wallac 1282 CompuGamma; Pharmacia) and the percentage of

bound and free radioactivity was calculated. Data were graphically analyzed in a modified

Lineweaver-Burk plot and the immunoreactivity was determined by linear extrapolation to

conditionsrepresenting infinite antigen excess.

Biodistribution studies in HNSCC-bearing nude mice

For the biodistribution experiments, nude mice bearing subcutaneously implanted human

HNSCC xenografts (HNX-OE) were used as described previously 'S Female mice (Hsd

athymic nu/nu, 25-32 g; Harlan CPB) were 8-10 weeks old at the time of the experiments.

Three biodistribution experiments were conducted with mice bearing 1 or 2 tumors ranging

30-470 mm’,In the first experiment, 0.37 MBq (50 ug) '1T_Jabeled mMAb U36were injected

simultaneously with 0.37 MBq(50 ug) ‘I-labeled mMAb BIWA in mice bearing tumors of

133 + 28 mm? (n = 20 mice, 37 tumors). In the second experiment, 0.37 MBg (50 ug) Sty.

labeled hMAb BIWA and 0.37 MBq (50 ug) ‘I-labeled cCMAb BIWA 2 were co-injected in
mice bearing tumors of 167 + 31 mm (n= 21 mice, 32 tumors). In the third experiment, 0.37

MBg(50 wg) "I-labeled hMAb BIWA4 and 0.37 MBq (50 1g) "I-labeled hMAb BIWA 8
were coinjected in mice with tumors of 130 + 21 mm? (n = 23 mice, 40 tumors). Conjugates

were intravenously (i-v.) injected in a volume of 100 yl after dilution in 0.9% NaCl. To obtain

a comparable blood/body clearance of the coinjected MAbs, only MAbs with an identical

murine or human isotype were combined. The antibody dose (total dose 100 g/mouse) was

chosen to be high enough to prevent rapid isotype-related elimination of the MAb from the

blood”*"* and low enoughto prevent antigen saturation in the tumor.

At indicated time points after injection, mice were anaesthetized, bled, killed and

dissected. Besides the tumors, the following organs were removed: liver, spleen, kidney,

heart, stomach, ileum, colon, bladder, sternum, muscle, lung, skin and tongue. After weighing,

radioactivity in tumors, blood and organs was counted in the dual-isotope y-counter, with

automatic correction for the '*'l Comptonsin the '**1 windowsetting. Radioactivity uptake in

these tissues was calculated as the percentage of the injected dose per gram oftissue (%ID/g).

All animal experiments were performed according to the principles of laboratory

animal care and the Dutch national law "Wet op de Dierproeven" (Stb 1985, 336). Until the

day of MAb administration, mice were routinely housed under specific pathogen-free

conditions in sterile cages in a humidity- and temperature-controlled clean room

(classification 2000 according to the Federal Standard 209d). On the day of injection, mice

were transported to the Radionuclide Center, VU University and sterile

radioimmunoconjugates were administered under aseptic conditions in a laminar flow hood.

RITstudies in nude mice

Animal RIT studies were performed to compare the therapeutic efficacy of the different MAbs

labeled with '*Re. The immunoreactive fractions of the conjugates always exceeded 75%.

Three therapy experiments were conducted with mice bearing 1 or 2 HNX-OEtumorsranging
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45-195 mm’. '°Re doses were chosen to be the maximumtolerated dose (MTD)level(i.e.,

14.8 MBq)or lower (11.1 MBq). The MTD level is defined as the dose resulting in 5-15%

body weight loss. In previous studies, it has been shown that the biodistribution of 6Re-

labeled MAbsand iodinated MAbsis similarin this animal model '*?”* and that neither "’oRe

nor iodine is retained in the tumor cell upon MAbinternalisation °7 In the first experiment,

mice were given a singlei.v. injection of either 11.1 MBq (100 pg) '$6Re-labeled MMAb U36

or 11.1 MBq (100 pg) '86Re-labeled mMAb BIWA1. In the second experiment, either 11.1

MBg (100 ig) '**Re-labeled hMAb BIWA 4 or 11.1 MBq (100 pg) *Re-labeled cMAD

BIWA2 were administered. In the third experiment, either 14.8 MBq (100 pg) ‘SRe-labeled

hMAb BIWA4 or 14.8 MBq (100 pg) '“°Re-labeled hMAb BIWA 8 were administered.

Average tumor volumes were similar forall experimental groups: Experiment 1, 95 + 34 mm?

(n =7 mice, 12 tumors)for the '*°Re-mMAb U36-treated group, 91 + 15 mm’ (n= 7 mice, 12

tumors) for the '“°Re-mMAb BIWA |-treated group and 99 + 54 mm? (77 = 6 mice, 11 tumors)

for the control group; experiment 2, 101 + 35 mm° (7 = 7 mice, 12 tumors) for the 'SRe-

hMAb BIWA 4-treated group, 92 + 43 mm’ (” = 7 mice, 12 tumors) for the '"*Re-cMAb

BIWA2-treated group and the control group was the sameas in experiment 1; experiment3,

105 + 43 mm? (7 = 8 mice, 13 tumors) for the '“*Re-hMAb BIWA4-treated group, 100 + 42

mm?(n= 8 mice, 13 tumors) forthe '*Re-hMAb BIWA8-treated group and 110+ 46 mm’ (n

=7 mice, 11 tumors) for the control group. During treatment, tumors were measured twice

weekly and tumor volumesrelative to the volume at the start of treatment were calculated.

Toxicity was monitored by measurement of body weight twice weekly. Mice werekilled

when oneofthe tumors exceeded 1,000 mm’.

Statistics

Differences in tissue uptake and tumor-to-blood uptakeratios between coinjected MAbs were

statistically analysed for each time point using the Student/ test for paired data. Differences in

average tumor volume between the various RIT treatment groups werestatistically analysed

for each time point using the Student¢ test for independent samples.
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RESULTS

In vitro binding characteristics of the CD44v6-specific MAbs

The binding affinities of the five MAbs were analysed using recombinantantigen as well as

human tumorcell lines. Kinetic and affinity constants were evaluated by surface plasmon

resonance using GST/CD44v3-v10 as immobilized antigen. Table 1 shows the k,, ka and Ka

values. mMAb BIWA | and cMAb BIWA2, containing identical variable regions, have

similar k,, ka, and Ky values and show the highestaffinity. In contrast, mMAb U36 and hMAb

BIWA 4 have lower &, and higher ky values, resulting in markedly lower Ky values (factors

35.0 and 10.5, respectively). hMAb BIWA8, containing back-mutations in the light chain

framework region 2, showed a markeddecrease of kz, resulting in increased affinity compared

to hMAb BIWA4.

The relative binding affinities of the cMAb and the hMAbs werealso evaluated in a

competitive cell ELISA using human A431 tumor cells (Fig. 1). In accordance with the

affinity measurements on recombinant antigen, cMAb BIWA 2 was the mosteffective

competitor, followed by hMAb BIWA 8 and hMAb BIWA 4. Similar results (not shown)

were obtained with two other human HNSCCcell lines (FaDu and LICR-LON-HN5).

Table 1. Kinetics and affinity constants of MAbsdirected against CD44v6

Ka telative to

 

Antibody k, (M+ sec!) ky (see) Ki (M) murine BIWA 1

Murine BIWA 1 1.3x10° 4.2x10° 3.2x10"° L.0

Murine U36 1.5x104 1.7x104 1.1x10* 35.0

Chimeric BIWA 2 1.7x10° 4.1x10° 2.4x107° 0.7

Humanized BIWA 4 6.5x 10° 2.2x107 3.4x10” 10.5

Humanized BIWA 8 7.5x10° 6.3x10° 8.4x10°""” 2.6

 

Biodistribution in HNSCC-bearing nude mice

Biodistribution studies were performed in HNX-OE xenograft-bearing nude mice. Two MAbs

with identical murine or human isotype were labeled with either 1 or 11 and injected

simultaneously (50 ug, 0.37 MBq each). Each pair of MAbs wasselected to provide a

stepwise decrease in the difference in affinities: mMAb U36 had 35.0-fold loweraffinity than

mMAb BIWAI (experiment 1), hMAb BIWA 4 had 14.0-fold loweraffinity than cMAb

BIWA 2 (experiment 2) and hMAb BIWA4 had 4.0-fold lower affinity than hMAb BIWA 8

(experiment 3). The fractions of MAb binding to 5x10° cells and at infinite antigen excess

were, respectively, 59.7% and 87.4% for 8'I-mMAb U36 and 91.1% and 91.1% for '*I-

mMAb BIWA1 in experiment 1; 77.4% and 82.3% for "'I-hMAb BIWA4 and 80.5% and
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Figure 1. Evaluation of relative binding affinities tested in a competitive cell ELISA. ICso,

concentrations of cCMAb and hMAbsat which binding ofmMAb BIWA | to attached A431 cells is

reduced by 50%. ICs, values relative to BIWA 2 are indicated,

79.9% for '*I-cMAb BIWA2 in experiment 2; and 77.3% and 74.5% for '°'I-hMAb BIWA 4
and 91.8% and 92.1% for '"I-hMAb BIWA8 in experiment3.

The biodistributions in experiment | were determined at 1, 2, 3 and 7 d after injection;

biodistributions in experiments 2 and 3 were determined at 1, 2, 4 and 7 d after injection (Fig.

2 and 3). The average %ID/g and SEM oftumor, blood and various organs after simultaneous

injection of °'l-mMAb U36 and '*I-mMAb BIWA | were determined and tumor-to-blood
ratios calculated. Tumor uptake of low-affinity U36 was significantly higher than uptake of

high-affinity BIWA 1 (P < 0.001) at all time points (Fig. 2A), while no significant differences

were found between the uptake values of these MAbsin blood (Fig. 2A) and normaltissues

(data not shown) at 1, 2 and 3 d after injection. At 3 d, 50% higher tumor uptake of U36

compared to BIWA 1 was observed. At 7 d, BIWA 1 levels in blood and most of the organs

weresignificantly lower than U36levels, indicating more rapid clearance of BIWA | fromthe

blood/body. Tumor-to-blood ratios were significantly higher for U36 than for BIWA atall

time points (Fig. 3A).

Similar relationships were found in the evaluation of the two other MAbpairs, as

partly demonstrated by Figure 2B, C and 3B, C. hMAb BIWA 4, while having the lower

affinity, showed significantly higher tumor uptake (P < 0.01) than cCMAb BIWA (Fig. 2B)

and hMAb BIWA8 (Fig. 2C) at all time points, while MAb levels in blood (Fig. 2B, C,

respectively) and normaltissues (data not shown) were similar for these pairs of MAbsat 1, 2

and 4 d after injection. A 45% higher tumor uptake of BIWA 4 compared to BIWA 2 is

illustrated in Figure 2B, while a 20% higher tumor uptake of BIWA 4 compared to BIWA8 is

illustrated in Figure 2C, at 4 d after injection. At 7 d after injection, BIWA 2 and BIWA 8

levels in blood and organs were mostly significantly lower than BIWA 4 levels, indicating

more rapid clearance of these MAbs from the blood/body. Tumor-to-blood ratios were

significantly higher for BIWA 4 than for BIWA 2 (Fig. 3B) and BIWA 8 (Fig. 3C)at all time

points.
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Figure 2. Tumorand blood levels of coinjected MAbpairs in HNX-OE xenografi-bearing mice (” = 5

or 6) at 1, 2, 3 or 4 and 7 d after injection. A (experiment1), '*'T-labeled U36 (0.37 MBgq,50yg: black
bars) and '*"I-labeled BIWA 1 (0.37 MBg, 50 1g; white bars). B (experiment2), S!1_labeled BIWA 4

(0.37 MBq, 50 «tg: black bars) and ‘I-labeled BIWA 2 (0.37 MBgq,50 ug; white bars). C (experiment
3), '"E-labeled BIWA 4 (0.37 MBg, 50 ug; black bars) and ‘I-labeled BIWA 8 (0.37 MBg, 50 1123
white bars). At the indicated days after injection, mice were bled, killed and dissected and the

radioactivity levels (%ID/g + SEM) of tumor, blood and several organs (data not shown) were

assessed, Significantly different uptake betweencoinjected '*'I-labeled MADand '*I-labeled MAb: *P

= 0.001; **P < 0.01 and ***P < 0.05,

Consistent results were obtained from an additional experiment (data not shown) in

which the radiolabels were exchanged: '*1-BIWA4 vs. '*'I-BIWA8 instead of '*'I-BIWA 4
ys. ‘“LBIWA 8. Data from this latter experiment rule out the possibility that the type of

radiolabel had influenced the pharmacokinetic behavior ofthe labeled MAb.
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Figure 3. Tumor-to-blood ratios of coinjected MAbpairs. A (experiment 1), 1Jabeled U36 (black

bars) and '[labeled BIWA | (white bars). B (experiment 2), "I-labeled BIWA 4 (black bars) and
"251 Jabeled BIWA 2 (white bars). C (experiment 3), ''I-labeled BIWA 4 (black bars) and '*I-labeled

BIWA8 (white bars). For details, see legend to Figure 2. Ratios were obtained from paired samples.

Significantly different uptake between coinjected 'S1_labeled MAb and '*I-labeled MAb: *P < 0.001;

**P<().01 and ***P< 0.05.

RIT in HNSCC-bearing nude mice

Fromthe three biodistribution experiments it appeared that the low-affinity MAbs showed

higher and moreselective tumor uptake than the high-affinity MAbs and, thus, might be better

suited for RIT. To test this possibility, the following treatment groups were compared in RIT

studies with HNX-OE xenografi-bearing mice: experiment 1, 11.1 MBq 'S6Re-U36 or I1.1

MBg '“Re-BIWA orsaline as control; experiment2, 11.1 MBq '°Re-BIWA4 or 11.1 MBq
'S6Re-BIWA 2 orsaline as control; experiment 3, 14.8 MBq 'S°Re- BIWA 4 or 14.8 MBq

'S6Re-BIWA orsaline as control.
In Figure 4, meanrelative tumor volume(as a percentage of the tumor volume at day

0) for the control and treatment groupsis plotted against time. Tumors of mice in the control

group in all three experiments showed exponential growth, with a tumor volume doubling

time of about 7 d. In the groups treated with the '“*Re-labeled anti-CD44v6 MAbs, tumors

stopped growing, in some cases accompanied by tumor regression, shortly after injection of

conjugates. However,all tumors ultimately regrew. As a control, the nonbinding *$Re-labeled

hMAbF19 (directed against a human epitope on fibroblast activation protein) was evaluated

in the same animal model. This radioimmunoconjugate did not induce growth cessation (data

not shown).

In experiment |, administration of 11.1 MBq 'S6Re-BIWA I resulted in a decrease of

the tumor growth rate but not in a reduction of the mean tumor size. Administration of 11.1

MBq '“‘Re-U36, however, caused a reduction of the mean tumor volume from 185 mm? to

120 mm? between 7 and 17 d after injection, after which tumorsstarted growing again. The

meanrelative tumor volume in the '“°Re-U36-treated group was significantly smaller (P <

0.001) than that of the '“*Re-BIWAI-treated group from 14 d on.
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Figure 4. Therapeutic efficacy of '’Re-labeled CD44v6-specific MAbs in HNX-OE xenografi-

bearing nude mice. A (experiment 1), mice were injected with saline (open circles) as control, 11.1

MBg ‘“*Re-U36 (solid squares), or 11.1 MBq '°Re-BIWA 1 (opentriangles). B (experiment 2), mice
were injected with saline (opencircles), 11.1 MBq '“’Re-BIWA (solid triangles), or 11.1 MBq '“*Re-
BIWA2 (open squares). C (experiment 3), mice were injected with saline (open circles), 14.8 MBq

"ReBIWA (solid triangles), or 14.8 MBq '“*Re-BIWA8 (open diamonds). Control groups in (A,B)
are the same. Tumorsize is expressed as average tumor volume (+ SEM) during treatmentrelative to

average tumor volumeatthestart of therapy.
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In experiment 2, administration of either 11.1 MBq '“Re-BIWA 4 or 11.1 MBq
'Re-BIWA 2 resulted in tumor growth arrest at 7 d, with start of regrowth at 17 d after
injection. BIWA 4 tended to be more effective in RIT than BIWA 2 from [4 d on, but a

significant difference between the mean relative tumor volumes was found only at 14 d after

injection (P =< 0.05).

In experiment 3, mice were treated with either 14.8 MBq '“°Re-BIWA4 or BIWA8,

which resulted in a decrease ofthe relative tumor volume to a minimumof 80 + 62% and 98 +

81%, respectively, at 19 d. Thereafter, tumors started regrowth. No significant differences in

relative tumor volume between the two treatment groups were observed.

These data indicate that the lower-affinity MAbs are more effective in RIT than the

higher-affinity MAbs, provided that the difference in affinity is large enough(as is the case

for U36 compared to BIWA | and, to a lesser extent, for BLWA 4 compared to BIWA 2).

DISCUSSION

Our results demonstrate that the high affinity of MAbs BIWA |, BIWA2 and BIWA 8 (Kz

3.2x10°!", 2.4x10°™", and 8.4x107!" M, respectively) does not result in improved tumor delivery

compared to the lower-affinity antibodies U36 and BIWA 4 (K, L.1x10° and 3.4x10° M,

respectively). In contrast, lower affinity turned out to be advantageous in our study with

respect to selective tumor uptake.

Our results deviate from those of several other studies in which

radioimmunoconjugates with different affinities were compared for tumor uptake and/or

therapeutic efficacy. The group of Schlom'*'* demonstrated improved tumor delivery and

therapeutic efficacy in xenograft-bearing nude mice for higher-affinity MAbsdirected against

the pancarcinomaantigen TAG-72 in a comparison of MAb B72.3 (Ky 4.0x10"° M)with the

higher-affinity MAbs CC49 (Ky 6.2x10°'' M) and CC83 (Kz 3.6x10"'' M), each was reactive

with a different epitope on TAG-72'*. Remarkably, once tested in patients, the targeting

capacity of the MAbs appeared to be similar *? In a couple of studies, MAbs 17-1A and

323/A3, both reactive with a different epitope on the pancarcinoma antigen Ep-CAM, were

compared. Velders er al. ** showedthat the higher-affinity cCMAb 323/A3 (Ky 5x10!” M) had

consistently better efficacy than cMAb 17-1A (Ky, 2x10° M) when administered as "naked"

MAbto xenografted nude mice. Kievit et a/.*? demonstrated that the higher-affinity mMAb

323/A3 targeted better to ovarian cancer xenografts but was more heterogeneously distributed

when compared to cMAb 17-1A. At equivalent radiation doses, '*'I-labeled mMAb 323/A3

induced better growth inhibition than "I-labeled CMAb 17-1A in 2 of 3 xenograft lines

tested. Adams ef a/.*' generated affinity mutants of the human anti-HER 2/neusingle-chain

Fy antibody C6.5 by site-directed mutagenesis and tested them for tumor-targeting in

xenograft-bearing SCID mice. Their studies are of particular interest because all of these

mutants targeted the same antigenic epitope and demonstrated a 320-fold differencein affinity

(3.2x10" to 1.0x10° M). Biodistribution studies with these scFv antibodies revealed an
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increase in degree and specificity of localization with increasing affinity. During the time

period our experiments were performed, the same researchers performed similar

biodistribution studies but now using C6.5 mutation variants with affinities as high as 10°"

M*!. They showed that quantitative tumor retention did not significantly increase with

enhancements in affinity beyond 10° M.Ataffinities of 1.2x10"'° M to 1.5x10"' M, tumor

retention even decreased. These latter data are in line with our present observations with intact

MAbs.

It is tempting to speculate that the improved therapeutic efficacy of 'Re-U36

comparedto '*°Re-BIWA | is due to the higher tumor uptake, as observed with the lower-

affinity MAb U36. However, other factors also might play a role. On the basis of

mathematical models of the distribution of MAbs throughout tumors, Fujimori ef al. a2

postulated that the use of lower-affinity MAbs in RIT might be advantageous for antitumor

effects. While high-affinity MAbs will become firmly bound to antigens located at the

periphery of the tumor and, therefore, will be retarded in their penetration deeply into tumors

("binding site barrier" theory), such a phenomenon will be met to a lesser extent with low-

affinity MAbs. Indeed,it has been demonstratedthat, besides tumorlocalization (this report),

tumor penetration might be restricted by the high affinity of MAbs, thus resulting in a

decreaseofthe efficacy of MAb-targeted therapies ””*",
In conclusion, our results demonstrate that a significant loss of affinity incurred by

humanisation of BIWA | does not have a negative impact on the tumor-targeting properties

and therapeutic efficacy of the derivatives. hMAb BIWA4 is currently being used in tumor

uptake/biodistribution studies in patients with HNSCC,
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Chapter 3

ABSTRACT

The use of immuno-PET, the combination of PET with monoclonal antibodies (MAbs), is an

attractive option to improve tumor detection and MAb quantification. The long-lived positron

emitter *°Zr has ideal physical characteristics for immuno-PET, such as a half-life of 3.27 d,
which is compatible with the time needed for intact MAbs to achieve optimal tumor-to-

nontumorratios. Thus far, a major limitation in the use of ©’Zr has been the lack of suitable

methods for its stable coupling to MAbs. In this article, practical protocols for reproducible

isolation of highly pure *°Zr and the production of optimal-quality MAb-"’Zr conjugates are

provided. Methods: *’Zr was produced by a (p,n) reaction on natural yttrium (*’Y), isolated
with a hydroxamate column, and used for labeling of premodified MAbs. MAbs were

premodified with a novel bifunctional derivative of the chelate desferrioxamine B (Df) via a

new linker chemistry. To this end, Df wasinitially succinylated (N-sucDf), temporarily filled

with Fe(III), esterified by use of tetrafluorophenol, and then directly coupled to MAbs.

Chimeric MAb (CMAb) U36,directed against head and neck cancer, was used for in vitro and

in vivo evaluation. The in vitro stability of CMAb U36-N-sucD£-“’Zr was assessed in human

serum, andits in vive behavior was evaluated by biodistribution and PET imaging studies in

tumor-bearing nude mice. A cMAb U36-Df-’Zr conjugate containing a previously described

succinimide ring-thioether unit in the linker was used as a reference. Results: “Zr was

produced in large batches (6.5-13.5 GBq) and isolated with improved radionuclidic purity

(>99.99%) and high yield (+94%). The Df-premodified MAbsgave °Zr-labeling efficiencies
of 80% within 30 min, resulting in conjugates with preserved integrity and immunoreactivity.

With respect to stability, the novel cMAb U36-N-sucDf-"’Zr conjugate appeared to be

superiorto the reference conjugate. J vivo, the novel conjugate demonstrated selective tumor-

targeting, and on PET imagesobtained at 24, 48, and 72 hafter injection of this conjugate,

small tumors in the range of 19-154 mg were readily visualized. Conclusion: Methods were

developed for improved purification of the long-lived positron emitter Zr. Moreover, a novel

bifunctional Df chelate was synthesized for the reproducible coupling of “Zr to MAbs. The

suitability of such conjugates to detect millimeter-sized tumors in xenografi-bearing nude

mice was demonstrated.
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INTRODUCTION

Radiolabeled monoclonal antibodies (MAbs) have shown considerable potential for diagnosis

and treatmentof cancer '”. In recently performed clinical radioimmunoscintigraphy (RIS) and

radioimmunotherapy (RIT) studies at our institute, the potential of the CD44v6-specific MAb

U36 for these purposes has been demonstrated *4 For the detection of head and neck

squamous cell carcinoma (HNSCC), primary tumors as well as metastases, RIS with

technetium-99m-labeled (°°Te-labeled) MAb U36 IgG was found to be as valuable as the

conventional imaging techniques CT and MRI, but the detection of tumor deposits smaller

than 1 cm appeared to be a problem * Introduction of PET might further improve tumor

detection because of its high resolution. In addition, PET has potential for quantitative

imaging. These features should enable PETto provide proofof principle of antibody targeting

and dosimetric determinations prior to RIT. For this purpose, we are focusing on the coupling

of positron emitters to MAbsandthe useofthese radiolabeled MAbs in immuno-PET.

For a positron emitter to be appropriate for immuno-PET, it has to fulfill several

requirements, Its physical half-life has to be compatible with the time needed for a MAbto

achieve optimal tumor-to-nontumorratios. For intact MAbs used for targeting solid tumors,

this time is generally 2-4 d. Therefore, commonly used positron emitters such as carbon-11

('C) and fluorine-18 (3B) (half-life, 20 and 110 min, respectively) are not suitable for

labeling of MAbs. With respect to decay characteristics, the positron-emitting isotope should

by preference have no prompt y-photons with an energy near 511 keV to optimize quantitative

accuracy, and the ff-energy should beas low as possible to obtain a high resolution. Besides

this, production of the positron emitter should be casy (by preference with a medium-to-small

cyclotron), reproducible, and at low cost. Finally, procedures should be available for stable

coupling ofthe positron emitter to the MAb, with maintenance ofthe in vivo biodistribution

characteristics ofthe latter.

Regarding the required half-life of several days, the two positron emitters iodine-124

('*1: half-life, 4.18 d) and zirconium-89 (Zr: half-life, 3.27 d) are most suitable. The low

natural abundance of the target material for the production of 281 however, requires

enrichmentinto tellurium-124 ('“Te) for a (p.n) or a (d,2n) reaction orinto Te fora (p,2n)

reaction. At the current stage of development, production of ‘I is too expensive to allow
routine clinical application. With respectto the latter, *°Zy can be produced bya (p,n) reaction

on yttrium-89 (PY): an element that does not require enrichment because of its natural

abundance of 100%. Taking the aforementioned considerations into account, we regard Or

(B° = 22.7%, Epsmax = 0.897 MeV)(see Table 1) to be a promising candidate for immuno-PET.

The bifunctional chelate desferrioxamine B (Df) (Fig. 1) is the ideal chelate for

binding of 8°77 because of the stable bond formation of *Zr with the three hydroxamate

groupsof this chelate ®. For the coupling of this chelate to MAbs, Meijs ef ad. ’ modified the

chelate into N-(S-acetyl)mercaptoacetyldesferrioxamine B (SATA-Df), and the lysine groups

of the MAb were modified into maleimide groups. Upon reaction of these two, a linker was

formed containing a succinimide ring-thioether unit. At physiologic pH, the latter unit,
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however, might be responsible for the release of the chelate from the MAb ashas, for

example, been shown by Lewis and Shively* for their dodecanetetraacetic acid (DOTA)-

conjugated MAbs. It can be anticipated that such instability will result in suboptimal delivery

ofZr to the tumor.

Table 1. y-Spectroscopic analysis ofZr and its purification by hydroxamate column

Crude Waste Purified

Half-life Mainy-energies “Zr solution ® fractions” “Zr solution ©

Isotope (d) MeV % Abundance (% activity + SD) (% activity + SD) (% activity + SD)

 

ey 387) =OSTL" 45.3 99.98 + 0.0045 1.04 1.0 97,043.3

0.909 99.9

1.202 0.014!
1.622 0.070'

1.657 0.100
1.713 0.769
1.744 0.130

87, 83.4 0.393 100 15+ 1.8x107 1.24+2.3x10° 2.2#2.2x10"

By 106.64 0,898 93.4 6.0 + 5,1x107 6.2 +5,5x107 ND

1.836 99.3
ayy 16.24 0.511 100 2.9 +0.3x10" 3.1 +0.3x10° ND

0.984 100
1.312 97.5

*Co —-78.76 0.511 39.7 8.94 4.4x10° 9.7443x10" ND
0.847 99.9
1.238 67.0

“Zn 243.9 0.511 2.92 7.1+4.1x10" 6.9 +5.3x10" ND

1.116 50.7
Soph —-§.34 0.199 37.4 2.6 + 0.5x107 3.3 + 0.5x107 ND

0.534 61.2
1.222 294

 

* Total amount of activity found in crude solution is set at 100%; data are mean + SD offive

productions.

P Consisting of flow-through (after loading crude “Zr solution onto hydroxamate column), HCI

fraction, and waterfraction.

* Consisting offive | M oxalic acid fractions of 0.5 ml.

¢ Completelist of found y-energies ofZr

“ Resulting from 22.7% B* abundance, Eps mx = 0.897 MeV.

* These data are from this study; y-energies with abundance of 0.1% or higher were found to be in full

accordance with y-energies reported by International Commission on Radiological Protection =

ND = notdetectable, i.e., below 10 Bg.
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In our group, good results have been obtained with a conjugation method based on the

reaction ofan active 2.3,5,6-tetrafluorophenol-chelate ester (TFP-chelate ester) with the lysine

moieties of the MAb,resulting in a stable amide bond as the linker unit. This method gives

optimal contro! over the number of groups conjugated to the MAb and has been used for the

production of radioimmuno- and photoimmunoconjugates mle

In the present report, we describe the use of this TFP ester approach for the improved

purification of *°7r as well as for the coupling of a novel bifunctional derivative of Df to

MAbs. The in vitro stability of these “’Zr-conjugates and their biodistribution in xenograft-

bearing nude mice were determined and compared with succinimide ring-thioether linked Df-

“Zr conjugates, The feasibility of visualizing millimeter-sized tumors was demonstrated in

HNSCC-bearing nude mice.

MATERIALS AND METHODS

Monoclonal antibodies

Selection, production, and characterization of chimeric MAb (c¢MAb) U36, as well as of the

control murine MAbs (mMAbs) 425 and E48, have been described elsewhere 9:

Zr production and purification
“Zr was producedby a (p,n) reaction on natural yttrium (°Y). For this purpose, an *’Y-target

was bombarded with 14-MeV protons'! for 2-3 h (65-80 WA) while the target support was

cooled with water (AVF cyclotron; Philips). “’Y targets were prepared bysputtering an ay

layer (35 ym, Highways International) on a copper support (Mallinckrodt Medical) as

described by Meijs et al. After irradiation, the °’Y layer was slowly dissolved in four

successive 0,5-ml portions of | M HCl(Sigma-Aldrich). Then, “’Zr was oxidized to the IV-

oxidation state with 0.1 ml hydrogen peroxide (30% v/v; Mallinckrodt Baker), and 0.22 ml of

12 M HCl was added to set the final HCI concentration at 2 M. After 1 h, °Y and

radionuclidic impurities were removed using a hydroxamate column.

Hydroxamate column material for purification of Zr was prepared from Accell Plus

CM cation exchange media (300 A, 0.35 mmol/g ligand density; Waters). To ensure a

reproducible high level of hydroxamate function, a new two-step ester-mediated method was

developed. In the first reaction step, the carboxylic acid groups of the cation exchange

medium were esterified using an excess of TFP (Acros Organics) and 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC; Acros Organics). For an optimal conversion of

carboxylic acid groups into ester groups, the TFP and EDC were added in two successive

portions. In short: To 1 g of Accell, suspendedin 8 ml of waterfor injection (Baxter), 75 ul of

3 M HCI, | ml of a TFPsolution (200 mg/ml in MeCN, 1.2 mmol) and 384 mg of solid EDC

(2 mmol) were added (final pH 5.7-6.0). The suspension was mixed end over end for I h.

Afterward, 105 pl of 3 M HCI were added, along with a new I-ml portion of TFP and a new
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384-mgportion of EDC (final pH 5.7-6.0). After 1 h of mixing, the material was washed with

30 ml of MeCNto remove EDC,its corresponding urea-reaction product, and unreacted TFP.

In the second reaction step, hydroxamate groups were introduced on the resin via the

reaction of the ester groups with an excess of hydroxylamine hydrochloride (Aldrich). The

hydroxylamine hydrochloride solution was prepared by adding 690 mg (10 mmol)

hydroxylamine hydrochloride to a mixture of | ml of | M NaOHand 2 ml of MeOH,

followed after 5 min by the addition of | ml of 1 M NaOHto bring the pH to 5.3-5.4. This

solution was added to the esterified resin (final pH 5.1-5.2) and mixed overnight at room

temperature. The column material was washed thoroughly with 140 ml of water for injection

and 70 ml of MeCN, respectively, and dried in vacuo (freeze-drying). The material can be

stored for at least four months without any decrease of “'Zr-binding capacity (extended

storage periods are under investigation). For the preparation of a hydroxamate column, an

Extract-Clean tube (1.5 ml; Alltech) with a frit placed at the bottom (pore size, 20 um) was

packed with a suspension of 100 mg of hydroxamate column material in 0.9% NaCl (Baxter).

After applying the *’Zr-target solution and the eluting solvents, the flow of solvents was

initiated by connecting vacuum tubes (vacutainers without additives; Becton Dickinson) to the

columnwith a needle (0.6x25 mm).

Before use, a hydroxamate column was equilibrated with 5 ml of MeCN, followed by

10 ml of 0.9% NaCl and,finally, 2 ml of 2 M HCl. After loading of the “’Zr-target solution

onto the column, the column was rinsed with 6 ml of 2 M HCI and 6 ml ofsterile water for

injection, respectively. Under these conditions, Zr and the trace amount of “Zr remained

bound to the resin, whereas “’Y and the radionuclidic metal impurities were eluted. The

zirconium isotopes were eluted with five successive 0.5 ml-portions of 1 M oxalic acid

(Aldrich). In general, the oxalic acid fractions contained successively 40%, 40%, 10%, 5%,

and 2% ofthe applied radioactive zirconium.

Preparation of MAb-N-succinyldesferrioxamine B-’Zr

MAbswere premodified with a novel bifunctional derivative of the chelate Df (N-sucDf) via

an amidelinkage and subsequently labeled with “’Zr (Fig. 1).

The chelate Df was converted into N-succinyldesferrioxamine B (N-sucDf) in step |

according to a modified procedure of Herscheid ef a/. 'S In short: 1.7 g of succinic anhydride

(17 mmol; Baker Chemicals) were added to 7.5 ml of pyridine (Sigma-Aldrich Chemie)

containing 0.5 g of Df (0.76 mmol; Novartis). The solution was stirred for 24 h at room

temperature and added to 120 ml of 0.15 M NaOH.After additional stirring for 16 h at room

temperature, the pH was adjusted to 2 with 12 M HCI and cooled for 2 h at 4°C. The

precipitate was thoroughly washed with 500 ml of 0.01 M HCl, and the white product was

dried in vacuo (freeze-drying).

Coupling of N-sucDf to MAbs andlabeling with “Zr is schematically represented in

steps 2 through 6 of Figure 1. In short, the hydroxamate groups ofN-sucDf were temporarily

blocked with iron (Fe(III)in step 2, N-sucDf-Fe wasesterified with TFP in step 3, and TFP-

N-sucDi-Fe was coupled to MAbsin step 4. Thereafter, Fe(III) was removed by transchelation
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to ethylenediaminetetraacetic acid (EDTA) (formation of [Fe(HII)EDTA]') in step 5, and

MAb-N-sucDfwaslabeled with *’Zrin step 6.

Preparation of MAb-SMCC-SATA-Df-°Zr

As reference to the new method for *’Zr labeling (as depicted in Fig.1), Df was also coupled

to MAbsvia a thioether linkage as previously described by Meijs er al. 7In short, the amine

group of Df was reacted with N-succinimidyl S-acetylthioacetate (SATA; Pierce).

Modification of MAb-lysine groups into maleimide groups was performed by reaction with

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1|-carboxylate (sulfo-SMCC; Pierce);

the number of maleimide groups per MAb molecule was 0.8-0.9 as determined chemically

with Ellman’s reagent’. MAb-SMCCwaspurified by the use of a 1ODG column (Bio-Rad).

After incubation of the purified MAb-SMCC sample with SATA-Df(activated in 0.1 M

NasCO3) for 90 min, unreacted maleimide groups were quenched with an excess of

hydroxylamine for 15 min. Purification and labeling of the thus modified MAb with Zr and

the subsequentpurification of the conjugate were performed essentially the same as described

for the novel procedure (Fig. |, step 5 and 6).

Analyses

A Ge(Li) detector coupled to a multichannel analyzer was used to quantify “Zr, to monitor

“Zr purification, and (after decay of most of “’Zr) to identify and quantify radionuclidic
impurities (Table 1). For quantification of *°7activities in a dose calibrator, the “Mn mode

was used, multiplying the displayed amountofactivity by a factor of 0.67. Quantification in a

y-counter (LKB-Wallac 1282 CompuGamma; Pharmacia) was performed on the 909-keV y-

energy of “Zr (efficiency, 21.7%). Samples of the Zr oxalic acid fractions and ofthe

purified MAb-""Zr solution were analyzed for the presence of any remaining Sy by particle-

induced x-ray emission (PIXE) according to the method described by Vis egal. 1

High-performance liquid chromatography (HPLC) was performed to monitor the Df

derivatives, the chemically modified MAbs, and the radiolabeled MAbs. N-sucDf, N-sucDf-

Fe, and TFP-N-sucDf-Fe were analyzed with a Chromspher 5 C18 column (250x4.6 mm;

Chrompack) with a gradient elution. Solvent A consisted of 10 mM sodium phosphate, pH 6,

and solvent B of 100% MeCN. The gradient was as follows (flow rate, | ml/min): 5 min of

100% A,linear increase of eluent B to 35% during 25 min, 10 min of 35% B. HPLCanalysis

of the chemically modified MAbs and the radiolabeled MAbs was performed as described

before'’. MAb compounds were monitored by UV absorbance at 280 nm, Df compoundsat

215 nm, and Df-Fe(III) complexes at 430 nm, whereas radiolabeled compounds were

monitored either by continuous radioanalytical detection or by measurement of collected

fractions. The equipmentused has been described before '".
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Figure 1. Schematic representation of

premodification and postlabeling of MAbswith “’Zr.

Bold arches represent —(CH2)2»>CONH(CH2)5-

The term desferal (Df) (Novartis) is used instead of

desferrioxamine B and D/-Fe is used to represent the

corresponding iron(IIf) complex (ferrioxamine).

Step 1 is synthesis of N-sucDf, as described in

Materials and Methods.

Step 2 is complexation of N-sucDf with Fe(III).

N-sucDf (9 mg, 13.6 mol) is dissolved in 3 ml of

0.9% NaCl, containing 60 jl of 0.1 M Na2CO;(final

pH 6.5-7.0). To this solution, 0.3 ml (14.8 umol) of

FeCl; solution (8 mg/mlin 0.1 M HC))is added.

Step 3 is esterification ofN-sucDf-Fe.

- After 10 min, to N-sucDf-Fe solution are added

300 yl (0.36 mmol) of TFP solution (200 mg/ml in

MeCN)and 120 mg (0.63 mmol) ofsolid EDC (final

pH 5.8-6.0).
- After 45 min of incubation, reaction mixture is

loaded onto conditioned Sep-Pak Cjx cartridge

(Waters), followed by washing with 60 ml ofsterile

water for injection, TFP-N-sucDf-Fe is eluted from

Sep-Pak cartridge with 1.5 ml of MeCN.
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Step 4 is conjugation of TFP-N-sucDf-Fe to MAb.

- Tol ml (33 nmol) of MAbsolution (5 mg/ml), pH

9.5-9.8 (adjusted with 0.1 M NasCO;), 20 pl (63

nmol} ofTFP ester solution (2.5 mg/ml in MeCN) are

added to obtain final chelate:MAbratio of |:1 (based

on 54% reactionefficiency).

- After 30 min, two times 25 ul of gentisic acid

solution (100 mg/ml! in 0.32 M NazCOs) are added to

reaction mixture and pHis adjusted to 4.3-4.5 with

four times 6 tl of 0.25 M H)SQ,.

Step 5 is removal ofFe(III) trom MAb-/N-sucDf-Fe.

- To reaction mixture, 50 yl (3.3 pmol) of an EDTA

solution (25 mg/ml) is added and solution is

incubated for 30 min at 35°C (final pH 4.3-4.5).

- After 30 min, EDTA, TFP, iron (as

[Fe(MNEDTA]), and unreacted hydrolyzed ester (N-

sucDf) are removed by gel filtration using PD-10

column (eluent: 0.9% NaCl/gentisic acid [5 mg/ml],

pH 5): First 2.6 ml (containing reaction volume and

first 1.5 ml) are discarded, and modified MAbis

collected in next 2 ml.

Step 6 is labeling of MAb-N-sucDfwith “Zr.

- To 600 ul of Zr oxalic acid solution (1 M oxalic

acid), 130 ul of 0.9% NaCl, 270 wl of 2 M Na.CO;,

and 3 ml of 0.5 M HEPES (pH 7.2-7.4) are added,

followed by 2 ml (33 nmol) of modified MAb

solution (2.5 mg/ml in 0.9% NaCl/gentisic acid [5

mg/ml], pH 5), final pH 7.2-7.4. Reaction volume can

be varied provided amounts of oxalic acid, NaxCOs,

and HEPESbuffer are adjusted accordingly.

- After 30 min, reaction mixture (6 ml) is divided

over three PD-10 columns (eluent: 0.9%

NaCl/gentisic acid [5 mg/ml], pH 5): First 2.5 ml (2-

ml sample volumeand first 0.5 ml) are discarded, and

radiolabeled MAbis collected in next 3 ml.
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HPLC analyses of PD-10 column (Pharmacia Biotech) elution profiles were performed

as described before '°. Profiles of EDTA, N-sucDf, and TFP(Fig. |, step 5) were determined

with a gradient elution by UV absorbance at 210 nm. Solvent A consisted of 10 mM sodium

phosphate, pH 6, and solvent B of 100% MeCN. The gradient was as follows (flowrate. |

ml/min): 2 min of 100% A,linear increase of eluent B to 40%during 13 min, 5 min of 40% B

(retention time of 2.9, 12.3, and 15.6 min, respectively). Oxalic acid and N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) (Fig. 1, step 6) were analyzed by

HPLC with 10 mM sodium phosphate, pH 6, as eluent, a flow rate of 0.4 ml/min (retention

time of 6.2 and 7.8 min, respectively), and a wavelength of 210 nm. For determination of the

PD-10 column elution profile of [Fe(II)EDTA], “Fe (370 MBq/ml in 0.5 M HCI;

Amersham Pharmacia Biotech) was used as tracer and the fractions were counted with a y-

counter.

For the measurement of the serumstability of radioimmunoconjugates, samples were

incubated in freshly prepared human serum (1:1 v/v dilution) at 37°C in a humidified

incubator maintained at 5% CO. and 95% air. Radioimmunoconjugates were also incubated in

heat-inactivated serum (treated for 40 min at 56°C); in 20% human serum albumin (HSA;

Sanquin), pH 7.2 and 9.0; and in 20% HSA, pH 9.0, supplemented with an excess of L~

cysteine (9 pmol/ml). At various time intervals, samples were taken and analyzed by HPLC.

Radiochemical purity and integrity of the radiolabeled MAbs were monitored by

instant thin-layer chromatography (ITLC) (eluent: citric acid, 20 mM, pH 5). sodium

dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analysis by a

PhosphorImager (Molecular Dynamics), and immunoreactivity determination as previously

described *"”,

Animal studies

For the biodistribution and PET studies, female nude mice (athymic nu/nu, 23-32 g, 8-10 wk

old; Harlan CPB) bearing human HNX-OE xenografts were used. HNX-OE xenografts were

established after subcutaneous injection of HNSCCcell-line VU-SCC-OE '’ and repeated

transplantation as xenograft in nude mice. Two to three wk after implantation, the mice were

used for experiments. All animal experiments were performed according to the U.S. National

Institutes of Health principles oflaboratory animalcare '* and the Dutch national law "Wet op

de Dierproeven" (Stb 1985, 336).

For the biodistribution study, mice (tumor size, 30-200 mg) were anaesthetized with

ether, and 0.37 MBq cMAb U36-N-sucDf-*’Zr (100 ul, 100 1g MAb) or 0.37 MBq ofthe
reference conjugate cMAb U36-SMCC-SATA-Df-’Zr (100 jl, 100 ug MAb) was injected

into the retroorbital plexus. The specific activities of the radioimmunoconjugates were 41

MBq/ing and 39 MBq/mg, respectively, and unlabeled MAb was added to bring the total

MAb dose at 100 ug per mouse. At indicated time points after injection, the mice were

anaesthetized, bled, killed, and dissected. After blood, tumor, normal tissues, and

gastrointestinal contents were weighed, the amount ofradioactivity in cach was measured in a

y-counter. Radioactivity uptake was calculated as the percentage ofthe injected dose per gram
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of tissue (%ID/g). Differences in tissue uptake between groups were statistically analyzed

with the Student¢ test for unpaired data. Differences were considered significant for P < 0.05.

PET studies were performed using a prototype single-crystal-layer HRRT three-

dimensional PET scanner (CTI). The axialfield ofview (FOV) of the PET scanneris 25.5 cm,

and the transaxial FOV is 31,2 cm; radial and transaxial resolution are 2.6 mm in full widthat

half maximum (FWHM)at the center of the field. Transmission scans for attenuation

correction were obtained in two-dimensional mode (consisting of 52 scans, using a 740-MBq

'57Cs point source), and emission scans were obtained in three-dimensional mode. Images

were reconstructed by filtered backprojection and consisted of 207 image planes of 256x256

pixels, and each voxel equaled 1.21x1.21x1.21 mm.

Mice bearing HNX-OE xenografts (19-154 mg) were anaesthetized with ether and

injected with 3.7 MBq cMAb U36-N-sucDf-’Zr (109 MBq/mg, 250 pl, 100 pg MAb). Before

scanning, the mice were anaesthetized with sodium pentobarbital (75 mg/kg. intraperitoneal)

and positioned in the PET scanner. A transmission scan of 380 s was followed by a 60-min

emission scan. Mice were scanned and then immediately dissected at 24 (n = 2), 48 (m= 2),

and 72 h (n = 6)afterinjection. In addition, 2 mice were scanned three times: at 24, 48, and 72

h after injection; after 72 h these mice were dissected. Activity in tumors at the time of

scanning was quantified by Ge(Li) and in a y-counter together with a standard.
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RESULTS

Production and purification of ?Zr

After irradiation, the ©’Y-layer was dissolved and the amountofZr was determined, as well

as that of contaminating radionuclides (Table 1). The crude yield of 7 was between 6.5

GBq and 13.5 GBq (110-190 min of irradiation), with less than 1.3-2.7 MBq (0.02%) of

radionuclidic impurities. A small amount (0.00015%) of ‘87, was observed, being the result of

a (p.2n) reaction on %°YThe isotope ““Y is formed as daughter product from ‘877 and possibly

froma (p,pn) reaction on Y. The isotope zine-65 (Zn) is formed by a (p,n) reaction on the

copper support, whereas vanadium-48 (*V), cobalt-56 (°Co), and terbium-156 ("°°Tb) are

formed on titanium, iron, and gadolinium impurities, respectively, in the Y_target. Removal

of the bulk nonradioactive “’Y and of the radionuclidic impurities eyCos Zn, and

S°Tb (except “*Zr) was achieved with a hydroxamate column (Table 1), As a result, more than

99.99% pure *’Zr was obtained in 1 M oxalic acid, with an overall yield of 97.0 + 3.3%. PIXE

analysis of the isolated *’Zr oxalate revealed the absence ofnonradioactive Oy:

Preparation of MAb-N-sueDf-"'Zr.

Step 1 in the preparation of MAb-N-sucDfvia the TFP ester approach, as depicted in Figure 1,

is the carboxylation of the primary amine of Df. After isolation of the product, N-sucDf was

obtained in a yield of 68-73%. After temporary blocking of the hydroxamate groups of N-

sucDf with Fe(III) in step 2 (Fe was used as tracer to facilitate analytic monitoring) and

nearly quantitative esterification (Fig. 2A and 2B), TFP-N-sucDf-Fe was isolated by a Sep-

Pak (Waters) procedure in yiclds of about 80% in step 3. The TFP ester could be stored forat

least 8 wk in MeCN at —70°C (data not shown).

Conjugation conditions selected for the technical protocol comprised the addition of

63 nmolof ester to 33 nmol of MAbin step 4, For CMAb U36, mMAb E48, and mMAb 425,

these conditions resulted in a reproducible conjugationefficiency of 54 + 5% (Fig. 2C) and,

consequently, in a reproducible chelate:MAbsubstitution ratio of about 1:1. After removal of

Fe(III) by transchelation to EDTA instep 5, less than 5% Fe remained complexed by MAb-/N-

sucDfafter 30 min (Fig. 2D). Isolation of the MAb-N-sucDf on a PD-10 column efficiently

removed more than 97% of EDTA, [Fe(IIJ)EDTA], TFP and N-sucDf(data not shown).

In step 6, MAb-N-sucDfwas labeled with *’Zr in HEPES buffer(final concentration, 0.25 M)
at pH 7.2-7.4. After 30 min at this pH optimum, the amount of *°7r transchelated from oxalate

to MAb-N-sucDf is always more than 80%, even in the presence of 0.1 M oxalic acid. A

similar transchelation rate was found in reaction volumes of 1-9 ml, that is, enabling the use

of 100-900 «tl of | M oxalic acid, provided the MAbconcentration was more than 0.5 mg/ml.

Below pH 6 and above pH8, less than 15% labeling was obtained under the same conditions.

The use of phosphate buffer instead of HEPES strongly affected the kinetics: at pH 7.3, the

labeling efficiency was less than 30% after 30 min. Labeling efficiency was not influenced by

the amount of *°Zr used, in the range of 0.0037-1.5 GBg. Radioimmunoconjugates could be

prepared with a specific activity from 10 to 550 MBq/mg MAb, Assessment of the PD-10
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Figure 2. HPLC profiles (absorbance at 430 nmand radioactivity after fraction collection) during

synthesis of TFP-N-sucDfester and preparation of MAb-N-sucDf. Analysis after reaction of N-sucDf

with ’Fe-FeC]; (A), afler esterification of N-sucDf’Fe-Fe (B), after reaction of TFP-N-sucDf-’Fe-Fe

with MAb(C), and after removalof iron from MAb-N-sucDf-’Fe-Fe with EDTA (D). Analyses were

performed with Chromspher (Chrompack) 5 C18 column (A and B) or Superdex (Pharmacia Biotech)

200 HR column (Cand D). Peak | = unreacted ~*’Fe-FeC]; (retention time. 3.3 min; reaction performed

with an excess of 1.1 to 1): peak 2 = N-sucDf&-*’Fe-Fe(retention time, 16.7 min for A and B and 39

min for C); peak 3 = TFP-N-sucDf-’Fe-Fe (retention time, 25.9 min); peak 4 = MAb-N-sucDf-*"Fe-Fe

(retention time, 23 min); peak 5 = [~’Fe-Fe(I)EDTA](retention time, 38 min).
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column elution profile of unreacted *’Zr, oxalic acid, and HEPES buffer by HPLC revealed

that the compounds were quantitatively collected in the waste fractions eluted after the MAb-

containing fraction.

Labeling of mMAb E48, mMAb 425, and cMAb U36 resulted in an overall yield of

80% (+ 6%), a radiochemical purity of more than 95% (determined with ITLC), and

immunoreactive fractions of more than 90%.In general, Phosphorlmageranalysis of the SDS-

PAGEgel revealed a major 150-kDa IgG band containingat least 93% ofthe radioactivity, a

minor band with a higher molecular weight (< 3%), a minor band with a lower molecular

weight (< 2%), and free “Zr (< 2%). Gentisic acid wasintroduced during labeling and storage

to prevent deterioration of the MAb integrity by radiation. The chemoprotective potency of

gentisic acid (5S mg/ml, pH 5.0) was evaluated with 93 MBq Zr per milliliter as the

challenging condition, Upon storage at 4°C for 2 h, 95.3% ofthe radioactivity was present in

the 150-kDa IgG band. After 2 d, this band contained 88.7% ofthe radioactivity when gentisic

acid was present and 79.7%whengentisic acid was absent.

Preparation of CMAb U36-SMCC-SATA-Dfandlabeling with 87x

To arrive at about | SMCC group per MAb molecule, a SMCC/MAb molar ratio of 2 was

used during the reaction. After reaction with SATA-Dfand labeling with 7, the conjugates

showed a radiochemical purity of more than 95% and immunoreactive fractions of more than

90%. The overall yield was more than 80%.

Biodistribution in HNSCC-bearing nude mice

Both radioimmunoconjugates, cMAb U36-N-sucDf-’Zr and the reference conjugate cMAb

U36-SMCC-SATA-Df-’Zr, were injected into HNX-OE-bearing nude mice (m = 4 per

conjugate per time point). The conjugates had only one modified lysine group per MAb

molecule to avoid impairment of pharmacokinetics due to overmodification (/9-2/). At 24,

48, and 72 after injection, the average %ID/g (mean + SEM)of tumor, blood, normaltissues

and gastrointestinal contents was determined (Fig. 3). Between 24 and 72 after injection, the

blood level of cMAb U36-N-sucDf-°’Zr decreased from 14.6 + 1.2 to 12.3 + 0.7 %ID/g,

whereas the tumor level increased from 14.1 + 1.0 to 26.0 + 1.9 %ID/g (p < 0.005). Blood

clearance of CMAb U36-SMCC-SATA-Df-’Zr wassignificantly faster: a decrease from 10.7

+ 0.8 to 5.1 = 0.6 “ID/g (P < 0.005). This enhanced blood clearance wasreflected in lower

tumor levels (not exceeding 10 %ID/g), lower levels in most organs, but significantly

increased levels in colon contentat 24 and 48 after injection (4.8 + 0.8 vs. 1.7 + 0.2 %ID/g,

P<0.05, and 5.3 + 1.8 vs. 1.2+ 0.2 %ID/g, P < 0.05, respectively) and in ileum content at 24

h after injection (1.5 + 0.3 vs. 0.5 + 0.2 %ID/g, P < 0.05).
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Figure 3. Biodistribution of cMAb U36-N-sucDf-’Zr(black bars, 7 = 4) and cMAb U36-SMCC-

SATA-Df-"'Zr (white bars, # = 4). Each conjugate (100 tg of MAb; 0.37 MBq)wasinjected into
retroorbital plexus of HNX-OE-bearing nude mice. At 24 (A), 48 (B), and 72 h (C) after injection,

mice were bled, sacrificed, and dissected, and radioactivity levels (%ID/g + SEM) of blood, tumor,

organs, and gastrointestinal contents were assessed.
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Figure 4. In vitro stability of CMAb U36-N-sucDf-Zr and cMAb U36-SMCC-SATA-DE™’Zr,

monitored by HPLC. Conjugates were incubated for 24 h at 37°C: cMAb U36-N-sucDf"'Zr in human

serum (A), cCMAb U36-SMCC-SATA-Df-Zrin human serum (B), CMAb U36-SMCC-SATA-Df"Zr

in HSA, at pH 9 (C), and cMAb U36-SMCC-SATA-DE-'Zr in HSA, at pH 9 with an excess of L-
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In vitro serum stability of CMAb U36-N-sucDf-Zr and cMAb U36-SMCC-SATA-Df-
7,r

The enhanced blood clearance ofthe reference conjugate cCMAb U36-SMCC-SATA-Df-’Zr,

as observed in vivo, was found to be related to the succinimide ring-thioether unit in the

linker. Whereas HPLC analysis of CMAb U36-N-sucDf-"’Zr showed no loss ofradiolabel on

incubation during 24 h at 37°C in human serum (Fig. 4A), the reference conjugate cMAb

U36-SMCC-SATA-Df-"’Zr gave an increased shoulder at 20 min; elution of radioactivity at

26 min, which corresponds to the HPLC retention time of albumin; and a broadradioactivity

peak at 36-40 min (Fig. 4B). In a series of experiments, the nature of this phenomenon was

evaluated. Incubation in heat-inactivated serum gave the same results as in serum, excluding

enzyme-inducedinstability. To verify the possible transfer of a ’Zr-chelate fragment to serum

proteins, HSA (which contains one -SH group per molecule) was chosenas a representative

protein. Incubation in HSA gave a pattern (data not shown) closely resemblingthat in Fig. 4B.

Increasing the pH of the HSA incubation solution to 9 resulted in a more extensive transfer of

radioactivity from the monomeric MAbpeak to the HSA peak, an enhanced shoulder at 20

min, and an increased peak at 36-40 min (Fig. 4C). The presence of L-cysteime reduced the

transfer to HSA, with a concomitant increase in radioactivity at 39 min and a decrease in the

shoulder at 20 min (Fig. 4D). Under the same conditions, MAb-N-sucDf-*°Zr, as produced by

the novel coupling method,did not showthese instability phenomena (data not shown).

PETstudies

To determine the feasibility of visualizing small tumors with the novel radiolabeled cMAb

U36-N-sueDf&-’Zr, 12 HNX-OE-bearing nude mice were subjected to immuno-PET.In the

coronal as well as transaxial images obtained at 24 (4 mice imaged), 48 (4 mice imaged), and

72 h (8 mice imaged)after injection, all tumors could be clearly seen as hot spots (Fig. 5).

Tumors as small as 19 mg, containing about 17 kBq at the time of the scanning (72 h), could

be visualized with the HRRT PETscanner. From the nontargettissues, only the blood pool in

the heart and the liver area (and nose at 24 h) wasvisible.
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Figure 5. HNX-OE-bearing nude mouse, injected with cMAb U36-N-sucDf""Zr (100 1g of MAb;3.7

MBq). Coronal (upper) and transaxial (lower) PET images were obtained from same mouseat 24 (A),

48 (B), and 72 h (C). Image planesare those for which both tumors of same animal were visible. D.

Photographs of imaged mouse and excised tumors (lefi, 47 mg; right, 45 mg).
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DISCUSSION

The assessment of tumor localizations may be improved by combining the selective tumor-

targeting properties of a MAb with the excellent sensitivity and contrast resolution of PET.In

the present report, we have described a novel method forlabeling MAbs with the long-lived

positron emitter Zr via amide bond (-NH-CO-) coupled Df, taking all the requirements for

clinical application into account. Radioimmunoconjugates produced by this method were

stable in serum in vitro and showed high accumulation in tumors in nude mice. The feasibility

of visualizing small tumors was shown with ®°77-immuno-PET. The required “Zr was

produced in high amounts andefficiently isolated in a consistent way.

The chelate Df has frequently been used for radiolabeling of MAbs. However, a

diversity of problems was metin getting chemical control over the coupling process and the

quality of the resulting final product 22-24Th the MAb-Df-"’Zr labeling method developed by

Meijs ef al. 7 which was used as the reference method in the present study, lysine groups of

the MAb were modified into maleimide groups, giving a succinimide ring-thioether unit in the

linkage on reaction with SATA-Df, Evaluation ofeMAb U36-SMCC-SATA-DF-"’2Zrprepared

according to the latter method, however, revealed instability in serum in vitro, with the

transfer of the “’Zr-chelate complex to serum proteins. J vivo experiments in tumor-bearing

nude mice demonstrated such instability under physiological conditions. Lewis and Shively g

described comparable transfer phenomena for their ““Y_DOTA-labeled MAb, containing a

linker with two succinimide ring-thioether units. They argued a succinimide ring cleavage,

possibly Y catalyzed, to be responsible for release of chelate from the MAb. Ouri vitro

results with HSA strongly suggest that on opening of the succinimide ring, the chelate can

break off ateither side ofthe sulfur atom (-S-). In case the S-containing Df-"’Zr fragmentis

formed, coupling with HSA takes place, while cleavage at the other side of the S-bond leaves

the reactive S-atom at the MAb side, making the MAb susceptible to aggregation (Fig. 4C).

These reactions could be counteracted by quenching reactive S-atoms with L-cysteine (Fig.

4D).

To circumvent adverse in vivo instability of the MAb-Df linker, we have here

described a novel coupling method based on the use of an active TFP ester. This method

creates a chemically stable amide bond between the chelator Df and MAb and gives good

contro! over the numberofgroups to be coupled to the MAb.To allow conjugation, the amine

group present on Df was converted into a carboxylic acid functionality. For the synthesis of

the corresponding TFP-N-sucDfester, it was necessary to temporarily protect the three

hydroxamate groups of Dfagainst reactions with EDC. Without blocking of the hydroxamate

groups. intractable results were obtained that were not further analyzed. Interestingly,

blocking with “Zr did not yield the required TFP ester. Therefore, direct conjugation of

MAbs with TFP-N-sucDf-*Zr was not possible. Blocking with iron proved adequate,

enabling the developmentofa postconjugationlabeling method. After reaction of this TFP-N-

sucDf-Fe ester with MAb,the iron wasefficiently detached from Df with the aid of EDTA,

under conditions that did not affect the integrity of the MAb.
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For the labeling of the premodified MAb with “Zr, reaction conditions were

established that enabled efficient labeling in the presence ofoxalic acid, the solution in which

*°7is isolated. Therefore, the very time-consuming sublimation step, as proposed by Meijs et

al. ? for the removalofthe potent “’Zr-chelating agent oxalic acid, is not required any longer.

The transchelation of *’Zr from oxalate to Df appeared to take place efficiently within a

narrowpH range (7.2-7.4). This observed sharp pH-optimum required the presence of a strong

but indifferent buffer. HEPES wasfoundto fulfill the latter requirements.

The need for protection of the MAb against radiation damage has been shown in

previous MAbstudies 925-28 Aseorbic acid as an antioxidant could not be used because this

reagent causes detachment of “Zr from Dfby reducing Zrto Zr’. The presenceofgentisic

acid during labeling, purification, and storage proved to be beneficial and, as such, has been

made part ofthe protocol.

Because the novel labeling procedure for “’Zr described in this report uses lysine

residues of the MAb forthe stable coupling of the Df moiety, the methodis applicable to each

intact MAb(as confirmed by labeling of MAbs E48 and 425), as well as to MAb fragments or

peptides that contain a lysine group. The labeling of the conjugate is based on the postlabeling

of a premodified MAb, which makes it possible to centrally produce sterile batches of MAb-

N-sucDf, with easy coupling of *°Zr at the user’ssite. By ourstrongly modified “Zr isolation,

it is now possible to obtain large batches of “Zr (on the order of 10 GBq) in a reproducible

way, at low cost, and with a radionuclidic purity ofmore than 99.99%.

Thefeasibility of visualizing small tumors with radiolabeled CMAb U36-N-sueDf-"Zr

with an HRRTPET scanner was demonstrated in xenograft-bearing nude mice. After injection

of the conjugate. HNSCC xenografts in the range of 19-154 mg were detected after 24 h.

Target-to-backgroundratios improved when imaging was performed after prolonged periods,

and none of the normal organs showed an adverse high uptake. Similar results were obtained

with an ECAT EXACTHR’positron scanner (CTI) (data not shown).

Sensitive detection of small tumors in nude mice wasrecently also observed for the

positron emitter copper-64 (Cu; half-life, 12.7 h) using a “Cu-DOTA-minibody of T84.66

(molecular weight, 80 kDa), albeit with a high accumulation of ®4Cuin the liver (32.4 %ID/g

afier 4 h)**, With regard to "4a more suitable candidate for use in combination with whole

IgG *930 recently the capacity of '4T_CDR-grafted humanized A33 for detection of colon

carcinomaxenografts in nude mice was evaluated *!”’. In this case, high-resolution images of

tumors ranging from 200 to 700 mg were obtained 24

h

after injection. In ongoing studies at

our laboratory, we are evaluating how ‘41 compares with “Zr with respect to

radiopharmacokinetic behavior, tumor retention, and suitability for PET imaging of small

tumors.

A direct practical clinical application of immuno-PETwouldbe its combination with

radioimmunotherapy. In this way, imaging can be used for the selection of, for example,

thenium-186- (!*°Re-), °'I- or y-radioimmunotherapy candidates by confirmation of tumor-

targeting with additional estimation of radiation delivery to tumor and normal organs. The

possibility of using PET with a *’Zr-labeled MAbto predict and quantifytargeting ofa mas
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labeled MAb during treatment for more extended periods would be of special interest because

ofthe lack ofy-emission of ”’Y.

Because of the encouraging results presented here, the 7r-labeled cMAb U36 IgG is

currently evaluated for its capacity to detect primary tumors and metastases in operable

HNSCCpatients. To this end, results from *°Zr-immuno-PETare being compared with results

from CT, MRI. '*FDG-PET,and histopathological evaluation.

CONCLUSION

This study provided practical protocols for reproducible isolation of the long-lived positron

emitter *’Zr and its coupling to MAbs via the chelate Df using new linker chemistry.

Resulting MAb-"’Zr conjugates appeared optimal with respect to radiochemical purity,

integrity, immunoreactivity, and stability. Moreover, specific targeting and sensitive detection

(with a PET camera) of head and neck cancer xenografts were demonstrated. These

achievements justify clinical evaluation of MAbs-*’Zr conjugates.
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ABSTRACT

Immuno-PET as a scouting procedure before radioimmunotherapy (RIT) aims at the

confirmation of tumor-targeting and the accurate estimation of radiation dose delivery to

both tumor and normal tissues. Immuno-PET with “°Zr-labeled monoclonal antibodies

(MAbs) and °’Y-MAb RIT might form such a valuable combination. In this study, the

biodistribution of *’Zr-labeled and “*Y-labeled MAb (“*Y as substitute for ®Y) was

compared and the quantitative imaging performance of “Zr immuno-PET was evaluated.

Methods: Chimeric MAb (cMAb) U36,directed against an antigen preferentially expressed

in head and neck cancer, was labeled with “Zr using the bifunctional chelate N-

succinyldesferrioxamine B (N-sucDf) and with S8y using the bifunctional chelate p-

isothiocyanatobenzyl-|,4,7,10-tetraazacyclododecane-1.4,7,10-tetraacetic acid (p-SCN-Bz-

DOTA). The radioimmunoconjugates were coinjected in xenograft-bearing nude mice, and

biodistribution was determinedat 3, 24, 48, 72, and 144 hafterinjection. Zr was evaluated
and compared with '*F in phantom studies to determinelinearity, resolution, and recovery

coefficients, using a high-resolution research tomograph (HRRT) PET scanner. The

potential of PET to quantify cMAb U36-N-sucDf-’Zr was evaluated by relating image-
derived tumor uptake data (noninvasive method) to “Zr uptake data derived fromexcised

tumors (invasive method). Results: '7-N-sucDf-labeled and *8Y_n-SCN-Bz-DOTA-labeled

eMAb U36 showed a highly similar biodistribution, except for sternum and thigh bone at

later time points (72 and 144 h after injection). Small differences were found in kidney and

liver. Imaging performance of Zr approximates that of 'SEwhereas millimeter-sized (19-

154 mg) tumors were visualized in xenograft-bearing mice after injection of CMAb U36-N-

sucDf-"°Zr. After correction for partial volumeeffects, an excellent correlation was found

between image-derived “°Zr tumorradioactivity and y-counter Zr values of excised tumors

(R? = 0.79). Conclusion: The similar biodistribution and the favorable imaging

characteristics make *’Zr a promising candidate for use as a positron-emitting surrogate for

mY,
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INTRODUCTION

The use of radiolabeled monoclonal antibodies (MAbs) for the improvement of diagnosis

andtreatmentof cancer continues to be an expandingarea of research '. The potential ofthis

approach was demonstrated by, among others, ibritumomab tiuxetan (Zevalin; IDEC

Pharmaceuticals), the first radioimmunotherapy (RIT) procedure that received approval by

the U.S. Food and Drug Administration (FDA), in 2002 a Initially, the ibritumomab tiuxetan

regimen (for treating non-Hodgkin's lymphoma) consisted of an imaging procedure for

which the chelate-coupled MAbibritumomab tiuxetan waslabeled with indium-111 ( th),

followed one week later by a RIT procedure for which the same conjugate was labeled with

yttrium-90 (""Y).
"¥ has a physical half-life of 64.1 h and emits high-energy B-particles (100% B,

Eg-max = 2.28 MeV). The absence ofy-ray emission minimizes dose radiation burden for

medical personnel and relatives and enables outpatient treatment. Whereas these

characteristics make °’Y attractive for therapy, the lack of associated photon emission does

not allow external imaging ofthe in vive distribution ofthe Y-labeled antibody. Attempts

have been made to use the °’Y-associated bremsstrahlung for these purposes, but because of

low bremsstrahlung photon counts, high amounts of ™y would be needed for quantitative

imaging 34’ Forthis reason, the method was judged to be oflimited practical value for tracer

imaging procedures. In practice, it is customary to use '''In (half-life, 67.3 h; Ey = 171 and
245 keV) as a y-emitting surrogate for tracing the biodistribution ofY in RIT trials *?. For

coupling to MAbs, the DOTA chelator is generally used because it binds these three-valent

radionuclides with a very highstability *.

Performing radioimmunoscintigraphy (RIS) as a tracer imaging procedure before

RIT enables the confirmation of tumor-targeting and the estimation of radiation dose

delivery to both tumor and normal tissues. At least three requirements need to be met for

optimal use of an imaging radioimmunoconjugate as a predictor of a therapeutic

radioimmunoconjugate. First, imaging and RIT conjugates should have similar

biodistribution. Second, radionuclides used for imaging and RIT should have similar

physicalhalf-lives, preferably matching the biological half-lives of MAbs. Third, procedures

for quantification of uptake and subsequentdose calculations should be reasonably accurate.

With respect to the last requirement, MAbdistribution has been estimated using planar y-

camera imaging and SPECT. These procedures, however, have intrinsic limitations with

respect to quantification, primarily on account of scatter and partial absorption of y-photons

in the tissue of a patient. Because of more accurate scatter and attenuation corrections, PET

is better qualified for tracer quantification. Besides, PET provides superior spatial and

temporalresolution for imaging.

In our search for candidate positron emitters for PET with MAbs (immuno-PET), we

set up the production, purification and antibody labeling of zirconium-89 (Zr; half-life,

78.4 h) and iodine-124 ('“I; half-life, 100.3 h), as these tracers have physical half-lives that
are compatible with the time needed for MAbs to achieve optimal tumor-to-nontumorratios
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(typically 2-4 d for intact MAbs). Ofthese isotopes, ’Zr (22.7% B*, Epsmax = 0.897 MeV;

Fig. 1) can be obtained with high radionuclidic purity by a (p,n) reaction on vyan element

that is an ideal target material because of its 100% natural abundance. Recently, stable

coupling of *°Zr to MAbs was accomplished using the chelate N-succinyldesferrioxamine B

(N-sucDf) and new linker chemistry based on amide bond formation "In addition,

preliminary in vitro data indicated residualization of the radionuclide after internalization of

°7-labeled MAbs by tumorcells, a phenomenon also observed with in and “'Y but not

with "I and rhenium-186 (‘“’Re) (1. Verel ef a/., unpublished data).

Taking these considerations into account, it was postulated that immuno-PET with

*°77-Jabeled MAbs might be a useful scouting procedure for “°Y-MAb RIT.In the present

study, the potential of this approach was evaluated by studying the biodistribution of both

conjugates on coinjection and by assessing the quantitative imaging performance of Zr

immuno-PET, For this purpose, nude mice with head and neck squamous cell carcinoma

(HINSCC) xenografis were used as an in vivo model, chimeric MAb (cMAb) U36 was used

for HNSCCtargeting, a high-resolution research tomograph (HRRT)three-dimensional (3D)

PET scanner was used for imaging, and SY (half-life, 107 d) was used instead of ®Y to

enable counting in a y-counter. Biodistribution of CMAb U36-N-sucDf-’Zr and cMAb U36-

p-SCN-Bz-DOTA-“Y conjugates was studied up to 6 d after injection. In addition, the

potential of PET to quantify cMAb U36-N-sucDE-“’Zr was evaluated by relating image-

derived tumor uptake data (noninvasive method) to “7 data derived from excised tumors

(invasive method).
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Figure 1. Simplified “Zr decay scheme (modified from ICRP publication °), Only transitions in

excess of0.1% abundance are shown. EC = electron capture; IT = isomeric transition: t,2 = half-life.
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MATERIALS AND METHODS

MAb

Selection, production and characterization ofCMAb U36 havebeen described elsewhere|.

Production and isolation ofZr

The improved procedure for *’Zr production and isolation has been described recently in

detail '". Briefly, “Zr was produced via a (p.n) reaction on natural “Y byirradiating an “’Y-

layer on a copper support (14-MeVprotons). The irradiated *Y-layer was dissolved in 2M

HCl and, after addition of hydrogen peroxide, loaded onto a hydroxamate column. This

column was washed with 2 M HCI andsterile water to remove radionuclidic impurities and

the bulk nonradioactive “'Y and eluted with 1 M oxalic acid to obtain 99.99% pure “Zr.

Radiolabeling

Preparation of©Zr-labeled CMAb U36 cMAb U36 was premodified with the chelate

desferrioxamine B mesylate (Df) (desferal; Novartis) via an amide linkage and labeled with

“Zr according to recently described novel procedures '0 DF was succinylated (V-sueDf),

temporarilyfilled with iron (Fe(III), and coupled to MAbs by meansofa tetrafluorophenol-

N-sucDf ester. On average, one Df-chelate per MAb molecule was conjugated. After

premodification of the MAb,as well as after labeling of the premodified MAb with “Zr, the

MAbsolution was purified using a PD-10 column (Pharmacia Biotech), eluting with 5

mg/ml gentisie acid (pH 5). For biodistribution studies, cMAb U36-N-sucDf was labeled

with 155 MBq *’Zr and 2.2 mg MAbin a volume of 2.3 ml. For PET imaging studies, the

reaction conditions were 3.6 mg premodified cMAb U36, 460 MBq 7, and a reaction

volume of6 ml.

Preparation of 8y¥labeled cMAb U36 cMAb U36 was conjugated with p-

isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-Bz-

DOTA; Macrocyclics), essentially as described by Hnatowich ef al. '2 All steps were

performed under strict metal-free conditions. A 50-fold molar excess of p-SCN-Bz-DOTA

was added to CMAb U36 (10 mg/ml) in 0.1 M NaHCO;buffer, pH 8.2, and incubated for 30

min at room temperature. Approximately two p-SCN-Bz-DOTA moieties were conjugated

per MAb molecule. Nonconjugated chelator was removed by extensive dialysis against

metal-free 0.25 M NH:OAc,pH5.4. After dialysis, the chelated MAb wasdiluted in 0.25 M

NH,OAc, pH 5.4, to a concentration of 1 mg/ml and stored at -20°C. cMAb U36-p-SCN-

Bz-DOTA waslabeled with ““Y (Emsin » = 898 keV and 1836 keV, 93.4% and 99.3%

abundance, respectively) (74 MBq/ml, Isotope Products Europe Blaseg) by adding 5.6 MBq

YC; to 100 ug premodified CMAb U36 in 0.25 M NHOAc, pH 5.4. After incubation for

60 min at 45°C, unbound ““Y was removed using a PD-10 columneluted with phosphate-

buffered saline (PBS), 0.5% bovine serumalbumin,
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Analyses

All conjugates were analyzed by instant thin-layer chromatography ([TLC) and high-

performance liquid chromatography (HPLC) (for °Zr-conjugates) or fast-protein liquid

chromatography (FPLC) (for 8Y_conjugates) for radiochemical purity, by sodium

dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE)for integrity, and by a cell-

binding assay for immunoreactivity.

ITLC analysis of radiolabeled MAbs was performed onsilica gel-impregnated glass

fiber sheets (Gelman SciencesInc.), As the mobile phase, a citrate buffer concentration of20

mM,pH 5.0, was used for 7r-labeled MAbs, and a concentration of 0.15 M, pH 6.0, was

used for “Y-labeled MAbs.

HPLC monitoring of the synthesis of cMAb U36-N-sucDf-"°Zr was performed as

described previously '”. FPLC was performed with a Biosep Sec $3000 column (300x7.8

mm, Phenomenex) with PBS, pH 7.4,as eluent.

A germanium(lithium) detector coupled to a multichannel analyzer was used for

absolute quantification of *’Zr and for calibration of other detectors. Routine single-isotope

radioactivity measurements of ““Y and “Zr were performed with a dose calibrator or a y-
counter (LKB-Wallac, 1282 CompuGamma; Pharmacia). For quantification in a dose

calibrator, the manganese-54 (Mn) mode was used, multiplying the displayed amount of

activity by a factor of 0.67 when measuring Zr, and multiplying by a factor of 0.43 when

measuring **Y, Quantification in a y-counter was performedon the 909-keV y-energy of OZ

and on the 898-keV y-energy of ““Y. For the dual-isotope counting of biodistribution studies,

the 51 1-keV y-energy of “Zr and the 1837-keV y-energy of Sy were used. Crossover

corrections from one radionuclide into the alternate window were performed using a

standard of each radionuclide.

The integrity of the radioimmunoconjugates was monitored by electrophoresis on a

Phastgel System (Pharmacia Biotech) using preformed 7.5% SDS-PAGE gels under

nonreducing conditions. Analysis and quantification of the radioactivity in the bands was

performed with Phosphor Imager (B&L-Isogen Service Laboratory) screens and subsequent

scanning by a Phosphor Imager.

In vitro binding characteristics of radiolabeled MAbs were determined in an

immunoreactivity assay essentially described by Lindmoeral. °, using UM-SCC-11B cells

fixed in 0.1% glutaraldehyde.

Biodistribution

Nude mice bearing subcutaneously implanted human xenografts of the cell line HNX-OE

were used. Female mice (athymic nu/nu, 21-31 g, Harlan CPB) were 10-14 wk old at the

time of the experiments. All animal experiments were performed according to National

Institutes of Health principles of laboratory animal care '* and Dutch national law (“wet op

de Dierproeven", Stb 1985, 336).

The mice (7 = 20) were injected in the retroorbital plexus with a mixture of 0.37

MBq cMAb U36-N-sucDf-"’Zr, 0.13 MBq cMAb U36-p-SCN-Bz-DOTA-“Y, and
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unlabeled cCMAb U36 (total of 100 ug MAb). At indicated time points after injection, mice

were anaesthetized, bled, killed, and dissected. After blood, tumor (weight, 35-370 mg),

normal tissues, and gastrointestinal contents were weighed, the amount of radioactivity in

each was measured in a y-well counter. Radioactivity uptake was calculated as the

percentage of the injected dose per gram oftissue (%ID/g). Differences in tissue uptake

between coinjected conjugates were statistically analyzed for each time point with SPSS

10.0 software (SPSS Inc.) using the Student ¢ test for paired data. Two-sided significance

levels were calculated, and P < 0.05 was consideredstatistically significant.

PETstudies

PET scanner Measurements were performed using a prototype single-crystal-layer

HRRT 3D PET scanner (CTI PET Systems) 'S The HRRTconsists of 8 flat-panel detector

heads, arranged in an octagon. The distance between two opposing heads is 46.9 cm. Each

head contains 9x13 lutetium oxyorthosilicate crystal blocks of 7.5-mmthickness, which are

cut into 8x8 crystals, resulting in 7,488 individual crystal elements per head and 59,904

crystals for the entire gantry.

Transmissionscans for attenuation correction were routinely obtained with each scan

in two-dimensional (2D) mode (consisting of 52 scans with a total duration of 360 s) using a

single point source of 740 MBq 7s and an energy window of 550-800 keV. Emission data

can be acquired in 3D modeonly. For the present study, acquisition was performed with an

energy window of 400-650 keV, and emission data were rebinned(compressed) online into

32-bit list mode using a span of 9 and a ring difference of 67. Randomsubtraction was

applied online by a delayed window technique. The 32-bit list mode file was subsequently

converted into a single-frame histogram online.

For image reconstruction purposes, the transmission scan wasfirst reconstructed and

the resulting transmission (Tx)-image was scaled to correct for the difference in photon

energy between emission (511 keV) and transmission (662 keV) counts using a histogram-

based method '°, After attenuation correction and normalization (without correction for dead

time losses), the gaps in the resulting 3D emission sinogram were corrected by angular and

transaxial interpolation. The fully corrected 3D emission scan was than Fourier rebinned into

207 image planes of 1.21 mm, which were subsequently reconstructed by 2D filtered

backprojection with a Hanning 0.5 filter. The reconstructed volume consisted of 207 image

planes of 256x256 voxels, with each voxel equaling 1.21x1.21x1.21 mm. For the present

study, no scatter correction was applied because evaluation studies with the HRRT scanner

showed that the scatter fraction was below 0.05 for small-animal scans and no accurate

scatter-correction algorithm wasavailable at the moment for HRRT scans o

Phantom studies Three basic phantoms were used. For linearity measurements, a

phantom consisting of a cylinder (4.5 cm in diameter x 11.9 cmlong)filled with 200 MBq

“Zr was scanned for 30 min at several time points during the decay of °2r. Two line

sources were used for determinationof spatial resolution, one filled with 7 and the other

with fluorine-18 ('“F) as a reference. The two sources wereinserted in the central axis of a
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water-filled cylinder (20 cm in diameter x 20 cm long) and located transaxial, 5 cm off

center. For determination of recovery coefficients, a Jaszezak phantom was used. This

phantom consists of a water-filled cylinder, containing 6 spheres with inner diameters

ranging from 4.4 to 28 mm (0.05 to 11.5 cm’). The spheres werefilled with either *’Zr or SF
and scanned for 30 min.

Animal studies Mice bearing HNX-OE xenografts were injected with 3.7 MBq

eMAb U36-N-sucD£-"°Zr (100 jug), and up to 4 mice were scanned simultaneously. Thetotal

activity within the field of view of the scanner stayed well within the region oflinearity.

Before being scanned, the mice were anaesthetized with sodium pentobarbital (75 mg/kg,

intraperitoneally) and positioned in the PET scanner. A transmission scan of 360 s was

performed, followed by a 60-min emission scan. At 24 and 48 h after injection 2 mice were

scanned, and at 72 hafter injection 8 mice were scanned. The mice were killed immediately

after scanning, and tumors (weight, 19-154 mg) were excised and counted with both a

germanium(lithium) detector and a y-counter.

PETdata analysis

Phantom studies The calibration factor to convert region-of-interest (ROI)

counts/pixel/s to Bq/ml was determined by drawing an ROT in the image of the scanned

cylinder. For the determination of the count rate linearity, the observed counts were

subsequently converted with the aid of this calibration factor and plotted as a function of

knownradioactivity concentration.

Spatial resolution of *’Zr, expressed as full width at half maximum (FWHM), was

calculated by linear interpolation of horizontal and vertical line profiles, averaged over 5

adjacent image planes. For comparison, the same was performed for '*F.

Hotspot recovery coefficients (HSRCs) of “Zr were determined by drawing an ROI

for each sphere ofthe Jaszezak phantom, using a 50%isocontour (ROIincluding pixels with

250% of the maximum pixel radioactivity concentration). Subsequently, the HSRC was

calculated for each sphere by dividing the measured radioactivity concentration in the ROI

(Am, sphere) by the measured radioactivity concentration in the ROTofthe largest sphere (Aj,

largest sphere). The ROI areas derived from this experiment were compared with the true sphere

sizes to assess the accuracy of size prediction using a 50% isocontour. For comparison, the

same wasperformed for '*F,

Animal studies For the quantification ofradioactivity in millimeter-sized tumors, 3D

volumes ofinterest (VOIs) were drawn semiautomatically using software kindly provided by

J. Nuyts (Katholieke Universiteit Leuven). The radioactivity concentration in these VOIs

was corrected for partial volume effects starting from the following equation:

Ag, tumor — (HSRC % Ac. tumor) + (CSRC * Am, surroundings) Eq. |

where Aj, tumor is the uncorrected radioactivity concentration in the tumor measured by PET,

consisting of a tumor self-contribution and a near-surroundings spillover contribution.
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Ac. tumor is the radioactivity concentration in the tumor after correction for partial volume

effects, Am, surroundings iS the measured radioactivity concentration in the surrounding tissue

near the tumor, and CSRCis the cold spot recovery coefficient.

Ay. mor Was determined by drawing an 80% isocontour VOI around the tumor,

HSRCs were determined by drawing 80% isocontour VOIs around each sphere of the

Jaszezak phantom and wereplotted as a function of VOI volume. Therelationship between

hot and cold spot measurements was taken as described by Geworskiet al. 1,

CSRC = 1— HSRC Eq. 2

Aw, surroundings Was determined for each tumor by drawing two ROIsin the plane with

the maximum pixel tumorradioactivity concentration, together specifying a ring-shaped area

around the tumor with a thickness of one pixel. The inner ROI (ROI,;) marked the boundary

of the tumor and was established by decreasing the percentage of the isocontour until

reaching the largest tumor ROI volumethat did not include nearby radioactivity-containing

organs. Subsequently, the second ROI (ROI) was drawn with 2 times the diameter of ROI,

in the x- and y-directions. The radioactivity concentration in the ring-shaped area (Am,

surroundings) WaS determined accordingto the following equation:

(N2—Ni)
A\m,surroundings = Eq. 3

(V2— Vi)

where N, and Y; are the radioactivity and volume of RO, respectively, and Nz and V2 are

those of ROI.

Rewriting Equation | and substituting Equation 2 and Equation 3 gives the following

equation used in this study:

Au,tumor a- HSRC) * (No —N,)

Ag, tumor = =
Eq. 4

HSRC HSRC * (V2—V})

 

Ac. tumor Values (PET assessed) were plotted against the actual radioactivity levels in

the excised tumors (ex vivo assessed), and regression analysis was performed with SPSS

10.0.
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Figure 2. Biodistribution of coinjected eMAb U36-N-sueDf-’Zr (0.37 MBaq,white bars) and cMAb

U36-p-SCN-Bz-DOTA-*Y (0.13 MBg, black bars) in HNX-OE xenograft-bearing nude miceat 3,

(A), 24 (B), 48 (C), 72 (D), and 144 h (E) after injection. At the indicated time points, 4 mice were

bled, sacrificed, and dissected, and radioactivity levels (Y%oID/g + SEM)ofblood, tumor, organs, and

gastrointestinal contents were assessed. BL = blood; TU = tumor: SM = sternum; HE = heart: LU

lung: LI = liver; SP = spleen; KI = kidney; MU = muscle; TB = thigh bone; CO = colon; CC= colon
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RESULTS

Radiolabeling

Labeling ofceMAb U36-N-sucDf with “Zr resulted in an overall yield of 81% + 6%, a

radiochemical purity of 97.4% + 0.9 %, and 93% + 2% immunoreactivity (7 = 2). cCMAb

U36-p-SCN-Bz-DOTA waslabeled with ‘Sy with an overall yield of 97%, a radiochemical

purity of 100%, and 96% immunoreactivity. Upon phosphor imager analysis of SDS-PAGE

gels, all three radioimmunoconjugates showed more than 92% ofthe activity in the 150-kDa

IgG band. The specific activities of cMAb U36-N-sucDf-’Zr for biodistribution and PET
studies and of CMAb U36-p-SCN-Bz-DOTA-“Y were 50 MBq/mg, 109 MBq/mg,and 46
MBgq/mg, respectively.

Biodistribution studies

For comparisonofthe biodistribution of *'Zr-labeled and *“Y-labeled MAbin tumor-bearing
nude mice, CMAb U36-N-sucDf-’Zr was coinjected with CMAb U36-p-SCN-Bz-DOTA-
Sy At 3, 24, 48, 72, and 144 afterinjection, the average uptake (%ID/g, mean + SEM)in
tumor, blood, normal tissues, and gastrointestinal contents was determined (Fig. 2). In

general, *Zr-labeled MAb and 88¥_labeled MAb showed similar uptake in tumor, blood and

other organsatall time points. Tumor uptake increased overtime, from 4.1 + 0.3 %ID/g at 3

h to 25.7 + 1.9 %ID/g at 144 hfor the °7r-labeled MAb and from4.0 + 0.3 %[D/g at 3 h to

25.94 1.8 %ID/¢ at 144 h for the ““Y-labeled MAb. Blood values decreased from 28.8 + 0.8
%ID/g at 3 h to 6.9 + 0.4 %ID/g at 144 h for the *’Zr-labeled MAb and from 29.9 + 0.9
ID/g at 3 h to 7.9 + 0.7 %ID/g at 144 h for the ‘Sylabeled MAb.Significantdifferences (p

< 0.01) between *’Zr-labeled MAb and 88v_labeled MAb were found at 72 h and 144 h after

injection in liver (6.9 + 0.8 vs. 6.2 = 0.8 %ID/g and 7.7 + 0.5 vs. 6.0 + 0.4 “ID/g,

respectively), sternum (2.5 + 0.1 vs. 1.6 + 0.03 %ID/g and 1.8 + 0.2 vs. 1.1 + 0.1 %ID/g,

respectively), and thigh bone (2.5 + 0.1 vs. 1.3 = 0.1 %ID/g and 3.5 + 0.4 ws. 1.1 + 0.1

%{D/g, respectively). For the kidney, a significant difference was found at all time points

(from 7.3 + 0.2 vs. 6.5+ 0.3 %ID/g at 3 h to 3.2 + 0.2 vs. 2.4 + 0.2 %ID/g at 144 h).

PET studies

Phantom studies “Zr phantom studies were performed to determine linearity,

resolution, and recovery coefficients. Linearity (PET-assessed radioactivity concentrationvs.

the actual radioactivity concentration) was high (R° = 0.99) in the radioactivity range of

0.04-0.33 MBq/ml "Zr. At the highest radioactivity concentration measured, 0.75 MBq/ml.

nonlinearity was observed (Fig. 3). Image resolution of “Zr, expressed as FWHM,was 4.0

mm (Fig. 4). Under the same conditions, FWHM for SE was 3.9 mm. HSRC (50%

isocontour) for *°7r and '*F as a function of sphere volume is shown in Figure 5A. In

general, the *°Zr-HSRC values were slightly lower than the '“F-HSRC values. At 50%
isocontour, the sphere areas were overestimated by a factor of 1.29 for Zr and 1.07 for '“F

(Fig. 5B). The lower HSRC values andthe higher overestimation of sphere areas of Zr are
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Figure 3. “Zr counting rate linearity determination with HRRT PET scanner. Plot is of PET-

assessed radioactivity in cylinder phantom vs. radioactivity based on dose calibrator measurements.
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most probably related to the higher positron energy of Zr (Epimax = 0.897 MeV)in

comparison with that of 8p (Epimax = 0.634 MeV).

Animal studies Tumor imaging with “’Zr-N-sucDf-labeled MAb was successful in 22

of 22 tumors (19-154 mg, 12 mice). Figure 6 showsa typical image of a xenograft-bearing

nude mouse at 72 h after injection, with excellent visualization of tumors. The samestudies

were used to assess the potential of PET for quantification of tumor uptake. PET analysis,

applying corrections for partial volume effects according to Equation 4, gave tumor uptake

values in close agreement (R’ = 0.79, 24 + 17%error) with exvivo tumoruptake values(Fig.

7A). Figure 7B shows this correlation to be independent of the volume and the day of

imaging. The result of quantification without correction for partial volume effects is shown

in Figure 7C and indicated that such correction is especially important for tumors with a

small VOI.

 

Figure 6. HRRT PET images of HNX-OE xenograft-hearing mouse injected with cMAb U36-N-

sucDE’Zr (3.7 MBq)at 72 hafierinjection. A, Coronal image plane in which both tumors (lefl, 124

mg; right, 26 mg) were visible was chosen. B, Transaxial image planes in which right tumor was

optimally visible (top) or lefl tumor was optimally visible (middle en bottom) were chosen, Bottom

panelofB illustrates approachto arrive at ring-shaped area used for surroundings determination.
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Figure 7. Correlation between PET assessed tumoruptake and ex vivo assessed tumor uptake. HNX-

OExenograft-bearing mice were injected with cCMAb U36-N-sucDf-""Zr (3.7 MBq) and scannedat |

d (open diamonds, n = 2), 2 d (opentriangles, 7 = 2) or 3 d (closed diamonds, 2 = 8) with aHRRT

PET camera. Immediately after scanning the mice were dissected and the radioactivity levels in the

tumors were determined with a 7-counter. After reconstructionofthe images, VOIs were drawn over

the tumors and radioactivity amounts were calculated, A, After correction for partial volume effects,

PET assessed (image-derived) tumor radioactivity values were plotted as a function of ex vivo

assessed (y-counter-derived) tumor radioactivity values. The ratio of ex yivo assessed and PET

assessed tumorradioactivity values, corrected (B) or not corrected (C)forpartial volume effects, was

plotted as a function of VOI volume.
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DISCUSSION

Whereas °’Y has attractive characteristics for therapy, imaging and the assessment of ny

biodistribution are complicated. The use of '''In as an imaging analog for "Y has appeared

to be suboptimal, because of the often-observed dissimilar biodistribution of these

radionuclides*, Besides this, imaging with '''In uses a y-camera, which has intrinsic

limitations with respect to quantification. In theory, PET provides better possibilities for

quantification of tracer uptake, but this technique is in its infancy with respect to the

availability of suitable positron emitters, tracers, and quantification techniques cn

Recently, we described the production of large batches of highly pure 7 by a (p.n)

reaction on natural yttrium (*’Y), and its stable coupling to MAbs". Because of the

congruencyin half-life ofZr and °Y (78.4 vs. 64.1 h) and the fact that both radionuclides

residualize upon internalization, we postulated “7r to be a suitable positron-emitting

surrogate for ’Y.

Thepresent study was performed to examinethe potential of immuno-PET with “’Zr-

labeled MAbsas a scouting procedure in combination with y_MAb RIT andto assessits

quantitative imaging performancein a realistic setting, that is, small tumors in a region with

low object-to-backgroundratio. Asa first evaluation, the biodistribution of cMAb U36-"Zr

and cMAb U36-"*Y was compared using the N-sucDfchelate for coupling of Zr and the

commonly used chelate p-SCN-Bz-DOTA for coupling of SSy (instead of my:

Notwithstanding different chelators, both radionuclides showed similar uptake levels in

blood, tumor, and most ofthe organs up to 144 hafter injection. Only in kidney and, at the

later time points (72 and 144 h after injection), in liver, sternum, and thigh bone was a

higher uptake of *’Zr than of 88y observed. The difference in bone retention was in the same

range as previously observed in biodistribution studies on ‘Tn. and °“Y-labeled MAbs’,

The subtle divergence in biodistribution between "75 and ““Y is most probably due to the

chemical differences between the radionuclides in combination with the chelators. With

respect to the latter, investigations are ongoing to possibly find one chelate that binds both

radionuclides with the same highstability.

As an alternative positron-emitting surrogate for °’Y, °Y (33% B', Ep+max = 1.2

MeV) has been receiving increasing attention '824 An advantage in the use of the same

element would be that deconjugation should result in identical tissue distribution. With

respect to “°Y-immuno-PET,the biodistribution of an *’Y-labeled anti-Lewis Y MAb was

recently compared with the biodistribution of the '''In-labeled MAb, using CHX-

diethylenetriaminepentaacetic acid (CHX-DTPA)as the chelate. The uptake of "in and

86y wag found to be similar in most tissues. In this study, no quantitative analysis with the

authors’ 2D PET system was performed, because of the difficulties met with from partial

volume effects when ““Y is used to image small tumors. Moreover, the authors foresaw

problems with *“Y quantification when using 3D PET imaging equipment. These problems

concern the subtraction of coincidences, whichresult from a 511-keV annihilation photon

with a prompt y-photon emitted by “SyThese so-called spurious true coincidences (not
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randoms) are accepted by the PET camera despite the fact that the two y-photons haye no

angular correlation. As illustrated in phantom studies by Pentlow ef af”, when using

standard corrections on imaging of *Y with PET, such "spurious true coincidences" can

introduce quantification artifacts, especially in regions of higher density. Solutions to these

artifacts are underinvestigation ~.

Several aspects justify further development of “’Zr-labeled radioimmunoconjugates

in parallel to *°Y-labeled conjugates. First, *’Zr has no significant prompt y-photons(see Fig.

1), which can hamper quantification. As illustrated in this article, quantitative imaging

performance of “Zr was comparable to that of 'SF, and tumors as small as 19 mg were

clearly visualized in xenograft-bearing nude miceafter injection of *’Zr-labeled cMAb U36.

The potential of *’Zr-PET for quantification was further illustrated by the good correlation

between PET-assessed tumor uptake data and ex vivo tumor uptake data (R? = 0.79). Second,

the half-life of “Zr (78.4 h) better fits the time needed for intact MAbs to achieve optimal

tumor-to-nontumorratios (typically 48-96 h) than the half-life of “°Y (14.7 h). Also, the

longer half-life of *’Zr will evidently have advantages forlogistics related to labeling and
transportation.

Because of the encouraging results herein, *’Zr-labeled CMAb U36 IgG is currently

being evaluated for its capacity to detect primary tumors and metastases in operableHNSCC

patients. Moreover, the potential of “’Zr immuno-PET for quantification will be further

evaluated in that clinical study.

CONCLUSION

The biodistributions of cMAb U36-N-sucDf-°Zr and cMAb U36-p-SCN-Bz-DOTA-“Y
matched well, except for sternum and thigh bone at later time points (72 and 144 h) after

injection. Small differences were found in kidney and liver. The imaging performance of

Zr was comparable to that of '“F, with a similar spatial resolution and HSRC. PET imaging

with *’Zr-labeled MAb did reveal millimeter-sized tumors in xenograft-bearing mice, with a

good correlation between image-derived and ex vivo-determined tumor radioactivity. Thus,
RI . oe * Sic .: “age c. OU
Zr appears to be a promising candidate for use as a positron-emitting surrogate for “Y.
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ABSTRACT

Monoclonal antibodies (MAbs) and other (bio)pharmacceuticals containing the long-lived

positron-emitting isotope '*'I (half-life, 100.3 h) can be used for quantitative imaging with

positron emission tomography (PET). Labeling yields with this precious isotope are often low

to moderate, which is in contrast to other iodine isotopes. In this study it was ascertained that

not an intrinsic atom characteristic of '“1, but the radiation induced deterioration of the

starting '*I-solution formed the prime inorganic obstacle to quantitative radiolabel yields.

Regeneration methods were examinedto regain '“I in the iodide (I) form at a distant user

site (receipt after several days of transportation). Subsequently, MAbs were labeled with

regenerated '**] under conditions that minimize chemical and radiation damage, and their

quality was studied in vitro and in vivo. Methods: The possible involvementofan intrinsic

atom characteristic of “1 was evaluated by labeling MAb with a mixture of '""I, '*1, '°°1, and

391 followed by quantitative y-spectroscopic analysis. Deterioration of the 4)iodide quality

was studied by HPLC analysis and labeling experiments. An electrochemical method using a

Pt/H> column and a new chemical method using a NalO3/Nal carrier-mix were applied to

regenerate ''I, The chimeric MAb (cCMAb) U36, and the murine MAbs (mMAbs) 425 and
E48 were radiolabeled with regenerated '“T according to a mild Todogen-based method, the

so-called Iodogen-coated MAb method. For comparison, these MAbs were also labeled with

‘ST under the same conditions. ‘I-labeled cMAb U36 was evaluated in biodistribution
studies, upon coinjection with '*'I-labeled cCMAb U36, and by PET imaging at 24, 48, and 72
h after injection of the conjugate in nude mice bearing the head and neck cancer xenograft

line HNX-OE. Results: Labeling of cMAb U36 with the radioiodide-mixture resulted in

exactly the samelabeling yields for cach isotope, excluding a different chemical reactivity of

"4iodide. At the users site, the percentage of '“I in the iodide form was below 30%,

resulting in labeling yields ofless than 20%. However, employing either regeneration method,

greater than 90% recovery as !"[-iodide was accomplished. Labeling with the regenerated “1

resulted in overall labeling yields of more than 70%, with a radiochemical purity of more than

95%, and with preservation of MAbintegrity and immunoreactivity, also at patient dose level

(85 MBq). Biodistribution studies demonstrated that tissue uptake values were fully

concordant for 'I-labeled and '*"I-labeled cMAb U36, whereasselective tumor uptake was

confirmed with immuno-PET revealing visualization of 15 out of 15 tumors. Conclusion: At

a distant usersite, '“I can be efficiently recovered as iodide, and high quality '*I-MAbs can

be produced provided radiation damage-related protective measuresare taken.
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INTRODUCTION

Radionuclides of iodine (I) are widely used in studies on selective tumor-targeting with

monoclonal antibodies (MAbs), peptides and other (bio)pharmaceuticals. Radioiodinated

tracers are used, among others, for the absolute quantification of tissue uptake in biopsied

samples (e.g. 1237125] 1311) for tumor imaging (e.g. ‘21, '°'D, and for therapy ('*'1). lodine

isotopes are reasonable in cost, readily available, and can be coupled to proteins by facile

procedures. Moreover, they offer the attractive possibility to be used pair-wise e.g. (1) for a

comparison of biodistribution upon co-administration, and (2) for an approach in which

imaging is performed as a scouting procedure prior to '*'I-therapy to confirm tumor-targeting

and to estimate radiation dose delivery to both tumor and normal tissues. Most nuclear

medicine imaging has involved planar imaging with a y-camera, and more recently, single

photon emission computerized tomography (SPECT). For quantification, however, these

procedures are not optimal, primarily as a result of scatter and the partial absorption ofthe y-

photons in the tissue of the patient. Positron Emission Tomography (PET)is better suited for

imaging as PET provides superior temporaland spatial resolution.

In search for candidate positron emitters for PET with tumor-seeking monoclonal

antibodies (immuno-PET), we are putting effort in the production of high quality MAbs

labeled with '*I (half-life, 100.3 h) and zirconium-89 (°’Zr; half-life, 78.4 h), since these
positron-emitting tracers have a physical half-life which is compatible with the time needed

for MAbs to achieve optimal tumor-to-nontumorratios (2-4 d for intact MAbs). Werecently

reported on the developmentof a novel procedure for stable coupling of “Zr to MAbsvia pre-

modification with a newbifunctional desferal derivative, because an earlier described route

appeared to suffer from an unfortunate in vivo instability of the succinimide ring-thioether

unitlinkage '.

The present study deals with the labeling of MAb with "7. Surveying the |

literature, in general '**I-compounds are obtained in low to moderate yields suggesting an

inorganic '**[-problem. Moreover, there isn’t any well-documented 41-technical protocol to

arrive at optimal quality '*I-labeled MAbs in a dose suitable for clinical studies. This relates

to (1) the use of harsh oxidants like chloramine-T or N-bromosuccinimide, (2) the use of the

notinnocuous sulphite-based reducing agents to stop the labeling reaction, and (3) insufficient

precautions against radiation damage during and after labeling. It also means that in the

reported patient pilot studies with "41conjugates **, insight in the factors responsible for

tumor uptake and retention might have been impeded. We therefore feel that quality

standardizing of '“I-MAbs production should have high priority to appreciate the real

potential of '*I-immuno-PET.
In this optimization study, we first evaluated whether the aforementioned labeling

problems were related to an intrinsic atom characteristic of "47 or only to radiation induced

formation of '“I-oxoiodo complexes with anionic Lewis bases presentin the '**I-solution as

is the case for astatine *, Ascertaining that the latter "ageing" ofthe starting "41_solution was

the main factor, we herein describe two methods to regenerate a deteriorated 141solution, a
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chemical regeneration procedure and a recently developed in-house electrochemical method.

Regenerated '**1 and '*'I (as reference) were used for labeling of MAbsat low dose and at

patient dose level. Labeling was performed with the aid of a 1,3,4,6-tetrachloro-30.,6a-

diphenyl-glycouril (lodogen) based protocol that minimizes chemical and radiation damage.

The iodinated MAbs were characterized for MAbintegrity and immunoreactivity. 241labeled

cMAb U36wasevaluated by comparison ofbiodistribution with '*'I-labeled eMAb U36 upon
coinjection in xenograft-bearing nude mice and by imaging with a high-resolution research

tomograph (HRRT) PET scanner.

MATERIALS AND METHODS

Monoclonal antibodies and radionuclides

Selection, production and characterization of chimeric MAb (cMAb) U36, as well as ofthe

murine MAbs (mMAbs) 425 and E48, have been described elsewhere®.I in 0.1 M

phosphate buffer pH 7.0 (2.6-3.3 MBq/j1l, 50-55 j1l, more than 99%as iodide at the time of

packaging at the supplier) was kindly provided by Dr. R. Finn (Memorial Sloan-Kettering

Cancer Center, NY). Upon receiving the "I solution after 2-3 d of transport, a stock solution
was prepared by transferring the radioactivity stepwise from the small delivery vial to a stock

vial with the aid of | mM NaOH.This transfer was nearly quantitative: more than 99%.

Hereafter the final radioactivity concentration was adjusted to 100 MBq/ml,resulting in a 4.5-

5.0 mM phosphate buffer/1 mM NaOHstocksolution (final pH 8). Test mixtures of | I, aT.

6)and 'T (99.8% as carrier free iodide), freshly isolated in 1-2 MBq amounts in 10 mM

NaOH were kindly provided by BV Cyclotron (VU University, Amsterdam, The

Netherlands). '*'T was obtained from Amersham (7.4 GBq/mnl).

PretreatmentofI activity
Electrochemical regeneration Radioiodine was regenerated by adsorption on a

platinum/hydrogen (Pt/H2) column by an in-house method as recently described for several

common radioiodine isotopes (up to 50 GBq) by Braker er ai. 7 In short, a Varian mini-

column (10 x 3 mm, Varian) was filled with 360-400 mg of Pt powder (200 mesh, Alfa

Aesar) and connected to a pressure system (0-1 bar). Before use. the Pt column was saturated

with H> by means of a H> gas flow (10 ml/min, 10 min) and subsequently purged with a flow

of N> gas (10 ml/min, 10 min). Aliquots of the "41 stock solution were diluted with | mM

NaOHand,after adjustment to pH 2 with 5 mM H)S0Ox4, passed through the Pt/H2 column

under a flow of No gas (1 ml/min). The volumeof the loading sample for regeneration is not

restricted (tested up to 40 ml). After loading and subsequent washing of the column with 5 ml

of Millipore water, the absorbed radioiodine was eluted as iodide with an alternated flow of in

total | ml 10 mM NaOHandHpgas(overall recovery more than 90%).
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Chemical regeneration To aliquots of the "1 stock solution, 5 ul of carrier-mix was

added and incubated for 2-4 min. The carrier-mix was freshly made and consisted of 0.1

mg/ml Nal (Sigma-Aldrich) and 0.1 mg/ml NalO; (Merck) in 1 mM NaOH.

Labeling with lodogen-coated MAb method

The novel "Iodogen-coated MAb" method, as described by Visser e7 al. * is the method of

choice for high dose iodination (for clinical application) as it minimizes chemical and

radiation damage to the MAb,and allowsthe use ofa large volume of iodide solution (upto |

mil), Essential in this procedure is the implementation of ascorbic acid, as was also performed

in production of rhenium-186- ('*°Re-)°, *Y-'°, and '*'I-labeled MAbs *. MAbswerelabeled
with "aged" '“I and regenerated "47with '°'l, and with a mixture of iodine isotopes

according to this procedure. The volumeofthe radioiodine solution was adjusted to 1 ml with

1 mM NaOH,after which 10 1! ascorbic acid (1.41 mg/ml; Bufa) was added. After incubation

for 3 min, 0.2 ml 1 M NasHPO, (pH 7.2) and 0.7 ml 0.1 M NaxHPOs (pH 6.8) containing 1

mg MAbwere added. Thereafter, temporarily coating of the MAb with lodogen (Pierce) was

started (t = 0 min) by adding 35 pl of a freshly prepared lodogen/MeCNsolution (1 mg/ml)

and abrogated at t = 3 min by adding 0.2 ml ascorbic acid solution (25 mg/ml. pH 5). During

the whole procedure the reaction vial was gently shaken on a wobbling device. At t= 8 min

50 ul 20% human serum albumin (HSA; Sanquin) was added and at t = 12 min the reaction

mixture was loaded onto a PD-10 column (Amersham) and eluted with 0.9% NaCl/ascorbic

acid (5 mg/ml, pH 5). The first 2.7 ml (2.2 ml sample volume and the first 0.5 ml) was

discarded and the radiolabeled MAb was collected in the next 3 ml. In the labeling

experiments with a mixture of iodine isotopes, an additional 2 ml was collected (containing

unreacted iodine). To the MAb containing fraction an additional 0.1 ml 20% HSA solution

was added to makethefinal concentration 1% [w/w] HSA.

For animal experiments, an amountofactivity was taken which has been shownto be

realistic for immuno-PET in clinical setting ''. To this end, labeling of 2 mg of CMAb U36

was performed with 85 MBq ‘I chemically regenerated using 10 i] of carrier-mix, or with
89 MBg '*'I. In this particular case also 10 ul of carrier-mix was addedto the '*'I-solution to

arrive at approximately the same I/MAb molarratio.

Labeling with lodogen-coated vial method

The lodogen-coated vial method was implemented as this method is often used for low dose,

preclinical iodination’. For reaction with "aged" '"I or regenerated '41, with '"'I, or with a

mixture of iodine isotopes, also MAbs were used as model substrates. In short, 20 ml B-

scintillation glass vials were coated with 75 ug lodogen in dichloromethane, dried under a

stream of N2 gas resulting in a thin coating of lodogen on the bottomsurface of the vial. The

vials were stored under N2 atmosphere. To a lodogen-coated glass vial. successively 50 pl 0.5

M Na3HPQy (pH 7.4), 0.5 mg MAbin 0.35 ml 0.1 M NazgHPOg (pH6.8), and radioiodine in

0.1 ml | mM NaOH were added. After gentle shaking for 4 min at room temperature, 0.1 ml

ascorbic acid (25 mg/ml, pH 5) was added. After an additional 5 min, the reaction mixture
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was transferred to a syringe connected to a filter (0.22 um Acrodisc, Gelman Sciences)

followed by 0.4 ml 0.1 M NasHPO, (pH 6.8), used for an additional rinsing of the reaction

vial. This combined solution was filtered and purified on a PD-10 column with 0.9%

NaCl/ascorbic acid (5 mg/ml, pH 5) as eluent. The first 2.5 mL (1.0 ml sample volume and

the first 1.5 ml) were discarded and the radiolabeled MAb wascollected in the next 1.5 ml. In

the labeling experiments with a mixture of iodine isotopes, an additional 2 ml was collected

(containing unreacted iodine). To the MAb containing fraction 0.075 ml 20% HSA solution

was added (1% [w/w] final concentration).

Analyses

High-performance liquid chromatography (HPLC) analysis of inorganic 47 using a

Lichrospher RP-Select B column (125 x 4 mm, 5 jim; Merck) was performed as described

previously *. Before analysis, injections of 5 il of Nal:NalO; (1:1 v/v, 1 mg/ml each) were

madefor calibration/equilibration of the column. The HPLCretention times, measured by UV

at 210 nm, were 2.2 min for 103 and 5.1 min for |. The HPLCretention time measured on

radioactivity was 4.8 min for '“I” (delay between radiodetector and UV detector is 0.3 min);

identification ofother '**I components in the stock solution was not attempted. HPLC analysis

of '[- orI-labeled MAbs, using a Superdex 200 HR 10/30 column (Pharmacia Biotech),

was performedas described previously *.
Instant thin-layer chromatography (ITLC) analysis of radiolabeled MAbs was carried

out on silica impregnated glass fiber sheets (Gelman Sciences Inc.). As mobile phase, 20 mM

citric acid pH 5 wasused.

A germanium(lithium) (Ge(Li)) detector coupled to a multichannel analyzer was used

for absolute quantification of set (Emainy = 603 keV, 62.9 % abundance). For determination of

the ratio of iodine isotopes in the iodine mixture before and after labeling, Ge(Li) analysis

was performed on the 159 keV y-energy of '“"I, the 603 keV y-energy of 247 the 389 keV y-

energy of "61 and the 536 keV y-energy of '°L. Routine single isotope radioactivity

measurements of '“I and '*'l were performed with a dose calibrator or a y-counter (LKB-

Wallac, 1282 CompuGamma: Pharmacia). For quantification of ‘I in a dose calibrator the

'7@s mode was used, multiplying the displayed amountofactivity by a factor 0.566. For y-

counter measurements the corresponding window settings for '*"T and '"'T were used (for the

603 keV y-energy and the 364 keV y-energy, respectively). In the dual isotope biodistribution

studies, cross-over corrections from one radionuclide into the alternate window were

performed using a standard of each radionuclide.

The integrity of the radioimmunoconjugates was monitored by electrophoresis on a

Phastgel System (Pharmacia Biotech) using preformed 7.5% SDS-PAGE gels under

nonreducing conditions. Analysis and quantification of the radioactivity in the bands was

performed with a Phosphor Imager (B&L-Isogen Service Laboratory).

In vitro binding characteristics of radiolabeled MAbs were determined in an

immunoreactivity assay essentially as described by Lindmoetal. 2 For CMAb U36, mMAb
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425. and mMAb E48, UM-SCC-11B cells, A431 cells and UM-SCC-22A cells fixed in 0.1%

glutaraldehyde were used, respectively.

Biodistribution studies

Nude mice bearing subcutaneously implanted human xenografts of the cell line HNX-OE

were used. Female mice (Athymic nu/nu, 19-29 g, Harlan CPB) were 10-14 weeksold at the

time of the experiments. Thyroid uptake was blocked by the addition of potassium iodide to

the drinking water (0.1%) starting one day before the experiment. All animal experiments

were performed according to the principles of laboratory animal care 'S and Dutch national

law ("wet op de dierproeven", Stb 1985, 336).

The mice (7 = 12) were injected in the retroorbital plexus with a mixture of 0.53 MBq

41labeled cMAb U36, 0.74 MBq ''I-labeled cMAb U36, and unlabeled cMAb U36(total of

100 ug MAb). At indicated time points after injection, mice were anaesthetized, bled, killed,

and dissected. After weighing, the amount of radioactivity in tumors (size 180-820 mg),

organs, blood, and gastrointestinal contents was measured in a y-counter. Radioactivity uptake

was calculated as the percentage ofthe injected dose per gram oftissue (%ID/g). Differences

in tissue uptake of both radioiodinated MAbs werestatistically analyzed with the Student f

test for paired data. Two-sided significance levels were calculated and P < 0.05 was

consideredstatistically significant.

PETstudies

PET studies were performed using a prototype single-crystal-layer HRRT 3D PET scanner

(CTI) '4, essentially as recently described for *’Zr-labeled MAbs'*. In short, transmission

scans for attenuation correction were routinely obtained with each scan in two-dimensional

mode using a single point '57Cs source. Emission data can be acquired in three-dimensional

mode only. For the present study, emission data were collected in rebinned 32bit list mode

and subsequently histogrammed only into a single frame. Images were reconstructed with

filtered backprojection Hanning 0.5 filter and consisted of 207 image planes of 256x256

voxels, with each voxel equaling 1.21x1.21x1.21 mm.

Mice bearing HNX-OExenografts (size 106-777 mg) were injected with 3.7 MBq aa

labeled CMAb U36 (110 1g). Before scanning, mice (7 = 8) were anaesthetized with sodium

pentobarbital (75 mg/kg, intraperitoneal) and positioned in the PET scanner. A transmission

scan of 360 s was performed followed by a 60 min emission scan. At 24, 48, and 72 h after

injection, two mice were scanned, immediately followed by dissection. In addition, two mice

were scanned three times: at 24, 48, and 72 h after injection; after 72 h these mice were

dissected,
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RESULTS

Radiolabeling

In a first set of experiments, it was considered whether the oxidation potential of the

isotope, or any other intrinsic atom characteristic, is a parameter influencing labeling

efficiencies. To this end, a mixture of freshly isolated '*1, '**41, '°°L, and °°I was used for a

parallel labeling of cMAb U36 according to the Iodogen-coated MAb method and the

lodogen-coated vial method. This resulted in labeling yields of 87 + 2 % (m= 3) and 84+ 2%

(a = 3), respectively. Ge(Li) analysis showed that the ratio ofiodine isotopes in the product

fraction and in the unreacted iodine fraction was the sameas the ratio in the starting iodide

solution, eliminating the possibility that an iodine isotope effect occurs. As a typical example,

starting with a 1234.126).130).1247 igdide-solution with a netto Ge(Li) count ratio of

1.42:0.34:0.72:1, for the product fraction and its corresponding unreacted iodine fraction a

ratio of 1.43:0.34:0.71:1 and 1.43:0.31:0.72:1 respectively was found for the Iodogen-coated

MAb method, and 1.42:0.32:0.71:1 and 1.43:0.32:0.71:1 respectively for the lodogen-coated

vial method.

Next, the iodide quality as a parameter influencing labeling efficiencies was

investigated. In a realistic end-user setting for tyive. 2-3 d delay between packaging and
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Figure 1. HPLCanalysis ofa '““I sample after 2 d transportation and 16 h storage as a stock solution
(100 MBgq/ml)(A) and after regeneration with Pt/H2 column adsorption (B) or Nal/NalOscarrier-mix

induced regeneration (C). Percentages: A, 27.2% '“T (3) and 72.8%unidentified '*1 components(1,

2.5%: 2, 14.3%4, 5.1%: 5, 34.6%: 6, 16.3%); B, 99.9% ‘Pr (3); C, 91.3% 'T (3) and 8.7%

unidentified '“I components (2, 5.8%; 5, 2.9%).
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delivery, preparation of a stock solution and storage for 16 h, HPLC analysis revealed a

massive deterioration of the '““I-iodide as illustrated by Figure 1A. Interestingly, 240, was

not observed. An aliquot of a 247 solution of this composition (27% 40) was used for

labeling of cMAb U36 via the lodogen-coated MAb method and the lodogen-coated vial

method. This resulted in overall labeling yields of 18% and 14%,respectively, indicating that

the formed inorganic iodo-species did not contribute to the labeling yield,

Treatment ofthe deteriorated '*‘I solution gave upon electrochemical regeneration a

"41 peak containing more than 98% ofthe radioactivity, and upon chemical regeneration

containing more than 90% of the radioactivity (Fig. 1B and 1C). Labeling of cMAb U36 with

electrochemical regenerated 247 resulted in labeling yields comparable to those obtained with

the fresh radioiodide isotope mixture. Using chemically regenerated P4T_aliquots and the

lodogen-coated MAb method, the MAbs cMAb U36, mMAb 425 and mMAb E48 were

labeled with overall labeling yields above 72% (Table 1). Radiochemical purity always

exceeded 95%, immunoreactivity was more than 75% and integrity of the MAbs, as

determined by electrophoresis and expressed as percentage ofradioactivity confined to the

150-kDa band, was always more than 90%. Experiments performed with 'S1 under the same

conditions resulted in similar quality features but slightly higher overall labeling yields (Table

1). This can beattributed to the remaining lower percentage of '"L-iodide in case of chemical

regeneration.

Table 1. Labeling ofMAbs with chemically regenerated "1 and "1 using the Iodogen-coated MAb

method.

Isotope Activity MAb Overall labeling Radiochemical Immunoreactivity Integrity “

 

 

(MBq) yield (%+SD) purity (% + SD) (%+SD) (%+SD)

| 4.5-7.8 U36° 72.342.8 97.3+0.4 91.143.9 93.4413

2.9-5.7 425° 79.0+3.1 96.5404 82.6 + 2.0 90.5 + 1.1

4.4-7.1 48° 72.0 + 2.5 07,140.5 3.4+2.9 90.3 41.9

ny 12.2-21.1 36” 79.3424 98.8 + 0.6 95.6+1.2 95.0+2.1

14.6-20.4 425° 85.443.0 99.4403 87.6 + 0.8 90.5 + 0.4

14.7-20.3 B48° 76.2£3.7 95.3+40.2 75.04 1.4 90.1+0.8

ays 85 U36 778 98.3 94.5 93.1

fe 89 U36 90.3 99.7 96.2 92.2

 

* Determined by electrophoresis and phosphorimager analysis, percentage of radioactivity in the

major 150-kDa bandis given.

> 7 =4, mean + SD

“n= 2,mean+SD

4 Patient dose labeling experiment, used for animalstudies,It is of note that in this case also carrier-

mix has been addedto '*'I activity.
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Figure 2. Biodistribution ofcoinjected '*“I-labeled CMAb U36 (0.53 MBq, black bars) and '*"T-labeled
cMAb U36 (0.74 MBq, white bars) in HNX-OE xenograft-bearing mice at 24 (A), 48 (B), and 72 h

(C) after injection, CMAb U36 was labeled using the lodogen-coated MAb method after regeneration

of I with Nal/NalO; carrier-mix. In orderto arrive at approximately similar [/MAbratios for both

radioimmunoconjugates, the same amount of carrier-mix was added to '*'I. At the indicated time

points 4 mice were bled, sacrificed, dissected and the radioactivity levels (%ID/g + SE) ofblood,

tumor, organs and gastrointestinal contents were assessed.
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Animalstudies

In order to evaluate the tumor-targeting capacity of '"I-labeled MAblabeled at patient dose

level (85 MBq/2 mg MAb), cMAb U36was labeled with either '“'I or '*'I, and radioiodinated

MAbpreparations were administrated simultaneously to HNX-OE xenograft-bearing nude

micefor biodistribution assessment (7 = 4 per time point). An overall labeling yield of 77.8%

for "I-labeled and 90.3% for ''I-labeled CMAb U36 was obtained with a radiochemical

purity of 98.3% and 99.7%, an immunoreactivity of 94.5% and 96.2%, and anintegrity of

93.1% and 92.2%, respectively. The specific radioactivities were 32.6 MBq/mg and 40.4

MBgq/mg and the l/MAb molarratios were 0.39 and 0.53, respectively. At 24, 48, and 72 h

after injection, the average %ID/g (mean + SEM) oftumor, blood, normaltissues, and

gastrointestinal contents were determined (Fig. 2). Atall time points, uptake values were fully

congruent for !“I-labeled and S11labeled cMAb U36. Tumor uptake for "labeled and

[3\tabeled MAbincreased in time from approx. 12 %ID/g at 24 h (11.9 + 0.5 vs. 11.5 + 0.4,

respectively) to approx. 16 %ID/g at 72 h (16.0 + 0.8 vs. 15.7 + 0.8, respectively) and blood

values decreased from approx. 15 %ID/g at 24 h (14.9 + 0.7 vs. 15.0 + 0.6, respectively) to

approx. 10 %ID/g at 72 h (10.2 + 0.9 vs. 9.9 + 0.8, respectively).

To complete the i vivo evaluation, 8 HNX-OE xenograft-bearing nude mice were

subjected to immuno-PET with the patient-dose labeled product used for the biodistribution

studies. In the coronal as well as transaxial images, tumor imaging at 24, 48, and 72 hafter

injection was successful in 15 of 1S tumors (106-777 mg). Figure 3 shows the images ofa

xenograft-bearing nude mouse made at 24, 48, and 72 h after injection, with good

visualization of tumors and improved delineation at later time points. From the non-target

tissues, only the blood poolin the heart, liver, and the nose area were visible.
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Figure 3. PET images of a HNX-OE xenograti-bearing nude mouseinjected with 41labeled cMAb

U36 (3.7 MBq, 110 ug MAb, I/MAb molarratio 0.4). Coronal (upper) and transaxial (lower) images

were acquired at 24 (A). 48 (B), and 72 h (C) after injection. Image planes have been chosen where

both tumors (tumorleft, 110 mg; tumor right, 112 mg) were visible.
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DISCUSSION

Dueto its long half-life of 100.3 h, the positron emitter '™"I has been proposedto be suitable

for immuno-PET '**". Although labeling with radioiodine isotopes has been a widespread

practice for decades, in several studies '1-compounds were obtained in lower yields when

directly compared with other iodine isotopes 321-24Ty order to elucidate this phenomenon,in
a . ~

'247~ andinterference ofthis study the involvementofan intrinsic chemical characteristic of

radiolytie processes were investigated. Introduction of two regeneration methods made

efficient labeling of MAbs with "41as straightforward as the labeling with ‘11 Moreover, by

taking precautions against radiation and chemical damage to the MAb, 4-cMAb U36

labeled at patient dose level appeared to be similar to the reference conjugate 'S11_labeled

eMAb U36 with respect to integrity, in vitro antigen binding as well as in vivo tumor-

targeting. The latter was demonstrated with the aid of biodistribution studies upon coinjection

in tumor-bearing nude mice, and by a PET- imaging study over a period of 3 d.

1f '“T is produced in-house, auto-oxidation of the '4]_jodide solution will be limited

when the |I is used shortly after isolation, provided the dose rate i.e. the activity

concentration is not too high. Most applications of 47 though are anticipated to occur at a

distant usersite. In that case the detrimental effects of the high-energy positrons and gammas

will be considerable. Indeed, a '“I-batch produced in the USA and transported for use to

Europe contained a high amount of '41_oxoiodo species. In addition, this "7 stock solution

did not contain iodate (IO;) in contrast to (alkaline) ''1_batches *. This indicates that during

the deterioration of the '*‘1 activity the phosphate ions in the stock solution are involved by

means of phosphato-iodo complexes.

Regeneration of the 47 activity with the use of the electrochemical method is the

method of choice in studies that require carrier free '247_(bio)pharmaceuticals. Another

application of the method is the possibility to recover the unreacted '*'] as iodide from the

corresponding PD-10 purification fractions; the presence of ascorbic acid in these fractions

was found to have no effect on the Pt/H» column absorption process. Regeneration ofthe '“1

can be best performed immediately before use, as it was found that the carrier free condition

rapidly resulted in ageing of the 41jodide solution again (data not shown).

If carrier free '"I is not required, the chemical regeneration method is an easy and

facile alternative. This method is based on the fact that disproportionation, a common process

in inorganic halogen chemistry, does not proceed undercarrier free conditions. The addition

of Nal/NalQ, carrier-mix generated the required IO and IO. species to start the

disproportionation. Single addition of either Nal or NalQ3; did notinitiate this regeneration

process, while regeneration with just ascorbic acid, as described previously for high dose ei

labeling *, proved to require too high amounts of ascorbic acid. The amount of carrier-mix

was chosen to keep the iodine-to-MAb molarratio below 1.4, as this ratio has been shownnot

to affect immunoreactivity and pharmacokinetics S It is of note that variables such as the

Nal/NalOs ratio, the amount of carrier-mix added, and the duration of the regeneration effect

as a function of the amountofradioactivity, are not studied in extenso yet. These variables
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might become important when larger doses of '“I are used for batch-wise production of

conjugate.

Regeneration of the '“I solution creates an optimal starting point for labeling MAbs
with '“T. Next, the preparation of radiolabeled MAbsis a critical factor in the evaluation of

immuno-PET. Since direct labeling of MAbs with radioiodine isotopes such as S17 is still the

standard method used for clinical applications as opposed to indirect labeling methods, in this

study MAbs were labeled with '“T according to a direct labeling method with the use of the

mild oxidant lodogen. For an adequate '“I-scouting of a 'I-RIT conjugate the MAb should

be labeled in exactly the same way with optimal protection against chemical and radiation

damage, and by preference with the same I/MAb molar ratio load. We regard the latter

parameter to be important as long as for optimal quality MAbsthe influence of I/MAb molar

ratio (upper limit 1.4) on e.g. the blood clearance rate and on the tumorretention has not been

established. In congruency with these premises, cMAb U36labeled with |"at patient dose
level exhibited exactly the same pharmacokinetic behavior as the corresponding re

conjugate and a feasibility to study tumor accumulation with the use of PET.

Forthe labeling of monoclonalantibodies, the positron emitters “I and *’Zr both have

ideal half-lives of several days. Based ontheir individual chemical and in vivo characteristics,

this set of positron emitters offers the unique opportunity to study a variety of scouting and

RIT combinations. Since “Zr is known to residualize upon internalization of the “’Zr-MAb

conjugate into the tumorcell, *°Zr can act as imaging and quantifying surrogate isotope for

eg. “°Y or lutetium-177 ('“Lu). The non-residualizing '*I on the other hand is an ideal

scouting tracer for ''l and possibly for '*Re. Besides MAbs, also peptides and other

(bio)pharmaceuticals can be labeled with '“I and *°Zr for drug discovery and development.

To retain the pharmacological, biological, and biochemical properties of the molecule studied,

it can be anticipated that with decreasing molecule size the use of chelate-based methods,

such as needed for the coupling of *’Zr, might becomeless suitable. In that case labeling with

"41 could have preference. Future experiments are planned to study the scope of suitability of

these two isotopes for tracing MAbsand peptides,

CONCLUSION

This study provides two regeneration methods, a chemical and an electrochemical method, to

obtain the long-lived positron emitter '“T as almost pure iodide at a distant user’ site.

Achievements obtained as such will certainly also facilitate efficient use of “I in methods for

indirect labeling. MAbswerelabeled efficiently with thus regenerated '™T via a mild Iodogen-

based method. Highly similar biodistribution was demonstrated for '“I-labeled CMAb U36

and '*'T-labeled cMAb U36, whereasselective tumor-targeting was visualized with immuno-

PETin xenograft-bearing nude mice.
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ABSTRACT

Immuno-PET imaging might be of value for the selection of radioimmunotherapy (RIT)

candidates to confirm tumor-targeting and to estimate radiation doses to tumor and normal

tissues. One of the requirements to be set for such a scouting procedure is that the

biodistributions of the diagnostic and therapeutic radioimmunoconjugates should be similar.

In the present study we evaluated the potential of the positon emitters zirconium-89 (*’Zr) and

iodine-124 (!"1) for this approach, as these radionuclides havea relatively long half-life that

matches with the kinetics of MAbsin vivo (half-life, 3.27 and 4.18 d, respectively). Methods:

After radiolabeling of the head and neck squamous cell carcinoma (HNSCC)-selective

chimeric antibody (c¢MAb) U36, the biodistribution of two diagnostic (CMAb U36-N-sucDF-

Zr and CMAb U36-'"I) and three therapeutic radioimmunoconjugates (CMAb U36-p-SCN-

Bz-DOTA-“Y ~ with “Y being substitute for °’Y -, MAb U36-'"'l, and CMAb U36-MAG3-
'SRe) was assessed in mice with HNSCC-xenografts, at 24, 48, and 72 h after injection.

Results: Two patterns of biodistribution were observed, one pattern matching for *’Zr- and

Sy_labeled cMAb U36 and one pattern matching for '"I-, '°'-, and '“*Re-cMAb U36. The

most remarkable differences between both patterns were observed for uptake in tumor and

liver. Tumoruptake levels were 23.2 + 0.5 and 24.1 + 0.7 %ID/g for the *Zr- and *“Y-cMAb

U36 and 16.0 + 0.8, 15.7 + 0.8, and 17.1 + 1.6 %ID/g for '*I-, ?'I-, and ’Re-cMAb U36-
conjugates, respectively, at 72 h after injection. For liver these values were 6.9 + 0.8 (Zr),

6.2 + 0.8 (y), 1.7 + 0.1 (4D, 1.6 + 0.1 (8D, and 2.3 + 0.1 (Re), respectively.
Conclusion: These preliminary data justify the further development of immuno-PET with

7Zr-labeled MAbsfor scouting of therapeutic doses of “°Y-labeled MAbs. In such approach
'41_labeled MAbs are mostsuitable for scouting of *'1- and '**Re-labeled MAbs.
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INTRODUCTION

Tumor-targeting with radiolabeled monoclonal antibodies (MAbs) has become an attractive

approach for diagnosis and therapy of cancer ' Initially, iodine-131 (°'1) was the radionuclide

of choice for radioimmunotherapy (RIT). More recently, also other radionuclides like

rhenium-186 (Re), lutetium-177 ('""Lu), and particularly yttrium-90 (°Y) are used in RIT

studies. A favorable aspect in the use of we

burden to medical personnel andrelatives, due to the lack of y-emission. However, the in vive

Y-labeled conjugates is the minimal radiation

distribution of °’Y-labeled MAbscannotbe visualized scintigraphically.

To optimize RIT, demonstration ofspecific tumor uptake and estimation of radiation

doses to critical organs is important. These data can be achieved by performing

radioimmunoscintigrapy (RIS) as scouting procedure prior to RIT ?. Traditionally for imaging

of radioactivity, planar imaging with a y-camera and morerecently, single photon emission

computerized tomography (SPECT), have been used. These procedures, however, have

intrinsic limitations for quantification, due to corrections for scatter and attenuation that have

to be applied. Positron emission tomography (PET) offers the advantage of attenuation

correction enabling more accurate quantification, together with a high spatial resolution and

the possibility for kinetic measurements.

Forthe application of immuno-PET,the positron emitter used should have a physical

half life of several days, compatible with the time needed for a MAb to achieve optimal

tumor-to-nontumorratios. Two positron emitters that fulfil this requirement are zirconium-89

(Zr) and iodine-124 ('**1) (half-life, 3.27 and 4.18 d, respectively). To justify scouting

procedures based on these two positron emitters in order to predict RIT, the pharmacokinetics

have to be the same for the diagnostic and the therapeutic radioimmunoconjugate. For this

purpose, a preliminary study was performed to evaluate the biodistribution of MAblabeled

with the diagnostic radionuclides *’Zr and '™'I, and the three therapeutic radionuclides ay

(substituting “'Y), 131) and 'SRe. The head and neck squamous cell carcinoma (HNSCC)-

selective chimeric antibody (CMAb) U36 was labeled with these radionuclides and the

biodistribution in mice with HNX-OE xenografts was assessed.

MATERIALS AND METHODS

MAb

Selection and production of murine MAb U36 and its chimeric (mouse/human) [gG,

derivative (cMAb U36) have been decribed previously ’. MAb U36 recognizes the v6 domain

of CD44y6. The CD44 protein family consists of isoforms, encoded by standard exons and up

to nine alternatively spliced variant exons (v2 — v10), which are expressed in a tissue-specific

way. Homogenous expression of v6-containing CD44 isoforms has been observed in

squamous cell carcinoma of the head and neck, lung, skin, esophagus and cervix, while

heterogenous expression was found in adenocarcinomasof the breast, lung, colon, pancreas
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and stomach. In normal tissues, expression has been found in epithelial tissues such as skin,

breast and prostate myoepithelium, and bronchial epithelium’. The potential of cMAb U36

for selective targeting of head and neck cancer has been demonstrated in clinical

radioimmunoscintigraphy and radioimmunotherapy studies *.

Radiolabeling

cMAb U36 was labeled with five radionuclides: Zr (2.7 GBq/ml, in-house production by a

(p,n) reaction on natural ®°Y and isolated with the use of a hydroxamate column), “*Y (74

MBg/ml, Isotope Products Europe Blaseg), '*“I (2.6 GBq/ml, kindly provided by Dr. R. Finn,

Memorial Sloan Kettering Cancer Center), By ( 7.4 GBq/ml, Amersham), and "Re (11.0

MBaq/nmol, Mallinckrodt Medical) (Fig. 1).

Antibody labeling with Zr was achieved via the chelate desferrioxamine B (Df)

(desferal, Novartis) using a method published previously *. First, MAb was premodified with

the chelate Dfvia an amide linkage. To this end, Df was succinylated (N-sucDf), temporarily

filled with stable iron (Fe(III), and coupled to MAb by meansofa tetrafluorophenol-Dfester.

After purification of the premodified MAb on a PD-10 column (eluent: 0.9% NaCl/gentisic

acid 5 mg/ml, pH 5.0), Zr (155 MBq) was added in order to label the MAb-N-sucDf

conjugate (2.2 mg). Finally, purification on a PD-10 column was performed to remove any

unbound “Zr (eluent: 0.9% NaCl/gentisic acid 5 mg/ml, pH 5.0).

D

Vv— \ 7.
NeOW PoreT°

Figure 1, Schematic representation of MAblabeled with “Zr (A), '""8'T (B), “Y (C), or “Re (D).

+
oh
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For the labeling with ““Y, cMAb U36 was conjugated with the chelate p-

isothiocyanatobenzyl-1.4.7,10-tetraazacyclododecane-|,4,7,10-tetraacetic acid (p-SCN-Bz-

DOTA, Macrocyclics), essentially as described by Ruegg ef al.°. After conjugation,

nonconjugated chelate was removed by extensive dialysis (0.25 M NHsAc pH 5.4). The MAb-

DOTAconjugate (0.1 mg) was reacted with “Y (5.55 MBq) for 60 min. All steps were

performed understrict metal-free conditions.

MAbs were labeled with '“I and '°'1 according to the so-called lodogen-coated MAb
method, as previously described by Visser et al.’, with some essential modifications in the

pretreatmentof '*I-activity (chapter 5). In short, a MAb solution (2 mg in sodium phosphate

buffer) was added to the radioactivity (85 MBq '“I or 89 MBq '"'1). Labeling with iodine was
initiated by adding a freshly prepared lodogen/MeCNsolution (35 jig in 35 yl), thus coating

the MAb temporarily with Iodogen, and abrogated after 3 min by adding ascorbic acid. After

8 min a 20% HSAsolution was added and the reaction mixture wasfiltered and purified on a

PD-10 column(eluent: 0.9% NaCl/ascorbic acid 5 mg/ml, pH 5.0).

'S6Re-labeled MAb conjugates were prepared according to a multistep procedure using

the chelate $-benzoylmercaptoacetyltriglycine (S-benzoyl-MAG3) as previously described *,

In this procedure a solid-state synthesis for the preparation of '**Re-MAG3 (244 MBgq)is

followed by esterification with 2,3,5,6-tetrafluorophenol and conjugation of the reactive

'SSRe-MAG3-TFPester to the MAb (1 mg). After conjugation the '“*Re-labeled MAb was

purified on a PD-10 column(eluent: 0.9% NaCl/ascorbic acid 5 mg/ml, pH 5.0).

All conjugates were analyzed by instant thin-layer chromatography (ITLC) and high-

performance liquid chromatography (HPLC) for radiochemical purity, SDS-PAGE for

integrity and by a cell-binding assay for immunoreactivity. Radiochemical purity always

exceeded 97%, always more than 92% of the activity was present in the 150-kDa IgG

peak/band, and immunoreactivity always exceeded 93%.

Analyses

HPLC has been described previously for the monitoring of the synthesis of “’Zr-labeled

MAb?®, the analysis of radioiodinated MAbs ’, and the analysis of'“*Re-labeled MAG3,the

corresponding ester and '“°Re-labeled MAb*. Analysis of ““Y-labeled MAb was the same as

for the *’Zr-labeled MAD”.
ITLC analysis of radiolabeled MAbs was carried out on silica gel impregnated glass

fiber sheets (Gelman Sciences Inc.). As mobile phase, 20 mM citric acid, pH 5.0 was used for

7. BIL and *°Zr-labeled MAbs, 0.1 M sodium citrate, pH 8.0 was used for '*’Re-labeled

MAbs, and 0.15 M citric acid. pH 6.0 for **Y-labeled MAbs. Ryvalues were 0 for radiolabeled

MAband | for unboundlabel, irrespective the kind of mobile phase used.

The integrity of the radiolabeled MAbs was monitored by electrophoresis on a

Phastgel System (Pharmacia Biotech) using preformed 7.5% SDS-PAGE gels under

nonreducing conditions. Analysis and quantification of the. radioactivity of the bands was

performed with the use of Phosphor Imagerscreens and subsequent scanning by a Phosphor

Imager (B&L-lsogen Service Laboratory).
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In vitro binding characteristics of radiolabeled MAbs were determined in an

immunoreactivity assay essentially as described by Lindmoef al. °using UM-SCC-11B cells

fixed in 0.1% glutaraldehyde.

Biodistribution

Nude mice bearing subcutaneously implanted human xenografts of the cell line HNX-OE

(size 30-600 mg) were used. Female mice (Athymic nu/nu, 19-32 g, Harlan CPB) were 10-14

weeks old at the time of the experiments. In the first experiment mice were injected in the

retroorbital plexus with cMAb U36 (100 ug MAb)labeled with either “’Zr (0.37 MBq) or “Y
(0.13 MBq). In the second experiment either '“I (0.53 MBq) or '*'I (0.74 MBq) were
administered, and in the third experiment either '**Re (1.85 MBq)or *’Zr (0.37 MBq). In the
fourth experiment mice were injected with either ‘SY (0.74 MBq) or '“°Re (1.85 MBq). When

the same radionuclide was used in two different experiments, one of the experiments was used

as representative. Four mice per group were used with a total of 6 to 8 tumors. At 24, 48, and

72 h after injection, mice were anaesthetized, bled, killed, and dissected. After weighing, the

amount of radioactivity in organs and blood was measured in a y-counter. Radioactivity

uptake wascalculated as the percentageofthe injected dose per gramoftissue (%ID/g).

Differences in tissue uptake between the different groups were statistically analyzed

with one-way ANOVA with a Bonferroni post-test correction using SPSS 10.0 (SPSS Inc.).

Differences were considered to be significant for P < 0.05. All animal experiments were

performed according to the principles of laboratory animal care (NIH publication 85-23,

revised 1985) and the Dutch national law "Wet op de Dierproeven" (Stb 1985, 336).

RESULTS

In Figure 2 biodistributions of cMAb U36 labeled with the diagnostic positron emitters Zr

and 4] and the therapeutic radionuclides ““y, "I, and '“’Re are summarized, Blood values
and values in heart and lung were similar forall radioimmunoconjugates at the time points

examined (Fig. 2A, C, and D). Theradioactivity levels in tumor, liver and (to a lesser degree)

spleen wassignificant higher for *°Zr and “Y as compared to '™1, "1, and '’Re (Fig. 2B,E,
and G). Also the amount of radioactivity in the kidney was significantly higher for 76 as

compared to 1247 DT and |*Re, while “*Y values were in between (Fig. 2F). At 72 h, the

stermum value for “Zr was elevated (Fig. 2H). Radioactivity levels in all the other organs

examined were similar for all conjugates, ranging at 72 h between 1.1-1.3 %ID/g (muscle),

3.8-4.2 %ID/g (bladder), 3.1-3.5 %ID/g (tongue), 1.1-2.5 %ID/g (thigh bone), 1.2-1.7 %ID/g

(colon), 1.1-1.6 %ID/g (ileum) and 1.4-1.7 %ID/g (stomach) (data not shown).
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DISCUSSION

Accurate prediction of the biodistribution and radiation doses to tumor andcritical organs

may be achieved by performing an immuno-PET scouting procedureas prelude to RIT. In the

present study. CMAb U36waslabeled with the long-lived positron emitters *’Zr and "1and

the therapeutic radionuclides *Y, '°'I, and '*’Re in order to compare the biodistributions of

these radioimmunoconjugates. Uptake levels in blood and most normal tissues were similar

for all five radioimmunoconjugates. Tumorvalues and values ofthe liver, spleen, and kidney

were significant higher for *’Zr and ey.

Blood clearance appeared similar for all five conjugates, despite the fact that different

chelates were used for labeling the MAb with radionuclides (desferal for 97 DOTAfor *“*y,

MAG3for 'Re, and nonefor 41 and '°'1, Fig. 1). These data indicate that MAb integrity

remained preserved during each of these labeling procedures and that the type of chelate used

did not affect the pharmacokinetic behavior of the MAb.

The most striking differences were observed in the tumor, liver, kidney, and spleen.

These results can be explained when taking into account that radiometals, such as “Yare

knownto residualize (to be trapped) within a cell after internalization, while iodine is released

fromthe cell’''. Previousin vive studies have shown that this phenomenonresults in higher

"213Tt has been demonstrated that
10,14-16

retention of “Y/""Y in tumors, liver, kidney, and spleen

'“Re, although a radiometal, exhibits a biodistribution more similar to that of iodine
The similar biodistribution of “Zr to “Y suggests that these radiometals share residualizing

properties. Even a better fit might be obtained when using one and the same chelate for

coupling of both radionuclides to MAbs.Studies inthis direction are currently performed with

DOTAbeing the chelate ofchoice.

Scouting procedures for the therapeutic radionuclides Sly Re. and “Y usually

consists of planar imaging with a y-camera or more recently, SPECT. These procedures,

however, have intrinsic limitations for quantification. PET offers the advantage of high spatial

resolution together with the possibility of attenuation correction enabling accurate dosimetry.

The results of this pilot study show that for each of these three therapeutic radionuclides a

positron emitter exists which showssimilar pharmacokinetic behaviorat the three time points

examined. The combination of the positron emitter '“I with '*'l is ideal since they are

alternative isotopes of the same element, enabling the use of the same labeling method.

Based onthe biodistribution data of this study, also further investigation of Tlabeled

MAbas scouting procedure in combination with '**Re seems worthwhile. In SPECT,the y-

emitter technetium-99m (Tc) has been used as scout for '**Re, not only because it is a

widely used imaging agent, but also because Re and Tec have similar chemical properties

enabling the use ofthe same chelator. Disadvantage of "Te, besides the limitations for

quantification of y-energies, is the lack of accurate prediction of dosimetry caused by its short

half-life of 6.02 h'™*®, Additional experiments with '“I and '’Re, evaluating their

biodistributionsat later time points, should determine the applicability ofthis combination.
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Besides similar pharmacokinetics, the diagnostic and therapeutic radionuclide should

exhibit a similar physical half-life. This requirement ensures that potentially important

pharmacokinetic data at later time points will not be missed. Several positron emitters have

been suggested to act as imaging predictor for therapeutic radioimmunoconjugates, including

bromine-76 (Br; half-life, 16.2 h), copper-64 (“Cu:;half-life, 12.7 h), gallium-66 (°°Ga;half-

life, 9.5 h), *°Y (half-life, 14.7 h), 'Y (half-life, 4.18 d), and *’Zr (half-life, 3.27 d) '"™*. Due

to the fact that therapeutic radionuclides generally have a half-life of several days PY, 2:67 &

1 8.06 d: Re, 3.78 d), only two positron emitters qualify: '“T and "Zr (half-life, 4.18 d

and 3.27 d, respectively).

CONCLUSION

In this preliminary study, the biodistributions of the positron emitters "47 and °Zr have been

compared with the biodistributions of the therapeutic radionuclides ‘SY (substituting ”"Y), ay,

and '*Re. The results described herein justify further investigation of Zr as scouting match

for ”’Y, andI as match for 7 orRe,
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SUMMARY AND CONCLUSIONS

Tumor targeting with radiolabeled monoclonal antibodies (MAbs) has shown considerable

potential for diagnosis and treatment of cancer. Nowadays, several US Food and Drug

Administration (FDA) approved diagnostic radiolabeled MAbs are in use, many

radioimmunoconjugates for therapeutic purposes are in advanced clinical trials and recently

one therapeutic radiolabeled MAb, Zevalin, was FDA approved (Chapter 1). Ongoing

developments in the field of MAb modification, increased understanding of tumor

physiology, and the identification of promising novel tumor targets, together with the

expansion ofavailable radionuclides and advancesin radiolabeling chemistry, are all expected

to contribute to the successful application ofradiolabeled MAbs.

Whilein the last two decades radiolabeled MAbshave been administered to thousands

of patients with various types of tumors, the application of MAbs for detection and treatment

of head and neck cancerstarted relatively late. One of the main reasons for this slow progress

has been the lack of MAbs with high specificity for head and neck cancer anda restricted

reaction on normal tissues. Just recently, murine MAb (mMAb) U36 and mMAb BIWA 1

were selected at our department as MAb candidates with high potential for detection and

treatment of squamouscell carcinoma of the head and neck (HNSCC), which comprises more

than 90% of the head and neck tumors. These mMAbsbind to overlapping epitopes in the

variable domain v6 of the cell-surface antigen CD44. Radioimmunoscintigraphy (RIS) with

these intact mMAbsafterlabeling with technetium-99m (”""Tc) was found to be as valuable

as the conventional imaging techniques X-ray computed tomography (CT) and magnetic

resonance imaging (MRI), but the detection of tumor deposits smaller than 1 cm appeared to

be a problem ot Subsequently, chimeric MAb (cMAb) U36 was constructed and tested in

clinical phase I dose escalation radioimmunotherapy (RIT) trials. Although not the primary

aim in phase [ studies, promising anti-tumor effects were observed with rhenium-!86-labeled

('**Re-labeled) cMAb U36 in inoperable HNSCC patients**. Variability was observed for

'SRe-cMAb U36 pharmacokinetics and tumor absorbed doses for patients treated at the same

radioactivity dose level, indicating that individualization of therapy might be desirable. Forall

three MAbs (mMAb U36, cMAb U36 and mMAb BIWA 1) human anti-mouse or human

anti-chimeric antibody responses (HAMA and HACA,respectively) were observed.

The present thesis was aiming the further improvement of RIS and RIT with anti-

CD44v6 MAbsbyengineering of anti-CD44v6 MAbsas well as by introduction of immuno-

positron emission tomography (immuno-PET). Introduction of PET might further improve

tumor detection with MAbs because of its high spatial and temporal resolution, and

sensitivity. Besides that, imaging of radiolabeled MAb can provide essential information on

biodistribution, pharmacokinetics, and dosimetry. This will enable the optimization of MAb

therapy, the selection of patients who are eligible for therapy, and provide the means to

individualize treatment conditions. When the patient is compared to a black box, imaging can

be seen as the ray oflight that is enlightening the darkness. Imaging can give insight into

biological processes that are otherwise unknown to the clinician. A critical factor in the

152



Summary and conclusions

assessment of radioactivity distribution in the patient is the availability of accurate

noninvasive quantitation methods. For this purpose, immuno-PET promises to be the method

of choice.

PETis based on annihilation coincidence detection. For this reason the MAb(or other

bio-pharmaceutical) is radiolabeled with a positron emitter. Upon decay, this radioisotope

emits, among others, a positron (a positively charged B-particle). After annihilation of the

positron with an electron, converting mass into equivalent energy, two photons with an

energy of 511 keV are emitted simultaneously in opposite directions. In order to determine

the location of a radiation source within a patient, a PET camerais used that consists of a ring

of detectors connected in coincidence with each other. After a number of corrections on the

PET data, quantitative distribution data can be derived. Besides clinical PET scanners, also

several dedicated small animal PET scanners have been developed. A number of positron

emitters have been suggested for PET imaging purposes, but physical half-life considerations

make only two positron emitters appropriate for intact MAb monitoring: zirconium-89 (Zr)

and iodine-124 ('“1). In our research we started exploration of these long-lived positron
emitters, because their half-life of 3.27 and 4.18 d, respectively, is compatible with the time

needed for intact MAbsto achieve optimal tumor-to-nontumorratios(2-4 d).

Further optimization of RIS and RIT started with modification of the anti-CD44v6

mMAb BIWA1 (chapter 2). Two important parameters that exhibit significant influence on

MAbpharmacokinetics in vivo, MAb form and MAbaffinity, were addressed. MAbs of

mouseorigin are prone to induce HAMAresponses, resulting in an increased clearance of the

MAb with less efficient tumor targeting, allergic reactions, or even anaphylaxis. For this

reason, the use of chimeric and humanized MAbs (hMAbs)is strongly recommended. The

construction of the latter MAb forms, however, may result in MAbs with lower affinity and

affected tumor uptake. The construction of a chimeric (BIWA 2) and two humanized

derivatives (BIWA 4 and BIWA 8) of mMAb BIWA is described in chapter 2. These

MAbswere evaluated together with mMAb U36 for affinity to the antigen CD44v6 in vitro

with the use of surface plasmon resonance and competitive cell ELISA. The MAbs bound to

CD44v6 with an up to 46-fold difference in affinity (Ky ranging from 1.1x10* to 2.4x10'° M)

with the following ranking: mMAb U36 < hMAb BIWA 4 < hMAb BIWA 8 < cMAb BIWA

2. To evaluate their in vivo tumor targeting properties, HNSCC xenograft-bearing nude mice

were coinjected with MAbspairs that were labeled with cither "7 or1 and biodistribution

studies were performed. To obtain comparable blood/body clearance of the coinjected MAbs,

only MAbswith an identical murine or human isotype were combined. Each pair of MAbs

was selected to provide a stepwise decrease in the difference in affinities (from 35.0-fold to

4.0-fold difference). Remarkably, for all three pairs tested, the lower-affinity MAb showed a

higher degree and specificity of tumor localization. The difference in tumor localization was

more pronounced whenthe differencein affinity waslarger.

On basis of these biodistribution results, it was investigated whether these lower-

affinity MAbs would bebetter suited for RIT. After labeling with the therapeutic radionuclide

'*°Re, the same MAbpairs showed a more favorable RIT efficacy ofthe lower-affinity MAbs,
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consistent with the tumor localization data of the biodistribution study. We concluded from

these studies that a MAb version with intermediate affinity to a given target antigen (e.g.

mMAb U36 and hMAb BIWA 4), may show superior tumor targeting in comparison with

higher-affinity versions of this MAb. These results are not in line with several studies that

have demonstrated improved tumor delivery and therapeutic efficacy in xenograft-bearing

nude mice when using MAbswith increased affinity >°. It might be that antibodyaffinity and

tumor uptake demonstrate a bell-shaped relationship, with intermediate-affinity MAbs(c.g.

mMAb U36 and hMAb BIWA 4) showing a higher degree and specificity of tumor

localization than low-affinity MAbs (K, below + 10° M) and high-affinity MAbs (Ky beyond

+10" M), Evidence for such a relationship was also found in in vivo studies with scFv and

diabodies '*''. The less than optimal performanceof high-affinity MAbs has been explained

by the "binding site barrier" theory. This theory proclaimes that high-affinity MAbswill only

bind to the periphery of the tumor, thereby impairing tumor penetration and absolute tumor

retention |,

After the animal studies as described in chapter 2, the intermediate-affinity hMAb

BIWA 4 was selected for further clinical evaluation and administered to 48 patients in three

parallel RIS/biodistribution studies with HNSCC-, non-small-cell lung cancer-, and breast

cancerpatients, and in one RIT study with HNSCCpatients '*''*, The overall HAHAresponse
rate with hMAb BIWA 4 appeared 4%, which is significantly lower than the 90% HAMA

response rate as observed with the parentalMMAb BIWA1. Furthermore, the phase | RIT

trial revealed that '**Re-labeled hMAb BIWA4 cansafely be administered to patients, also in

repeated way. Anti-tumor effects were seen in incurable HNSCCpatients with bulky disease,

whichjustifies further developmentofRIT with '’Re-labeled hMAb BIWA4.

In general, selection, characterization, and optimization of a MAb or MAbconstruct

for RIS and RIT purposesconsists of consecutive studies in vitro, in vivo in animal models,

and in patients. The studies as described above illustrates again that careful examination of

MAbproperties, important for selective tumor targeting, is required for each new MAbor

MAbconstruct. In animal studies, for example biodistribution can be assessed accurately by

taking tissue biopsies and measuring radioactivity in these biopsies by use of a y-counter.

Ultimately, clinical studies are needed to confirm the results from in vivo animalstudies in a

noninvasive way. For optimal application of tumor-targeting MAbs in RIS and RIT, it was

decided to explore the potential of immuno-PET.

The suitability of a positron emitter for immuno-PETis determined by severalfactors.

Notonly a half-life of several days is important, but also availability of the positron emitter

and a robust method for its stable coupling to MAbs. The decay properties of the positron

emitter are an important factor for obtaining high quality images and accurate quantitative

data. When a positron emitter is used in an immuno-PET scouting procedure as a prelude to

RIT, the biodistribution of the diagnostic and the therapeutic radioimmunoconjugate should

be similar. In the following chapters, several of these considerations were addressed for the

positron emitters °’Zr and '“I. In these studies cMAb U36 was used as a model MAbfor
reasons ofavailability.
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In chapter 3, technical protocols for reproducible isolation of highly pure °Zr and the

production of optimal-quality °71-MAbconjugates are provided. Large batches of “Zr were

produced by a (p,n) reaction by bombarding a Y_target, an element with a natural abundance

of 100%, with 14-MeV protons. After isolation with a hydroxamate column, carrier-free °2r

with a high radionuclidic purity and high yield was obtained. The use of low-cost target

material and the possibility to use a low-energy cyclotron ensures that the procedure can be

readily made available, while the high specific activity of the positron emitter facilitates

labeling procedures.

For stable coupling of *°Zr to MAbs a newroute had to be developed using a novel

bifunctional derivative of the chelate desferrioxamine B (Df) and new linker chemistry. To

this end, Df wasinitially succinylated (V-sucDf), temporarily filled with Fe(III), esterified by

use oftetrafluorophenol, and coupled to MAb. Thus premodified MAb waslabeled with °Zr

via a simple postlabeling procedure, resulting in radioimmunoconjugates with preserved

integrity and immunoreactivity. The in vitro stability of MAb-N-sucDf-’Zr was assessed in

human serum andits in vivo behavior was evaluated by biodistribution and PET imaging

studies in HNSCC xenograft-bearing nude mice. For PET imaging a small animal high

resolution research tomograph (HRRT) PET scanner was used. These studies demonstrated

selective HNSCCtargeting with °°Zr-labeled cMAb U36 and visualization of small tumors in

the range of 19-154 mg on PET images.

In chapter 4, the suitability of “Zr for immuno-PET was further examined. The

applicability of *’Zr-labeled MAb as scouting procedure for "’Y-MAb RIT was studied and

the quantitative image performance of*’Zr was evaluated. For this purpose, cMAb U36-N-

sucDf-*’Zr and cMAb U36-p-SCN-Bz-DOTA-“Y (as substitute for °’Y) were coinjected into

HNSCC xenograft-bearing nude miceand biodistribution was determined upto six days after

injection. The radioimmunoconjugates showed similar uptake in tumor, blood, and other

organs, except for sternumand thigh boneatlater time points. Small differences were found

in kidney andliver.

Quantitative image performance of “Zr was assessed in phantom studies and

compared with '“F, the most commonly applied PETisotope in the clinic. Several phantoms

were used to determine that *’Zrlinearity, resolution, and recovery coefficients approximated

that of '*F. In addition, the potential of PET to quantify 7r-labeled MAb was evaluated in

tumor-bearing nude mice by relating image-derived tumor uptake data (noninvasive method)

to *°Zr data derived from excised tumors (invasive method). Millimeter-sized tumors could be

visualized with °’Zr immuno-PETand,after correction for partial-volume effects, an excellent

correlation was found between image-derived “Zr tumor radioactivity and y-counter Zr

values of excised tumors.

The encouraging results with *’Zr immuno-PET, as presented in chapter 3 and 4, opened

perspectives for clinical evaluation. Currently, PET with Zr-labeled cCMAb U36 is being

evaluated in a pilot study for its capacity to detect primary tumors and metastases in operable

HNSCCpatients. In a clinical setting, an additional very importantaspectis the radioactivity

dose to be administered, as the radiation exposure of the patient is expected to be a limiting
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factor. In the animal studies, 3.7 MBq per mouse was administered after which tumors could

be visualized in challenging circumstances, that is small tumors in a region with low object-

to-background ratio. This injected amount of radioactivity was based on the few articles

published concerning PET imaging of mice with positron emitter-labeled MAbs. In these

studies clinical PET scanners were used, while the radioactivity injected per mouse ranged

from 111 kBq (4p 3 103.7 MBq Geeyp '6.17Since the HRRT camera has a relatively low

sensitivity compared to clinically used PET scanners '8 we chose to inject 3.7 MBq per

animal. Animal PET studies with lower doses and/or shorter scanning times are planned in the

near future. In the preliminary clinical study, tumor deposits were visualized after

administration of 74 MBq “Zr (Fig. 1). This administered dose was selected taking the

residence time of CMAb U36into account, The radiation burden to the patient was estimated

to be + 60 mSv. Guided by the recommendations of the International Commission on

Radiological Protection (ICRP Publication 62), such exposure is considered to be acceptable

for a diagnostic procedure for this group of patients, The evaluation of the quantitative

imaging performance of *°7r-labeled CMAb U36 in this clinical setting is ongoing. It is of

note that corrections forpartial volume effects is not common practice in clinical studies, but

has been recognized by PET practitioners to be an important factor in improving diagnostic

accuracy (position paper EORTC. workshop)”.
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Figure 1, ECAT EXACT HR’ PET coronal images of a head and neck cancer patient (T2N0) 24 h

after injection of c¢MAb U36-N-sucD£-’Zr. Increased uptake is seenin the primary tumoratthe right

side ofthe tongue (arrow). Note the high blood-poolactivity at this early time point.
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Chapter 5 is focused on the radiolabeling of MAbs with the long-lived positron

emitter“1, Although radiolabeling with radioiodine isotopes has been a widespread practice
for decades, in the past labeling yields with "47 were often lower whendirectly compared

with other iodine isotopes and the quality of the resulting '4)conjugates did not always meet

the quality standards of today. In this study, it was first ascertained that the labeling yield

problems were not related to an intrinsic atom characteristic of 247 but only to radiation

induced deterioration ofthe starting '™'I-solution. Labeling of cCMAb U36 with a mixture of

radioiodide isotopes ( 12312Aj 2ST and 131) resulted in exactly the same labeling yields for

each isotope, excluding a different chemical reactivity of 'I-iodide. Severe deterioration of

the '“I-solution at the user site was demonstrated by HPLC analysis and shown to be

responsible for the low labeling yields. Subsequently, in this study two regencration methods

were introduced to regain '°47 in the iodide form and MAbs were radiolabeled with

regenerated '“I. The use of regenerated '*1 strongly improved labeling yields, making

efficient labeling of MAbs with '™T as straightforward as with '*'I. Radiolabeling of ¢MAb

U36 with ‘I at patient dose level under conditions that minimize chemical and radiation

damage resulted in a radioimmunoconjugate with preserved integrity, immunoreactivity, as

well as optimal in vivo tumor targeting. The latter was demonstrated with the aid of

biodistribution and PET imaging studies in tumor-bearing nude mice. Tumoruptake values of

247Jabeled cMAb were fully concordant with 'S'_labeled cMAb U36 and all tumors were

visualized with PET.

For the long-lived positron emitter “I to be applicable for immuno-PET, several

factors have to be taken into account. The importantfirst requirement, a reliable radiolabeling

procedure that results in radioimmunoconjugates with preserved integrity and

immunoreactivity, is provided in chapter 5. Other requirements are available production

methods and adequate quantitative image qualities. At the moment, production of 1 is too

124

expensive to allow routine clinical application due to high target material and cyclotron costs.

For the experiments as described above, "47 wag produced in the USA at one ofthe few sites

that is able to supply this radionuclide. Especially, long distance transportation requires

methods to counteract radiation induced deterioration of the radioactivity stock solution.

Although '“I has a complex decay scheme with relative high energy positrons and prompt

single y-photons, quantitative PET imaging studies have been performed 20-25 However,

additional phantom and animalstudies with the small animal HRRT PET scanner need to be

performed to determine the quantitative image performanceof '“I. Anattractive application

of '“T immuno-PETis as scouting procedure before '*'I-RIT. Whether '*"I-labeled MAbs can

also fulfil this function for other therapeutic RIT conjugates depends on similarity in

biodistribution of the scouting and therapeutic radioimmunoconjugate.

In chapter 6, the iv vivo characteristics of 7r-labeled and “I-labeled MAbs were

assessed and compared with MAbs labeled with the therapeutic radionuclides “Y (as

substitute for °°Y), "1, and '“*Re. For this purpose CMAb U36 wasradiolabeled with these

five radionuclides and the biodistribution of the radioimmunoconjugates was determined in

tumor-bearing nude mice. The blood clearance appeared similar for all five conjugates,
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despite the fact that different radiolabeling methods were used (direct labeling or indirect

labeling with different chelates). This confirms that MAbintegrity was preserved and thate.g,

the type of chelate did not significantly affect the behavior of the MAb in blood.

Two patterns ofbiodistribution were observed, one pattern matching for “’Zr- and

SYeMAb U36 and one pattern for '“I-, '*'I-, and '“*Re-cMAb U36. The most remarkable
differences between both patterns were observed for uptake in tumorandliver. In preliminary

in vitro internalization studies (performed essentially as described by Vrouenraetset al. a)

7r-labeled CMAb U36 exhibited significantly higher total cellular uptake by the HNSCC

cell line OE compared to '*'I-labeled cMAb U36 (82.2% vs. 28.7% after 24 h, respectively).

The fact that the biodistribution of *’Zr-labeled MAbis similar to that of “Y-labeled MAb
confirmsthe residualizing properties of*’°Zr, the same as previously described for radiometals

such as “Y, ’Y, and My,

In regard to this, the term "residualizing radionuclide", as is commonly used in

literature, needs to be used with care. Since it has been reported that "hy and °“Y are retained

in cells as low molecular weight catabolites (consisting of the radionuclide and the chelate

with probably a peptide residue of the MAb) 7728the chemical characteristics of the chelate

need to be taken into account as well as the radionuclide used. [Jlustrative in this respectis the

radiolabeling of MAbs with iodine radioisotopes. When directly coupled to MAb. iodine

leaves the cell rapidly as iodotyrosine, while indirect iodination of MAb can result in

residualization of the radionuclidein the cell. In addition, the linker chemistry as well as the

vehicle used can play a role in the retention of the radionuclide in the cell upon

internalization.

In conclusion, the long-lived positron emitters *’Zr and '“I hold promise for future

application of immuno-PET in the clinic. The difference in individual chemical and in vivo

characteristics of “°Zr and '“] makes them suitable for a variety of applications. Besides

radiolabeling of MAbs, Zr and '“I can also be used for labeling peptides and other
(bio)pharmaceuticals. Radiolabeling of (bio)pharmaceuticals with positron emitters will

enable for instance detection of disease, elucidation of molecular interactions, assessment of

pharmacokinetics and biodistribution of the pharmaceutical, and optimization of drug

scheduling. '“I has already been used to radiolabel peptides such as insuline **° and annexin
V*!. Another novel application of '“I has been in monitoring aclinical gene therapy trial”.

PET was used with a '™l-labeled marker substrate to identify location, magnitude, and extent

of gene expression. Whether Zr is equally suitable for the radiolabeling of small

biomolecules, however, remains to be evaluated. The coupling of a radionuclide-chelate

complex contributes greatly to the overall size and charge of a small pharmaceutical, possibly

influencing pharmacological, biological, and biochemical properties of the molecule.
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Voor de detectie en behandeling van kanker is de toepassing van tumor-selectieve

monoklonale antilichamen (MAbs) gelabeld met radioisotopen, veelbelovend. Vandaag de

dag zijn er cen aantal door de "U.S. Food and Drug Adminstration" (FDA) goedgekeurde

diagnostische radionuclide-MAb conjugaten in gebruik. Daarnaast worden er in reeds

vergevorderde klinische studies diverse radioimmunoconjugaten yoor  therapeutische

docleinden getest, en is er recentelijk één therapeutisch conjugaal, Zevalin genaamd, door de

FDA goedgekeurd (hoofdstuk 1). Verwacht mag worden dat de voortschrijdende

ontwikkelingen op enerzijds het gebied van MAb modificatic, het toenemend begrip van

tumorfysiologie en de ontdekking van veelbelovende nieuwe tumor-antigenen, en anderzijds

vanwege de toegenomen beschikbaarheid van radionucliden en radiolabelingschemie, alle

zullen bijdragen aan een succesvolle toepassing van radioimmunoconjugaten.

Terwijl de afgelopen twee decennia reeds aan duizenden patiénten MAbs zijn

toegediend, werden MAbs pas in een relatief laat stadium aangewend voor de detectie en

behandeling van hoofd-halskanker. Eén van de belangrijkste redenen voor deze trage

ontwikkeling is het gebrek aan MAbs met een hoge specificiteit voor hoofd-halskanker,

Hoofd-hals tumoren ontstaan in de slijmvliezen van het hoofd-halsgebied, en 90% betreft zgn.

plaveiselcelcarcinoom (HHPCC). Onlangs werden op onze afdeling de mutzen MAbs

(mMAbs) U36 en BIWA | geselecteerd als veelbelovende kandidaten voor de detectie en

behandeling van zulke HHPCC. Deze mMAbs binden aan overlappende epitopen in het

variabele v6-domein van het op het celmembraan gelokaliseerde CD44 antigeen.

Radioimmunoscintigrafie (RIS) met behulp van deze mMAbs, gelabeld met technetium-99m

(°"Tc), wees uit dat deze diagnostische methode even geschikt is voor tumordetectie als de

conventionele beeldvormende methoden CT en MRI. Echter de detectie van tumoren met cen

diameterkleiner dan | cm bleek ook voor RIS problematisch. Nadat de chimere (muis/mens)

variant van MAb U36 was geconstrueerd, werd dit CMAb U36 getest in klinische fase I dosis-

escalatie radioimmunotherapie (RIT) studies. Hoewel niet de primaire doelstelling van fase |

studies, werden veelbelovende anti-tumor effecten waargenomen met rhenium-186 ('*Re)-

gelabeld cMAb U36 in inoperabele HHPCCpatiénten. Uit deze studie bleek bovendien dat

binnen een patiéntengroep die met dezelfde hoeveelheid activiteit werd behandeld, de

farmacokinetick en de tumor geabsorbeerde dosis van '°Re-cMAb U36 tussen  patiénten

onderling varicerden. Dit wijst op de noodzaak van een individuele aanpak per patiént. Bij

alle dric MAbs (mMAb U36, cMAb U36 en mMAb BIWA |) werd een hoog percentage

humane anti-muis en humaneanti-chimeer antilichaam reacties (TAMA eq HACAreacties)

waargenomen.

Het doel van het onderzock zoals beschrevenin dit proefschrift was de verbetering van

RIS en RIT met behulp van anti-CD44v6 MAbs. Dit gebeurde zowel door het maken yan

nieuwe MAb constructen met behulp van recombinant-DNA technieken, als door de

introductie van immuno-positron emissie tomografie (immuno-PET). De introductie van

immuno-PET kan, vanwege haar hoge spatiéle en temporele resolutie en hoge gevoeligheid,
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wellicht leiden tot cen verbetering van tumor "imaging" met behulp van MAbs. Daarnaast kan

detectie met behulp van radioimmunoconjugaten essentiéle informatie verschaffen over

distributie, farmacokinetiek en dosimetric. Dit maakt het mogelijk om MAb therapie te

optimaliseren en patiénten die geschikt zijn voor therapie te selecteren. Tevens wordt hiermee

de weg naar individualisatie van behandeling geopend. Als op dit moment een medicijn aan

een patiént toegediend wordt, dan is het vrijwel onmogelijk om informatie te verkrijgen over

de distributie van het medicijn doorhet lichaam. In die zin kan een patiént worden vergeleken

met een “black box”, waarbij "imaging" de lichtstraal is die enige verlichting kan brengen in

het duister. "Imaging" kan inzicht verschaffen in biologische processen waar de arts anders

geen weetvan heeft. Een heikel punt bij de bepaling van de distributie van radioactiviteit in de

patiént is de beschikbaarheid van non-invasieve methoden waarmee een nauwkeurige

kwantificering van de radioactiviteit mogelijk wordt. Immuno-PET lijkt hiervoor bij uitstek

geschikt.

PETis gebaseerd op de detectie van annihilatie coincidentie, en daarom moetin geval

van immuno-PET er aan het MAb (of ander bio-farmacon) cen positron emitter gekoppeld

worden. Een dergelijk radionuclide zendt tijdens zijn verval onder andere een positron (een

positief geladen P-deeltje) uit. Tengevolge van de annihilatie van het positron met een

elektron, waarbij hun massa wordt omgezet in cen equivalente hoeveelheid energie, worden

gelijktijdig twee fotonen met een energie van 511 keVin tegengestelde richting uitgezonden.

Omde lokatie van het gelabelde farmacon in de patiént te kunnen bepalen, wordt een PET

camera gebruikt. Deze camera bestaat uit een ring van detectoren die in coincidentie met

elkaar zijn verbonden. Na het toepassen van verscheidene correctics op de PET data kunnen

nauwkeurige, althans in theorie, kwantitatieve distributie gegevens worden verkregen. Naast

klinische PET scanners zijn er ook diverse PET scanners ontwikkeld specifick voor het

scannen van kleine proefdieren. Voor PET "imaging" docleinden komen een aantal positron

emitters in aanmerking. Slechts twee positron emitters zijn echter geschikt voorhet monitoren

van intacte MAb moleculen: zirconium-89 (Zr) en jodium-124 (41). Ons onderzoek richtte

zich op deze lang-levende positron emitters omdat hun halyeringstijd van respectievelijk 3,27

en 4,18 dagen overeenstemt met de tijd die een intact MAb nodig heeft om een optimale

tumor:non-tumorratio te bereiken (2 tot 4 dagen).

Verdere optimalisatie van RIS en RIT begon met het modificeren van het anti-CD44v6

mMAb BIWA 1 (hoofdstuk 2). Hierbij werden twee belangrijke parameters die van invloed

zijn op de farmacokinetick in vivo, namelijk MAb vorm en affiniteit, in ogenschouw

genomen,. MAbs van muizen-origine kunnen HAMA reacties opwekken, waardoor het MAb

sneller uit de circulatie verdwijnt en de "targeting" van tumorcellen dus minder efficiént

verloopt. Bovendien kunnen hierbij allergische reacties opgewekt worden en kan er zelfs

anafylaxis optreden. Daarom wordt het gebruik van chimere en gehumaniseerde MAbs

(hMAbs)ten sterkste aangeraden. Chimerisering en humanisering van MAbskanechter tot

affiniteitsverlaging leiden, en tot vermindering van de tumorophoping. De constructie van cen

chimere (BIWA 2) en twee gehumaniseerde varianten (BIWA 4 en BIWA 8) van mMAb

BIWA 1 wordt beschreven in hoofdstuk 2. Van deze MAbs werd, tezamen metmMAb U36,
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de affiniteit bepaald voor het antigeen CD44y6 in vitro met behulp van “surface plasmon

resonance” en ELISA. De MAbs bonden aan CD44v6 met een tot 46-voudig verschil in

affiniteit (Ky variérend tussen 1,1x10% en 2,4x10°'° M) met de volgende volgorde: mMAb
U36 < hMAb BIWA 4 < hMAb BIWA 8 < cMAb BIWA 2. Omde “tumor targeting"

eigenschappen van deze MAbste bepalen werden HHPCC xenografi-dragende naakte muizen

geinjecteerd met mengsels van steeds twee MAbs die gelabeld waren met '*'I en 'I.

Vervolgens werden met dit proefdiermodel biodistributie studies uitgevoerd. Omdat

vergelijkbare bloed/lichaamsklaring van de geinjecteerde MAb paren werd nagestreefd,

werden alleen MAbs met overeenkomstige muize of humane isotypen gecombineerd. Elk

MAb paar was zo samengesteld dat een stapsgewijze afname van verschil in affiniteit

ontsiond (van een 35-voudig tot een 4-voudig verschil). Opvallend wasdat bij alle drie MAb

paren die getest werden, het MAb met de lagere affiniteit een hogere mate en specificiteit van

tumorophoping vertoonde. Hoe groter het verschil in affiniteit tussen de twee MAbs, des te

sterker dit effect. Op basis van deze biodistributie resultaten is er onderzocht of lagere-

affiniteits MAbs geschikter zijn voor RIT. Na het koppelen yan het therapeutische

radionuclide '*Re aan dezelfde MAb paren bleck dat de lagere-affiniteits MAbs effectiever
waren in RIT, hetgeen overeenkomt met de gegevens van de biodistributie studic. We

concludeerden uit deze studies dat een MAbvariant met een intermediaire affiniteit voor een

bepaald antigeen (zoals b.v. mMAb U36 en hMAb BIWA 4), cen supericure "tumor

targeting" kan vertonen vergeleken met hogere-affiniteit varianten van dat MAb. Deze

resultaten stemmen nict overeen met cerder gepubliceerde studies van diverse andere groepen,

waarbij hogere-affiniteit MAbs juist superieur bleken voor wat betreft tumorophoping en

effectiviteit in RIT*?. Het is mogelijk dat de relatie tussen MAbaffiniteit en tumoropname

een optimum heeft, waarbij intermediaire-affiniteit MAbs (zoals b.v. mMAb U36 en BIWA 4)

een hogere mate en specifiteit van tumorophoping vertonen dan lage-affiniteit MAbs (K, van

minder dan ca. 10* M) en hoge-affiniteit MAbs (K, van meer dan ca. [0°'’ M). Bewijs voor

zo'n relatie werd cok gevondenin in vivo studies met scFv en diabodies ''', De suboptimale
distributie van hoge-affiniteit MAbs kan verklaard worden aan de hand van de "bindingsite

barrier" theorie. Deze theorie veronderstelt dat hoge-affiniteit MAbsalleen aan de buitenkant

van de tumor zullen binden, waardoor tumorpenetratie en absolute tumorretentie worden

bemoeilijkt '”,
Na de proefdierstudies zoals beschreven in hoofdstuk 2 werd de intermediaire-

affiniteit hMAb BIWA4 geselecteerd voor verdere klinische evaluatie. Hierbij werd BIWA 4

toegediend aan 48 patiénten in drie parallelle RIS/biodistributie studies met HHPCC -,

longkanker-, en borstkankerpatiénten, en in één RIT studie met HHPCCpatiénten '*"*, Het

percentage aan HAHAreacties met hMAb BIWA bleek 4%, wat beduidend lager is dan de

90% aan HAMAreacties die met het oorspronkelijke mMAb BIWA 1 werden gevonden.

Daarnaast bleek uit de fase | RIT studie dat '“*Re-gelabeld hMAb BIWA 4 veilig aan

patiénten kan worden toegediend, ook als dit meerdere malen plaatsvindt. Anti-tumor effecten

werden gezien in uitbehandelde HHPCC patiénten metrelatief grote tumoren. Op basis van
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deze gegevens kan gesteld worden dat een verdere ontwikkeling van RIT met 'Re-gelabeld

hMAb BIWA4 gerechtvaardigdis.

In het algemeen bestaat de selectie, karakterisering en optimalisatie van MAbs of

MAb-constructen, die bestemd zijn voor RIS of RIT doeleinden, uit opeenvolgende studies in

vitro, in vivo in proefdiermodellen en tenslotte in patiénten. De hierboven beschreven studies

illustreren nogmaals dat het raadzaam is om niewwe MAbs of MAb-constructen nauwgezet te

karakteriseren. In proefdierstudies kan bijvoorbeeld de biodistributie nauwkeurig bepaald

worden door het nemen yan weefselbiopten en het meten van de hoeveelheid radioactiviteit in

deze biopten met behulp van cen gammac-teller. Uiteindelijk zijn klinische studies

noodzakelijk om de resultaten van proefdierstudies op een nict-invasieve wijze te bevestigen.

Om MAbs,gericht tegen tumoren, optimaal te kunnen toepassen in RIS en RIT, werd besloten

omde potentie van immuno-PETte gaan onderzoeken.

De toepasbaarheid van een positron emitter voor immuno-PET is afhankelijk van

verschillende factoren. Niet alleen is een halveringstijd van enkele dagen belangrijk, maar ook

de beschikbaarheid van de positron emitter en van een robuuste methode om deze stabiel aan

MAbs te koppelen. De vervaleigenschappen van de positron emitter zijn cen belangrijke

factor voor het verkrijgen yan afbeeldingen met een hoge kwaliteit en van nauwkeurige

kwantitatieve data, Wanneereen positron emitter in een zogenaamde immuno-PET scouting

procedure wordt gebruikt voorafgaande aan RIT, dan moet de biodistributie van het

diagnostische en therapeutische radioimmunoconjugaat overeenkomen. In de volgende

hoofdstukken worden een aantal van deze punten behandeld voor de positron emitters Zr en

47 In deze studies werd het cMAb U36 als model MAb gebruikt vanwege onbeperkte

beschikbaarheid.

In hoofdstuk 3 werden technische protocollen verschaft voor het reproduceerbaar

isoleren van zeer zuiver *’Zr en voor het produceren van *°7+-MAb conjugaten van optimale

kwaliteit. Grote hoeveelheden “Zr werden geproduceerd door middel van een (p,n) reactie

waarbij *’Y, een element met een natuurlijk voorkomen van 100%, werd beschoten met 14

MeV protonen. Met behulp van een hydroxamaat kolom kon carrier-free Zr verkregen

worden met cen hoge radionuclidische zuiverheid en in hoge opbrengst. Het gebruik van oy

als goedkoop “target” materiaal en de mogelijkheid om cen lage-energie cyclotron te

gebruiken zorgen ervoor dat de methode eenyoudig op te zettenis, terwijl de hoge specifieke

activiteit van de positron emitter koppelingsprocedures vergemakkelijkt.

Om Zr stabiel aan MAbs te kunnen koppelen was het nodig om een nieuwe

chemische route te ontwikkelen, gebruikmakend van een nieuwe variant van het bifunctionele

chelaat desferrioxamine B (Df) en nieuwe "linkers". Voor dit doel werd Df eerst

gesuccinyleerd (N-sucDf), tijdelijk gevuld met ijzer (Fe(II), veresterd met behulp van

tetrafluorofenol en uiteindelijk gekoppeld aan MAb. Het op deze wijze gepremodificeerde

MAb werd gelabeld met “Zr via een cenvoudige post-labelingsmethode, resulterend in

radioimmunoconjugaten die hun integriteit en immunoreactiviteit behouden hadden, De in

vitro stabiliteit van MAb-N-sucDf-“°Zr werd bepaald in humaan serum,terwijl het in vivo

gedrag werd geévalueerd door middel van biodistributie en PET imaging studies in HHPCC
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xenograft-dragende muizen. Voordit laatste werd een “high resolution research tomograph”

(IIRRT) PET scanner gebruikt, welke speciaal geschikt is voor het imagen van kleine

proefdieren.. Deze studies lieten selectieve targeting van HHPCC door *Zr-gelabeld ¢MAb
U36 zien, en toonden bovendien aan dat het met immuno-PET uitstekend mogelijk is om

kleine tumoren met cen grootte van 19 tot 154 mg te visualizeren.

In hoofdstuk 4 werd de toepasbaarheid yan *’Zr voor immuno-PET nader onderzocht.

De bruikbaarheid van “’Zr-gelabeld MAb als scouting procedure voor ”’Y-MAb RIT werd

bestudeerd, alsmede de geschiktheid van *’Zr voor het kwantificeren van weefselopnamesaan

de hand van images (niet-invasieve methode). Hiervoor werden cCMAb U36-N-sucDf-"°Zr en

ceMAb U36-p-SCN-Bz-DOTA-“Y (™Y als surrogaat voor ”’Y) gelijktijdig geinjecteerd in
HHPCC xenograft-dragende naakte muizen waarna de biodistributie werd bepaald op 3, 24,

48, 72 en 144 uur na injectie. De twee radioimmunoconjugaten vertoonden vergelijkbare

opname in de tumor, bloed en andere organen, behalve in het borstbeen en dijbeen op de

latere tijdstippen. Kleine verschillen in opname werden gevondenin denieren lever.

De geschiktheid van *’Zr voor kwantificering en beeldvorming met PET, werd bepaald

in fantoomstudies. Ter vergelijking werden metingen verricht aan 'SF, het meest gebruikte

PETisotoop in de kliniek. Verschillende fantomen werden gebruikt om de lineariteit, resolutie

en "recovery” van *’Zr-PET vastte stellen, en te vergelijken met dic van 'SF-PET. Daarnaast
werd de mogelijkheid om “’Zr-gelabelde MAb in vivo met PET te kwantificeren geévalueerd

in tumor dragende naakte muizen. Daarbij werd de opname yan “’Zr in tumoren zowel

bepaald met behulp van PET imaging (non-invasieve methode) als door het meten van

radioactiviteit in uitgenomen tumoren met behulp van een gamma-teller (invasieve

referentiemethode). Tumoren van millimeter-grootte konden worden afgebeeld met *’Zr

immuno-PET en er werd, na correctie voor "partial volume" effecten, cen uitstekende

correlatie gevonden tussen *’Zr tumorradioactiviteit bepaald met behulp van de non-invasieve

en de invasieve methode.

De zeer bemoedigende resultaten met ®Zr immuno-PET, zoals gepresenteerd in

hoofdstuk 3 en 4, openden perspectieven voor klinische evaluatie. Op ditmoment wordt PET

met “Zr-gelabeld CMAb U36 geévalueerd in een pilot-studie om te bepalen wat de

mogelijkheden yan immuno-PETzijn voor het detecteren van primaire tumoren en metastasen

in HAPCCpatiénten. Het betreft hier uitsluitend patiénten, die gepland staan voor operatic.

Een additioneel aandachtspunt bij klinische toepassing van immuno-PET is de hoeveelheid

toe te dienen radioactiviteit, omdat te verwachten valt dat de blootstelling van de patiént aan

straling een limiterende factor zal zijn. In de proefdierstudies werd 3,7 MBq per muis

toegediend waarna de tumoren konden worden gevisualiseerd onder ongunstige

omstandigheden, dat wil zeggen kleine tumoren in een gebied met een lage object:achtergrond

ratio. De hoeveelheid geinjecteerde radioactiviteit was gebascerd op informatie uit de enkele

artikelen die handelen over PET "imaging" van muizen met positron emitter-gelabelde MAbs.

In deze studies werden klinische PET scanners gebruikt, terwijl tussen de 111 kBq ('"1) ° en
3,7 MBq (“Y, '*1)'*"? per muis werd geinjecteerd. Aangezien de HRRT camera eenrelatief
lage gevoeligheid heeft ten opzichte van de PET scannersdie in de kliniek gebruikt worden '*,
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werd er voor gekozen om 3,7 MBq per muis te injecteren. Binnenkort zullen er ook PET

proefdierstudies met lagere hoeveelheden radioactiviteit en/of kortere scantijden worden

uitgevoerd. In onze klinische pilot-studie konden tumoren zichtbaar worden gemaakt na

toediening van 74 MBq Zr (Fig. 1). Deze Zr dosis was geselecteerd op basis van de

verblijftiid van cMAb U36 in het lichaam. De stralingsbelasting voor de patiént werd

berekend op ca. 60 mSy. Volgens de aanbevelingen van de "International Commission on

Radiological Protection” (ICRP publicatie 62) is zo'n belasting voor deze groep patiénten

acceptabel. De evaluatic van de kwantitatieve gegevens uit deze klinische immuno-PET

studie, verkregen aan de hand van de images, loopt nog. Het is opmerkelijk dat correcties voor

"partial volume" effecten nog niet algemeen toegepast worden in klinische studies, hoewel

PET gebruikers wel inzien dat dergelijke correcties belangrijk zijn voor het verhogen van de

diagnostische nauwkeurigheid (EORTC workshop) 19.
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Figure 1. ECAT EXACT HR* PETcoronale afbeeldingen van een hoofd-halskanker patiént (T2N0)

24 uur na het injecteren van CMAb U36-N-sucDf-"Zr. Verhoogde opname is te zien in de primaire

tumor aan de rechterzijde van de tong (pijl). Daarnaast valt op dat er op dit vroegetijdstip nog veel

radioactiviteit in de bloedsomloop aanwezigis,
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Hoofdstuk § richtte zich op de koppeling van de lang-levende positron emitter '“I aan

MAbs. Hoewel sinds tientallen jaren de koppeling van jodium radioisotopen een algemeen

toegepaste methode is, waren in het verleden de labelingsopbrengsten met "47 vaak lager dan

met andere jodium isotopen en voldeed de kwaliteit van de resulterende '41_MAb conjugaten

vaak nict aan de eisen die vandaag de dag gesteld worden. In deze studie werd eerst

aangetoond dat de problemen met de labelingsopbrengst niet te wijten waren aan de

intrinsieke atoomeigenschappen van '“I, maar dat dit puur het gevolg was van

stralingsschade. Het labelen van cCMAb U36 met een mengsel van jodium radioisotopen ( Mey.

"247 P67 en 1) resulteerde in exact dezelfde labelingsopbrengst voor elk isotoop. De

mogelijkheid dat '"I-jodide een afwijkende chemischereactiviteit heefi, kan op basis van dit

resultaat verworpen worden. Met behulp van HPLC analyse werd aangetoond dat de un

oplossing gedurende het transport van producent naar gebruiker (USA — Amsterdam) zwaar

was aangetast, en dat dit de verklaring was voor de lage labelingsopbrengsten. Vervolgens

werden in deze studie twee regeneratiemethoden geintroduceerd die het mogelijk maken 27

terug in de jodide vormte krijgen, en werd het op deze wijze geregenereerde "41 aan MAbs

gekoppeld. Het gebruik van geregenereerd "241 verbeterde de labelingsopbrengsten aanzienlijk

en maakte de koppeling van '“T aan MAbs even eenvoudig en efficiént als dat van ra.

Koppelingconditics waren zodanig gekozen dat het optreden van chemische- en

stralingsschade zo veel mogelijk voorkomen werd. Onder deze condities kon een hoeveelheid

"47 aan MAbs gekoppeld worden, die zou volstaan voor gebruik in klinische studies. Behalve

dat bleek het MAb nalabeling zijn integriteit en immunoreactiviteit behouden te hebben,

terwijl het ook nog steeds een optimale in vivo "tumortargeting" vertoonde. Dit laatste werd

aangetoond in biodistributie en PET "imaging" studies met tumor dragende naakte muizen.

Tumorophoping van '“I-gelabeld cMAb U36 wasidentiek aan die van 'S!t_gelabeld cCMAb

U36 en alle tumoren konden worden afgebeeld met PET.

Er zijn meerdere voorwaarden waaraan cen lang-levende positron emitter zoals

moet voldoen, om geschikt te zijn voor immuno-PET. Aan een eerste belangrijke yoorwaarde,

de beschikbaarheid van cen betrouwbare procedure voor het koppelen van de positron emitter

aan MAbs met behoud van integriteit en immunoreactiviteit van het MAb,is in hoofdstuk 5

voor |! voldaan. Een tweede en derde belangrijke voorwaarde is dat er effectieve

productiemethoden voorhanden moeten zijn en dat het gebruik van de positron emitter moet

resulteren in voldoende beeldkwaliteit. Op dit moment is de productie van ‘I veel te duur

1247

voor routinematige klinische toepassing, dit vanwege de hoge kosten van het "target"

materiaal en van het cyclotrongebruik. Voor de experimenten zoals hiervoor beschreven, werd

"1 gebruikt dat geproduceerd was in de USA door één van de weinige centra die in staatis
dit radionuclide te leveren. Met name het transport over dergelijke lange afstanden vergt

maatregelen om de aantasting van de radioactiviteitsoplossing doorstraling, tegen te gaan.

Hoewel "1 een complex vervalschemaheeft, met positronen meteenrelatief hoge energie en

"prompt single" gamma-fotonen, zijn er reeds diverse kwantitatieve PET "imaging" studies

met 4] uitgevoerd 2025 Echter, er moeten nog aanvullende fantoom- en proefdierstudies

worden uitgevoerd met de HRRT PET scanner, om de geschiktheid van 41 voor
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kwantificering en beeldvorming te bepalen. Een aantrekkelijke toepassing van "247 immuno-

PETis als scouting procedure voorafgaand aan “'I-RIT. Of '“T-gelabelde MAbsook gebruikt
kunnen worden in combinatie met andere therapeutische RIT conjugaten, zal afhangen van de

overeenkomst in biodistributie van het '“I-scouting conjugaat en het therapeutische

radioimmunoconjugaat.

In hoofdstuk 6 werden de in vivo eigenschappen van 7- en '{-gelabelde MAbs

bepaald en vergeleken met MAbs waaraan de therapeutische radionucliden 88y (als surrogaat

voor “’Y), @'T en '*Re waren gekoppeld. Hiertoe werd cMAb U36 met deze vijf

radionucliden gelabeld, en werd de biodistributie van de radioimmunoconjugaten bepaald in

tumor-dragende naakte muizen. De klaring uit het bloed bleek vergelijkbaar vooralle vijf

radioimmunoconjugaten, ondanks het feit dat er verschillende koppelingsmethoden waren

gebruikt (directe koppeling ofindirecte koppeling met verschillende chelatoren). Dit bevestigt

dat de integriteit van het MAb behouden was gebleven en dat bilvoorbeeld hettype chelaat dat

gebruikt was geen significante invloed had op hei gedrag van het MAb in het bloed, Twee

verschillende biodistributie patronen konden worden herkend, één patroon deed zich voor bij

7r- en “Y-cMAb U36, terwijl het andere patroon voorkwambij 4p BY on !’Re-cMAb

U36, De twee patronen verschilden het meest van elkaar voor wat betreft opname in tumor en

lever, In preliminaire in vitro internalisatie studies (uitgevoerd zoals beschreven door

Vrouenraets ef al.7°) vertoonde ©Zr-gelabeld cMAb U36 cen significant hogere totale

cellulaire opname door de HHPCC cellijn OE dan ‘"'I-gelabeld cMAb U36 (82,2% versus

28.7% respectievelijk na 24 uur). Het feit dat de biodistributic van 71-gelabeld MAb

overeenkomt met dat van “*Y-gelabeld MAb bevestigt dat “Zr over residualiserende

cigenschappen beschikt, net zoals reeds cerder in de literatuur beschreven is voor de

radiometalen ““y,'Y en |''In.

In verband met het bovenstaande moet worden opgemerkt dat de term "residualiserend

radionuclide", zoals die vaak in de literatuur wordt gebruikt, met enige behoedzaamheid dient

te worden toegepast. Er staat beschreven dat ln en *°Y na internalisatie worden

vastgehouden in de cel in de vorm van catabolieten met een laag moleculair gewicht

(bestaande uit het radionuclide en het chelaat en waarschijnlijk een peptide-brokstuk

afkomstig van het MAb) °’°*, Daarom moet behalve methet soort radionuclide, ook rekening

worden gehouden met de chemische eigenschappen van het chelaat. Illustratief in dit opzicht

is de koppeling van jodium radioisotopen aan MAbs. Wanneer deze direct aan het MAb

worden gekoppeld, verlaat het jodium vrij snel na internalisatie de cel in de vorm van

jodotyrosine, terwijl indirecte koppeling aan het MAb kan resulteren in het residualiseren van

het jodium in de cel. Bovendien wordt de retentie van een radionuclide in een cel na

internalisatie ook bepaald door de soort "linker" en het transportmolecuul waarvan gebruik

wordt gemaakt.

De conclusie is dat de lang-levende positron emitters Zr en '*I veelbelovende

toepassingsmogelijkheden hebben voor toekomstige immuno-PET studies in de kliniek. Het

verschil in specifiecke chemische en in vivo cigenschappen van “Zr en '4T maakt hen geschikt

voor cen scala van toepassingen. Behalve voor het koppelen aan MAbs, kunnen 77 en ™T
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ook gebruikt worden voor het labelen yan peptiden en andere (bio)farmaca. Het labelen van

(bio)farmaca met positron emitters maakt het bijvoorbeeld mogelijk om ziekte aan te tonen,

moleculaire interacties op te helderen, de farmacokinetiek en biodistributie van het farmacon

te bepalen en om het toedieningsschema van een drug te optimaliseren. "47 is reeds gebruikt

voor koppeling aan peptiden zoals insuline”™° en annexine V*'. Daarnaast is de monitoring

van klinische gentherapie met behulp van '“I een nieuwe toepassing”. In een dergelijk
onderzoek wordt een '"“]-gelabeld marker-substraat gebruikt om de lokatic, mate en omvang

van gen-expressie te bepalen. Of “Zr net zo geschikt is voor de koppeling aan kleine

biomoleculen moet nog worden geévalueerd. Verwacht mag worden dat in het geval van een

klein molekuul, het koppelen van een radionuclide-chelaat complex een zekere invloed zal

hebben op de uitcindelijke grootte en lading, hetgeen de farmaceutische, biologische en

biochemische eigenschappen van het farmacon kan beinyloeden.
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VOI
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