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Abstract. Elevated renal uptake and prolonged retentiorrenal uptake of antibody fragments or peptides in both
of radiolabeled antibody fragments and peptides is animals and patients. On a molecular basis, the effect
problem in the therapeutic application of such agentsseems to rely essentially on the presence of a positively
Over recent years, one of the focuses of research habkarged amino group. Thus, radiation nephrotoxicity of
therefore been to develop suitable methods to reduce thastibody fragments and peptides can be overcome suc-
renal uptake, and to evaluate whether the resulting metlzessfully; this may provide new prospects for cancer
odology will benefit therapy with antibody fragments therapy with radiolabeled antibody fragments and pep-
and peptides. In these studies it has been shown that ttides.

kidney uptake of antibody fragments in animals can be

reduced in a dose-dependent manner by almost one ey words:Renal uptake — Radiation nephrotoxicity —
der of magnitude by the systemic administration of catCationic amino acids — Lysine — Antibody fragments —
ionic amino acids and their derivatives, whereas the upPeptides

take in all other organs, as well as the tumor, remains

unaffected. A similar reduction in renal retention isEUrJ Nucl Med (1998) 25:201-212

achieved for all intracellularly retained radionuclides
(e.g., radiometals) or radioiodinated immunoconjugates,

as well as for smal_ler peptid_es. Lysine is usually the Premtroduction
ferred agent, and its- andL-isomers are equally effec-

tive whether givgn intraperi_toneally or or_ally_. Amino Antibody fragments and peptides have shown advanta-
sugars are effective, but their N-acetyl derivatives, lacky o over whole IgG with respect to tumor-to-nontumor

ing the positive charge, are not. Basic polypeptides ar tios [1]. Lower-molecular-weight agents generally pro-

also eﬂ?Ct'VIe' and 'thhetlr poten;:ﬁ/ mcreasets W:Eth mc_;_easﬁde better target-to-nontarget ratios, due to their rapid
Ing molecular weig ("?" e amount of positive background clearance [1, 2]. However, although such
charges per molecule). Urine analysis of treated 'nd'v'dégents are suitable for diagnostic purposes, the renal up-

ualstshows tht% excretion tOf utntmetab?lllz:ad, mtalct frlagfake of proteins and peptides poses a severe problem for
Ments or peptides, In contrast to Mostly low-moleCUlar,qir therapeutic use. This is expecially true below the
weight metabolites in untreated controls. In therap

. . X ; yrenally filterable size (i.e., approximately 60 kDa), and
studies using radiometal-conjugated Fab fragments, thgoen ingracellularly retained nuclides are used [3, 4].

kidney is the first dose-limiting organ. Administration of Even bivalent antibody fragments [e.g., Fghbwith
cationic amino acids results in a substantial increase iff,air molecular weight of approximatély’loo KDa. ex-
Lhe rr?ax[mulm tolhe_rat?d _do?e of dSUCh Fa}b fraglmdents. NRibit a significant renal uptake [5]. Hence, therapy with
hloc bemlca bor 'Séo ogdlca EV' ence d(')' renaA amage‘antibody fragments or peptides conjugated to intracellu-
as been observed under these conditions. As was trIl?rly retained radiometals may be limited by radioneph-

case in animal studies, in pilot clinical trials the renal . R
. ) L . . rotoxicity [5]. This is probably one of the reasons why
uptake in patients injected with Fatagments and giv- ygry foy therapeutic trials have been performed with

en amino acids could be decreased significantly, where onovalent Fab fragments [6]; furthermore, nephrotox-

the uptake by all other organs remained unaffecte city is a serious concern in the few therapeutic peptide

o ONials to have been conducted so far [7, 8]. Therefore,
pounds_ are capable OT |nh|b|t|ng_th¢ _tubular reabsorptlogver recent years we and other groups have focused on
of peptides and proteins, thus significantly lowering theygiaplishing methodologies that allow the renal uptake of
small proteins or peptides to be reduced. The aim of this
Correspondence tof.M. Behi review is to discuss the major aspects of this work.
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Fundamentals of renal physiology of protein < p

and peptide metabolism i Proximal Golgi- |
Proteins tubule cell appara-

The kidney is well known as a major site in the catabo s

lism of low-molecular-weight proteins [9-11]. The han-

dling of proteins in the kidney is a rather complex pro- O O

cess which involves several distinct and essentially inde- N

pendent mechanisms, occurring at different microanat >

tomical sites within the kidney [10]. Renal uptake of — Endo-

peptides and small proteins is a consequence of thejir > cytosis \ Primary

glomerular filtration followed by tubular reabsorption I lysosome

and subsequent lysosomal degradation [9-11]. Plasma

proteins reach the glomerular capillaries in the kidney / /

through the renal arteries and their branches. The glg- ysine :

merulus filters proteins in a molecular-weight-dependent (..n,*) O @

manner. If their molecular weight exceeds a moleculaf Secondary

weight of approximately 60 kDa, these proteins are tog \/ysosome

large to be filtered through the intact glomerular baser

ment membrane. Larger molecules, such as complete

IgG with its molecular weight of 150 kDa, will therefore /

pass the glomerulus without appearing in the primary Telo-  \

urine, whereas smaller molecules are able to pass this lysosome’\,

basement membrane (the lower the molecular weight, _/ —_—

the easier it is for them to do so). Furthermore, the bas 2| umen s \  Prod ts of

ment membrane of the glomerulus is negatively charged. = ., roducts ol \‘

Cationic peptides and proteins attach to the basemept —eg, Ty \/ digestion Blood

membrane and can pass more easily into the primafy \

urine. In contrast, filtration of anionic proteins and pep- g eg. Y-DTPA-Lys

tides is less efficient, due to electrostatic repulsion front
the basement membrane. Fig. 1. Schematic representation of the physiology of protein re-

Filtered proteins will pass through the proximal tu- absorption and metabolism in the renal proximal tubule cells. Un-
bule. Under physiological conditions, all proteins andder physiological conditions, glomerular-filtered proteins and pep-
peptides are reabsorbed almost quantitatively by thgdes are almost quantlta_tlvely reabs_orbed and Iysosom_al_ly gﬂgest-
cells of the proximal tubule by means of pinocytosised' Whereas the resulting catabolic products of radioiodinated

(Fig. 1). For this purpose, the proteins or peptides bin(g‘roteins and peptides (mainly monoiodotyrosine) are rapidly ex-

. 9 h reted, radiometal chelates (e.§in- or 99Y-DTPA-lysine) re-
to negatl_vely charged receptors on the _Cel_l Surfac_e Ohain trapped within lysosomes. Pharmacological amounts of cat-
the proximal tubule cells via electrostatic interaction.ionic amino acids and their derivatives can cause tubular protein-
Therefore again, cationic proteins are preferably reaburia by neutralization of negative charges on the luminal cell sur-
sorbed in comparison with anionic ones. Once taken uface of tubule cells which are thought to be essential for the bind-
in the tubule cells, peptides are transferred into lysoig of proteins and peptides to their respective receptors. (Modi-
somes and digested by proteolytic enzymes. Resultintgd from [41])
breakdown products [i.e., amino acids and their (radiola-
beled) derivatives] are mainly transferred back into the
bloodstream, but are also excreted to some extent intBarly attempts to decrease the renal uptake
the urine. lodinated tyrosine, which is the major meta-of radiolabeled proteins and peptides
bolic product of conventionally radioiodinated proteins,
is quickly released from the tubule cells. By contrast, rain an early attempt to decrease the renal uptake of renal-
diometal-chelated amino acids (sucht&n-, 8890y- or |y filterable proteins, use of heavy metal salts (especially
161Th-DTPA-lysine) or carbohydrate-linked amino acid uranyl nitrate) has been proposed. Such heavy metal
derivatives (e.g12513)-labeled dilactitol-tyramine), as a salts can induce, in a dose-dependent fashion, acute ne-
form of residualizing radioiodine label, cannot leave thecrosis of the tubule which is reversible within a few days
lysosomes and will, therefore, remain trapped in thd16]. For obvious reasons [very narrow margins between
proximal tubule cells [12-15]. pharmacological and irreversible toxic effects, as well as
the long-lived radioactivity of uranium salts (mainly
238)) and their decay products], these attempts have not
found broader application.
Subsequently, two independent studies suggested that
L-lysine may be effective in decreasing the renal uptake
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of radiolabeled peptides. Hammond and co-workers [17Basic amino acids and their derivatives

studied the effect of an intravenous nutritive amino acidare able to reduce the renal uptake of antibody

solution on the renal uptake of théin-labeled somato- fragments and peptides in animals

statin analogue, octreotide, in patients. Although a sub-

stantial reduction in the renal uptake of octreotide wasn our aforementioned studies [21, 22], BALB/c mice or
clearly demonstrated, the analysis performed by theseude mice bearing the human GW-39 colon carcinoma
authors was only semiquantitative. Independently, Pimnxenograft were given intravenous or intraperitoneal in-
and Gribben [18] reported on the effect of repeated intrajections of various basic amino acids, or a range of dif-
peritoneal injections of high dosesiofysine on the re- ferent cationic amino acid derivatives, amino sugars, and
nal uptake oflllin-labeled monoclonal antibody Fab basic oligo- and polypeptides. The effect of these agents
fragments in BALB/c mice. A highly significant reduc- on the biodistribution of Fab and F(akdfjagments of
tion in renal uptake was demonstrated in lysine-treatedifferent monoclonal antibody isotypes (Ig&G,,), ra-
animals as compared to untreated controls, and a clediolabeled with®®Tc, 188Re, 111n, 88/90y gr 125/13] was
dose-effect relationship was found. studied.

However, several questions remained open. These The kidney uptake of Faliragments in animals was
studies did not evaluate the effectiveness of radiolabeleduced by cationic amino acids and their derivatives in
other thartlln, nor did they address the molecular char-a dose-dependent manner by almost one order of magni-
acteristics of the substance that enabled it to reduce thede as compared to untreated controls (Fig. 2). The up-
renal uptake, its (patho-)physiological mechanisms, otake in all other organs, as well as the tumor, was unaf-
the effectiveness of different immunoglobulin subclassfected. A similar reduction in renal retention was seen
es. Furthermore, no consideration was given to the ugder all other intracellularly retained isotopes, as well as
take of larger protein molecules, e.g., Flgbwhich is  for F(ab) fragments.o- andL-isomers of lysine were
of particular therapeutic interest. Since its molecularequally effective, whether given i.p. or orallyGlucos-
weight is above the renally filterable size [10], the mech-amine was effective, but its N-acetylated derivative,
anism of renal uptake of F(3bis still poorly under- lacking the positive charge, was not (Fig. 2b). Basic
stood [19]. In addition, no data were reported on the efpolypeptides, e.g., poly-ysine, were also effective,
fect of such methodology on tumor uptake, which is, oftheir potency increasing with increasing molecular
course, the most crucial point with respect to its clinicaleight (and thus, an increasing amount of positive
utility. charges per molecule). Thus, the molecular characteris-

In earlier studies, attempts were made to reduce thiécs that enable a compound to inhibit protein uptake
kidney uptake of Falfragments by modification of the seem to be very variable, the prerequisite apparently be-
antibody itself, e.g., by shielding its positive chargesing that the substance carries a positive charge through
through N-acetylation of free amino groups [20]. Thisan amino group. The potency of the substances seems to
approach was modeled on the findings that positivéncrease with the amount of positive charges per mole-
charges favor renal filtration and tubular uptake of poly-cule (Fig. 2b). For example, lysine ethyl ester, with its
peptides and proteins (see above [10]). The success shielded negative carboxyl charge, was more potent than
this method, however, was limited and the immunoreaclysine itself, and the potency of polypeptides with lysyl
tivity of the antibody fragments was compromised [20],residues rises with the molecular weight. The fact that
probably by chemically modifying lysine residues in theglucosamine was as effective as lysine supports the con-
complementarity-defining region, which may be in- cept that the effectivity of a compound essentially relies
volved in antibody-antigen interaction. Accordingly, on the presence of a positively charged amino group.
moderately reduced renal uptake was accompanied Mccordingly, its N-acetylated derivative, lacking the pos-
significantly decreased tumor-to-nontumor ratios. itive charge, was not able to reduce the renal uptake of

Based on these previous studies, we embarked upd¥all fragments.
establishing safe and effective procedures to reduce the High-performance liquid chromatography (HPLC)
renal uptake of a variety of radiometals, as well as ioanalysis of the urine taken from treated animals showed
dine, bound to Fab or F(gbjragments [21]. We ana- the excretion of intact Fabin contrast to mostly low-
lyzed the possible physiological mechanisms of such aolecular-weight metabolites in the control group
reduction in uptake, and found common molecular char¢Fig. 2d). This finding supports the theory of Morgenson
acteristics of the effective agents [21, 22]. Furthermoreand co-workers [6] that the major principle is inhibition
we evaluated the application of this methodology to canef tubular reabsorption of primarily glomerular-filtered
cer therapy with?0Y- and 18%Re-labeled immunoconju- peptides (Fig. 1). Also the fact that andp-isomers are
gates (fragments as well as IgG) [22—-24]. Finally, pilotequally effective in reducing renal retention supports the
clinical trials were undertaken to examine whether theview that simple neutralization of negative charges of
established methodology would be successful in redudhe luminal tubular cell surface by positively charged
ing the renal uptake of antibody fragments and peptidesiolecules hinders the reabsorption of protein molecules,
in patients [23]. given that there is no luminal carrier known fslysine

in the mammalian tubule cells [10] which would take up
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the p-isomer to the intracellular compartment. The find-acid technology is applicable t’Lu-labeled fragments
ing thatp-lysine was also effective when administered[26] as well as smaller proteins (such as Fv fragments
orally seemed at first to be surprising, because one migli25, 27]) or peptides (such as octreotide [28, 29]). Fur-
expect there to be no effective intestinal transporters fothermore, they have investigated in more detail the bio-
the resorption ob-amino acids. However, in the high kinetics and metabolism of the cationic amino acids used
concentrations used, passive diffusion along a tremerfor this purpose [26]. Interestingly, as we had predicted
dous concentration gradient may be possible. [21-24, 30], o-lysine was confirmed as the optimal
Nevertheless, the physiological mechanism that reguagent for reduction of renal uptake in all of these subse-
lates the reduction of renal uptake for larger moleculesjuent studies. In sharp contrast to all studies using im-
such as F(ab)fragments, remains a matter of specula-munoconjugates, in whiah andp-lysine selectively in-
tion. With its 100-kDa molecular weight, F(ah$ cer-  hibited the renal uptake without affecting the uptake in
tainly too large to be filtered through the intact glomeru-tumor or other normal organs;lysine was found to
lar basement membrane [2, 5, 10]. In lysine-treatedompromise the tumor uptake 8fin- and6ITb-labeled
mice, no intact F(ah)was found in the urine, but only octreotide in neuroendocrine cancers whereas-gte-
substances of lower molecular weight, which is in con+teoisomer did not (M. DeJong, personal communica-
trast to the observations with Falbherefore, we postu- tion). Since an-lysyl moiety is involved in the receptor-
lated that the catabolism of F(altdkes place elsewhere binding properties of octreotide, we speculate thigt
(e.g., the liver), and that the smaller metabolized prodsine in high concentrations may competitively hinder
ucts would be filtered and excreted via the kidneys [21this ligand-receptor interaction-Lysine in contrast, has
22]. never been shown in any system tested so far to compro-
Table 1 shows the radiation dosimetry for a variety ofmise tumor uptake of immunoconjugates or peptides.
antibodies, degrees of fragmentation [Fab and F(ab) Sodium maleate has also been proposed as an effec-
and radiolabels, comparing radiation doses with andive agent to decrease the renal uptake of antibody frag-
without reduction of renal uptake by cationic amino ac-ments and peptides [28, 29]. This compound seems to
ids. These data clearly demonstrate that the effect of lyhave two independent effects [28, 29]. First, it decreases
sine is not restricted to In-labeled compounds, but exthe glomerular filtration rate, leading to longer residence
tends to all isotopes and antibody isoforms tested. Thusimes in the plasma and, consequently, to higher normal
the effect is largely independent of the immunoglobulinorgan uptake [28]. Secondly, it has an independent effect
subclass or other protein characteristics (e.g., thg. pK on tubular protein reabsorption [28]. However, since at
As expected, we found the effect to be more pronouncelast in animals irreversible kidney failure has been re-
with intracellularly retained isotopes (radiometals) thanported in the absence of any obvious dose-effect rela-
with released ones (e.g., iodine). tionship, sodium maleate does not seem to be a good
Subsequent studies by other investigators [25-29] esandidate for human studies [28]. Furthermore, the in-
sentially have confirmed and corroborated these fundacreased normal organ uptake may lead to significantly
mental findings. They have shown that the basic amindecreased tumor-to-nontumor dose ratios [28].
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Fig. 2a—d.Reduction of the renal uptake of antibody fragments in
animals.a, b Dose-effect relationships in respect of the renal up- s, ]
take of the®Tc-labeled Fabfragment of the anti-CEA antibody
NP-4: a for L-lysine hydrochloride, administered i.p. at hourly in-
tervals, andb for L- andp-lysine, L-lysine ethyl esten,.-arginine,

40

[
5.80

urine control

D-glucosamine and its N-acetylated derivative, administered i.p. at ®
hourly intervals.c External scintigraphy of human GW-39 colon e
carcinoma-bearing nude mice 4 h after injection®fTc-NP-4
Fali. The animal on th&eft was untreated, the animal on the right
received lysine i.p.&rrows indicate the tumor. (Modified from
[21]). d Size-exclusion HPLC profiles of the urine of BALB/c
mice treated with lysine in comparison to contrdpper panel
HPLC profile of the pre-injection solutioR9(Tc-Fal NP-4), con-
taining 98% of the total activity bound to Fabnd 2% bound to
residual F(af),. Middle panel In the urine of the controls, more
than 95% of excrete¥™Tc is bound to low-molecular-weight me-
tabolites LMWF). Lower panel In the urine of the lysine-treated ]
mice, however, 65% of the activity is bound to intact -ab

100 o
BB:
80:
70j
50

50

Fab’
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Table 1. Dosimetry of9Y-MN-14 Fab and F(ah)(anti-CEA), 188Re-Mu-9 Fab (anti-CSAp), and31-NP-4 Fab and F(ab, (anti-CEA)
with and without lysine administration in nude mice (adopted from [22]). The dosimetry was calculated from biodistribution data accord-

ing to [21, 22

90Y-Fab 188Re-Fab 131)-Fal 90Y-F(ab), 13Y-F(ab),

Gy/mCi Gy/mCi Gy/mCi Gy/mCi Gy/mCi

Control Lysine Control Lysine Control Lysine Control Lysine Control Lysine
GW-39 49.5 57.5 6.2 7.6 3.0 3.1 58.8 65.0 31.6 33.8
Liver 13.4 16.5 6.1 5.9 0.8 0.7 23.3 39.7 2.7 2.6
Spleen 6.3 5.0 3.1 2.9 0.4 0.4 7.4 8.5 2.6 2.4
Kidney 330.6 62.3 78.2 30.9 23 1.2 148.9 39.7 13.5 6.3
Lung 3.9 4.3 5.4 4.1 1.3 1.2 9.8 9.9 2.8 24
Blood 5.9 6.6 2.6 2.0 1.2 1.0 28.0 23.2 6.4 7.3
Bone 4.9 5.9 1.2 1.1 ND ND 5.7 7.8 ND ND

ND, Not determined
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Although at this point strong evidence exists that ba- 7w
sic amino acids may be capable of reducing the renal ug
take of small proteins or peptides and thus of alleviating
the potential radiation nephrotoxicity of such agents, &
major concern is the toxicity and side-effects of the
compounds used for this purpose. There are contradictc
ry opinions on the toxicity of amino acids given in high
amounts [31]. The situation is made especially difficult
by the fact that the toxicity af-lysine seems to be spe-
cies dependent. Zager et al. [32] found, in rats, that higl
doses of_-lysine can cause acute renal failure, whereas
clinical studies by Abel et al. [33] suggested that intrave-
nously administered amino acid solutions might even
have a protective effect for the renal function of patients
with acute tubular necrosis. It is of interest that, unlike
other inborn errors of amino acid metabolism, the knowr
genetic defect of familial hyperlysinemia is not associat-
ed with any known symptoms [34]. However, large
guantities ofL.-lysine may be expected to disturb the bal-
ance of the physiological amino acid metabolism. Since
the toxicity of lysine seems to be restricted toLHsO-
mer [10],p-lysine should be metabolically inert and ap-
plicable without endangering the metabolic balance be
tween the different amino acids and their metabolites
[10]. This is especially so given that no transmembrane
transporters capable of taking ogdysine are known in
humans. Indeed, the maximum tolerated doselgéine a
in mice is approximately 1.4-fold higher than the maxi-
mum tolerated dose of itsisomer [20]. The efficacy of
orally administered lysine is encouraging because this
would obviate the need for prolonged i.v. infusion and
would thus represent a much more convenient methogd
for clinical use. The toxicity of the other agents, such a$
polylysines, is still poorly understood. The fact that
polylysines are used in cell culture as cell-adhesion-mg- =
diating agents may suggest that severe toxicity could og-
cur. Furthermore, in vivo polylysines are known to exert
protamine-like heparin-antagonistic effects.

24 Hours

Basic amino acids are also able to reduce
the renal uptake of antibody fragments % o
and peptides in patients b B et : o

It is logical that the development_ of a relatively smpleFig. 3a, b. Consequences of the renal uptake ®®fTc-labeled
approach to reduce renal retention of labeled antibodyay fragments for clinical diagnostic accuraeyintraindividual
fragments or peptides might provide greater opportunicomparison of’Ga citrate and th&nTc-labeled anti-CD22 anti-
ties for diagnostic and therapeutic applications of theseody, LL2, in correctly diagnosing a primary gastric MALT lym-
agents. Therefore, we undertook preliminary clinicalphoma. Whereas diffuse lymphoma infiltration of the stomach
studies to investigate whether this methodology willwallis clearly seen with’Ga (ipper pane), the high renal uptake
work in patients as well. In a pilot clinical trial [23], five ©f Fab fragments makes the diagnosis of gastric involvement
patients were infused with a commercially available nu nore difficult @rrowheads lower pane). b In contrast, in a pa-
tritive amino acid solution, while 75 control patients re_tlent infused with a cognmerua_lly-avallable amino acid solution,
ived the same volume of saline. The renal uptake fpe renal uptake ofemTc-ant-CEA Fab fragments (clone
g;alve . . . SN~ +023C5) is significantly reduced, facilitating the diagnosis of a
MTc-Fab in the amm_o acid-treated group was signifi- gastric cancer primanafrow (modified from [23]). In comparing
cantly lower than that in the control group (11.1%+2.0%; (lower pane) andb, note that the kidney/liver ratio is signifi-
injected dose vs 17.7%+7.0% injected dose at 24 h p.icantly reduced by amino acid treatmant
P<0.05), whereas the uptake of all other organs re-
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mained unaffected (Fig. 3). Size exclusion chromatografurther detailed evaluation of our amino acid methodolo-
phy of urine from the amino acid-treated patientsgy in radioimmunotherapy with radiometal-labeled im-
showed that a significantly higher amount of excretednunoconjugates [24]. Studies were performed in order
activity was bound to intact Falthan in the control (a) to assess whether this methodology will benefit ther-
group [23]. We concluded that the renal uptake of monoapy with 9Y-labeled antibody fragments [Fab, F(gb)
clonal antibody fragments in patients can be reduced sigb) to establish the relationship between radiation dosim-
nificantly by amino acid infusion, even at considerablyetry and observed biological effects, and (c) to compare
lower doses than were found to be safe and effective ithe antitumor efficacy of antibody fragments with whole
animals [21-23]. As in animals [21, 22], the mechanismgG [24, 30]. The maximum tolerated dose (MTD) and
seems to rely on inhibition of the reabsorption of tubu-the dose-limiting organ toxicity dPY-labeled anti-CEA
lar-filtered proteins by the proximal tubule cells. TheseMN-14 monoclonal antibodies [Fab, F(aband 1gG]
results encourage further clinical trials, but thoroughwere determined in GW-39 human colon cancer xeno-
toxicity studies in primates are warranted, especiallygraft-bearing nude mice. Mice were studied with or
since the toxicity ot-lysine seems to be species-relatedwithout kidney protection by administration oflysine,
[31-33] (see above). and with or without bone marrow transplantation
Recently, Carrasquillo and co-workers [25] repeatedBMT), as well as with combinations thereof. Blood
these clinical studies in other primate species and foundounts, kidney and liver function parameters, and tumor
a similar dose-effect relationship between the amount afrowth were monitored at weekly intervals after therapy.
amino acids infused intravenously as commerciallyDosimetry was calculated from biodistribution studies
available nutritive solution and the reduction in the renalising88Y-labeled antibody, using actual mouse anatomy
uptake of dsFv fragments in baboons [23, 25]. Unfortuas represented by nuclear magnetic resonance imaging
nately, no further toxicological studies, using varying(MRI) with a three-dimensional internal dosimetry pack-
amounts of these amino acids, were performed in thage (3D-ID) developed by Sgouros et al. [30]. This
course of these primate studies. mouse-specific approach seemed to be particularly im-
portant since cross-fire between organs is an important
issue with high-energ-emitters, such a8, which
Therapeutic application of the established have a path length of several millimeters in small ani-
methodology of kidney uptake reduction mals such as nude mice (Fig. 4).
The kidney was the first dose-limiting organ with the
Based on our preclinical and preliminary clinical results,use of Fab fragments [24, 30]. Acute radiation nephritis
we embarked on additional studies to determine what imeccurred at injected activities325 puCi (corresponding
pact this methodology of inhibition of the renal uptake ofto a renal dose of approximately 100 Gy), and chronic
antibody fragments might have on radionuclide therapyephrosis at doses?50 uCi (corresponding to a renal
for cancer [24]. First, studies were carried out W#fRe-  dose of approximately 70 Gy; Figs. 5, 6) [24, 30]. Activ-
labeled Fab fragments of the monoclonal antibody ities of 200uCi were tolerated by 100% of the animals
Mu-9, which is directed against colon-specific antigen-p(i.e., this represented the MTD). Administration of ly-
(CSAp) [22]. CSAp is a mucin antigen present in moresine decreased the renal dose by approximately fivefold,
than 80% of human colon cancers. Surprisingly, at an inenabling an increase in the MTD by 25% (to 2BD).
jected activity of 1.25 mCi88Re-Fab (which would de- At this point myelotoxicity became dose limiting, de-
liver close to 100 Gy to mouse kidneys) no acute nephraspite red marrow doses of less than 5 Gy. By using BMT
toxicity was observed, as indicated by persisting normaand lysine, the MTD could be doubled from 200 to
serum blood urea nitrogen (BUN) and creatinine levels400 uCi, at which dose no biochemical or histological
However, after approximately ten 10-12 weeks, rising seevidence of renal damage was observed (kidney dose
rum BUN levels were observed in non-lysine-treated ani{40 Gy; cf. Figs. 5, 6). At injected activitie=325 uCi
mals, at which time the first deaths occurred. Renal hiswithout kidney protection, and with a hepatic self-to-self
tology showed focal glomerulosclerosis, tubular atrophydose of only 4 Gy, rising liver enzymes were observed.
and fibrinoid necrosis, which are well known to be typi- This could be explained only by cross-organ radiation
cal for chronic radiation nephropathy [22]. It is especiallyfrom radioactivity in the kidneys (up to >150 Gy in the
noteworthy in this context that, as is known from externaimmediate neighborhood of the right kidney; cf. Fig. 4).
beam radiotherapy of patients, radiation nephrotoxicityThe MTD of F(ab) fragments could be elevated only by
can occur months or even years after the radiation treathe combination of BMT and lysine, probably due to
ment, potentially without any prior acute prodromalcross-fire from the kidneys to the bone marrow of the
symptoms. In none of the lysine-protectt@Re-Fab- spine and to the spleen (Fig. 4). With IgG the bone mar-
treated animals, however, were any histological change®w alone was dose limiting. The dose intensification
or BUN abnormalities observed [22]. which was made possible by lysine administration led to
Due to the clearly superior tumor dosimetry?®f-la- improved antitumor efficacy (Fig. 7). Tumor dosimetry
beled Fab fragments of the high-affinity anti-CEA anti- correlated well with antitumor effect£10 Gy led to
body, MN-14 (cf. Table 1), this agent was chosen for ayrowth inhibition for 5 weeks, and20 Gy did so for
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These studies clearly indicate that two potentially
dose-limiting organ systems have to be taken into con-
sideration, when using radiolabeled antibody fragments
or peptides with therapeutic intent. The first is the bone
marrow, which is well known to be the most radiosensi-
tive mammalian tissue, and thus the dose-limiting organ
most frequently encountered in external beam whole-
body irradiation or the therapeutic application of inter-
nal emitters. Doses causing potentially life-threatening
leuko- and thrombocytopenia have been shown to vary
between species [35, 36] and to be strongly dose rate
dependent [24, 37]. Depending on these parameters, the
maximum tolerated red marrow doses usually range be-
tween 2.5 and 15 Gy [24, 35, 37]. The second dose-lim-
iting organ to be considered is the kidney. Insufficient
data are available on the influence of species or dose
rate with regard to the kidney. However, renal doses be-
low 20 Gy are generally considered safe, whereas
above this threshold chronic or, at even higher doses,
acute radiation nephritis may result [24, 38-40]. The
application of amino acid technology may allow the
Fig. 4. Coronal MRI slice through a s.c. tumor-bearing nude dose-limiting effect of the kidney to be overcome, as
mouse in the plane of the kidneys (Siemens Magnetom 1.5 T, Si¢has been achieved for dose-limiting myelotoxicity by
mens, Erlangen, Germany). Tkelid linesaround both kidneys  means of bone marrow or stem cell transplantation
|nd|tr_;a|te tth:?glqn_ |nt\_/vh|(;h SOZ:) alr:_c:Ij 90%, rﬁlsgectlt\)/elybogtr:ﬁ [36].

artcies o originating trrom the Kianeys wi € absorped; the i . S .
Fd)ashed Iinesindicgte thg 50% region fq)ir-particles originating Summar|2|_ng, |nh|b|t|on_ of the renal UD.take of radio-
from the tumor. Due to the long path length%¥'s pB-particles, Iabe_led F’rOte'”S a_nd .peptlc_jes can be achl_eved _by t_he ad-
cross-fire radiation between the kidneys and liver, the spleen anglinistration of cationic amino acids or their derivatives.
bone marrow (spine), and the tumor and bone marrow (pelvisf his technology reduces the renal dose so that the bone
may well play an important rcie marrow, rather than the kidney, becomes dose limiting.

This should allow a considerable dose escalation of the
radioconjugate or peptide. The antitumor effects ob-
213 weeks). Fab was more effective than F{at)nsis- served with Fab fragments in several preclinical models
tent with its more favorable dosimetry. Fab may also béave been quite promising and indicate their potential
more effective than IgG due to a higher dose rate anduperiority to complete IgG [24, 37].
more homogeneous distribution [24, 30].

Interestingly, two histologically distinct pathologies
were generated in kidneys of animals givértlabeled  Future prospects and limitations
fragments without lysine protection (cf. Fig. 5). At high- of the therapeutic application of radiolabeled
dose therapy (renal doses above approximatelgntibody fragments and peptides
100-140 Gy), an acute radiation nephritis-like picture
with uremia and pronounced tubular damage but onl\Encouraging results have been achieved in reducing the
slight glomerular change was observed in the initiakenal uptake of antibody fragments and peptides. Never-
weeks after radiation (Fig. 5a). The proximal tubulestheless, careful evaluation of the toxicity of larger
were shown by microautoradiography to be the predomiamounts of the basic amino acids, especiallysine, is
nant site of reabsorption and storage of the labeled antivarranted in humans before the application of this tech-
body fragments. The second category occurred aftafology on a larger scale in clinical trials. In such trials
more than 5 weeks at considerably lower renal dosethe issues of radiation nephrotoxicity of the radiothera-
(80-100 Gy), and was characterized by pronounceg@eutic agent and potentially toxic side-effects of the
glomerular and vascular damage consistent with chronicompounds used for renal uptake reduction will need to
radiation nephrosis (Fig. 5b, [24]). Interestingly, in thisbe carefully addressed. Clinical signs of radiation toxi-
group there were no acute biochemical or histologicatology that might occur may exceed those appreciable
signs in the early weeks after radiation to indicate radiain a mouse model, such as renal failure and uremia.
tion damage to the kidneys. It is also noteworthy that, aDther effects, such as (malignant) hypertension, are
the MTD with lysine and BMT, no histological or bio- known to be related to renal irradiation in humans. Ob-
chemical evidence of any kidney damage occurred at @iously, as is known from experience with external
renal dose of approximately 20 Gy, which is also considbeam radiotherapy, the occurrence of chronic radiation
ered safe in external beam radiotherapy (Fig. 5c, [24]). nephrosis does not necessarily require a phase of acute
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Fig. 5a—c.Histological changes in
the kidneys following therapy with
90Y-Fab.a Acute radiation nephri-
tis 2 1/2 weeks after the injection
of 400uCi without kidney protec-
tion by lysine: marked tubular di-
latation and atrophy are the major
histological findings (renal dose
approximately 100 Gy Chronic
radiation nephropathy 10 weeks
after 250uCi without lysine is
characterized by severe glomerular
necrosis, tubular atrophy, arteriolar
intimal thickening, and fibrinoid
necrosis (renal dose approximately
70 Gy).c The kidneys of an ani-
mal treated with 40Q.Ci and

BMT under lysine protection do
not show any major histopatholog-
ical changes (renal dose below 20
Gy) at 15 weeks following radio-
antibody injection. (modified from
[24])
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Fig. 6. Toxicity of 9Y-labeled Fab fragments of the high-affinity Fig. 7. Comparative anti tumor effects in the subcutaneous GW-39
anti-CEA antibody MN-14 at escalating administered activities.model with 90Y-MN-14 Fab at the respective MTDs (2QCCi

Two hundreduCi is the MTD without artificial support, merely  without artificial support, 25QCi with lysine, and 40QCi with
causing modest and transient myelotoxicity. At activities lysine and BMT), in comparison to controls which were either un-
>200 uCi, chronic radiation nephrosis becomes the dose-limitingtreated $olid lineg or treated with 40QCi irrelevant Fab(LL2
organ toxicity, as represented by rising BUN levels several weekanti-CD22 Fah dashed lines The figure clearly shows that dose
after therapy. With lysine, dose escalation to P& is possible, intensification made possible by overcoming the nephrotoxicity
with the bone marrow becoming the next dose-limiting organ. Thdeads to improved antitumor efficacy

combination of lysine and BMT permits dose intensification up to

400 pCi without dose-limiting nephrotoxicity. In contrast,

400 uCi without lysine leads to acute nephritis, as represented byadiopharmaceuticals. Future studies will show whether

steeply rising BUN levels (cf. Fig. 5). (modified from [24]) appropriately designed peptides may exhibit lower renal
uptake in their own right, without the need for additional

radiation nephritis [38—40]. This fact has to be Carefu”ypharmacologmal Intervention.

considered in all clinical dose-escalation trials mvoIvmgAdmow,edgemem@_alrt of this work was presented at the meeting

mainly terminally ill patients, since it is known from eX- of the International Research Group on Immunoscintigraphy and
ternal beam radiation data that such chronic nephrosigadioimmunotherapy (IRIST), 21-22 March 1997 in Villigen,

can occur as late as 5 years or more after irradiatioBwitzerland. These studies were supported in part by grants from
[38-40]. The observation time in the usual phase | pathe Deutsche Forschungsgemeinschaft (DFG grants Be 1689/1-1/2
tient studies may be much too short to address this issw@d Be 1689/4-1) and the Outstanding Investigator Grant CA

We nevertheless believe that such studies are urgently
needed, since this methodology may be crucial for thtfzQ
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