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Abstract

A mathematical model simulation was performed to estimate the amount of radioactivity in plasma, normal
tissues, and tumor tissue through three delivery approaches: one step radiolabeled monoclonal antibody (MAb)
CC49 i.v. bolus injection, two step method with biotin conjugated CC49 i.v. bolus injection followed 72 hours
later by i.v. bolus radiolabeled streptavidin injection, and gene therapy method to express biotin on the tumor
cell surface followed by i.v. bolus radiolabeled streptavidin injection. The mathematical model was built based
on a system of ordinary differential equations consisting of inputs and outputs of model components in plasma,
normal tissues, and tumor tissue. Through computer modeling, we calculated concentrations of each compo-
nent for plasma, tumor and normal tissues at various time points. Radioactivity ratios of tumor to plasma and
tumor to normal tissues increased with time. The increase of tumor to normal tissue ratios was much faster for
the gene therapy approach than for single step and two step approaches, e.g., a ratio of 24.26 vs. 2.06 and 6.24
at 72 hours after radioligand injection. Radioactivity ratios predicted by the model varied with the amount of
radioactivity injected and the time interval between injections. The model could be used to evaluate different
radioimmunotherapy strategies and to predict radioactivity biodistribution using other receptor-ligand systems.

Keywords: Cancer, computer simulation, gene therapy, mathematical model, MAb.

tive isotopes to sites of malignant disease. Currently, the use
Introduction of monoclonal antibodies (MAb) directed to “tumor-associ-

ated” antigens on cancer cells represents one approach to
The use of radiation therapy has improved curative treatmenhis problem which has had success in various animal model
for many tumors. However, this technique has practical limi-systems [1] and is the subject of considerable current phase |
tations in regard to limited field of therapy, normal tissueand Il clinical trials in humans [2-10]. Such a strategy pro-
toxicity, and radioresistance mechanisms. Considerable reddes the ability to localize radioactive isotopes to multiple
search efforts have been directed at ways to “target” radioasites of disease with hopefully adequate amounts of radia-
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tion to produce an antitumor effect and/or radioimmuneproblems. Wiile laboratory experiments and clinical trials
imaging for diagnostic pposes. Asecond emerging strat- are underway to test these strategies, optimal delivery is com-
egy is to use radioactively labeled peptides able to bind tplicated by a complex and variable schedule of MAb conju-
receptor positive tumor cells [11, 12]. Research efforts whiclgate infusion. Questions regarding dosing, timing, affinity
provide better radioactive isotope delivery systems and/oconstants, and rate of metabolism still need to be answered.
targeting strategies will enhance our ability to apply targetedComputer modeling and simulation has been used to gain
radiation therapy to the human cancer problem. Currentlyinsight into the pharmacokinetics of various schedules, in-
the following delivery systems and targeting strategies haveluding pretargeting approaches. Mathematical models ap-
been actively studied in various models. plying linear and nonlinear differential equations have been

1. Single step method. This is the traditional approacltdeveloped for this purpose. As more information from ex-
with direct application of radiolabeled MAb for perimental and clinical trials is available and new strategies
radioimmunodetection and radioimmunotherapy of tumorsbecome possible, mathematical modeling and computer simu-
[3-10]. lation can shed new light on the complexity of the pharma-

2. Pretargeting radioimmunotherapy strategies (two orcokinetics and pharmacodynamics. In this report, we present
three step pretargeting methods]. The two step approach takessults from a mathematical model simulation to compare
advantage of the high affinity receptor-ligand systems, suckhe amount of radioactivity in plasma, normal tissues, and
as avidin-biotin, by conjugating one of the pair to a MAD for tumor tissue through three delivery approaches: single step
targeting and the other member of the pair in a radioligandadiolabeled MAb CC49 i.v. bolus injection, two step strat-
preparation [13-15]. In this way, the conjugated MAD is ad-egy with biotin conjugated CC49 i.v. bolus injection followed
ministered first to bind to tumor antigen and after a certair/2 hours later by i.v. bolus radiolabeled streptavidin injec-
interval to allow for plasma clearance, radiolabeled ligandion, and gene therapy approach to express biotin on the tumor
with high binding affinity to the MAb conjugate is adminis- cell surface followed by i.v. bolus radiolabeled streptavidin
tered. Systems using either streptavidin radioligand [16-20injection.
or biotin radioligand [16,17,21-24] have been described. The
three step approach uses an additional step through an
unlabeled ligand chase to clear circulating antibody conjuiMethods
gates before the administration of radiolabeled ligand [18,25].

3. Gene therapy approach. Gene therapy techniques ha@dnceptual models were developed for three delivery ap-
been used to induce expression of high affinity receptorsproaches as depicted in Figures 1-3. The first approach is a
molecules on tumor cell surfaces [26-29] and optimal radiosingle step directly radiolabeled antibody CC49 (MAb*) i.v.
isotope-labeled ligands capable of being delivered to thesgolus injection to target antigen (Ag) in tumor tissue. The
receptors in tumors are being developed. second approach is a typical two step strategy with biotin

Successful application of radioimmunodetection andconjugated MAb (MAb-b) i.v. bolus injection to target anti-
radioimmunotherapy of tumors has been affected by mangen (Ag) in tumor tissue followed 72 hours later by i.v. bolus
radiolabeled streptavidin (Av*) injection. The third approach
is the gene therapy approach, where the biotin gene is deliv-
ered to the tumor cells and biotin is expressed on the cell
surface (b). Radiolabeled streptavidin (Av*) is injected af-
terward.

Normal Tissue: Monoclonal antibodies
X2 Mab*
MADb CC49 is an IgG1 which was obtained by immunizing
mice with purifed TAG-72 [30]. Extensive experience has
1 MAR* been gained in using this antibody in human trials. For this
study, results from a phase Il trial wit§4-labeled CC49 at

10 mCi/mg in prostate cancer patients were used to provide

Plasma:

Turnor:
H3:MAk* pharmacokinetic values for simulation [6]. Plasma radioac-
XhAg tivity time series data were statistically modeled for estima-

RGN tion of pharmacokinetical parameters of MAb CC49 for 15

patients in the clinical tal. Thephamacokinetical analysis
was based on linear compartment models that can also be
represented by linear differential equations. Pharmaco-
kinetical parameters, such ag,TAUC, Vd,, Cl, and MRT,

Figure 1. Schematic representation of the one step metho#/€re calculated using a SAS nonlinear regression program
in which directly radiolabeled MAb (MAb*) is administered.
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Figure 2. Schematic representation of the two step methodrigure 3. Schematic representation of the gene therapy

in which biotinylated MAb (MAb-b) is administered first. method in which biotin is expressed on the tumor cell surface

Radiolabeled streptavidin (Av*) is injected later with an through genetic transduction such as direct intra-tumor

interval such as 72 hours. injection of a viral vector. Radiolabeled streptavidin (Av*) is
then injected.

(PROC NLIN) [31-32]. Rate constants derived from theseGene expression
data were used in the simulation.
Methods to genetically induce tumor cell membrane expres-
Avidin-biotin system sion of the high affinity biotin-streptavidin system are under
development to allow employment of the biotin-streptavidin
The avidin-biotin system represents a high affinity bindingsystem for delivery of radioligands to tumor cells. This would
system for possible tissue targeting. Avidin and its analoguenvolve the derivation of fusion genes encoding chimeric pro-
streptavidin, are tetrameric proteins with a high affinity bi- teins derived from the RSV-G viral glycoprotein and short
otin-binding site on each subunit [33], which has one mil-peptides with binding specificity for either biotin or
lion-fold greater affinity than that of most antigen-antibody streptavidin. In this study, we chose the approach of express-
interactions. Since the binding is rapid and, once formeding biotin on the tumor cell surface. Radiolabeled streptavidin
very stable, it is expected that avidin and the vitamin biotinwas administered later.
found in low concentrations in tissues and plasma offer pos-
sibilities for tumor imaging and therapy. Streptavidin hasDesign and production of appropriate radioactive ligands
been reported to show less non-specific binding to tissues
and is more suitable for radioiodination because it containRadiolabeling with'3l and 2% of MAb (MAb*) or
more tyrosine residues per subunit [14, 15]. Biotin can b&treptavidin (Av*) uses the standard lodogen method.
chemically attached to proteins by its carboxyl end while itsRadiolabeling with other radioisotopes, such®q¥, 18Re,
binding to avidin remains unaffected. Most biomoleculesand''!in can be accomplished through standard procedures
can be biotinylated without significant loss of biological ac- with commercially supplied reagents.
tivity [34]. Thus, the avidin-biotin system offers a univer-
sally applicable technology for cross-linking and targetinglLocalization, imaging studies and dosimetry
of biomolecules that has been used extensiveljtro [34]
andin vivo[16-24,35-36]. In this study, we chose the avidin- Localization of the various radiolabeled ligands and level of
biotin system with biotinylated MAb (MAb-b) CC49 to bind their persistence over time can be quantified experimentally
target cells, followed by the administration of radiolabeledusing described procedures [37-42]. The absolute amount or
streptavidin (Av¥). concentration of radioactivity is proportional to the amount
of ligand labeled, such as in aioaof 10 mCi/mg. Irthis
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Table 1. Values for the Model Parameters Obtained from
Literature or Clinical Trial Data. [a]

J. Mol. Model.1996,2

Parameter Value
MADb* and MADb-b: radiolabeled or biotin-conjugated CC49
k,, rate constant from plasma to tissue 5.12%x&0
k,,, rate constant from tissue to plasma 1.444x40
k,, rate constant from plasma to environment 3.089x1b
Av*: radiolabeled avidin or streptavidin
k',,, rate constant from plasma to tissue 1.878x&0
k',,, rate constant from tissue to plasma 1.870%4&0
k', rate constant from plasma to environment 3.716x¢b
MADb-b-Av*
k", rate constant from plasma to environment 6.250x¢D
k;, rate constant for binding of MAb or MAb-b to antigen 10 thisf
k., rate constant for dissociation of antibody/antigen complex 5410
K.p rate constant for internalization of antigen and expressed biotin 0
K';, rate constant for binding of Av to MAb-b and b 7%10M1s1
k',, rate constant for dissociation of Av from MAb-b and b ok %0
n, valence of the antibody/antigen binding 2
n’, valence of MAb-b binding to Av 1
¢, initial free antigen or genetically expressed biotin concentration 1mM
Cuapor iNitial plasma concentration of MAb* or MAb-b 3.92 mM, 39.2 mM, 392 mM
Cyo INitial plasma concentration of Av* 3.92 mM, 39.2 mM, 392 mM

[a] Rate constants for MAb CC49 were estimated from clinicaes were based on previous clinical trial data or literature
trial data [6]. All other model parameters were chosenreports from experimental and theoretical estimates [6,19].
from literature reports from experimental studies Through computer modeling, we calculated concentrations
[14,15,18,19]. of each component in each tissue. Total radioactivity was

calculated for each tissue by combining concentrations of

free radiolabeled ligand with complexed radiolabeled ligand.
study, plasma concentration, normal tissue and tumor tissudatios of radioactivities of tumor to plasma and tumor to
concentrations of radioactivity will be calculated as propor-normal tissue were calculated for each time point.

tional to the radiolabeled ligand concentration but without

specific unit. General assumption88ased on pharmacokinetic studies,
conceptual models were developed as shown in Figures 1-3.
Mathematical modeling After i.v. injection, directly labeled MADb or biotinylated MAb

CC49 was distributed in the plasma, normal tissues and tumor

The mathematical model was built based on a system of ofiSsue. The transport between plasma and tissues and from
dinary differential equations consisting of inputs and outputdlasma to environment was determined by the rate constants
of model components, such as MAb, antigen, streptavidin€Stimated from clinical trial data, k k,,, and k, listed in

and antigen, antibody, biotin, and streptavidin complexes infable 1. The MAb binds to antigen according to a rate con-
plasma, normal tissue, and tumor tissue. Model parameter§tant, i and dissociates from antigen/antibody complexes
such as rate constants, transport coefficients, and initial vapccording to a rate constantWhen radiolabeled streptavidin
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Table 2. Predicted Radioactivity Ratios from Computer
Simulation with Injected Amount of 3.92mM of Reagents. [a]

Time after One step method Two step method Gene therapy method

Index radiotherapy (h) Ratio Ratio Relative Ratio Relative
ratio [b] ratio [b]

Tumor: 4 0.08 1.39 17.38 2.38 29.75

Plasma 24 0.52 6.01 11.56 4.28 8.23
72 0.84 —[c] - 26.08 31.05

Tumor: 4 1.11 2.24 2.02 2.12 1.91

Normal tissue 24 1.55 4.68 3.02 3.99 2.57
72 2.06 6.24 3.03 24.26 11.78

[a] Same amount of MAb and streptavidin (3.92mM) wasand b-Av*, in compartment (plasma, normal tissue, and tumor
administered with an interval of 72 hr in the two step tissue) i orj (i, j = 1,2,3). X0) is the initial concentration in
method. Radioactivity in tumor is 0.96 at 30 hr, 1.62 at 4compartment i. We specified that the initial concentration
hr, and 1.74 at 4 hr after radiolabeled ligand injection for antigen and genetically expressed biotin is 1 mM. The
for one step, two step and gene therapy methodinitial concentration for MAb* and MAb-b was specified as
respectively. 3.92 mM with an increase of 10 times in the sensitivity analy-

[b] Ratio of radioactivity ratios compared to one step method.ses. The initial concentration for Av* in the two step method

[c] Radioactivity in the plasma is completely eliminated. was specified to be equivalent to that of MAb-b. The choice

of these initial values is for consistency with other investiga-
tors in mathematical modeling.

was injected into the plasma, it distributes in the body ac-

cording to rate constants, k'k’,,, and k. It also binds to  Numerical method#t FORTRAN program, ADAPT I, was

biotin (MAb-b and b) with high affinity, kand k. The MAb-  used for simulation on a DEC Alpha 3800s computer. The

b-Av* complex was eliminated from plasma at a rate con-ADAPT Il program uses the differential equation solver
stant, k”,. We assume that there is no internalization of anti-LSODA (Livermore Solver for Ordinary Differential equa-
gen or cell surface biotin, and non-specific antigen or biotintions with Automatic method switching for stiff and nonstiff
levels outside of tumor tissue are ignored. Previous experiproblems), which uses variable order, variable step size for-
ence of fitting data with pharmacokinetic models indicatesmulations ofAdam’s method and Gear’s method as the
that linear compartmental models fit the plasma data quit@onstiff and stiff equation solvers, respectively [45,46]. Af-
well. Therefore, it isassumed that the distribution between ter the linear differential equations are defined by the state
plasma and tissue is according to linear first-order kineticsmatrix and entered into the subroutine, the solution is ob-

The linear kinetics implies that transference (input and outtained using the exponential of the matrix. This matrix expo-

put) is at a rate proportional to the concentration or amountential is approximated using an eigenvalue decomposition.

of ligand. The concentration of each component in each tissue is then
calculated for each time point specified in the simulation.

Mathematical formulationThe conceptual model outlined

above was represented by a set of differential equations -

state matrix [43,44]. For a set of linear first-order differential Results

equations, the general form is:

A series of computer simulations were performed based on a
dxj _ N n _ system of ordinary differential equations with specified rate
a2 KXo 2 ki-jXin Xi(0) = c constants for each model component, such as MAb, antigen,

- =0 streptavidin, and antigen, antibody, biotin, and streptavidin
complexes, as presented in Table 1. Through computer simu-

Where X or X; is the state variable representing the con-lation, we calculated concentrations of each component in
centration of each component, i.e., Ag, b, MAb*, MAb-b, each tissue. Since our interest was in the total radioactivity

Av*, Ag-MAb*, Ag-MAb-b, MAb-b-Av*, Ag-MAb-b-Av*, in plasma, normal tissue, and tumor tissue, concentrations
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Table 3. Predicted Radioactivity Ratios from Computer
Simulation with Injected Amount of 39.2mM of Reagents. [a]

Time after One step method Two step method Gene therapy method
Index radiotherapy (h) Ratio Ratio Relative Ratio Relative
ratio[b] ratio[b]

Tumor: 4 0.08 1.17 14.63 8.70 109
Plasma 24 0.34 3.24 9.53 3634 10688

72 0.44 - [c] - -
Tumor: 4 1.04 1.00 0.96 4.95 4.76
Normal tissue 24 1.06 1.00 0.94 2180 2057

72 1.09 1.00 0.92 - -

[a] Same amount of MAb and streptavidin (39.2mM) wasto environment (k, k,,, and k) was estimated from clinical
administered with an interval of 72 hr in the two steptrial data [6]. The rate constants for MAb binding to antigen
method. Radioactivity in tumor is 6.71 at 30 hr, 12.50 at(k,) and dissociation from antigen/antibody complexgp (k
4 hr, and 25.88 at 4 hr after radiolabeled ligand injection were from experimental data reported in the literature [19].
for one step, two step and gene therapy methodRadiolabeled streptavidin rate constants,,K',,, and k,
respectively. and its binding affinity to biotin, k'and k| were chosen

[b] Ratio of radioactivity ratios compared to one step method from experimental data [14,15,18,19]. The MAb-b-Av* com-

[c] Radioactivity in the plasma is completely eliminated.  plex elimination rate constant, }"was assumed as reported

by Sung et al. [19].
from radiolabeled components, such as free radiolabeled qu\-/I Ath(l:ng‘lgr;ﬁThaecgilﬂnletlc?I data fromhd![rhectlyt'rad:cotlabelefl
and and complexed radiolabeled ligand, were combined, g€ step approach, the ratio ot fumor 1o

. . o plasma radioactivity increased from 0.08 at 4 hours to 0.52
Ratios of radioactivities of tumor to plasma and tumor to . .
. . . at 24 hours and to 0.84 at 72 hours after radiolabeled anti-

normal tissue were calculated for each time point. The rat

constants of directly labeled MAb or biotinylated MAb CC49 EOdy |nject!on (Table 2). The corresponding ratios of 'tumor
T . to normal tissue were 1.11, 1.55, and 2.06. By modeling the
by i.v. injection between plasma and tissues and from plasma . : >
two step method, the ratio of tumor to plasma radioactivity

Table 4. Predicted Radi ity Ratios f c increased from 1.39 at 4 hours to 6.01 at 24 hours after
S? el e Lc:e. a:j’lac\)actMty f BZtZIOSM rome OMPUET o jislabeled streptavidin injection (Table 2). The plasma ra-
Imulation with Injected Amount o mM of Reagents. [a]dioactivity was completely eliminated after 36 hours. Ratios

Time after One step method Two step method Gene therapy method
Index radiotherapy (h) Ratio Ratio Relative Ratio Relative
ratio [b] ratio [b]

Tumor: 4 0.07 0.59 8.43 1.08 15.43
Plasma 24 0.32 0.75 2.34 1.09 3.41

72 0.41 1.94 4.73 1.25 3.05
Tumor: 4 1.00 1.00 1.00 1.01 1.01
Normal tissue 24 1.01 1.01 1.00 1.02 1.01

72 1.01 1.01 1.00 1.17 1.16

[a] Same amount of MAb and streptavidin (392mM) was injection for one step, two step and gene therapy method,
administered with an interval of 72 h in the two step  respectively.
method. Peak radioactivity in tumor is 64.00 at 30 hr, [b] Ratio of radioactivity ratios compared to one step method.
93.01 at 4 hr, and 108.39 at 4 h after radiolabeled ligand [c] Radioactivity in the plasma is completely eliminated.
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Table 5. Predicted Radioactivity Ratios from Two Step
Method with Varying Intervals. [a]

Time after Time Interval in Two Step Method (h)

Index radiotherapy (h) 24 48 72 96
Tumor: 4 0.67 1.08 1.39 1.82
Plasma 24 1.53 3.37 6.01 -

72 13.71 —[b] - -
Tumor: 4 1.56 1.92 2.24 1.00
Normal tissue 24 2.40 3.49 4.68 1.00

72 2.83 4.46 6.24 1.00

[a] Same amount of MAb and streptavidin (3.92mM) wasratios were 11.56 to 17.38 comparing the two step method to
administered with varying intervals of 24, 48, 72, and 96the one step method, and 8.23 to 31.05 comparing the gene
h in the two step method. Radioactivity in tumor is 1.13,therapy method to the one step method. The relative ratios of
1.44,1.62, and 1.40, respectively at 4 h after radiolabeledumor to normal tissue radioactivity ratios were about 2 to 3-
ligand injection. fold when comparing the two step method to the one step
[b] Radioactivity in the plasma is completely eliminated. method, and about 2 to 12-fold when comparing the gene
therapy method to the one step method.

Radioactivity ratios and relative ratios were also calcu-
of tumor to normal tissue were 2.24 at 4 hours, 4.68 at 24ated from the sensitivity analysis by varying the amount of
hours, and 6.24 at 72 hours after radiolabeled streptavidifAb and radioligand. Tables 3 and 4 present results for the
injection. By modeling the gene therapy approach, the rati@mount of 39.2mM and 392mM compared to the 3.92mM
of tumor to plasma radioactivity increased from 2.38 at 4results in Table 1. Fathe one step method, the tumor to
hours to 4.28 at 24 hours and to 26.08 at 72 hours aftdflasma and tumor to normal tissue radioactivity ratios de-
radiolabeled streptavidin injection (Table 2). The correspondcreased to less than 0.5 and about 1 relative to those at the
ing ratios of tumor to normal tissue were 2.12, 3.99, and3-92mM dose. For the two step method, both tumor to plasma
24.26. The relative tas of tumor to plasma radioactivity and tumor to normal tissue ratios decreased markedly as the
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Figure 4. Concentrations of radioactivity in plasma, normal Figure 5. Concentrations of radioactivity in plasma, normal

tissues and tumor tissue in one step method following théssues and tumor tissue in two step method with 3.92mM

injection of 3.92«M radiolabeled MADb. MADb-biotin (MAb-b) injection followed 72 hours later by
injection of 3.92M radiolabeled streptavidin.
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Figure 6. Concentrations of radioactivity in plasma, normal Figure 7. Concentrations of radioactivity in plasma, normal
tissues and tumor tissue in the gene therapy method followintssues and tumor tissue in the gene therapy method following
the injection of 3.92M radiolabeled streptavidin. the injection of 39.2M radiolabeled streptavidin.

reagent concentrations increased. The gene therapy metheder, this is achieved at the cost of lower tumor uptake. To
results in increased ratios at the 39.2mM dose compared toaximize targeting moleculee(g. MAb) deposition into
the 3.92mM dose with marked increases of the ratios relativeimor sites while minimizing radioactive isotope exposure
to the one step method. to the bone marrow, investigators have designed several strat-
Table 5 lists the ratios for the two step method with vary-egies to separate these two components. One strategy has
ing intervals between MAb-b and Av* injections. Both tumor been to develop bifunctional MAb with one combining site
to plasma and tumor to normal tissue ratios increased witfor tumor and a second binding site for the radioactive lig-
longer intervals between 24 and 72 hours. However, the raand [47-49]. The bifunctional antibody is administered and
tios decreased at the interval of 96 hours. This result indiallowed to circulate for several days (optimal tumor deposi-
cates that an interval of about 72 hours is optimal. tion) and then the radioligand is administered which has a
Comparing the absolute concentrations of radioactivityrapid tissue distribution and short plasma half-life. This strat-
(Figures 4-6) shows that a large amount of radioactivity reegy allows tumor localization of the isotope to occur rapidly
mained in the plasma and the radioactivity concentration iffmatter of a few hours) with limited radiation dose to the
plasma, tumor and normal tissues were not very different fobone marrow. The major limitation of this strategy has been
a period of time in the one step method. In both the two stefhe reduced affinity of the individual antigen combining sites
and gene therapy methods, plasma radioactivity disappea(single rather than dual binding sites similar to Fab fragments),
ance was much faster due to the shorter half life of Av* comvariable kinetics/distribution of the separate components
pared to MAb*. The tumor concentrations were much highemaking optimal schedules of therapy difficult to standard-
than the plasma and normal tissue concentrations in both thee. The two step pretargeting approach takes advantage of
two step method and the gene therapy method. The increatiee high affinity avidin-biotin system by conjugating one of
of tumor concentration was accompanied by lower levels ofhe pair to a MAb for targeting and the other member of the
plasma and normal tissue concentrations in the gene therapgir in a radioligand preparation. In this way, the conjugated
method than in the two step method. The increase of tumadvlAb is administered first to bind to tumor antigen, and after
concentration in the gene therapy method was substantial certain interval of clearance radiolabeled ligand with high
when the injected dose of radioligand increased from 3.92mMinding affinity to the MAb conjugate is administered. These
to 39.2mM (Figure 7). systems appear attractive in animal models and in
radioimaging studies in humans. A major drawback of this
system is that the high affinity binding of radioligand to MADb
Discussion conjugates occurs with any residual MAb in the plasma or
extravascular space resulting in a high level of background
In directly radiolabeled MAb administration strategies, ap-radigion. Theuse of an additional step [18,25] to clear cir-
proaches have been taken to increase the tumor to plasraglating antibody conjugates improves the distribution of the
ratio by using low molecular weight fragments to achieve aradioligand but results in a complex and variable schedule of
lower plasma concentration than with intact antibodies. HowMAb conjugate infusion, plasma conjugate clearing reagent
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administration, and radioligand infusion. Direct intra-tumor It is noted that all modeling results are subject to the pre-
injection of genes has been employed in a variety of antisumed parameter values as well as the model specified. Un-
cancer gene therapy strategies in human trials. In this resertainties exist in the representation of the model to the real
gard, Plautzt al. have utilized a technique of situ tumor physiological and pathological process associated with the
transduction in pre-clinical and clinical trials with genes en-different approaches. Many of the parameter values used in
coding alloantigens to achieve anti-tumor immunization [50].the simulation are derived from animal model experiments
In addition, direct intra-tumor injection of viral vectors has or are estimates from preliminary cell culture studies. Im-
been carried out in pre-clinical and clinical trials to achieveprovement in the modeling can be made when new informa-
toxin gene delivery for therapy of gliomas [51]. Thus, thetion comes available from experimental studies. For exam-
technique of direct tumor transduction is a method whichple, in the gene therapy method, the dramatic degree of simu-
would allow implementation of a variety of anti-cancer genelated localization reflects the absence of significant amounts
therapy strategies such as the avidin-biotin system. Schedudf biotin in the plasma or extravascular space of normal tis-
ing through this approach is much simpler. sues and the high affinity binding of radiolabeled streptavidin
Results from experimental models have demonstrated thi biotin expressed in the tumor. However, the degree to
advantage of the two step strategy over direct radiolabeledhich this strategy will approach these dramatic values will
antibody administration. Khawdit al. have shown that treat- depend on the future succesdrof/ivo genetic transduction
ment of tumor-bearing nude mice with biotinylated MAb canand radioligand design. Published results from our cell cul-
achieve a 1.3-2.6 fold increase of tumor localization ratios ature studies have indicated that the approach of genetic trans-
24 hours after injection of radiolabeled streptavidin in a twoduction is promising (26). Information about the amount and
step pretargeting strategy with biotinylated MAb and disappearance of genetically expressed receptors will greatly
radiolabeled streptavidin compared to directly labeled antienhance the prediction through computer simulation.
bodies [18]. A similar magnitude of ratios has also been re- Sensitivity analyses in this study showed that optimal
ported by other investigators [13]. While neither experimen-dosing or timing schedules could be achieved with changing
tal nor mathematical modeling results have been reported quarameter estimates. For MAb CC49, a murine MAb with a
far for the gene therapy approach of radioimmunotherapy oplasma half-life of about 40 hours from one compartment
cancer, pharmacokinetic comparisons and mathematicahodeling of phase | clinical trial data, an interval of about
modeling have been performed with different two steptwo half-lives between the injections of MAb-b and Av* seems
pretargeting strategies [19-22]. Sung et al. have developedmaost beneficial. In conclusion, this study demonstrates that
pharmacokinetic model involving two step pretargeting [19].the two step method can achieve a 2 to 3-fold increase in
The model describes three compartments: an avascular tumtumor to normal tissue radioactivity ratios compared to a one
nodule, such as a very early primary tumor or astep method. The gene therapy method can achieve even
micrometastasis; the normal tissue; and the plasma. The righer ratios, e.g., 1.91 to 11.78-fold from 4 to 72 hours after
sults indicate that the two step protocol yields an approxi+adioligand injection, and the strategy appears to be easier to
mately 2- to 3-fold enhancement compared with the one stepchedule. Concentrations of radioactivity and the relative
direct radiolabeled antibody administration method. ratios can be calculated from modeling and optimal strate-
In this study we have compared the two step method witlgies regarding dosing and timing can be evaluated from simu-
a one step method based on a three compartment model sirtation. As a tool, the computer simulation is useful in exam-
lar to that developed by Sung et al [19]. However, the tumoining the performance of different therapeutic strategies as
nodule is not avascular in our model. The vascular tumotong as new pharmacokinetical information is incorporated
tissue represents well established rather than early tumointo the model from experimental and clinical studies.
which is more commonly treated with radiation therapy.
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