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Abstract

Recently, it has been suggested that the concept of preloading is limited by using a standard amount of
unlabeled antibody. To identify the potential of optimal preloading, a pharmacokinetic model that describes the
biodistribution of anti-CD20 antibody was developed. Simulations were conducted for different tumor burdens,
spleen sizes, and tumor permeabilities. The optimal amount of unlabeled antibody was determined for each
scenario. These simulations show that the currently administered standard amount is not optimal. A preload of
150 mg or lower would result in equal or higher tumor uptake in all cases. For tumors with high permeability,
the uptake of labeled antibody could be increased by a factor of 8.5 using the considerably reduced optimal
preload. The most sensitive parameter for the choice of the optimal amount of unlabeled antibody is the tumor
uptake index. The results indicate that a personalized approach for radioimmunotherapy (RIT) with anti-CD20
antibody is required to account for the interpatient variability. The optimal amount of unlabeled antibody, which
has to be determined by using a pharmacokinetic model, could substantially improve tumor uptake and thus

RIT with anti-CD20 antibody.
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Introduction

adioimmunotherapy (RIT) with anti-CD20 antibody is
widely used in the treatment of non-Hodgkin lymphoma
(NHL)."! The concept of preloading®™ is applied to improve
the biodistribution of the radiolabeled antibodies.’ Currently,
a standard amount of unlabeled antibody, dependent on the
body surface area, is administered.! However, it has been
suggested to reassess the cold preloading dose,® as the unla-
beled antibody represents a competitor of labeled antibody
for free antigen sites in the tumor.” Further, it has been pro-
posed that for RIT with anti-CD20 antibody an optimal
amount of antibody, leading to the most favorable biodis-
tribution, does exist for each individual patient.7 As the un-
labeled antibody has a treatment effect itself, larger amounts
of unlabeled anti-CD20 antibody could be administered after
the radioactivity dose as consolidation.®
In this study, the potential of optimal preloading with
respect to a maximal absorbed dose in the tumor is investi-

gated using a pharmacokinetic model. The model incorpo-
rates the distribution of antibody to antigen sites, the
competitive binding of labeled and unlabeled antibody,’ and
the degradation of bound and unbound antibody.”"° Model
simulations are conducted to estimate the antibody preload
that leads to the most favorable biodistribution under vary-
ing conditions such as different tumor and spleen sizes or
different uptake indexes of antibody in tumor, as variability
for such parameters is known to be high.>!! This quantitative
biodistribution analysis is a pivotal step for personalizing the
treatment toward a more effective RIT with anti-CD20 anti-
body.

Materials and Methods

Model

A pharmacokinetic model (Fig. 1 and Appendix 1) was
developed to describe the biodistribution of '''In-labeled
anti-CD20 antibody using the modeling software MATLAB
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Simulink."> The basic features®”'? and parameters®'® are
derived from the literature and described below. Equal bio-
distribution of "In- and *’Y-labeled anti-CD20 antibody is
assumed.

For reasons of parsimony the numbers of compartments
and parameters were reduced to a minimum. Thus, only two
antigen sites—“readily accessible” and “tumor”—were im-
plemented in the model and the uptake of antibody into the
tumor (kine,) is simplified to the product of tumor mass
Massy, and tumor uptake index (TUI).** The “tumor” com-
partment includes all B cells of the lymph nodes and tumor,
which are not readily accessible. The highly accessible anti-
gen sites of the blood, red marrow, spleen, and liver'® are
merged into one compartment named “readily accessible
antigen sites” (Ag,,). The number of Ag,, was derived from
the literature for normal adults."® The increased number of
such antigens due to NHL was taken into account by sim-
ulating different spleen sizes. Many antigen sites in the
lymph nodes or lymphomas are less accessible,'>'® and thus
the uptake of antibody in this tissue has been modeled in two
steps: first, the transport of antibody through the capillary
wall (ki +v), and second, the binding to B cells. The antibody
is also distributed to the interstitial spaces of normal tissue
without antigens (kinn and koutn)-

The monovalent and bivalent association (konmono and
konpi) and dissociation (Kogtmono and kogpi) of antibody to
antigen, as well as degradation of bound (44,) and unbound
antibody (/4,,) has been incorporated in the model.”” Com-
petitive binding of labeled and unlabeled antibody® was
modeled by using two circulation systems (composed of the
described features), which are connected by the assumed
stationary total number of antigens Agy; and the radioactive
decay /pny (Fig. 1, Supplemental Data).

Model simulations

The simulations focus on the variation of tumor size, tu-
mor uptake rate, and size of the spleen. The preload is “in-
fused” at a constant rate over 255 minutes.'” The labeled
antibody is “injected” in the 256th minute, as a bolus. The
biodistribution was simulated for 1 week. The optimal bio-
distribution is defined as the maximal ratio of the residence
times of tumor and total body 74,/ Ttotar-

Optimal preload depending on tumor burden

In a normal adult the mass of B cells found in all lymph
nodes adds up to ~38g, assuming that 20% of the 1.9x 10"
lymphocytes in the lymph nodes are B cells."”®> An average
expression of CD20 antigens of 149,000 per cell'® leads to
0.25nmol of CD20 per 1g of B cells. Knox et al.® reported a
variation of tumor size from <25 to >500g. To account for
such variability, a range of tumor antigen number (Ag;,) of
3.6-328 nmol (increment 36 nmol) was investigated. The TUI
and Ag,, were set constant to the base values of 4mL/100g/
hour and 12 nmol,*? respectively.

Optimal preload depending on TUI

As the normal lymph node tissue and tumor are merged
into one compartment, the TUI of antibody is valid for both
tissues. The uptake of antibody into different lymphomas
can vary consiclerably.11 For normal tissue (muscle, skin,
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etc.), an average uptake of 0.22mL/100g/hour was re-
ported.'” As it is known that the permeability of tumor is
higher and that lymphomas do not have elevated interstitial
pressure (at least not as high as in other solid tumors®),
values smaller than 0.22mL/100g/hour were not consid-
ered. The upper limit TUI=40mL/100 g/hour was chosen
to test the influence of higher permeability. Ag,, and Ag,,
were set to 36 nmol® and 12 nmol, respectively.

Optimal preload depending on spleen size

The spleen can be considerably enlarged in patients with
NHL.? Tt has also been observed that the spleen size is an
important determinant for the biodistribution.” The normal
spleen contains a mass of B cells of ~38 g. Therefore, the mass
of B cells in the spleen was varied from 24 g (6 nmol CD20) to
240 g (60nmol CD20). The TUI and Agy, were set constant to
the base values of 4mL/100 g/hour and 36 nmol, respectively.

Results

The optimal preload has been determined for different
scenarios. The results are shown in Figures 2—4 and are de-
scribed below.

Optimal preload depending on tumor burden

The simulations yielded that a preload of about 125 mg led
to the most favorable biodistribution for Agy,=3.6—

AgAb,,

Main
vascular

FIG. 1. Compartmental model. The model consists of two
equivalent systems (one for the labeled and one for the un-
labeled antibody), which are connected by the same number
of antigens and the physical decay /pnys. The antibody is
administered into the main plasma compartment. There is a
certain capacity of readily accessible antigens (Ag;,), where
the antibody can directly bind from the serum because of
discontinuous capillary structures. To bind to most of the
antigens in the tumor (Agy,), first the antibody has to pass
the capillary walls. Degradation takes place wherever the
antibody is bound. Degradation of unbound antibody is
simplified by a linear degradation rate from the plasma
compartment. AgAb;, bound antibody (i = tu or ra), Ab, free
antibody; tu, tumor; ra, readily accessible; int, interstitial
spaces; mono, monovalently bound; bi, bivalently bound.
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FIG. 2. Relative residence time of tumor (ty,/Ttta) depending on the administered antibody preload and on the amount of

tumor antigens (Ag.).

220nmol. For higher numbers of antigens (256-328 nmol),
150 mg resulted in an optimal biodistribution (Fig. 2). Such a
reduced preload increased ti,/Tiota Dy a factor of 1.0
(Agw,=3.6nmol) or 2.1 (Agy, =328nmol), compared with
the standard preload of about 500 mg.

Optimal preload depending on TUI

The TUI strongly influenced the value of the optimal
preload (Fig. 3). Increasing TUI yielded lower optimal pre-
loads and higher v,/ tiota1 (for 0.22mL/100 g/hour 1-fold to
40mL/100 g/hour 16-fold compared with the biodistribu-
tion applying 500 mg). Lower TUIs required a higher con-
centration of antibodies for adequate tumor uptake.
However, for a very low TUI (0.22mL/100g/hour), a pre-
load higher than 150 mg did not improve the biodistribution.

Optimal preload depending on spleen size

With an increasing B-cell mass of the spleen, more anti-
bodies are required to saturate the antigen sink of readily
accessible antigens (Fig. 4). The optimal preload (25-125 mg)
improved the ratio 7y,/Tiota1 by a factor of 2.4 compared with
the standard preload of 500 mg.

Discussion

In this simulation study, a PBPK model was constructed to
investigate the biodistribution of labeled anti-CD20 antibody

depending on interpatient variability and preload. To iden-
tify the optimal preload, simulations with different tumor
burdens, TUIs, and spleen sizes were conducted. The results
suggest that when using the optimal preload a substantial
improvement of tumor uptake is achievable.

In addition, the results of the present study show that
there is an optimal cold dose for each patient, which is in
agreement with recent findings.” Moreover, an important
result in the present study is that in no case the frequently
administered amount of 250 mg/m? leads to the most fa-
vorable biodistribution. This is especially true for tumors
with higher TUI values: A fivefold increase of the TUI would
lead to 8.5 times improved biodistribution when choosing
the optimal amount. High accessibility for some lymphoma
may be expected, as Knox et al.? observed that for some
patients even 0 mg of unlabeled antibody was sufficient to
image a number of known sites of disease. For a small TUI
(here 0.22mL/100 g/hour), a high concentration of antibody
in the serum is needed to transport the antibody over the
capillary wall. However, a preload of >150mg does not
improve the biodistribution. To overcome the antigen sink
even in case of 500 g readily accessible B cells, not >19 mg of
unlabeled antibody is required. For a TUI of 4mL/100g/
hour,'* the simulations yielded an optimal dose of 125mg,
which is comparable to 2.5mg/kg, a dose where most of the
known sites of disease (in 4 patients) were imaged in the
study by Knox et al? The present work shows that for
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FIG. 3. Relative residence time of tumor (ty,/Tiota) depending on the administered antibody preload and on the tumor

uptake index (TUI).

pretherapeutic measurement purposes the cold dose most
probably can be reduced to 150 mg or less.

Comparing these results with the modeling of RIT using
anti-CD45 an’cibody,5 it can be observed that, in general,
more antibody is necessary to saturate the anti-CD45 antigen
sites in liver and spleen, as all leucocytes express CDA45.
However, modeling RIT with anti-CD20 antibody is a
greater challenge, as the lymphomas vary strongly in their
permeability’! (accessibility of antigens) in contrast to the
readily accessible target cells in the red marrow.'* Note that
the red marrow is the target organ for myeloablative RIT
with anti-CD45 or anti-CD66 antibody, whereas it is the
critical organ for (nonmyeloablative) RIT using anti-CD20
antibody.

Certain assumptions were made to ensure a parsimonious
model. The FcRn binding is not saturated until a total im-
munoglobulin G concentration of 7mg/mL (which would
correspond to 21 g antibody in this case"). Therefore, the Fc-
specific uptake rate was linearized. The TUI is a semiquan-
titative value'® that includes all mechanisms of transport
through the capillary wall. Larger lymph nodes (tumor)
might be differently permeable. In addition, even in the same
patient different tumors may have different TUIs. Although
the main model elements and parameters are derived from

published models, which were fitted to real data, the pre-
sented model needs to be further validated with experi-
mental data. This study was primarily concerned in the
overall dependence on the preload and thus the effect of
different degradation rates between labeled and unlabeled
antibody was not investigated. Nevertheless, different deg-
radation rates of labeled and unlabeled antibody and other
features can be simply integrated into the model.

The optimal preload was defined as the amount of anti-
body leading to the maximal ratio of 7y, and T because
this study was basically concerned in how much of the ad-
ministered labeled antibody actually decays in the target
organ. The ratio of 1y, to 7 of a well-perfused or antigen-rich
(critical) organ such as the red marrow could also be used as
a maximization criterion. Clearly, other criteria for optimal
preload might lead to a different optimal amount of anti-
body.

As the results show a strong dependence of the optimal
preload on the individual parameters, especially the TUI, this
study suggests conducting pretherapeutic biodistribution
measurements for each patient to identify the individual
optimal dose for therapy. The presented model (or a similar
one) could then be used to identify the individual model
parameters for the patient. With these model parameters,
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FIG. 4. Relative residence time of tumor (7y/Tiota1) depending on the administered antibody preload and on the amount of

readily accessible antigens (Ag;,).

simulations using the model can be performed to identify the
optimal preload.” Higher amounts of antibody could be ad-
ministered after RIT as consolidation.®

Conclusions

This study indicates that the uptake of radiolabeled anti-
body in RIT with anti-CD20 antibody might be considerably
improved using the individually determined optimal amount
of unlabeled antibody. In general, a reduction of antibody is
advocated. An individual assessment of the optimal dose for
therapy can probably be conducted using a pharmacokinetic
model.
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Appendix 1. Equations and Parameters

MODEL EQUATIONS (SEE MANUSCRIPT, FIG. 1)

The following equations describe the transport of labeled
(indexed with *) and unlabeled antibody to the antigen sites,
its mono- and bivalent binding,l’3 degradation, and radio-
active decay. The injection of antibody is simulated as a
bolus using the bolus function of SAAM2. The variables are
defined in Table 1. The compartment “readily accessible”
(denoted with index “ra”) is composed of all antigen sites in
the liver, spleen, blood, and red marrow, which are readily
accessible. The compartment “tumor” (denoted with “tu”) is
composed of all antigen sites of normal lymph node tissue
and tumor.

Constraint for Antigen Sites (i = Readily
Accessible or Tumor)

Agi = Ag(),i - AgAbmorm,i - AgAb:nono,i (1)
-2 AgAbbi’i -2 AgAbgili
Bound Antibody (i = Readily Accessible or Tumor)
k -E-Ag.
Kon, i - [Ag; ), = “‘Tg [Agl @

[Ag ] represents the surface concentration of unbound an-
tigens on B cells.

The ratio of kon mono t0 konpi (= E =1.67x10° cm ™) used in
the literature' basically stems from the conversion of bulk to
surface concentrations using average binding site concen-
trations.

Differential Equations

Monovalently bound antibody in tumor

Aby,

d
at [AgAbmono, tu] Vu=2- ko“r mono * Agtu ’ V—tu

- kon, bi * [Agm]s : AgAb
— koff . AgAb

mono, tu

+2 - kot - AgAbbi, tu

mono, tu
— Jdb - AGAD 1o ot Aphy - AGADL o
i ’ JRENS)
1 ABA ong, 1] Vi =2 - Kon, mono - Ay
—kon, bi - [Agy,)s - AGAbL o 1
— ko - AgAbfmm, wt?2: ko - AgAbZi’ tu
— Adb - AGADL o, 1 — Aphy - ABADL o 1

Monovalently bound antibody in readily accessible
antigen compartment

Abp

d
at [AgAbmono, ral * VP =2 Kon, mono - A, - TP

- kon, bi * [Agra]s : AgAb

mono, ra
— kot - AgAbmono, ra T2 Kot - AgAbbi/ ra
—db - AgAbmonO, T ;~phy : AgAbx*nono, ra @)
d . Ab’
a [AgAbmonO, ra] Vp=2- kOﬂ/ mono * Agra ' VPr
- kon, bi [Agra]s : AgAbx*nono, ra
— kot - AGAD] 2 Kogt - AgADbY,
— /ldb . AgAb;om, ra ;~phy ! AgAb:nono, ra
Bivalently bound antibody in tumor
d
E [AgAbbi, tu] V= kon, bi [Agtu]s . AgAbmono, tu
=2 kot - AgAbbi, tu
— b - AgAbbi, tu + )Lphy ’ AgAb;;l/ tu (5)
d . X
E [AgAbbi, tu] V= kon, bi [Agtu]s : AgAbmono, tu
-2 koff . AgAb;i, tu
— Adb AgAb;;i, tu — “phy ° AgAbZi, tu
Bivalently bound antibody in readily accessible antigen
compartment
d
E [AgAbbi, ra] -Vp= kon, bi * [Agra]s : AgAbmono, ra
—2-koti - AgAby;
— Zab - AgAby,; .+ Jphy - AgAby, ©
d .
E [AgAbbi, ra] -Vp= kon, bi [Agra]s ' AgAbmono, ra
=2 kott - AgADy;
— )\.db . AgAb;;i, ra )~phy . AgAb;, ra
Free antibody in interstitial spaces of tissues without
B cells
d )
EAbmt = kin, n’ Abp e kout, n- Abint + “Aphy * Abint ( )
7
d * * * *
%Abint = kin, n’ AbP - kout, n’ Abint - ‘phy * Abint
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Free antibody tumor

d Ab
a [Abtu] V= -2- kon, mono * Agtu ’ Virtu + koff : AgAbmmO, tu

+ kin, tu” AbP - kout, tu” Abtu + /lphy . Ab:u
d . Ab;, .

a[Abtu] V= -2- kon, mono * Agtu X VI:u +koff : AgAbmonol tu
+ kin, tu” Ab;’ - kout, tu Ab:u - /lphy : Ab:u
®)
Free main vascular compartment
d Ab
ﬁ [AbP] “Vp=-2- kon, mono * Agp . 7:
+ kot - AgAbmono, — Adu - Abp
- (kin, tu T kin, 1’1) . AbP + kout, n’ Abtu
+ Kout, n - Abint + Aphy - Abp
out, t phy P (9)

%[Ab]*?] : VP =-2- kon,mono . Agp . AT?
+ kot - AgAb:nono, ra Adu - Ab;’
- (kin, tu T kin, n) . Ab1*7 + kout, n° Ab:u
+Kout,n - Ay, — Jpny - Abj

Definition of Transport Rates: Tumor/
Vascular®®

ki, ta = TUI - Massy,
Vp Vp
ku u:kin u'_:kin U 3x. . AnA
outr ¢ My " Massy, - 0.2

tu
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TABLE 1. PARAMETER DEFINITION
Variable Value Unit Source (Ref. no.)
Kon mono Association rate monovalent 0.03 L nmol ! min! 3
konpi Surface association rate bivalent konpi = kon,mono X E cm? nmol ™! min~! 1
Kofe Dissociation rate . min ! 6
E Enhancement factor 1.67x10° cm ™! 1
Massy, Tumor mass 15-1330g g 7
Vp Total plasma volume 3000 mL 3
Vi Interstitial distribution volume Mass, x0.2 mL 8
[Ag]s Surface concentration of antigen 7.9x107° nmol em ™2 9
Ag; Free antigens (ra or tu) nmol
Agg; Total antigens (ra or tu) 0.25nmol/gxMass; nmol
AgADmono,i Monovalently bound antibody (ra or tu) nmol
AgAby, ; Bivalently bound antibody (ra or tu) nmol
Ab; Unbound antibody of interstitial nmol
spaces in normal tissue or tumor or plasma
kinn Transport rate: Vp to interstitial space 0.0017 min ! 10
koutn Transport rate: interstitial space to Vp 0.005 min~" 10
intu Transport rate: Vp to interstitial space tumor TUIxMass, min ! 10
out tu Transport rate: interstitial space tumor to Vp kintuxVp/ Vi min~" 10
TUI Tumor uptake index 4 mL (100g) ' h™* 4
Adb Degradation of bound antibody 7.2x107° min~" 2
Adu Degradation of unbound antibody 3.9x10°* min " 10
Aphy Physical decay Hip 1.72x107* min 3

ra, readily accessible; tu, tumor.






