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The inability to eradicate a population of single, isolated, blood-
bome tumor cells with the radionuclides currently in use may limit
the efficacy of adjuvant radioimmunoctherapy. We have exam-
ined the possibility of sterilizing single blood-bome cells using
surface-bound emitters of Auger and conversion electrons.
Methods: The number of cell-surface decays required for 99%
sterilization was found by using the linear-quadratic model of cell
survival (@ = 0.3 Gy~ ', o/ = 10 Gy) to transform absorbed
dose to survival probability. The absorbed dose to the center of
the cell was calculated by evaluating the point dose kemel at the
cell radius of 6 um and multiplying it by the number of surface
decays. A two-compartment model of whole-body pharmacoki-
netics was used to obtain the red marrow dose corresponding to
a given number of cell-surface decays. Results: Platinum-195m
(T.,2 = 4 days) proves to be a particularly effective radionuclide.
The "*™Pt protocol requires 1.2 GBq of injected activity and is
calculated to give an average red-marrow dose of 1.23 Gy, well
within marrow tolerance. Conclusion: Analysis of the targeting
efficiency as a function of cell radius reveals that '%*™Pt is ex-
pected to sterilize cells with radii up to 8 um without delivering
more than 2.5 Gy to red marrow. It also emits photons that are
appropriate for extemal imaging and has been used to study the
biodistribution of cisplatin in humans. High-specific activity
186mpt may be obtained by decay of cyclotron-produced '%™ir
(T2 = 3.8hr).
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Experimental and theoretical evidence suggest that ra-
dioimmunotherapy (RIT) may be most effective when used
in an adjuvant setting to target micrometastases (I-14).
Prevascular micrometastases and individual blood-borne
cells are inherently easier to target than solid tumors since
such cells are rapidly accessible to an intravenously admin-
istered antibody. A fundamental limitation of adjuvant RIT
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may be the difficulty of sterilizing single, isolated cells. In
a cell cluster, the radiation dose to each cell is enhanced by
emissions from adjacent cells; the absence of this ““cross-
fire’” dose to an isolated cell makes it, in principle, a much
more challenging target (15,16). Because of the range-
energy characteristics of most currently available radionu-
clides, their emissions from the cell surface or from the
cytosol are generally not effective in eradicating the indi-
vidual cell.

The low-energy Auger emitter, ‘%I, whose effectiveness
is traditionally associated with the need for intranuclear
localization (17,18) is a potential exception since it also
emits higher energy Auger and conversion electrons. With
most radionuclides, however, especially in continuous beta
emitters such as '>'I, only a small proportion of the energy
emitted as electrons from the cell surface is deposited
within the nucleus. Although the number of decays on the
cell surface could, in principle, be increased to achieve a
sterilizing effect with such radionuclides, efficiency is crit-
ical because, in practice, the number of available sites and
the normal-tissue tolerance (i.e., the red marrow dose)
limit the administered activity and consequently the num-
ber of decays per cell.

The criteria for identifying optimum radionuclides for
adjuvant radioimmunotherapy are completely different
from those applied to radioimmunotherapy of solid dis-
ease. In solid disease, beta emitters such as 32P, **Y and
188Re are considered optimal. In contrast, we have under-
taken a general analysis of electron-capture (EC) decaying
radionuclides for use in RIT against single cells and mi-
crometastases. Radionuclides decaying by EC emit large
numbers of low-energy conversion and Auger electrons,
many of which have ranges of the order of one cell radius.

As a result of this analysis, we have identified !*™Pt as
very promising; its potential for single-cell sterilization is
contrasted with that of the familiar radioiodines, 'ZI, %I
and P!L.

METHODS

We calculated the dose imparted to the center of a spherical cell
by a given number of decays on its surface. The cell radius, r,
assumed in this study was 6 um; a range of other radii was also
examined. Absorption of radiation dose was described by a point
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TABLE 1
Electron Emissions of ®*™Pt Used in Our Dose-Kemel
Calculations

Energy, keV Yield*
04 0.87
2 322
7 0.81
10 0.52
12 0.01
18 0.69
21 0.66
29 0.21
51 0.17
62 0.01
86 0.12
96 0.04
117 0.64
127 0.20
130 0.07

*Yield is defined as the number of particles per decay. Data were
obtained from reference 23. The emissions at 18, 21 and 29 keV give a
large dose to the nucleus when originating from the cell surface.

dose kernel k(r), defined as the dose per decay deposited at
distance r from a point source in water. Thus, the absorbed dose
D = A - k(6 um), where A is the total number of disintegrations on
the cell surface. The dose kernel contains the geometric factor
1/r%; the product r* k(r) is known as the scaled dose kernel F(r).
The point kernels for 21, %1, 3] and '%*™Pt were calculated
using INKERNEL, a program provided by Dr. Douglas Simpkin,
which interpolates Berger’s monoenergetic electron point kernels
(19-21). Tabulated radionuclide emission spectra (22, 23), includ-
ing both continuous and discrete electron emissions, were used in
computing the point dose kernels. The *>™Pt electron emissions
used in our calculations are shown in Table 1.

Given the tumor-cell dose, the probability of cell survival is
calculated using the linear-quadratic model, S = exp(—aD -
BD?), where S is the survival probability, D is the absorbed dose
and a and B are numerical coefficients. We have used typical
tumor-cell values of & = 0.3 Gy™! and /B = 10 Gy. (24). The
dose which gives 99% sterilization is then 8.36 Gray; 99% steril-
ization is used as an index for comparing !*™Pt with other
radionuclides. An estimate of the patient cure probability may be
obtained by raising the single-cell kill probability to the power of
the number of tumor cells in the patient. No dose-rate or repop-
ulation effects are incorporated into our model.

To place our results in the context of clinical achievability, we
have calculated the red marrow dose corresponding to each tu-
mor-cell dose. This was done by simulating a clinical radioimmu-
notherapy protocol in which 10 mg (66.7 nmole) of antibody were
administered as a bolus to a patient with 10 g (10'° isolated cells)
of blood-borne tumor (10,25). A two-compartment model of
whole-body pharmacokinetics yielded the time-varying concen-
trations of free and bound antibody, and from these the cumulated
free and bound activities were computed (10,25). The antibody
was assumed to distribute uniformly within a 3.8-liter volume,
corresponding to the plasma plus the extracellular fluid volumes
of liver, spleen and red marrow, which are tissues lacking well-
developed capillary basal laminae (26,27). This volume was as-
sumed to contain a uniform concentration of readily accessible
antigen sites to which the antibody could bind reversibly. The
total number of antigen sites, free plus bound, was fixed at 7.5
nmole, corresponding to 4.5 x 10° sites per cell.

In calculating red marrow cumulated activities, the conserva-
tive assumption was made that all tumor cells resided within the
red-marrow extracellular fluid volume. Average marrow dose was
calculated according to the MIRD S-Factor formalism (28,29).
The S-factors S(rm«rm) and S(rm«tb) (where rm = red marrow,
tb = total body) have been calculated for Pt from previously
published tables (30); the values obtained were 2.0 x 1078 and

1.7 x 10~'° Gy/MBg-s, respectively.

RESULTS

Table 2 presents the principal results for a cell with a 6
wum radius. The number of cell-surface decays required to
give 99% probability of cell sterilization is represented by
Ag,. The injected activity required to give 99% sterilization
is also listed, as is the corresponding red-marrow dose. The
Ay, is found to be above 20,000 for the radioiodines but
only 5,200 for !%™Pt. The red marrow dose is greater than
2.5 Gray for '2[ and '*'I, making these unlikely candidates
for clinical therapy against single cells unless marrow res-
cue or transplantation is performed. In contrast, *™Pt
gives a marrow dose of 1.23 Gray. The injected activity
required to achieve 99% sterilization with '®™Pt is 1.2
GBgq, as shown.

In order to determine whether the lethality of !*™Pt is an
artifact of choosipg cell radius r = 6 um, we have examined
the behavior of Ag as a function of r. The surface density
of antigen sites is assumed the same for all cell radii; thus
the number of sites per cell increases as . The number of
cells is assumed to vary as 1/r%, so that the systemic num-

TABLE 2
The Number of Cell-Surface Decays Required for 99% Sterilization with 23], 125}, 31) and '9™pt
Radionuciide Ty2(days) As A, GBq Dru. Gy E(20-30), keV
23 06 51,000 67.7 365 29
128) 60.1 23,000 159 0.87 8.1
13 8.0 45,500 6.36 9.32 1.0
1eempy 40 5,200 1.18 123 19.4

T, I8 the radionuclide half-iife; Ag is the number of cell-surface decays required for 9% sterilization; A, is the corresponding amount of injected
activity; Dpy, is the corresponding red-marrow dose; E(20-30) is the energy released per decay as electrons with energies from 20 to 30 keV.
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TABLE 3
The Variation of A, with Cell Radius r

r, um Aoo, kBas Ao, kBa-S Ara
Fer

3 1.34 2.66 1.99

4 195 474 243

5 2.96 7.39 250

6 524 10.6 2.02

7 103 145 1.41

8 20.0 189 0.95

9 36.1 240 0.66
10 535 29.6 0.55

A, is the cell-surface activity commesponding to the red marrow toler-
ance dose of 2.5 Gy.

ber of antigen sites is constant at 7.5 nmole. In this case,
the red marrow dose is independent of r.

Results with '%™Pt for cell radii from 3 to 10 um are
shown in Table 3. At each radius, we list A”, the number
of decays giving 99% sterilization; and Ay, the number of
decays corresponding to a marrow-tolerance (2.5 Gy) pro-
tocol (31). The ratio Ar,/Agg provides an index of potential
effectiveness when treating to marrow tolerance. Values of
Ar./Ag > 1 indicate that a probability of cell sterilization
> 99% may be achieved with a protocol that delivers less
than 2.5 Gy to marrow; conversely, values < 1 indicate
that 99% sterilization cannot be achieved without exces-
sive marrow toxicity. It is important to note that Ay,/Ay is
a more biologically relevant quantity than an absorbed-
dose therapeutic ratio (Dy,mo/Drm) because it refers di-
rectly to tumor-cell control and normal tissue complica-
tion. Table 3 shows that Ay /Ay does not simply fall with
increasing r, but rather has a broad maximum nearr = §
um. The ratio is >1 for all cell radii less than 8 um. At
these radii, the number of cell surface decays required to
achieve 99% sterilization is still lower than the values pro-
vided in Table 2 for the three radioiodines. The greater
killing efficiency of '%*™Pt per cell-surface disintegration is
particularly important for antibodies that bind to antigen
that is not highly expressed on tumor cell-surfaces (the
CD33 antigen in leukemia, for example (32)). Platinum-
195-labeled antibody is therefore expected to sterilize sin-
gle cells while sparing red marrow for a broad range of cell
sizes and at relatively low levels of antigen expression.

To investigate why '%°™Pt appears to be relatively lethal
to the single cell over a wide range of radii, we have
examined the structure of the point dose kernel at various
electron energies. Figure 1 shows the (normalized) scaled
point kernel F(r) for 21-keV electrons. A strong peak ap-
pears whose maximum lies at 5.6 um. Therefore, a 21 keV
emitter on the surface of a cell with a 6 um radius would be
comparatively well positioned to deliver dose to the center.
However, the full kernel k(r) contains the factor 1/r, hence
a smaller distance from the emitter is generally more ad-
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FIGURE 1. The structure of the normalized scaled point kemnel
F(r) for 21-keV electrons. The dashed line indicates the cell radius
assumed in this study. Electrons of this energy are emitted abun-
dantly by '95MPt (Table 1).

vantageous. Figure 2 displays F(r), and k(r) = F(r)/r* on the
same scale. We note that k(r) is falling only slowly in the
neighborhood of 3-6 um, meaning that the entire nucleus
would be expected to receive a large dose. As Table 1
shows, !*™Pt has strong emissions of electrons at 21 keV,
as well as at 18 and 29 keV.

DISCUSSION

The advantages of targeting micrometastatic rather than
solid disease with radioimmunotherapy have been estab-
lished primarily on theoretical grounds (I-6,8, 10, 12-14).
Radioimmunotherapy directed towards eradication of mi-
crometastases has not been investigated clinically, how-
ever. The difficulty of assessing efficacy rapidly and in a
small patient population; the reluctance to administer
radiolabeled antibody to patients who may not have overt
evidence of disease; and the recognition that currently
available radionuclides are not effective for sterilizing iso-
lated single cells, have all contributed to the slow accep-
tance of micrometastasis-targeted radioimmunotherapy.
The latter, in particular, is potentially a fundamental limi-
tation of adjuvant radioimmunotherapy when it is used as
the only adjuvant treatment modality.

10 T T —
F(r)
1 1
114 k
2
01 1 k(r)=F(r)/r
001 1
0001 " . A .
2 4 6 8 10
r, microns

FIGURE 2. The scaled kemnel F(r) and the product k() = F(r)/r?,
for 21-keV electrons. F is normalized as in Figure 1.
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In this work, we have identified a radionuclide, **™Pt,
that exhibits potential for eradicating individual blood-
borne cells without exceeding red marrow tolerance. A
number of investigators have evaluated various radionu-
clides for solid and micrometastatic disease (15,33-38). We
have focused on targeting single, isolated cells that are
within the initial distribution volume of intravenously-ad-
ministered, intact antibody. By incorporating a two-com-
partment model of antibody pharmacokinetics (10,25), as
well as the linear-quadratic model of cell survival (39), we
have included red marrow dose and tumor cell control
probability in our evaluation.

Platinum-195m has sther desirable characteristics. It de-
cays with a half-life 0, 4.02 days and emits photons, in the
energy range 65-130 keV, which may be imaged. The bio-
distribution of platinum-containing compounds has been
studied both in humans and experimental animals. In par-
ticular, the chemotherapeutic agent, cisplatin (cis-di-
aminedichloroplatinum (II)), an inorganic planar coordina-
tion complex for platinum, has been studied extensively
(40-4Z2 Because a potential approach to antibody labeling

™Pt would be via attachment to cisplatin, the bio-
distribution of this drug may be relevant to understanding
the fate of the radiolabel following its dissociation from the
antibody. Correspondingly, '®™Pt-cisplatin-labeled anti-
body that is internalized may exhibit a compounded che-
motherapeutic and radiation-induced cytotoxic effect (48).

Although '%™Pt is available for cisplatin tracer studies,
its current mode of production, '*Pt(n,y), yields a very
low specific activity product (= 30 MBq/mg platinum) ren-
dering it unusable for radioimmunotherapy. We have iden-
tified two alternative approaches to its production: (1) cy-
clotron production of iridium-195m (**™Ir, T,, = 3.8 hr),
followed by decay to '**™Pt; and (2) nuclear reactor pro-
duction of osmium-195 (***0s) which decays to *™Ir with
a 6.5-min half-life. Both methods are generator systems
which should yield a very high specific activity product.
Iridium-195m may be produced in a cyclotron via the
1%Pt(p,a) or '%20s(a,p) reactions. At a proton energy of 20
MeV, the (p,a) reaction has a cross-section of approxi-
mately 3 mb and is rising with proton energy (Hill JC,
personal communication) (49). We are currently examin-
ing potential approaches to the production of high-specific
activity '%™Pt.

It is important to note that our analysis does not include
the effects of dose-rate and tumor cell proliferation. Given
the rapid accessibility of blood-borne tumor cells and the
short half-life (4 days) of '*>™Pt relative to characteristic
doubling times (5-30 days) of solid-tumor cells, these omis-
sions will not have a great impact on the advantage of
195mpy for targeting single cells originating from solid dis-
ease. In targeting very rapidly proliferating, single-cell dis-
ease such as leukemia, however, such considerations will
become more influential (50).

Using a set of selection criteria that incorporate radio-
nuclide emissions, half-life, the dose to red marrow and
tumor cell control probability, we have identified '*™Pt as
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a promising radionuclide for targeting isolated single cells
with radioimmunotherapy. This radionuclide also has the
desirable properties of emitting photons appropriate for
imaging; of having a chelate already available (i.e., cispla-
tin) that may be used to bind to the antibody and of having
been studied extensively in humans and animals. Although
low-s 9?ec|ﬁc activity '®™Pt is available, high-specific activ-
1ty 19mpyt that is necessary for radioimmunotherapy re-
quires an investigation of several alternative production
schemes.
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