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ABSTRACT antigen-positive cells. Each of these steps is associated with a barrier
to delivery (4-9). By targeting hematologically distributed, single

. - IR : : :
A theoretical drawback to a-particle therapy with ***Bi is the short 1 cells or tumor cell clusters, the barriers to antibody delivery are

range of the particle track coupled with the short half-life of the radio-

nuclide, thereby potentially limiting effective cytotoxicity to rapidly ac- d'mlnlsm_Ed' L . . 13 90y
cessible, disseminated individual tumor cells€.g.,as in leukemia). In this p-Particle-emitting radionuclides such and have been

work, a prostate carcinoma spheroid model was used to evaluate the Us€d in most applications of radioimmunotherapy. These radionu-
feasibility of targeting micrometastatic clusters of tumor cells using?*®8i-  clides are suboptimal for sterilizing single tumor cells or small tumor
labeled anti-prostate-specific membrane antigen (PSMA) antibody, J591. cell clusters because the concentration of radioactivity required to
In prostate cancer, vascular dissemination of tumor cells or tumor cell provide the thousands to tens of thousands3gfarticle traversals
clusters to the marrow constitutes an important step in the progression of through the cell nucleus needed to achieve cytotoxicity would also
this dlseasg to widespread sI_(eIetaI |nv0|vement,_an |ncurable' state. SUChyieId prohibitive normal organ toxicitya-Particles are much more
prevascularized clusters are ideal targets for radiolabeled antibodies be- . . . . .
cytotoxic thang-particles and would, therefore, be ideal candidates in

cause the barriers to antibody penetration that are associated with the ina individual I Il cl he effecti f
capillary basal lamina have not yet formed. 8- and y-emitting radionu- targeting individual tumor cells or small clusters. The effectiveness o

clides such as®¥4, which are widely used in radioimmunotherapy, are not ~ @-particles arises because the amount of energy deposited per unit
expected to be effective when targeting single cells or small cell clusters. distance traveled (linear energy transfer) can be several orders of
This is because the range of the emissions is one to two orders of magni-magnitude greater than that pfparticles. Cell survival studies have
tude greater than the target size, and the energy deposited per traversal is shown thata-particle-induced killing is independent of oxygenation
insufficient to produce any _significant radiobiological effect. Spheroids of state or cell cycle during irradiation (10, 11).

the prostate cancer cell line, LNCaP-LN3, were used as a model of  gphergids have been used by a number of investigators as models
prevaSCUIanzed. micrometastases; the'.r response §‘f an anti-PSMA ant ¢ tumor cell micrometastases (12-17). These multicellular clusters
body, J591, radiolabeled with thea-particle emitter 2*3Bi (T,,,, 45.6 min.) . . L .

has been measured. The time course of spheroid volume reductions Wasprov!de the eXperlmentaI ,ﬂeX'b'“ty of monola.ye.r cultures while pre-
found to be sensitive to the initial spheroid volume. J591 labeled with 0.9 S€rving the three-dimensional structure that is important for the cell-
MBq/m| 2138i resulted in a 3_|Og reduction in spheroid volume on day 33’ tO-Ce” interaCtion that eXistn ViVO. The Spheroid mOde| iS particu-
relative to control, for spheroids with an initial diameter of 130 um; 1.8 larly important in establishing a relationship between antibody
MBg/ml were required to achieve a similar response for spheroids with an - binding kinetics, antigen density, internalization, and external anti-
initial diameter of 180 um. Equivalent spheroid responses were observed hody concentration, as well as to assess kill probability under different
after 12 Gy of acute external beam photon irradiation. Monte Carlo-based - gniihody concentrations and specific activities. It is an ideal model to
microdosimetric analyses of the?**Bi decay distribution in individual optimize treatment parameters. Such optimization is essential in the

spheroids of 130um diameter yielded an averagea-particle dose of 3.7 . .
. o RN . treatment of micrometastases because objective measures of response
Gy to the spheroids, resulting in a relative biological effectiveness factor of . T
will not be generally availabl& vivo.

3.2 over photon irradiation. The activity concentrations used in the ex- i - ) . ) )
periments were clinically relevant, and this work supports the possibility Prewoqs spherOId studlgs with |ar9_]e (8ﬂm'd'am3t?r) spheroids
of using 2*Bi-labeled antibodies not only for disseminated single tumor Using antibodies labeled with theparticle emitter*Bi, concluded

cells, as found in patients with leukemia, but also for micrometastatic that this a-particle emitter would be ineffective because the short,
tumor deposits up to 180um in diameter (1200 cells). 50-90uwm range of thea-particles, coupled with the short, 1-h
half-life, restricted tumor cell targeting (18). The requirement of
adequate oxygen and nutrient supply, however, limits prevascularized
micrometastases to maximum diameters of 150200 The emis-

Radiolabeled antibody therapy has already demonstrated efficacygi@n properties of*Bi (Fig. 1) used in the experiments reported here
the treatment of non-Hodgkin's lymphoma (1-3). Results have be@fe similar to those of*“Bi, with the exception that**Bi does not
largely disappointing, however, in the targeting of bulky disease. RNt the highly energetic and penetrating photon emissions found in
target bulky disease, i.v. administered antibody must extravasateBi. Recently, Kennekt al. (19) compared surviving fraction of
diffuse across an interstitial fluid space, and then distribute through@étls in monolayers and in spheroids irradiated by surface-bound
2138j. These studies were carried out using spheroids derived from the

Received 8/8/00; accepted 1/3/01. murine EMT6 cell line and the 13A antibody against murine CD44.
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«a IRRADIATION OF SPHEROIDS

45.6 min tumor but not in normal vascular endothelium (34, 38). The anti-CD33 anti-
. (97.8%) body, HUM195 (39, 40), was used as a nonspecific control.
<dddkev> - 2138j | abeling. The isothiocyanatobenzyl derivative of CHXA-DTPA
42us (41-43) was used to chelat®®Bi to the two antibodies. The radionuclide was
g-;%ﬂ g: m:‘\; 213P available from ar?*°Ac/?**Bi generator that was obtained from the Trans-
e 4Fo uranic Research Institute (Karlsruhe, Germany) and the United States Depart-

213
83B1 J2.2%)

8
2.2 min ment of Energy. Details regarding th&Ac/?*3Bi generator and the chelation
209 <659 keV> - O 8.4 MeV of 213Bi to antibodies have been published previously (44, 45). The specific
g111 \ activity was 92.5 GBq/g (2.5 Cilg) for both3Bi-J591 and®*Bi-HUM195.
3.25h Purity was 86% for*®Bi-J591 and 98% fof**Bi-HUM195.
<198 keV> (3 Treatment Protocol. Spheroids were incubated with 0.9 and 1.8 MBg/ml
2138j on 10 ug/ml J591 (specific antibody) or HuM195 (hot control) for 15, 30,
>10" yr and 60 min and 24 h. Twenty-four spheroids were used in each experiment;
2°9Bi after each incubation period, the spheroids were washed three times by
83 suspension in fresh medium and placed in separate wells of a 24-well plate.
Fig. 1.2'Bi decay scheme. Spheroids exposed to 1y/ml unlabeled J591 (cold control) and unexposed
spheroids (control) were followed in the same manner. The medium in each
well was replaced, and individual spheroid volume measurements were per-

labeled with thea-particle emitter,?**At, has been injected into fo.rmEd twice per week. An |nv§ned pha§e microscope .f'ttEd with an ocular
micrometer was used to determine the major and minor diardgtgandd, ..,

surgically created cavities in patients with malignant gliomas. Thl'%spectively, of each spheroid. Spheroid volume was calculated as

tlrei’al has demonstrate_d substantially better tumor control relative o 0,0, /6. Volume monitoring was stopped once a spheroid had

]1-.Iabeled 81C6 antibody (27). ) ) . broken up or fragmented to individual cells or two to three cell clusters.

Fifty to 60% of prostate cancer patients either present with OF gyiemal Beam Irradiation. Spheroids were exposed to acute doses of 9
develop metastases in the course of their disease. Of those hat12 Gy external beam photon irradiation using a Cesium irradiator at a dose
metastasize, bone involvement occurs>80% of cases (28). The rate of 0.8 Gy/min (Cs-137 Model 68; JL Shepherd and Associates, Glendale,
unique propensity of prostatic epithelial cells to seed in the borg). Volume measurements of 24 spheroids at each dose level were per-
marrow and, in advanced disease, to disseminate as small (rapidhyhed as described above.
accessible) clusters, eventually invading the bone matrix to becomentibody Penetration. Spheroids of diameter 20@m were incubated
skeletal metastases (29), forms a compelling rationale for investigatth 10 wg/ml FITC (F7250; Sigma Chemical Co., St. Louis, MO.)-conjugated
ing 2**Bi radioimmunotherapy against prostate cancer. In this studig91 for 1, 2, 3, and 24 h and imaged by confocal microscope while still in the
spheroids of the prostate carcinoma cell line LNCaP-LN3 are usedirtoubation medium. A 3sm-thick optical section was acquired at the center of
investigate the potential efficacy and to optimize the us&’d@Bi- each spheroid. Five spheroids were imaged for each time point. Antibody

labeled anti-PSMA antibody in targeting disseminated prostate cargoncentration as a function of radial distance was obtained using MIAU, a
cer micrometastases. software package developed in-house (46). Briefly, a circular erosion element

was used to follow the exterior contour of each spheroid and delineate rings of
5-um thickness. The average pixel intensity in each ring was converted to
MATERIALS AND METHODS antibody concentration by calibration with the known external concentration of
antibody. The antibody concentration as a function of distance from the rim of
Cells. LNCaP-LN3 cells were provided by Drs. Curtis Pettaway and Isaiaihe spheroid was corrected for light attenuation. Confocal microscope images
Fidler of the M. D. Anderson Cancer Center. LNCaP cells of the LN3 sublingf the equator plane of spheroids derived from cells transfected with green
exhibit a highly metastatic potential and produce all three prostatic biomarkefisiorescent protein were used to determine an attenuation correction dependent
prostatic acid phosphatase, prostate-specific antigen, and PSMA (30-32). dR&he diameter of the spheroid. The spatial distribution of antibody concen-

cells are hormonally responsive to testosterone, express high affinity to @ation after different incubation durations was then used to calculate the radial
drogen receptors, and are tumorigenic in nude mice. Monolayer cultures Wgi&ribution ofa emissions for dosimetry.

incubated in RPMI 1640 (Life Technologies, Inc., Grand Island, NY), supple- pogimetry. The specific activity of the antibody was used to convert the
mented with 10% fetal bovine serum (Gemini Bio-Products, Inc., Woodlangh ia gistribution of antibody concentration to a radioactivity concentration
CA), 100 units/ml penicillin, and 10@g/ml streptomycin. The cell cultures that, in turn, was converted to a spatial distribution %88 decays by

were kept at 37°C in a humidified 5% G@nd 95% air incubator. . . ; - . ) . .
} . L . - . iptegrating the radioactivity concentration profiles over time. Absorbed dose in
Spheroids. Spheroids were initiated using the liquid overlay technique %he spheroids was calculated by the Monte Carlo method described by Charlton
Yuhaset al. (33). Details regarding LNCaP spheroid formation and chara P Y Y

terization are described in Ballangredal. (17). Approximately 18 LNCaP- %47). Monte Carlo simulations were used to provide the energy and direction

LN3 cells, obtained by trypsinization from growing monolayer cultures, Wer%f the “‘part'c"?s originating from thé"*Bi decay‘dlstrlbutlon. The chord
seeded into 100-mm dishes coated with a thin layer of 1% agar (Bacto Aglgggth of a-particle traversals through the spheroid was converted to energy
Difco, Detroit, MI) with 15 ml of RPMI 1640, supplemented with 10% fetaldeposition using the stopping powers data of Ziegler (48). This approach was
bovine serum, 100 units/ml penicillin, and 1@/ml streptomycin. After 3—4 also used to obtain the radial distribution of absorbed dose across the spheroid,

days, spheroids of approximate diameters ¥3@0 um and 180+ 20 um  as Wwell as the mean absorbed dose over the whole spheroid volume; the former
were selected under an inverted phase-contrast microscope with an ocular s¢akeobtained as the mean absorbed dose jimsthick shells.
using an Eppendorf pipette. The selected spheroids were transferred to 35-mitatistical Analysis. Differences in tumor volumes over time were
bacteriological Petri dishes in 2 ml of medium for treatment. analyzed using generalized estimating equation methodology (49). This

Antibodies. The anti-PSMA antibody, J591, used in these experimentaethod assesses differences in groups over time while accounting for the
targets the external domain of PSMA (34). PSMA is expressed on the surfacerelation within each spheroid. Approximately 25 time points were
of the original LNCaP cells at a density 6f180,000 sites/cell (35, 36). Using recorded on 24 spheroids/treatment strategy. Each treatment strategy was
a modified Scatchard analysis (37), an antigen site density for the LN3 subliggmpared with the control group. In additioft®Bi-J591 for 24 h was
of 130,000 sites/cell was measured. PSMA expression has also been foun(sjoiﬁlpared with the 12-Gy group, aRtfBi-J591 for 60 min was compared
with the 9-Gy group. Th® values were adjusted for multiple comparisons
4 The abbreviation used is: PSMA, prostate-specific membrane antigen. by the Bonferroni correction.
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Fig. 2. Confocal microscopy slices through the equator of
200-um-diameter LNCaP-LN3 spheroids after incubation
with 10 ng/ml J591-FITC for 1, 2, 3, and 24 h.

RESULTS

Confocal microscope images of antibody penetration after 1, 2,
and 24 h incubation with J591-FITC are shown in Fig. 2. The images
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show tightly packed cells filling the spheroid volumes, with the FITC
label as the darker areas. The antibody is capable of reaching the core
ter approximately four half-lives 6f-3Bi. No binding was observed
i spheroids incubated with the FITC-labeled control antibody,
HuM195-FITC (not shown). The attenuation-corrected antibody con-
centration profiles for four different incubation periods are shown in
Fig. 3 as a function of distance from the rim of the spheroids.
Growth curves for individual spheroids of initial diameter 1,3®
are shown in Fig. 4 after 24 h incubation with 0.9 and 1.8 MBg/ml
2138j-J591. Response after treatment witfiBi-HuUM195 is shown as
control. The growth curve in Fig.ddwas stopped at day 29 because
of contamination of the culture plate. Spheroids irradiated with acute
doses of 9 (Fig. ) and 12 Gy (Fig. #) external beam are shown in
Fig. 5. Median spheroid volumes for spheroids incubated with 0.9
MBq/ml 2*°Bi are compared with response after 9 and 12 Gy external
beam photon irradiation in Fig. 6. The regrowth curves for all groups
of treated spheroids were significantly differeRt< 0.001) from the

Fig. 3. Mean attenuation-corrected J591 concentration profiles in LNCaP-LN3 sphe- R .
roids after 1-, 2-, 3-, and 24-h incubation with the antibody. Profiles were obtained §@Ntrol spheroids, except for the group treated with unlabeled J591.

imaging five spheroids/time point.
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Fig. 4. Individual growth curves for spheroids 0.01

with initial diameters of 130t 20 um after a 24-h
incubation with 0.9 MBg/mI?*®Bi-J591 @), 1.8
MBg/ml 213Bi-J591 @), 0.9 MBg/ml 23Bi-
HuM195 (nonspecific antibody;c), and 1.8
MBg/ml 213Bi-HuM195 (nonspecific antibodyd).
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with 0.9 MBg/mI?**Bi-J591 and those irradiated with 12 Gy external
beam irradiation or between the spheroids incubated WitRi-J591

for 60 min and those irradiated with 9 Gy external beam. The
estimated mean absorbed dose to spheroids treated with 0.9 MBg/ml
2138j-J591 for 24 h was 3.7 Gy, suggesting a relative biological
effectiveness factor of 3 over photon irradiation in this system.

To evaluate the impact of initial diameter on treatment response,
growth curves for spheroids of initial median diameter of 180
were exposed to the same activity concentrations and incubation times
as for the 13Qwm-diameter spheroids. Growth curves for 180+
diameter spheroids are shown in Fig. 7. Monte Carlo-derived spatial
dose distributions for 130- and 180m-diameter spheroids after
treatment with 0.9 and 1.8 MBq/mi**Bi-J591 and HuM195 are
shown in Fig. 8. Mean absorbed dose and spheroid fragmentation are
summarized in Tables 1 and 2.

Light microscope images of one spheroid fragmenting (F&), 9
and one spheroid regrowing after 24 h incubation with 0.9 MBg/ml
213Bj-J591 (Fig. ®), and a®*3Bi-HUM195 treated spheroid (Figcp
are shown. Four days after treatment, a 30 p#shell of shedding
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cells is observed in the spheroids treated with the specific antibody.Fig. 8. Absorbed dose distribution for 130- and 18 spheroids treated with 0.9
MBg/ml 2+Bi-J591 (&) and HUM195 (), and 1.8 MBg/mP**Bi-J591 @) and HUM195

()2
DISCUSSION

Progression of prostate cancer is characterized by the dissemination

Table 1 Average absorbed dose estimates to spheroids

of malignant prostatic epithelial cells and small clusters in the mar-
row. In advanced disease, such clusters remain small in size but

Absorbed dose (Gy)

130-um-diameter 180-um-diameter
spheroid spheroid
-x—Bi213-J591, 60 min —°—Bi213-HuM195, 24 h Treatment group Specific ~ Nonspecific ~ Specific ~ Nonspecific
-%—Bi213-J591, 24 h ~r—unlabeled J591, 24 h 0.9 MBg/mlI ?*%Bi, 24 h 3.7 25 3.3 1.9
—9 Gy -o—Control 1.8 MBg/ml 2¥%Bi, 24 h 7.3 5.0 6.6 37
__ 10000
)
€ 1000 : :
o increase in frequency throughout the marrow and skeleton (28). The
= 100 extravascular space of bone marrow is rapidly accessible by i.v.-
g 10 administered antibodies (39, 50, 51). Therefore, use of the spheroid
% ] model to examinex-emitter radioimmunotherapy of such metastases
> is particularly appropriate. This analysis suggests that treatment effi-
0.1 cacy will critically depend upon the time at which therapy is imple-
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Time (days)
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Fig. 6. Median spheroid volumes for spheroids incubated with 0.9 MBGABi

compared with response after 9 and 12 Gy external beam photon irradiation.

mented relative to the time course of metastatic dissemination. A
treatment strategy in which the-emitter-labeled antibody is used to

target disseminated micrometastatic deposits in the vasculature or
bone marrow of prostate cancer patients when a prostate-specific

a) 0.9 MBg/ml Bi213-J591, 24 h b) 1.8 MBg/ml Bi213-J591, 24 h
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MBg/ml #%Bi-J591 ), 0.9 MBg/ml *'*Bi- ¢) 0.9 MBg/ml Bi213-HuM195, 24 h

HuM195 (nonspecific antibody;c), and 1.8 10000

MBg/ml 2%3Bi-HUM195 (nonspecific antibodyd). & 10000
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Table 2 Spheroid fragmentation (24 spheroids initially in each group) In Fig. 6, the rise seen in the Bi-213-J591, 24-h curve after day 70
No. of intact spheroids remaining may be explained by examining Fig. 4. The rise beyond day 70

- , reflects the disaggregation of spheroids represented by most of the
130-um-diameter 180-um-diameter L . .

spheroid spheroid declining growth curves so that the median value beyond 70 days is

after the rising growth curves. The rise in the median is sharper than

Treim:irl‘;;m”ph Specific Nonspecific  Specific  Nonspecific 5 f the individual spheroid curves because the first post-70 day
0.9 MBa/ml 2*%Bi, 24 3 24 10 23 S ;
1.8 MBq/ml 238, 24 0 /a 0 19 point is the average of the third and fourth curves (from tiyg),

whereas the second and third point is obtained from the third curve.
There is a fourth point, not shown on the plotdat 82 that explains

the apparent rise seen beyond day 79. This point is obtained from the
antigen recurrence is first observed may reduce metastatic spresmtond curve because spheroids corresponding to the two lower
Alternatively, a multi-injection treatment approach in which the ineurves have disaggregated by day 82.

terval between treatment is chosen so as to shift, with each successiviks shown in Fig. 8, the spatial distribution of absorbed dose
treatment, the size distribution of micrometastases toward smalfberoughout both 130- and 180m-diameter spheroids, treated with
diameter clusters is also likely to be effective. Longer-liveeharti- the specific antibody, is generally uniform with a 1.3-1.4-fold “cross-
cle-emitting radionuclides such a5'At (half-life, 7.2 h; Ref. 52) and fire™-related increase in the absorbed dose near the center of the
22°Ac (half-life, 10 days; Ref. 53) may also provide an advantage $pheroids. The reduction in efficacy seen between the two spheroid
their toxicity is acceptable. Because of their longer half-life, thesdzes does not, therefore, arise because a portion of the larger spheroid
radionuclides are less susceptible to loss of activity because of tl@ume remains unirradiated but rather is attributable to the increase
slow antibody penetration kinetics seen in micrometastases. in cell number that must be sterilized to achieve spheroid fragmenta-

Extrapolation of the experimental conditions used in this study tot@n. Approximately 600 cells make up 130wn-diameter spheroids;
human administration assuming antibodies are initially confined totlae number doubles to 1200 cells for 18@:-diameter spheroids. By
vascular and extracellular fluid volume of 3.8 liters (plasma volumeonvolving ana-particle radiosensitivity derived from LNCaP cells
plus extracellular fluid of liver, spleen, and marrow; Ref. 54), corregrown in monolayer with the mean absorbed dose in eagm&hick
sponds to an i.v. injection of 3.4 GBG™Bi on 38 mg of antibody. In shell, it is possible to estimate tha# of 600 cells may be expected
patients with leukemia, wherein localization of radiolabeled antibody
occurred primarily in the marrow, 2.6 GBq #fBi were administered
with no evidence of dose-limiting toxicity. Furthermore, the hematc
logical toxicity observed was not qualitatively different from tha
obtained in a similar population of patients treated witB-amitter a)
conjugated to the same antibody (55).

Fig. 2 shows that at an antibody concentration ofulfdml, corre-
sponding to 38 mg of antibody in a human antibody penetration
relatively slow, given the short half-life &f-*Bi. By 2 h, 76% of alll
213Bj decays have already occurred. As shown in Fig. 2, comple
penetration of spheroids by antibody is not achieved priorto 3h. T
81-um range of the emitteds compensates for this, however, and a
shown in the growth delay curves, a clinically achievable activit
concentration yields substantial spheroid volume reduction. Howev
as demonstrated by the response of L#@-diameter spheroids (Fig.

7) relative to the 13Qtsm-diameter spheroids (Fig. 4), the size distri
bution of micrometastases will have a critical impact on the efficac
of the treatment approach outlined above.

In Fig. 4a, three spheroids appear to be nonresponsive. The v b)
umes of these are still 10- to 100-fold lower in volume than the hi
control growth curves shown in Fig.c4We have no definitive
explanations for why these three spheroids did not undergo fragm:
tation. It is possible that they reflect a heterogeneity in antige
expression, possibly derived from a subpopulation of cells who
antigen density was lower than the typical expression density of t
cell population overall. The results depicted in Fid.réflect “over-
kill,” i.e., the activity concentration used is higher than the thresho
value for avoiding “toxicity” (characterized by substantial fragmen
tation of spheroids treated by radiolabeled, nonspecific antibod
Although the response shown in Figo & excellent, it comes at the
price of greater toxicity. This result is consistent with the dos
calculations depicted in Fig.a3 showing that the absorbed dose c)
profile from the nonspecific antibody at the high concentration |
greater for a significant portion of the spheroid volume than the do
delivered by the specific antibody at the lower activity concentratio. ..
The results suggest that for 130n-diameter tumor cell clusters, the Fig. 9. Lig?t microscope images on days 4,11, 18, and 29 of two sph_eroids tr_eated with
optimal activity concentration for achieving a response lies betvveg'rg MBag/ml*3Bi-J591, where one spheroid fragmentelignd one spheroid experienced

rowth delay but then finally continued to grot).(c, a hot control is shown on days
0.9 and 1.8 MBg/mP*3Bi. 4,11, and 18.
2012
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to survive in smaller spheroids treated with 0.9 MBg/ml. The corres.
sponding number of cells for the larger spheroids is 12 of 1200. The
difference in absolute number of cells remaining is likely to bey.
responsible for the observed differences in treatment efficacy. In
180-um-diameter spheroids treated with the higher, 1.8 MBq/m?'
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