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A report on the in vitro and in vivo pre-clinical data
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The potential of the HER2-targeting antibody trastuzumab as a radioimmunoconjugate useful for both imaging and
therapy was investigated. Conjugation of trastuzumab with the acyclic bifunctional chelator CHX-A"-DTPA yielded a
chelate:protein ratio of 3.4 + 0.3; the immunoreactivity of the antibody unaffected. Radiolabeling was efficient, routinely
yielding a product with high specific activity. Tumor targeting was evaluated in mice bearing subcutaneous (s.c.) xeno-
grafts of colorectal, pancreatic, ovarian and prostate carcinomas. High uptake of the radioimmunoconjugate, injected in-
travenously (i.v.), was observed in each of the models and the highest tumor %ID/g (51.18 + 13.58) was obtained with the
ovarian (SKOV-3) tumor xenograft. Specificity was demonstrated by the absence of uptake of """In-trastuzumab by mela-
noma (A375) s.c. xenografts and ""'In-HulgG by s.c. LS-174T xenografts. Minimal uptake of i.v. injected "'In-trastuzumab
in normal organs was confirmed in non-tumor-bearing mice. The in vivo behavior of ™In-trastuzumab in mice bearing
intraperitoneal (i.p.) LS-174T tumors resulted in a tumor %ID/g of 130.85 + 273.34 at 24 h. Visualization of tumor, s.c. and
i.p. xenografts was achieved by y-scintigraphy and PET imaging. Blood pool was evident as expected but cleared over
time. The blood pharmacokinetics of i.v. and i.p. injected "'In-trastuzumab was determined in mice with and without
tumors. The data from these in vitro and in vivo studies supported advancement of radiolabeled trastuzumab into two
clinical studies, a Phase 0 imaging study in the Molecular Imaging Program of the National Cancer Institute and a Phase 1

radioimmunotherapy study at the University of Alabama.

Introduction

In 1998, anti-HER2 trastuzumab (Herceptin®, Roche) became
the first humanized monoclonal antibody (mAb) to gain US
Food and Drug Administration (FDA) approval. Trastuzumab,
as a single agent, is indicated for the treatment of patients with
metastatic breast cancer whose tumors overexpress the HER2
protein and who have received one or more chemotherapy regi-
mens. Trastuzumab is also approved for use in combination with
paclitaxel for the treatment of patients with HER2 expressing
metastatic breast cancer who have not received chemotherapy for
their metastatic disease.

HER2, a transmembrane receptor tyrosine kinase, is over-
expressed in 25-30% of breast cancers. Patients are selected for
trastuzumab therapy using immunohistochemical (IHC) staining
or fluorescence in situ hybridization (FISH), which probes for
either the expression of HER2 or amplification of the HER2
gene.! Using the IHC technique, the patient’s tumor HER2
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expression must score a 2+ or 3+ to be eligible for therapy.
Of those patients receiving trastuzumab as a single agent, only
12-35% of the patients respond; however, when combined with
paclitaxel, response rates have been 40—60%.° This response rate
is further complicated by the fact that the majority of the patients
who initially respond to trastuzumab therapy will experience
progression of their disease within 1 year of beginning therapy
with the mAb.* The mechanism(s) of this resistance is yet to be
understood.’

Radiolabeled mAbs, whether used in imaging or in therapeu-
tic applications, do not share the same constraints as “naked,”
i.e., unmodified, mAbs. Foremost, not all tumor cells need to
express the target antigen, nor is high expression of that antigen
required. In radioimmunotherapy (RIT), particle decay is omni-
directional and adjacent cells regardless of HER2 expression may
receive a cytotoxic dose. Furthermore, irradiation of cells results
in stress signaling that also affects neighboring cells.®” This dual
bystander effect not only overcomes the heterogeneity of antigen
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Figure 1. Analysis of trastuzumab immunoreactivity. The
immunoreactivity of trastuzumab-CHX-A"DTPA (open circle) for
HER2-expressing (fixed) SKOV-3 cells was evaluated in a competition
radioimmunoassay. The trastuzumab-CHX-A"DTPA was compared to
unmodified trastuzumab (closed circle); the anti-CD33 mAb, HuM195,
(dotted line) served as a negative control.

expression within a tumormass butalso, in some part, overcomes
accessibility barriers.

The potential of HER2 as a target extends beyond breast
cancer, as HER2 is not only overexpressed in breast cancer but
also in ovarian (25-30%), pancreatic (35-45%), colorectal (up
to 90%) and an array of other epithelial cancers.>” In theory,
patients that score 1+ or even + could potentially benefit from
therapy with trastuzumab labeled with either an o- or B-particle
emitting radionuclide. Studies from this laboratory and others
have demonstrated such tumor targeting, as well as therapeutic
efficacy.'™" A wider population of patients might benefit from
therapy with trastuzumab and trastuzumab-targeted therapies.

Radiolabeling trastuzumab with y- or *-emitting radionu-
clides provides a means to visualize and quantitate the HER2
target with a non-invasive methodology.'*!7#20% Radiolabeled
trastuzumab may be exploited as a tool in nuclear medicine to
(1) monitor treatment responses of patients, (2) determine the
emergence of resistance and therefore treatment failure, (3)
make dosimetric calculations and predictions for radioimmu-
notherapeutic regimens, (4) detect distal or metastatic disease,
(5) restage a patient’s disease, (6) select patients for targeted ther-
apy and finally, (7) identify those patients at risk, i.e., cardiac
toxicity.

The objective of the work presented herein was 2-fold. The
first aspect was to provide convincing data advocating the poten-
tial of radiolabeled trastuzumab for imaging and therapy that
would benefit a greater population of cancer patients. The second
was to present the data that serves as the foundation for two
clinical studies. The first is an ongoing Phase 0 imaging study
(NCI-07-C-0101) conducted in collaboration with the National
Cancer Institute’s (NCI) Molecular Imaging Program. The trial
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is designed to establish the safety of ""'In-trastuzumab, determine
the optimal timing of imaging as a function of HER2 status,
correlate uptake with traditional immunohistochemistry (IHC)
assessment of HER2 status, determine biodistribution of the
agent in normal organs and determine the pharmacokinetics of
serum clearance. The second clinical study will be conducted
at the University of Alabama by Dr. Ruby Meredith in collabo-
ration with AREVA Med LLC (Paris, France). In this Phase I
study, escalating doses of ?'?Pb-trastuzumab will be administered
to ovarian cancer patients by intraperitoneal (i.p.) injection to
establish safety and a maximum tolerated dose.

Results

Trastuzumab conjugation with CHX-A”-DTPA, radiolabeling
and in vitro characterization. Conjugation of trastuzumab with
the acyclic ligand, CHX-A"-DTPA, was initially performed using
a molar excess (10-fold) of the ligand to the mAb. This reac-
tion resulted in a final product with a chelate:protein ratio of 3.1.
Subsequent conjugations (-6) have continued to be performed at
a 10:1 molar excess of CHX-A”-DTPA to trastuzumab, yielding
an immunoconjugate with an average chelate:protein ratio of 3.4
+ 0.3. Analysis of the trastuzumab-CHX-A’-DTPA conjugate
by a competition radioimmunoassay indicated that modification
of trastuzumab with' this number-of chelates did not affect the
immunoreactivity of the mAb. (Fig. 1).

Routine radiolabeling of the trastuzumab-CHX-A”-DTPA
preparations have resulted in a % incorporation of 79.6 + 6.6
with a specific activity of 17.8 + 4.7 mCi/mg for "'In and a
44.8% incorporation of *Y with a specific activity of 18.7 *
13.2 mCi/mg. Analysis of the radioimmunoconjugate (RIC) by
size-exclusion high performance liquid chromatography (HPLC)
revealed that the radioactivity had a retention time consistent
with intact IgG with <2% (each) associated with higher and
lower molecular weight species (data not shown).

Immunoreactivity of the RIC was evaluated in a radioim-
munoassay using fixed HER2-positive (SKOV-3). Following an
overnight incubation at ambient temperature, 55.3 + 14.5% of
the radioactivity was bound to the HER2 positive cells. Addition
of 10 g of unlabeled trastuzumab blocked the binding; only
12.5 + 8.8% of the radioactivity remained bound to the cells,
thus demonstrating specificity.

In anticipation of clinical trials, a study was conducted evalu-
ating the affect of specific activity on the integrity and immuno-
reactivity of trastuzumab. 25 pg of trastuzumab was radiolabeled
with amounts of "!In ranging from 110-5,120 p.Ci; the resulting
specific activities ranged from 4.95-177.5 mCi/mg. No loss of
immunoreactivity (54-61.7% binding) was observed when the
antibodies were assayed with HER2 expressing cells; at the same
time, the non-specific binding remained low (<10%). When ana-
lyzed by size-exclusion HPLC, the radioactivity was found to
remain associated with the IgG peak (retention time ~12.7 min)
and neither higher nor lower molecular species were evident (data
not shown).

In vivo behavior of In-trastuzumab. Athymic mice bearing
subcutaneous (s.c.) LS-174T xenografts (n = 5) were injected
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Table 1. Tumor targeting and normal organ distribution of ""In-trastuzumab following i.v. administration in athymic mice, non-tumor-bearing

and bearing s.c. LS-174T xenografts

Non-tumor-bearing mice

Tissue 24 48
Blood 17.95 (1.87)* 19.11 (2.55)
Brain 0.46 (0.06) 0.62 (0.14)
Liver 6.66 (1.20) 6.80 (0.51)

Spleen 8.49 (3.04) 8.52 (2.02)

Kidneys 6.03 (0.32) 6.61 (0.60)
Lungs 8.06 (1.26) 7.66 (1.52)
Heart 5.48 (0.63) 6.03 (1.08)

Stomach 3.03 (0.80) 2.60 (0.24)
Small Intestine 3.76 (1.66) 2.05 (0.75)
Large Intestine 3.03 (0.91) 4.72 (4.61)

Ovaries 4.80 (0.92) 5.49 (1.23)

Uterus 8.36 (4.14) 8.44 (2.39)
Urinary Bladder 3.91 (1.21) 5.14 (2.73)

Muscle 1.97 (0.32) 1.82 (0.19)

Skin 6.62 (0.57) 6.08 (0.57)

Axillary Lymph Nodes 6.15 (2.34) 6.82 (5.04)
Femur 3.56 (0.78) 3.15(0.48)
Salivary 6.67 (1.07) 7.50 (1.13)

Time points (h)

72 96 168
16.14 (3.35) 18.18 (2.03) 12.07 (3.94)
0.43 (0.08) 0.53 (0.04) 0.30 (0.11)
5.99 (1.90) 5.44 (3.05) 4.23 (1.10)
5.97 (1.91) 10.02 (2.15) 5.64 (1.99)
5.58 (0.96) 8.97 (6.42) 4.42 (1.33)
715 (2.14) 7.70 (2.70) 5.23 (2.64)
5.26 (1.20) 8.34 (5.99) 3.90 (1.35)
1.98 (0.39) 3.47 (2.31) 1.79 (0.48)
2.09 (0.34) 2.28(0.88) 1.45 (0.57)
1.86 (0.12) 2.31 (0.44) 1.40 (0.49)
4.81 (1.39) 8.67 (7.71) 3.79 (2.15)
6.01 (1.30) 6.80 (2.73) 4.78 (1.76)
3.77 (1.32) 6.91 (5.82) 2.83 (1.00)
1.59 (0.18) 2.21 (1.50) 0.94 (0.24)
5.42 (1.03) 4.03 (2.10) 3.58(0.74)
3.83(0.78) 8.14 (4.79) 3.57(1.21)
2.16 (0.44) 4.33 (4.64) 1.63 (0.42)
6.55 (1.08) 6.16 (3.62) 4.97 (2.05)

Tumor-bearing mice

Tissue 24 48
Blood 10.54 (1.32) 8.58 (1.17)
Tumor 29.00 (14.85) 35.02 (6.51)
Liver 5.83 (1.10) 6.16 (2.64)
Spleen 3.14 (0.36) 4.13 (1.04)
Kidneys 2.27 (0.22) 2.25(0.77)
Lungs 3.60 (0.27) 3.93 (0.99)
Heart 2.90 (0.48) 2.59 (0.57)
Stomach 1.09 (0.11) 1.15 (0.25)
Small Intestine 1.10 (0.29) 1.19 (0.43)
Large Intestine 0.99 (0.17) 1.17 (0.61)
Ovaries 2.93(0.78) 3.55(1.43)
Uterus 3.08 (0.41) 4.30(1.42)
Urinary Bladder 2.49 (0.49) 3.74 (1.24)
Femur 1.39(0.32) 1.86 (1.06)
Thyroid 2.37 (0.28) 2.37 (0.98)

Time points (h)

72 120 168
7.49 (3.00) 3.32(0.81) 1.45 (1.45)
32.99 (7.26) 22.45 (3.36) 26.94 (4.27)
6.94 (1.74) 6.51 (1.58) 6.93 (3.09)
4.42 (1.51) 2.59 (0.38) 2.79 (1.16)
2.15 (0.45) 1.34 (0.14) 1.53 (0.37)
3.20 (0.63) 1.73 (0.27) 1.69 (0.95)
2.26 (0.83) 1.14 (0.83) 1.33(0.33)
1.49 (0.28) 0.59 (0.28) 0.63 (0.28)
1.30 (0.45) 0.60 (0.45) 0.66 (0.29)
1.42 (0.60) 0.57 (0.60) 0.71 (0.35)
3.74 (0.91) 2.36 (0.91) 1.85 (1.10)
5.84 (4.12) 7.97 (4.12) 3.51(2.08)
3.60 (1.15) 1.66 (1.15) 1.59 (0.72)
1.63 (0.34) 1.77 (1.68) 0.99 (0.40)
3.53 (1.00) 2.03 (1.00) 1.66 (0.85)

2Athymic mice bearing s.c. LS-174T (0.4-0.6 cm diameter) xenografts and non-tumor-bearing mice were injected (i.v.) with """In-trastuzumab
(~7.5 n.Ci/2.3 pg trastuzumab). The mice were sacrificed by exsanguination, the blood and tissues were harvested, wet-weighed and the radioactivity
measured. The values represent the average percent injected dose per gram of tissue (%ID/g). The standard deviations were also calculated and are

given in parentheses.

intravenously (i.v.) with "'In-trastuzumab to define the tumor
targeting and normal organ distribution of the radioimmuno-
conjugate (RIC). Excellent tumor targeting of "'In-trastuzumab
was observed, with a peak tumor %ID/g of 35.02 + 6.51 at 48 h
(Table 1). Throughout the study period, the tumor %ID/g
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remained high with a final value of 26.94 + 4.27 at 168 h. Of
the normal organs, the highest %1D/g was observed in the blood
(10.54 + 1.32) at 24 h, which then decreased to 1.45 + 1.45 by 168 h.
The next highest %ID/g was observed in the uterus, with a value
0f 797 + 0.13 noted at 120 h. Among the remainder of the normal
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Table 2. Biphasic analysis of blood pharmacokinetics
of "In-trastuzumab following i.v. or i.p. administration

Intravenous . RSP
PP Intraperitoneal injection
injection

o? B r @ B r

Non- 5
on-tumor 12 1607 0954 100 669 0998

Bearing
Tumor Bearing 0.6 57.1 0.983 2.5 33.2 0.998

2Non-tumor-bearing mice or mice bearing s.c. LS-174T xenografts were
injected by intravenous or intraperitoneal injection with ~7.5 pn.Ci of
"n-trastuzumab (~2.3 p.g). Blood samples (10 p.L) were drawn over 1-2
week period and measured in a y-counter. The %ID/mL was plotted
and the a- and B- values calculated using SigmaPlot 2001.
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Figure 2. Specificity of """In-trastuzumab was demonstrated by
performing biodistributions with a non-specific antibody and with

HER2 negative xenograft. A non-specific antibody, HulgG (Top Part), was
radiolabeled with ""'In and administered to athymic mice bearing s.c. LS-
174T tumors by i.v. administration (~7.5 nCi/2 pg HulgG) when the tumors
measured 0.4-0.6 cm in diameter. In a second experiment, mice bearing
HER2 negative s.c. melanoma (A375) xenografts were given i.v. injections
of "In-trastuzumab (~7.5 nCi/2.3 g trastuzumab; Bottom Part). Mice

(n = 5) were euthanized at the indicated times, blood, tumor and organs
were harvested, wet-weighed and the radioactivity measured. The %ID/g
with the standard deviations plotted.
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organs, the liver presented with the next highest %ID/g (6.94 +
1.74) at 72 h; values were less than 5 for other organs.

The normal organ distribution of ''In-trastuzumab was
also evaluated in non-tumor-bearing athymic mice. Mice were
injected with ~7.5 nCi of the RIC and euthanized at 24, 48,
72,96 and 168 h for a comprehensive organ harvest. The high-
est %ID/g (19.11 £ 2.55) was obtained in the blood at 48 h
which decreased to 12.07 + 3.94 by the end of the 168 h study
(Table 1). In fact, there seemed to be no difference in the
amount of the RIC in the blood until 168 h. The next highest
%ID/g was observed in the spleen (10.02 + 2.15) 96 h post-
injection. Overall, with the exception of the liver, the normal
organs presented with a higher %ID/g than their counterparts
in the tumor-bearing mice.

The blood pharmacokinetics of
"n-trastuzumab were evaluated in mice bearing LS-174T
(s.c.) xenografts and in non-tumor-bearing mice. As illustrated
by the data presented in Table 2, it is apparent that there was
a longer residence time of the RIC in the blood compartment
when tumor was not present. The T, & and T, 8 phases were
2-fold and 2.8-fold higher, respectively, in the non-tumor-
bearing mice.

Specificity  of targeting.
Specificity of trastuzumab tumor targeting was validated using
two experimental “designs. First; mice bearing s.c. LS-174T
xenografts were injected iv. with "In-labeled HulgG and
then, over the course of a week, euthanized for analysis of their
tumors and normal tissues. The results of this study are illus-
trated in Figure 2A. Overall, the level of "In-HulgG in the
blood is comparable to that of "'In-trastuzumab. The %ID/g
at 24 h was 14.96 + 0.87, which steadily decreased to 5.30 +
1.62 at the end of the 168 h study. The liver resulted in the
highest %ID/g, with a value of 8.55 + 2.86 at 96 h. The maxi-
mum %ID/g for the tumor xenograft was 5.45 + 2.86, which
was observed at 48 h. The lungs also had a higher value than
the tumor at the 24 h time point.

The second experiment involved injecting (i.v.) mice bear-
ing s.c. melanoma (A375) xenografts with In-trastuzumab
(Fig. 2B). As with the previous experiment, the highest level
of the RIC in the blood was noted at 24 h (10.94 + 1.35),
which cleared to 3.43 + 1.79 by 168 h. In the tumor, the peak
%ID/g (9.73 + 3.62) occurred at 48 h and ended with 6.67
+ 0.84 at 168 h. The uptake in the normal organs was low,
comparable to what had been observed in the other tumor
xenograft models.

Potential of "'In-trastuzumab for the targeting of other
cancers. The tumor targeting potential of In-trastuzumab

iv. administered

Wn trastuzumab  tumor

was assessed in five additional tumor s.c. xenograft models rep-
resenting ovarian (SKOV-3), pancreatic (PC-Sw), colorectal
(HT-29) and prostate cancer (DU-145 and PC-3). The results
of these experiments are outlined in Figure 3 and Table 3. In
each of the models investigated, tumor targeting was found to
be comparable to or greater than what was observed with the
LS-174T model. The highest tumor %ID/g obtained was with
the SKOV-3 xenograft at the 96 hr time point (51.18 + 13.58)
while the PC-3 xenograft resulted in the lowest %ID/g with
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Figure 3. Tumor and normal tissue distribution of "'In-trastuzumab. Athymic mice bearing human of prostate (DU-145), pancreatic (PC-Sw), ovarian
(SKOV-3) and colon (HT-29) carcinoma tumors were injected i.v. with """In-trastuzumab (~7.5 pnCi/2.3 pg trastuzumab) when the tumors were 0.4-0.6 cm
in diameter and euthanized at the indicated time points. Blood (closed triangle), tumor (open triangle), liver (closed square), spleen (open square), kid-
neys (closed circle), lungs (open circle) and femur (dotted line) were harvested, wet-weighed and counted in a y-counter. The %ID/g were calculated
and plotted along with the standard deviations.

Table 3. Tumor and tissue distribution of ""'In-trastuzumab in athymic mice bearing s.c. xenografts of human prostate (PC3) carcinoma cells

Time points (h)

Tissue 24 48 72 120 168
Blood 11.89 (2.25) 7.77 (4.43) 9.12 (3.12) 9.08 (1.32) 6.36 (2.57)
Tumor 13.40 (4.44) 11.65 (4.12) 23.62 (15.24) 20.64 (7.96) 19.22 (7.40)
Liver 3.65 (1.08) 3.44(0.59) 4.77 (1.77) 3.44 (0.41) 3.37 (0.65)
Spleen 3.59(0.90) 2.77 (0.94) 3.46 (1.29) 4.34(0.71) 4.16 (1.71)
Kidneys 4.07 (0.41) 3.04 (1.00) 3.21 (1.06) 3.01(0.35) 2.07 (0.52)
Lungs 8.82(8.04) 3.89(1.88) 4.66 (1.71) 4.69 (0.85) 3.10(1.02)
Heart 3.70 (0.54) 2.91(1.79) 2.68 (0.76) 2.50(0.43) 2.24(0.82)
Stomach 1.60 (0.42) 1.29 (0.64) 1.44 (0.39) 1.47 (0.28) 1.18 (0.32)
Small Intestine 1.54 (0.46) 1.24 (0.43) 1.56 (0.41) 1.37 (0.09) 1.20 (0.45)
Large Intestine 1.24 (0.40) 1.14 (0.54) 1.23 (0.31) 1.33(0.18) 1.12 (0.47)
Testes 1.94 (0.52) 1.84 (0.49) 2.08 (0.55) 2.08 (0.52) 2.05 (0.64)
Vesicular Glands 0.67 (0.19) 0.75 (0.36) 0.79 (0.23) 0.70 (0.15) 0.86 (0.47)
Urinary Bladder 2.86 (1.01) 2.02 (0.52) 3.28 (1.44) 3.84 (2.00) 2.18 (0.58)
Femur 1.69 (0.46) 1.43 (0.44) 1.60 (0.46) 1.47 (0.91) 1.45 (0.43)

2Athymic mice bearing s.c. PC-3 xenografts (0.4-0.6 cm in diameter) were injected (i.v.) with ""In-trastuzumab (~7.5 n.Ci/2.3 pg trastuzumab). The mice

were sacrificed by exsanguination, the blood and tissues were harvested, wet-weighed and the radioactivity measured. The values represent the
average percent injected dose per gram of tissue (%ID/g). The standard deviations were also calculated and are given in parentheses.
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injected with the RIC; v-scintigraphic images
were taken over the course of a week (Fig. 4B).
Consistent with the biodistribution data already
discussed, most of the radioactivity was observed
in the heart, lungs and liver, suggestive of the
presence of the RIC in the blood compartment.
In contrast, the irrelevant A375 tumor xeno-
graft was not visible.

v-Scintigraphy was-also performed with each

of the previously noted tumor models to demon-

strate the applicability of In-trastuzumab for

Figure 4. Scintigraphic analysis of athymic mice following i.v. injection of '"'In-trastuzumab.
Mice bearing HER2-positive s.c. LS-174T (0.4-0.6 cm diameter) (A) or HER2-negative s.c.
melanoma (A375) xenografts (B) were given i.v. injections of '"'In-CHX-A"-trastuzumab
(~80-100 pCi/1.0-1.3 pg trastuzumab) and y-scintigraphy performed over a one week
period. Mice bearing s.c. xenografts of human prostate (DU-145, PC3), pancreas (PC-Sw),
ovarian (SKOV-3) and colon (HT-29) carcinoma were also injected with "'In-CHX-A"-

potential management and therapy of patients
with a range of cancers. Images of each tumor
model were collected over a 168 h period; the
72 h images were selected for comparison to the

images taken of the LS-174T model (Fig. 4C).

purposes (C).

trastuzumab and imaged. The images acquired at 72 h are presented for comparative

In each of the models, there was targeting of the

23.62 £ 15.24 at 72 h. The peak %ID/g for the HT-29, PC-Sw
and DU-145 tumors was 39.67 + 8.50, 34.00 + 10.15 and 45.06
+7.22at72h.

Among these five tumor models, the biodistribution of the
RIC to the normal organs demonstrated similar levels and pat-
terns. In general, the highest level (%1D/g) was observed at 24 h,
with a decreasing trend through 168 h of the experiment. Levels
found in the spleens and femurs from the mice bearing the
SKOV-3 xenografts were exceptions. Not only does the spleen
from these animals result in a higher %ID/g, the peak value is
found at 72 h. Regarding the femurs, there is a modest increasing
trend in the uptake of the RIC.

A prostate carcinoma model (PC-3) was selected for a more
extensive evaluation of the RIC in male mice (Table 3). The bio-
distribution pattern of the RIC proved to be similar to that of
the other tumor models using female mice. The highest tumor
%ID/g (23.62 + 15.24) was obtained 72 h post-injection of the
"n-trastuzumab. With the exception of blood and the lungs
at 24 h, all other normal tissues had %ID/g values less than 5.
Uptake in organs such as the testes and vesicular glands was
unremarkable.
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tumor xenograft, which provided tumor visual-
ization and supported the quantitative analysis
of the data discussed.

The LS-174T (s.c.) tumor xenografts were cleatly visualized
by PET imaging, which was performed with *Y-labeled trastu-
zumab. No significant background following i.v. administration
of #Y-trastuzumab (Fig. 5A) was evident by 72 h. Upon comple-
tion of the 72 h imaging session, the mice were euthanized and
analysis of the biodistribution of *Y-labeled trastuzumab was
performed. The tumor uptake values determined by direct analy-
sis of the tissues and quantitative PET were identical (p = 0.94,
n=0).

Targeting and detection of disseminated peritoneal disease
using radiolabeled trastuzumab. The ability to effectively target
disseminated peritoneal disease with locoregional administration
of "In-trastuzumab was investigated in an i.p. model with the
LS-174T tumor. ""In-trastuzumab (-7.5 wCi) was administered
via i.p. injection to mice bearing 5 d peritoneal LS-174T xeno-
grafts. Over the period of 1 week, tumor and normal tissues were
collected for analysis. Excellent tumor targeting was obtained,
with a %ID/g as high as 130.85 + 273.34 at 24 h (Table 4).
Tumor masses, ranging from 3-177 mg (25.6 + 35.0 mg), were
harvested from multiple sites throughout the peritoneum. The
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tumor was typically associated with and adherent to, liver, spleen,
pancreas, walls of the peritoneum and fat in the pelvic region.
The %ID/g remained high at 48, 72 and 96 h, with values of
66.77 + 58.88, 43.78 + 24.64 and 43.57 + 24.52, respectively.
At the 168 h time point, the tumor burden ranged from 7-1,058
(128.5 £ 205.6 mg), with a %ID/g of 14.8 + 12.3; this lower
value most likely reflected the increase in tumor burden. Greater
involvement of tumor with normal tissues determined by mac-
roscopic examination was evident. Among the normal organs
(Table 4), the ovaries, gall bladder, spleen, pancreas, uterus and
urinary bladder presented with high %ID/g values, with the
highest %ID/g of 40.98 + 53.32 for the ovaries observed at 24 h.
In this circumstance, the high value is attributable to one animal
for which the ovary %ID/g was 135.9. This is most likely due to
the presence of tumor that could not be visually discriminated
and dissected. The values for the other four tumor-bearing mice
in this group were 18.08, 9.08, 23.67 and 16.16. In this same
animal, high uptake of the RIC also occurred in the gall bladder;
the %ID/g was 112.68, while the values calculated for the other
animals were 16.8 or less.

Because a higher uptake of the RIC in the normal organs was
observed, a study was conducted to assess the distribution of i.p.
administered In-trastuzumab in non-tumor-bearing animals.
The high %ID/g values cited above were not observed in the
organs collected from miee in which tumor was absent (Table 4):
In general, the level of RIC uptake in the normal organs of the
tumor-bearing mice was comparable to the uptake in the organs
of non-tumor-bearing mice that had received ''In-trastuzumab
by iv. injection. For the organs such as the ovaries, gall blad-
der, pancreas, lymph nodes and stomach, there were only one or
two time points for each of these organs that have higher %ID/g
values than the tumor-bearing mice, while the rest of the time
points were comparable to the levels observed in the non-tumor-
bearing mice.

Blood pharmacokinetics of i.p. injected '"'In-trastuzumab.
Mice bearing ip. tumor (LS-174T) xenografts and non-
tumor-bearing mice were injected i.p. with 'In-trastuzumab
(-7.5 nCi/2.3 pg trastuzumab). Differences between the two
groups of mice were immediately apparent. Appearance of
"n-trastuzumab in the blood from the peritoneum of non-
tumor-bearing mice peaked at 2 h and exhibited a bi-exponential
clearance from the blood. In the tumor-bearing mice, the egress
of the RIC from the peritoneum into the circulation peaked 4 h
post-injection. The relationship of the clearance rates in the
non-tumor vs. the tumor-bearing mice was the same as the iv.
injected groups of mice. The T, a and T3 values are 4-fold and
2-fold greater, respectively, in the non-tumor-bearing mice vs. the
tumor-bearing mice (Table 2).

Planar y-scintigraphy and positron-emission tomography of
disseminated intraperitoneal disease. Treatment of disseminated
peritoneal disease with trastuzumab radiolabeled with a-particle
emitters is a primary focus of studies within this laboratory. As
such, monitoring of disease and response to therapy would prove
a useful tool for optimizing a treatment regimen. Such a capabil-
ity would also prove beneficial in the pending clinical study at
the University of Alabama for monitoring ovarian cancer patients
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Figure 5. Representative reconstructed and processed maximum
intensity whole body projections from positron emission tomography
(PET) of athymic mice bearing tumor xenografts injected with #Y-CHX-
A’-trastuzumab. Mice bearing s.c. (A) and i.p. (B) LS-174T xenografts
were given i.v. or i.p injections, respectively, of 8¢Y-trastuzumab
(80-100 pCi/4.3-5.3 pg trastuzumab) and imaged 3-D post-injection of
the radioimmunoconjugate. The location of the liver and tumor(s) are

following radioimmunotherapy with #?Pb-trastuzumab. With
this in mind, mice bearing i.p. LS-174T tumors were injected (i.p.)
with 80-100 uCi (1-1.3 pg) of In-trastuzumab and imaged
at 24, 48, 72 and 144 h. Forty-eight hours post-injection with
RIC, masses were evident in the peritoneum by vy-scintigraphy
(Fig. 6A). As unbound RIC cleared from the peritoneum or fur-
ther targeting occurred, the masses became more distinct at the
72 h and 144 h time points, while negligible activity was observed
in the rest of the mouse. The mice were euthanized at 144 h due
to progression of disease, the macroscopic tumor was collected
and the %ID/g determined. Tumor masses, from the mouse pre-
sented in Figure 6A were excised from between the liver lobes,
top of the stomach, adherent to the spleen, pancreas, ovaries and
from the abdominal wall with %ID/g of 25, 18.1, 22.1 20.8, 13.3
and 14.6, respectively. When non-tumor-bearing mice were given
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Table 4. Tumor targeting and normal organ distribution of ""'In-trastuzumab following i.p. administration in athymic mice, non-tumor-bearing and
bearing i.p. LS-174T xenografts

Tissue
Blood
Brain
Liver
Spleen
Kidneys
Lungs
Heart
Stomach
Small Intestine
Large Intestine
Ovaries
Uterus
Urinary Bladder
Muscle
Skin

Axillary Lymph Node

Femur
Gall Bladder
Thryoid

Pancreas

Tissue
Blood
Tumor
Brain
Liver
Spleen
Kidneys
Lungs
Heart
Stomach
Small Intestine
Large Intestine
Ovaries
Uterus
Bladder
Muscle
Skin

Axillary Lymph Node

Femur
Gall Bladder

2Athymic mice bearing s.c. LS-174T xenografts and non-tumor bearing mice were injected (i.p.) with "'In-trastuzumab (~7.5 .Ci/2.3 pg trastuzumab).

24
12.73 (4.20)
0.43 (0.15)
5.06 (1.21)
5.97 (1.11)
5.92 (1.25)
6.25 (2.24)
4.46 (0.98)
2.04 (0.21)
2.24(0.27)
2.03 (0.39)
2.83(0.61)
4.18 (1.11)
4.29 (1.82)
1.81 (0.46)
5.30(1.22)
3.22 (1.58)
3.31 (0.43)
1.28 (0.49)
3.25(0.68)
4.62 (0.93)

24
17.51 (3.05)
130.85 (273.34)
0.48 (0.09)
6.97 (1.85)
13.26 (7.01)
6.57 (1.07)
7.56 (1.25)
5.32(1.00)
4.55 (1.94)
3.70 (1.43)
3.10 (0.72)
40.98 (53.32)
9.93 (7.17)
11.55 (9.77)
1.69 (0.95)
5.43 (1.87)
12.09 (4.74)
3.19(1.18)
34.60 (52.39)

48
10.02 (7.09)
0.34 (0.19)
7.71 (4.06)
8.96 (3.21)
5.47 (1.01)
4.82 (2.10)
4.25 (1.23)
3.06 (0.68)
2.89 (0.93)
2.65 (0.82)
4.56 (1.59)
7.16 (3.91)
5.15 (2.80)
1.30 (0.44)
6.08 (1.03)
4.56 (2.58)
6.27 (1.80)
2.95 (2.21)
4.25(0.85)
6.74 (4.09)

Non-tumor-bearing mice

Time points (h)
72
7.75 (4.58)
0.26 (0.12)
5.33(0.43)
7.32(1.27)
4.27 (1.06)
4.7 (2.04)
3.28 (1.67)
1.80 (0.22)
2.35(0.71)
2.14 (0.64)
3.05 (1.80)
7.22 (3.81)
2.70 (0.86)
0.98 (0.45)
4.57 (1.73)
4.44 (1.35)
4.64 (2.87)
3.69 (2.75)
3.04(0.51)
5.66 (1.50)

Tumor-bearing mice

48
11.77 (8.06)
66.77 (58.89)
0.30 (0.16)
5.19 (1.78)
8.28 (3.24)
5.06 (2.23)
5.19 (2.92)
3.42 (2.05)
2.90 (1.16)
2.61 (1.08)
2.24 (0.88)
8.82(7.10)
7.73 (2.60)
4.87 (2.18)
1.23 (0.50)
6.34 (5.21)
19.64 (26.11)
3.81 (1.69)
5.11 (4.44)

Time points (h)
72
6.24 (5.56)
43.78 (21.64)
0.17 (0.12)
5.42(3.83)
8.67 (6.05)
3.78 (1.83)
3.24 (2.56)
2.39(1.71)
2.73 (1.19)
249 (1.29)
1.46 (0.80)
5.00 (1.42)
5.57 (2.26)
2.44(1.09)
1.24 (0.97)
2.69 (1.32)
6.55 (1.72)
3.38(1.51)
21.70 (18.84)

96
8.76 (3.39)
0.27 (0.08)
6.36 (0.84)
9.05 (1.44)
5.02 (0.89)
4.88 (1.74)
3.41 (1.43)
2.05 (0.29)
2.30(0.30)
2.13 (0.36)
2.53(1.33)
6.25 (2.42)
2.48 (0.62)
0.87 (0.12)
3.37 (1.11)
1.96 (0.34)
5.19 (2.16)
1.86 (1.06)
3.70 (1.05)
5.30 (1.54)

96
4.33 (2.93)
43.57 (24.52)
0.15 (0.07)
4.43 (1.38)
7.89 (3.05)
3.87(0.99)
2.67 (1.20)
1.74 (0.76)
3.51 (2.54)
1.88 (0.69)
1.58 (0.55)
5.11 (2.39)
5.46 (1.76)
2.95 (0.65)
0.71 (0.32)
2.74(0.25)
712 (2.47)
3.69 (0.82)
21.85 (9.74)

168
1.95 (0.30)
0.07 (0.01)
1.15 (0.23)
1.99 (0.22)
1.25 (0.44)
1.14 (0.40)
0.88 (0.32)
0.38 (0.08)
0.34 (0.07)
0.33 (0.03)
0.62 (0.20)
1.13 (0.26)
0.59 (0.23)
0.28 (0.10)
0.73 (0.18)
0.78 (0.14)
2.07 (1.11)
0.45 (0.35)
0.63 (0.20)
1.14 (0.12)

168
1.07 (1.08)
14.81 (12.31)
0.07 (0.03
2.63 (1.08
4.93 (2.84)
2.42 (0.63)
1.04 (0.47)
0.62 (0.28)
0.97 (0.56)
1.01 (0.39)
0.74 (0.12)
3.71 (3.57)
3.04 (2.21)
1.37 (0.45)
0.44 (0.19)
1.46 (0.50)
5.88 (4.58)
2.58(0.77)
6.37 (5.47)

)
)

The mice were sacrificed by exsanguination, the blood and tissues were harvested, wet-weighed and the radioactivity measured. The values

represent the average percent injected dose per gram of tissue (%ID/g). The standard deviations were also calculated and are given in parentheses.
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Table 4. Tumor targeting and normal organ distribution of '"'In-trastuzumab following i.p. administration in athymic mice, non-tumor-bearing and

bearing i.p. LS-174T xenografts
Thryoid

Pancreas

9.81 (14.01)
8.91 (5.65)

2.74 (1.48)
16.81 (17.32)

1.61(0.77)
771 (4.77)

2.11 (0.65)
5.51 (3.60)

1.08 (0.25)
3.78 (3.44)

2Athymic mice bearing s.c. LS-174T xenografts and non-tumor bearing mice were injected (i.p.) with "'In-trastuzumab (~7.5 .Ci/2.3 pg trastuzumab).
The mice were sacrificed by exsanguination, the blood and tissues were harvested, wet-weighed and the radioactivity measured. The values
represent the average percent injected dose per gram of tissue (%ID/g). The standard deviations were also calculated and are given in parentheses.

"n-trastuzumab i.p., there was persis- A
tence of activity in the region of the heart,
lungs and liver (Fig. 6B), particularly so /Liver
when compared to what was observed
with tumor-bearing mice at 144 h.
of LS-174T

masses in the peritoneum was also
accomplished with PET imaging when

Visualization tumor

24 h

Liver &
/ Tumor

.

7

Tumor

Tumor

48 h 72h 144 h

%Y-trastuzumab was administered by i.p.
injection (Fig. 5B). Location of the tumor
masses was similar to what was found in
8 Liver

g/

the mice from the planar y-scintigraphic
study, as well as what was observed during
the biodistribution study. Due to the
inherent limitations of small animal
PET for imaging small lesions, absolute
quantitative correlation was.not-achieved
between PET and biodistribution studies

24 h

e Lel 3 Liver < Liver
& 7 -

48 h 72h 144 h

(p = 0.002); however, when tumor to liver

ratios were used, relative quantitative cor-
relation was achieved as the values deter-
mined from PET and biodistribution

Figure 6. Scintigraphic analysis of athymic mice following i.p. injection of "'In-trastuzumab. Mice
bearing i.p. LS-174T xenografts (A) or non-tumor-bearing mice (B) were given i.p. injections of
"n-CHX-A"-trastuzumab (~80-100 n.Ci/1.0-1.3 pg trastuzumab) and y-scintigraphy performed
over a one week period. The location of the liver and tumor(s) are indicated.

were similar (p = 0.91).

Effect of trastuzumab amount on
tumor targeting. Finally, an experiment
was designed to determine the influence of the specific activity
(mCi/mg) of "In-trastuzumab on tumor targeting. HER2 is an
internalizing target and the loss of this receptor from the cell sur-
face could have an impact on the overall amount of radiolabeled
trastuzumab binding to the cells or tumor mass. This is certainly
a consideration when using a RIC for the delivery of therapeutic
doses of a radionuclide. Trastuzumab was radiolabeled at a high
specificactivity (82—93 mCi/mg) and then diluted with unlabeled
trastuzumab. Mice (n = 5) with s.c. LS-174T tumor xenografts
were then injected iv. with 4.0 wCi of "'In-trastuzumab con-
taining 0.05-200 pg of unlabeled trastuzumab, euthanized 72 h
later, the tissues collected and the %ID/g calculated. Previous
studies from this laboratory have demonstrated that 300 pg of
trastuzumab does not prolong the survival of mice with i.p. xeno-
grafts of the LS-174T tumor cell line." The study compared ani-
mals bearing large tumors (1,057 + 520 mg) to those with a lesser
tumor burden (257 + 102 mg). Beginning with the smaller tcumor
burden (Fig. 7A), the 3 lower doses of trastuzumab resulted in
comparable tumor %ID/g values, 35.8 + 10.2, 35.0 + 6.6 and
40.5 + 5.7 at 0.05, 0.1 and 10 pg, respectively. There is a notice-
able decrease in the %ID/g of the tumor starting with 17.1 +
2.2 at the 25 g dose and ending with 8.85 + 1.1 at the 200 pg
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dose of trastuzumab. No differences were discerned in the nor-
mal organs. Shown in Figure 7B, a similar pattern was observed
when the same experiment was performed with mice bearing a
larger tumor burden. At the two lower doses (0.05 and 10 pg) of
trastuzumab, similar %ID/g were obtained for the tumors (25.8
+ 4.8 and 22.1 + 3.6). The tumor %ID/g then declined from
16.7 = 0.2 for the 25 g dose to 8.1 = 3.2 for the 200 pg dose.
Again, no differences were apparent among the normal organs.

Discussion

HER2, a member of the epidermal growth factor receptor fam-
ily, is overexpressed by a wide variety of epithelial cancers com-
pared to normal tissues.’** In fact, overexpression of HER2 is
associated with aggressive disease as well as metastatic disease.**
The differential in HER2 expression between normal and malig-
nant tissues has been sufficient to provide a molecular target for
therapies, including small molecules such as 17-allylaminogel-
danamycin (17-AAG) and large molecules such as trastuzumab
(Herceptin®).? In fact, the prospects of trastuzumab for the treat-
ment of breast cancer were so promising that in 1998 it became
the first humanized mAb to be approved by the FDA. Since
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Figure 7. Effect of specific activity on the tumor targeting of '"'In-CHX-A"-trastuzumab. Mice (n = 5) bearing s.c. LS-174T xenografts were injected with
"Mn-CHX-A"-trastuzumab (~7.5 n.Ci) containing 0.05 to 200 pg of trastuzumab. Mice (n = 5) were euthanized at 72 h, blood, tumor and organs were
harvested, wet-weighed and the radioactivity measured. The %ID/g with the standard deviations was plotted. A comparison of small tumor burden
(257 £ 102 mg) in (A) to a larger tumor burden (1,057 £ 520 mg) in (B) is presented.

then, the limitations of trastuzumab as a monotherapy have
become well-documented.?® Pre-clinical and clinical studies
from this laboratory and others, however, have demonstrated the
feasibility of targeting HER2 with trastuzumab conjugated with
medically relevant radionuclides.!"!>!17121:26:35-57 \{hen radiola-
beled with a- or B-particle emitting radionuclides, trastuzumab
has been efficacious in increasing the median survival of tumor-
bearing mice.'"!#15161%37 Meanwhile, trastuzumab labeled with
radionuclides possessing y- or (*-emissions, is being investi-
gated to detect HER2 tumor expression as a means of selecting
patients for HER2 therapy or monitoring patients during those
treatments.'®?1242>272 Information such as this would allow the
clinician to assess the benefit of the therapy, and if there is treat-
ment failure, to then modify the patient’s treatment regimen.
In the case of patients receiving trastuzumab therapy, imaging
may also serve as a means to identify patients at risk for myo-
cardiotoxicity.'*?*** More specific to RIT with trastuzumab,
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imaging can provide information for dosimetric calculations/
predictions.”

Trastuzumab has proven to be a rather robust mAb that well-
tolerates modification with three to four chelates without loss
of immunoreactivity, which is comparable to results reported
by other investigators.!*'®1%% For example, four to five DOTA
ligands have been added to trastuzumab without any deleterious
results, and Reilly et al. have reported the modification of trastu-
zumab Fab fragment with two to three molecules of the DTPA
anhydride chelate."®* One group reported aggregate forma-
tion if the conjugation reaction of DTPA anhydride to trastu-
zumab exceeded a molar excess of 1:1; they did not report the
actual number of chelates that were conjugated to trastuzumab.!?
The data provided in the present report indicates that trastu-
zumab radiolabeled with ™'In retains its reactivity with HER2
expressing cells even with specific activities as high as 177 mCi/
mg. The ability to attain high specific activity and still retain
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immunoreactivity is an important consideration in the design of
radioimmunotherapy trials in which higher doses are required.
Also relevant is the need to understand how the total amount of
protein in the dose influences the targeting and trafficking of the
radioimmunoconjugate.

The choice of CHX-A”-DTPA as the chelating component
of the trastuzumab conjugate was dictated by two factors. First,
CHX-A”-DTPA has been conjugated to mAbs such as HuS193
and HuM195 and used in clinical studies.’®“! Second, GMP
production and the requisite testing of a conjugated mAb is an
expensive venture both in money and time. CHX-A”-DTPA
has been found to be a suitable ligand for radiolabeling mAbs
with 77Lu, ?"*Bi, 2Bi, Y and "'In.?>%*% Reaction of CHX-
A”-DTPA with each of these radionuclides provides for efficient
radiolabeling that can be accomplished in a short period of time
at temperatures, i.e., 37°C, appropriate for proteins. Thus, one
immunoconjugate that has the potential to be utilized in an array
of either imaging or RIT applications can be produced.

Excellent tumor targeting of the "'In-CHX-“A-DTPA’-
trastuzumab was obtained in each of the xenograft models evalu-
ated, with peak %ID/g values occurring at 4872 h. In general,
the values are presented here are in agreement with previous
reports that reported targeting of breast cancer xenografts.'"
In the studies presented here, an ovarian (SKOV-3) and prostate
(DU-145) carcinoma xenograft; resulted in the greatestuptake of
the radioimmunoconjugate. Interestingly, targeting of SKOV-3
xenografts has been presented previously and the peak tumor
%ID/g obtained was 16.3, one-third of what is reported here.'?
The poorer tumor targeting may be a reflection of the stability
or quality of the radiolabeled trastuzumab conjugate that was
injected. The investigators state that 7% of the radioactivity
was lost, daily, from the radioimmunoconjugate. Specificity of
the "'In-CHX-DTPA-trastuzumab was demonstrated using a
HER2-negative tumor xenograft model, as well as by injecting
mice bearing HER2 positive tumors with an In-labeled non-
specific antibody.

Not only was tumor targeting obtained in each of the models
investigated, a lack of uptake by the normal tissues was observed.
In the absence of HER2-positive tumor, the level of radioactivity
was higher in the blood and normal organs. This observation was
confirmed by the pharmacokinetic studies. In the absence of an
antigen sink, i.e., the HER2-positive tumor, the RIC was found
to persist in the blood compartment. When the RIC was given by
i.v. administration, both the T, a- and B-phases were 2- and 2.8-
fold greater, respectively, in the non-tumor-bearing mice vs. the
tumor-bearing mice. The data suggests that the tumor is more
than likely facilitating the rapid clearance of the RIC from the
blood. Similar differences were also noted in the groups of mice
that received the In-CHX-DTPA-trastuzumab by i.p. injec-
tion. Since the cognate antigen of trastuzumab is human HER2,
then the only source of HER2 is the tumor. Trastuzumab does
not recognize murine HER2 in the tissues or circulating in the
blood.

In 2008, a report from this laboratory noted a similar clear-
ance pattern for "In-labeled cetuximab.” In contrast, the bi-
exponential clearance of '"'In-panitumumab proved to be the
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reverse of that observed for cetuximab and trastuzumab.® It is
unclear at this time if the clearance rates are influenced more
by the target antigen, i.e., degree and rate of internalization, the
mADb affinity for the antigen, the mAb isotype, the form of the
mAb (panitumumab is fully human) or a combination of all of
the above.

Also noteworthy is the observation that the amount of
MIn-CHX-DTPA-trastuzumab in the blood does not appear
to be influenced by the amount of tumor burden. In the study
assessing the effect of specific activity on tumor targeting (Fig. 7),
mice with a tumor burden of 257 + 102 mg presented with the
same blood %ID/g (9.16 + 3.33) as mice with a tumor burden of
1,057 + 520 mg (9.13 + 3.00).

The highest uptake of the "!In-trastuzumab was observed
with i.p. administration of the RIC to target i.p. xenografts, thus
strengthening the argument that locoregional treatment of dis-
ease might be an optimal application.”** Additional studies com-
paring i.p. vs. Lv. injection of "In-trastuzumab for the targeting
of tumors at different sites (s.c., i.p., intrathoracic) is warranted.
The LS-174T tumor model is quite aggressive and mice with i.p.
tumors routinely succumb to disease in ~three weeks; the tumor
burden disseminates throughout the peritoneum. It is not unex-
pected then for the normal tissues of the peritoneum to exhibit
a higher %ID/g than what was obtained in the non-tumor-
bearing mice and, as with ovarian and panereatic cancer patients,
removal of the entire’'tumor burden is not entirely possible. The
higher %ID/g of some of the normal tissues most likely results
from the presence of some tumor tissue. This issue will be revis-
ited in upcoming experiments in which the tissues will be appro-
priately handled and processed for histochemical examination.

The ability to image both the s.c. and i.p. xenografts by planar
v-scintigraphy and PET further validates the clinical potential
of radiolabeled CHX-A”-DTPA-trastuzumab for the treatment
and management of a patient population beyond breast cancer.
Imaging will provide much needed information for the dosim-
etry of trastuzumab in RIT applications, a requisite for the
responsible administration of radiolabeled mAb used for therapy.
Several groups have evaluated trastuzumab as an imaging agent
with various levels of success.'>"*%2*% Sgouros and colleagues
have reported using a peritoneal model of disseminated ovarian
cancer in which microPET image intensity in the tumor matched
the tumor uptake of radioactivity that was quantitated by direct
tissue analysis.”” They also demonstrated that the dosimetry cal-
culations were strongly influenced by the size of the tumor deter-
mined by combining microPET images with MRI.

As a prelude to the clinical trials, the influence of specific
activity on tumor targeting was evaluated in mice with s.c.
LS-174T tumor xenografts. Depletion of this receptor from the
cell surface with the binding of radiolabeled trastuzumab could
affect the overall amount of radiolabeled trastuzumab binding to
the cells or tumor mass and certainly the therapeutic dose in RIT
regimens. If high specific activities can be achieved with a radio-
immunoconjugate, then the amount of antibody may be mini-
mized. If, for whatever reason, a RIC is injected at low specific
activities, i.e., poor labeling efficiency or prevention of radiolysis,
then it is important to understand how tumor targeting is affected
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by the higher levels of the mAb. Decreased tumor targeting was
observed with increasing doses of trastuzumab or lower specific
activity. In contrast, a recent clinical study by Dijkers et al. dem-
onstrated that lower specific activity of ¥Zr-trastuzumab actually
provided better scans by PET imaging.’® Patients on trastuzumab
therapy required a 10 mg dose of trastuzumab for optimal tumor
visualization, while trastuzumab-naive patients required a higher
dosage (50 mg) of the mAb. This dichotomy may reflect limita-
tions of the mouse model employed and the specificity of trastu-
zumab for human HER2. Trastuzumab does not react with
murine HER2 present in normal tissues and therefore saturation
of the target antigen in normal tissues is a moot issue. The study
by Dijkers et al. also highlights another limitation of the murine
model.”® In the studies presented here, optimal targeting of the
"n-trastuzumab occurred 48-72 h post-injection in four of the
five tumor xenograft models evaluated. In contrast, the optimal
visualization #Zr-trastuzumab in patients was found to occur at
96-120 hrs.>® This discrepancy is most likely the result of inject-
ing mice with a xenogenic (human) mAb.

In the arena of monitoring patients during a treatment regi-
men, trastuzumab radiolabeled with ®Cu has been explored
as a tool for PET imaging of HER2 expression as an indicator
of tumor responsiveness to Hsp90 inhibitors.”” Trastuzumab
F(ab’), fragments radiolabeled with **Ga have been investigated
for this same purpose as haye genetically engineered forms-such
as diabodies and affibodies.””>2* In. fact, the on-going clinical
study NCT00613847 with **Ga-trastuzumab at Memorial Sloan
Kettering Cancer Center is assessing its potential for PET imag-
ing patients with solid tumors that are HER2-positive.

Trastuzumab is also being investigated for optical imag-
ing.”*>% Signal attenuation in tissues, however, abrogates the abil-
ity to quantify an agent with an optical probe. One solution to
this problem is to create a dual-labeled agent, one label being the
optical dye and the other being a radionuclide.’>>> One strategy
to achieve this goal is to conjugate the targeting vector with the
optical dye and radioactivity, either as a dual modification or as
a single modification, and then make a “cocktail” containing the
separate optical and radioactive probes.

The limitations to this approach are illustrated by the recent
report from Ogawa et al. in which a dual-modal agent for imag-
ing, using trastuzumab and panitumumab for targeting, was
described.”® Tumor targeting was demonstrated by optical imag-
ing and planar y-scintigraphy, although the quality of the radio-
labeled products is questionable. The data presented %ID/g
uptake of "!In-trastuzumab in the spleen and liver that was
higher than what was obtained in the tumor. This is also evident
in the y-scintigraphic images and indicates that either the mAb
was compromised by the modification or the bifunctional che-
late was inadequate or both. In addition, characterization such
as the number of chelate or dye molecules per mAb molecule
was not presented. This aspect is often overlooked, yet it is well-
documented that modification of a mAb can potentially alter its
immunoreactivity and metabolic processing, and thus targeting
and uptake into target tissue.’®

An alternate strategy involves synthesis of a trifunctional mol-
ecule that contains a group that will react with a targeting agent,
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an optical dye and a chelate that will complex with a radionu-
clide. This latter approach should simplify the characterization
of the modified agent since there is a 1:1 relationship between the
dye and the radionuclide.

As mentioned earlier, patients are selected for trastuzumab
therapy based on the HER2 scoring of tumor biopsies by immu-
nohistochemical techniques; only those with scores of 3+ or 2+ are
considered for trastuzumab therapy. In spite of this pre-selection
criteria, the percentage of patients that respond to trastuzumab
as a single agent is quite low (12-35%). When combined with
anthracyclines or taxanes, the percentage of responders increases
to as high as 60%.? Using breast cancer xenograft mouse models,
McLarty et al. were able to distinguish HER2 expression lev-
els with "In-trastuzumab.?® The investigators were also able to
associate responsiveness to trastuzumab with uptake of the radio-
labeled trastuzumab. The differentiation, however, required cor-
rections for tumor uptake and radioactivity in the blood using a
non-specific antibody, a scenario that might not be easily accom-
plished in patients. Studies are ongoing within this laboratory
evaluating and comparing the level of HER2 expression in the
various tumor xenografts with the level of In-trastuzumab
uptake.

The six tumor models presented in this report ranged in the
degree of RIC targeting, as well as in the timing of peak tar-
geting. Successful therapy or imaging, using radiolabeled trastu-
zumab requires neither a-high expression of HER2 by a patient’s
tumor nor expression of HER2 by every cell. In the arena of
therapy, radioactive decay is omni-directional and neighboring
cells, whether expressing the HER2 target or not, may receive
a therapeutic dose of radiation (the “bystander effect”).” In the
case of imaging, again, not all cells in a tumor mass need to either
express HER2 or express HER2 at high levels for adequate signal
to be produced for detection of tumor masses. This is the basic
premise of advancing In-trastuzumab into an imaging study
at the NCI and a therapy study with ?"?Pb-trastuzumab at the
University of Alabama. The data presented here is not only the
foundation for these two clinical studies, but also demonstrates
the potential of radiolabeled trastuzumab in the treatment and
management of cancer patients. Thus, the utility of radiolabeled
trastuzumab should not be limited solely to the diagnosis and
treatment of breast cancer patients, nor should it be restricted to
just those patients with higher levels of HER2 expression.

Materials and Methods

Cell lines. In vivo studies were conducted using human carci-
noma cell lines of the colon (LS-174T and HT-29; provided by
Dr. J. Greiner, NCI), pancreas (PC-Sw; obtained from Dr. JB
Mitchell, NCI), prostate (DU-145 and PC-3), ovary (SKOV-3)
and a melanoma cell line (A375). All cell lines, unless stated
otherwise, were obtained from ATCC (Manasass, VA). LS-174T
was grown in Dulbecco’s minimum essential medium (DMEM)
supplemented with 10 mM glutamine.’® SKOV-3 were main-
tained in McCoy’s 5a medium and A375 cells in DMEM with 1
mM sodium pyruvate.”” PC-Sw, PC-3 and DU-145 were grown
in RPMI-1640.%% All media were also supplemented with 10%
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FetalPlex (Gemini Bio-Products, Woodland, CA, USA) and 1
mM non-essential amino acids. Media and supplements were
obtained from Quality Biologicals (Gaithersburg, MD, USA),
Invitrogen (Carlsbad, CA, USA) or Lonza (Walkersville, MD,
USA).

Chelate synthesis and mAb conjugation. The synthesis, char-
acterization and purification of the bifunctional ligand, CHX-
A”-DTPA, used as the radiometal chelate, has been previously
described.”” Conjugation of trastuzumab with CHX-A”-DTPA
was accomplished by methods previously published using a 10:1
molar ratio of chelate to trastuzumab in the reaction."*> HulgG
(MP Biomedicals, Santa Ana, CA, USA) was also conjugated
with CHX-A”-DTPA at a 10:1 molar ratio, resulting in a final
chelate-to-protein ratio of 1.7. The HulG-CHX-A” served as a
non-specific antibody in the tumor targeting studies. The final
concentration of trastuzumab was quantified by the method of
Lowry using a BSA standard.”” The average number of CHX-
A”-DTPA molecules linked to the mAb was determined using
a spectrophotometric assay based on the titration of yttrium-
Arsenazo(III) complex.*

Radiolabeling. Radiolabeling of CHX-A"-trastuzumab
(50 pg in 100 pL of 0.15 M NH,OAc buffer, pH 7.0) with "'In
was performed by adding 0.5-1 mCi in 1-2 pL of 'In Cl (in
0.05 M HCI) (PerkinElmer, Shelton, CT, USA).%>* The reaction
was quenched after 30 min with 0.1 M EDTA (3 pL) toscavenge
free radiometal and the radiolabeled product was purified using a
PD-10 desalting column (GE Healthcare, Piscataway, NJ, USA).

%Yterium, produced as previously described, was generously
provided by the Washington University School of Medicine.”
CHX-A’-DTPA-Trastuzumab (50 pg in 0.15 M NH,OAc) was
added to the *Y solution (3.8—4.6 mCi in 0.1 M nitric acid,
500 pL) containing ascorbic acid (50 L, 220 pg/wL) that had
been neutralized to pH 5-6 with NH,OAc buffer (50 wL 5 M,
pH 7.0). After a 30 min incubation at ambient temperature, the
mixture, vortexed briefly and incubated at room temperature for
30 min. The reaction was quenched and the radiolabeled product
was purified using a PD-10 desalting column.

Radio-iodination of trastuzumab with '®I was performed
using Iodo-Gen (Pierce Chemical, Rockford, IL, USA).% Briefly,
a solution of Na'®I (0.5-1 mCi) was added to a solution of
trastuzumab (50 pg) in phosphate buffer (100 L, 0.1 M, pH
7) contained in a test tube pre-coated with Iodo-Gen. The radio-
iodinated product was purified as above using a PD-10 desalting
column after 3 min incubation at room temperature. Integricy
of the final radiolabeled products was evaluated by size-exclu-
sion chromatography using an analytical TSK-3000SW column
(Tosoh Bioscience, Montgomeryville, PA, USA) eluted at a flow
rate of 0.5 mL/min.

Radioimmunoassays. The immunoreactivity of the trastu-
zumab-CHX-A"-DTPA conjugate was evaluated in a competi-
tion radioimmunoassay as described elsewhere.” 96-well plates
were seeded with SKOV-3 cells (-3 x 10 in 100 pL) and incu-
bated for 4-5 days until ~-80% confluency was attained. The
cells were fixed with 80% cold methanol (200 L), after 1 h at
4°C, the wells were washed with PBS and PBS/BSA (150 L)

added to each well and allowed to sit for an additional hour at
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ambient temperature. The wells were aspirated and serial dilu-
tions (0.08-5,000 ng in 50 wL BSA/PBS) of unmodified trastu-
zumab or trastuzumab-CHX-A”-DTPA conjugate were added to
the wells in triplicate, one set of wells received BSA/PBS without
any competitor, along with '®I-trastuzumab (-100,000 cpm in
50 wL BSA/PBS). Following an overnight incubation at ambi-
ent temperature, the wells were washed three times with BSA/
PBS. The bound radioactivity was removed with 100 wL 0.2 M
NaOH, transferred to 12 x 75 mm tubes and counted in a
v-scintillation counter (Wizard One, PerkinElmer, Shelton,
CT, USA). The percent inhibition was calculated using the buf-
fer control and plotted. HuM195, an anti-CD33 mAb provided
by Dr. M. McDevitt, Memorial Sloan-Kettering Cancer Center,
served as a negative control.

The immunoreactivity of the "'In-trastuzmab was assessed in
a radioimmunoassay as detailed previously using methanol-fixed
SKOV-3 cells.® Serial dilutions of "'In- trastuzumab (-300,000
to ~12,500 cpm in 50 pL of BSA/PBS) were added to 12 x 75
mm test tubes containing SKOV-3 cells (1 x 10¢/50 wL PBS/
BSA) and left for 18 h at ambient temperature. The cells were
then washed, pelleted and counted in a y-scintillation counter.
The percentage binding was calculated for each dilution and
averaged. The specificity of the radiolabeled trastuzumab was
confirmed by incubating one set of cells with radiolabeled trastu-
zumab and 10 pug of unlabeled trastuzumab.

In vive studies. All in-vivo studies were performed using 4—6
week old female or male athymic (nu/nu) mice (Charles River
Laboratories, Wilmington, DE, USA). All animal protocols were
approved by the NCI Animal Care and Use Committee.

Tumor targeting. Mice were injected s.c. in the right rear leg
with either 2 x 10° LS-174T cells or 4 x 10° PC-Sw, SKOV-3,
DU-145, HT-29, PC-3 or A375 cells in media (200 L) with
20% Matrigel (BD Biosciences, San Jose, CA, USA). Mice were
utilized in studies when the tumor xenografts maximal diam-
eter measured 0.4—0.6 cm. Mice (n = 5 per time point) were
injected iv. with "In-CHX-A"-trastuzumab (-7.5 nCi/2.3 pg
trastuzumab) and sacrificed by exsanguination at time points
from 24-168 h. The i.p. model entailed injecting mice with 1 x
10® cells in 1 mL of media. The mice bearing the i.p. xenografts
were then utilized in studies 5 d post-tumor implantation. In all
studies, the blood, tumor and major organs were collected, wet-
weighed and counted in a <y-scintillation counter. The percent
injected dose per gram (%ID/g) and standard deviation were
calculated.

Pharmacokinetics. Blood pharmacokinetics were performed
with both non-tumor-bearing (n = 5) and mice bearing s.c.
LS-174T tumors (n = 5). Following i.v. (0.2 mL) or i.p. (0.5 mL)
injection of ~7.5 wCi "'In-CHX-A"-trastuzumab, blood samples
were collected at various time points via the tail vein in hepa-
rinized capillary tubes (10 wL; Drummond Scientific, Broomall,
PA). The blood was transferred to a cotton filter, placed in a 12
x 75 mm tube and the radioactivity measured in a y-scintillation
counter. The percent injected dose per mL of blood was calcu-
lated for each of the samples; the averages and standard deviations
were calculated and plotted. The T, a and T, B were calculated
using Sigmaplot 2001 Version 7.101 (SPSS, Inc., San Jose, CA).
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v-Scintigraphy. Radioimmunoscintigraphy was performed
with mice bearing s.c. LS-174T PC-Sw, HT-29, DU-145, SKOV-
3, PC-3 and A375 xenografts to further validate tumor target-
ing with "'In-CHX-A"-trastuzumab. Tumor-bearing mice (n
= 4-5) were given iv. injections of "'In-CHX-A"-trastuzumab
(-80-100 wCi on 6-7.5 pg) in 200 pL of PBS. The mice were
chemically restrained with 1.5% isoflurane (Abbott Laboratories,
NJ) delivered in O, using a Summit Anesthesia Solutions vapor-
izer (Bend, OR) at a flow rate of ~1.0 L/min. Images (100,000
counts) were acquired 24-168 h post-injection with a large field
of view (LFOV) gamma camera equipped with a pinhole col-
limator using a 20% window centered on both photopeaks (173
and 247 KeV).%

Positron-emission tomography. Small animal positron-
emission tomography (PET) studies were performed using the
ATLAS (Advanced Technology Laboratory Animal Scanner) at
the National Institutes of Health, Bethesda, MD USA. Whole
body imaging studies (6 bed positions, total acquisition time
of 1 h per mouse) were carried out on mice anesthetized with
1.5% isoflurane on a temperature-controlled bed as previously
described.” Briefly, LS-174T tumor-bearing female athymic

mice were injected iv. and i.p (for s.c. and i.p tumors xenografts,
respectively) with ~100 nCi of #Y-CHX-A”-DTPA-trastuzumab.
For mice bearing i.p tumors, the active dataset was filtered using
the 3-D median filter method (kernel size = 3) to preserve the
edges while removing background noise. The reconstructed
images were processed and analyzed using AMIDE (A Medical
Image Data Examiner) software program. To minimize spillover
effects, regions of interest (ROIs) were drawn to enclose approxi-
mately 80-90% of the organ of interest, avoiding the edges. To
minimize partial-volume effects caused by non-uniform distribu-
tion of the radioactivity in the containing volume, smaller ROIs
were consistently drawn to enclose the organ. After imaging, the
mice were euthanized and biodistribution studies were performed
to determine the correlation between PET-assessed in vivo %ID/
cc and biodistribution determined %ID/g.
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