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targeted a-particle radiation therapy of HER1-
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HulgG, human immunoglobulin; TCMC, 1,4,7,10-tetraaza-1,4,7,10-tetra-(2-carbamoyl methyl)-cyclododecane;
BSA, bovine serum albumin; %ID/g, percent injected dose per gram; i.p., intraperitoneal; s.c, subcutaneous;
PBS, phosphate-buffered saline; PET, positron emission tomography; MS, median survival

Although the epidermal growth factor receptor (EGFR), also known as HER1, has been studied for over a decade, it
continues to be a molecule of great interest and focus of investigators for development of targeted therapies. The
marketed monoclonal antibody cetuximab binds to HER1, and thus might serve as the basis for creation of imaging or
therapies that target this receptor. The potential of cetuximab as a vehicle for the delivery of a-particle radiation was
investigated in an intraperitoneal tumor mouse model. The effective working dose of 10 uCi of '?Pb-cetuximab was
determined from a dose (10-50 n.Ci) escalation study. Toxicity, as indicated by the lack of animal weight loss, was not
evident at the 10 wCi dose of *'?Pb-cetuximab. A subsequent study demonstrated *'*Pb-cetuximab had a therapeutic
efficacy similar to that of 2'?Pb-trastuzumab (p = 0.588). Gemcitabine given 24 h prior to 2'?Pb-cetuximab increased
the median survival from 174 d to 283 d, but carboplatin suppressed the effectiveness of 2'?Pb-cetuximab. Notably,
concurrent treatment of tumor-bearing mice with 2'?Pb-labeled cetuximab and trastuzumab provided therapeutic
benefit that was greater than either antibody alone. In conclusion, cetuximab proved to be an effective vehicle for
targeting HER1-expressing tumors with a-radiation for the treatment of disseminated intraperitoneal disease. These
studies provide further evidence that the multimodality therapy regimens may have greater efficacy and benefit in the

treatment of cancer patients.

Introduction

To date, studies from this laboratory have focused on target-
ing human epidermal growth factor receptor 2 (HER2)-express-
ing tumors with 212ph and *"’Bi using trastuzumab as the
delivery vehicle. Targeting HER2 with a-particle radiation has
proven successful in treating disseminated peritoneal disease.
Trastuzumab labeled with either *'’Bi or *'*Pb extended the
median survival of mice bearing intraperitoneal (i.p.) tumors by
3- to 4-fold."* This therapeutic benefit can be potentiated by
incorporating chemotherapeutics such as gemcitabine, paclitaxel
or carboplatin into the treatment regimen.>”

213Bismuth, a decay product of 22 Ac, has a Ty, of 45.7 min
whereas 2'?Pb is a 10.6 h half-life B -emitter that decays to
212Bi, an a-emitter with a T}/, of 60.6 min. The strategy of
exploiting 212D}y 35 an in vivo generator of 21285 overcomes the
disadvantages of a shorter half-life radionuclide. In fact, a 212pp_
labeled monoclonal antibody (mAb) can deliver >10 times the
dose of a mADb labeled with a bismuth radioisotope. Most of the
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dose delivered to the cell comes from the a-decays of the *'*Pb
daughters, *'*Bi and *'*Po.® When 2'?Pb decays, up to 36% of
the 2'*Bi could be lost from the chelate as a result of recoil. Loss
of the *'?Bi appears not to be particularly problematic if the
radioimmunoconjugate is injected intraperitoneally.”

The success of the investigations with *'*Pb has led to their
translation into a clinical study at the University of Alabama. Ini-
tiated in July 2011, this study (NCT01384253) is assessing the
safety of *’Pb-1,4,7,10-tetraaza-1,4,7,10-tetra-(2-carbamoyl
methyl)-cyclododecane—trastuzumab (*’Pb-TCMC-trastuzu-
mab) radioimmunotherapy (RIT) administered by i.p. injection.
Patients under recruitment are those with HER2-positive perito-
neal neoplasms of ovarian, pancreatic and gastric origin. At this
juncture, no adverse reactions or toxicities have been reported for
patients receiving *'*Pb-trastuzumab.® This clinical study has
now been extended to a second site at the University of California
at San Diego.

More recent studies within the laboratory have focused on elu-
cidating the mechanism(s) by which the a-targeted therapy
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invokes effective tumor cell death. Targeting LS-174T tumors
with 2'?Pb-trastuzumab increases DNA double-stranded breaks,
impairs DNA damage repair, persistent G2/M arrest and chro-
matin remodeling.9’10

HER?2 is expressed by an array of epithelial cancers such as
pancreas (35-45%), breast (25-30%), ovarian (25-100%) and
colorectal (up to 90%).""~"* Conversely, one might also state
that HER2, for example, is not well expressed in 55-65% of pan-
creatic cancers, and therefore identification of additional molecu-
lar targets is warranted to expand the repertoire of o-targeted
RIT. The epidermal growth factor receptor (EGFR; HER1) is
one such possibility. HER1 is over-expressed in pancreatic, head
and neck, breast, renal, colorectal, prostate, ovarian, bladder and
breast cancer. This target is also overexpressed in malignancies
such as glioma and mesothelioma.'” ™

First approved in 2004, cetuximab is indicated for the treat-
ment of patients with HER1-positive metastatic colorectal can-
either or without,
dependent on the patient’s tolerance. Cetuximab therapy has

cer, in combination with irinotecan,
been found to reduce tumor burden and delay tumor growth in
some patients, but does not necessarily extend patients’
lives."®?° The advantage of RIT is that its effectiveness is not
dependent on the pharmacological effect of the targeting vector’s
biological interaction with its target, i.e., cetuximab’s interaction
with HER1. Furthermore, RIT does not require high expression
of the target molecule. Nevertheless, cetuximab has potential as a
radiotherapeutic agent. Several imaging investigations have
explored the practicality of using cetuximab for monitoring dis-
ease, assaying EGFR expression, determining patient selection as
well as for performing dosimetric calculations for RIT.*'2® The
possibility that cetuximab might be appropriate for RIT applica-
tions was demonstrated in a set of studies published by this labo-
ratory.”” Tumor targeting of '''In-cetuximab was validated in 5
tumor models by direct quantitation of tumor tissue and with
-scintigraphy. The usefulness of cetuximab was also confirmed
in a study in which cetuximab labeled with *°Y was studied for
positron-emission tomography (PET) imaging.>*?°

The studies described herein are both exploratory and confir-
matory to the above hypothesis, evaluating the potential of cetux-
imab for a-targeted therapy of disseminated intraperitoneal
disease. Consistent with previous studies from this laboratory,
this investigation also includes studies combining chemothera-
peutics (gemcitabine and carboplatin) with RIT to assess poten-
tial therapeutic efficacy enhancement of HERI targeting
a-emitting high-LET *'*Pb-labeled cetuximab. The ultimate
goal is to establish a multimodality regimen, using multiple tar-
geting vehicles, for the management of cancer patients with dis-
seminated intraperitoneal disease.

Results
In vitro analysis of cetuximab-TCMC and *"*Pb-cetuximab
Conjugations of cetuximab with TCMC proved routine.

When performed at a 10:1 molar ratio of TCMC:cetuximab, a
final chelate-to-cetuximab ratio of 4.2 4+ 2.1 was obtained. The
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Figure 1. Evaluation of cetuximab-TCMC immunoreactivity. The imunor-
eactivity of cetuximab-TCMC (O) was evaluated in a competition radio-
immunoassay using purified human EGFR. The immunoconjugate was
compared to unmodified cetuximab (@). HuM195 (----), a mAb that rec-
ognizes CD-33, was used as a negative control.

immunoreactivity of the cetuximab-TCMC conjugate was main-
tained compared to unmodified cetuximab in a competition
radioimmunoassay (Fig. 1). Radiolabeling the TCMC-cetuximab
conjugate was likewise consistent with results that are obtained
with trastuzumab. The cetuximab labeling was efficient (65%),
achieving an average specific activity of 4 mCi/mg. The immuno-
reactivity of the *'*Pb-cetuximab was evaluated in a radioimmu-
noassay using purified recombinant human EGFR. After a 4 h
incubation at 37°C, the percent bound of *'*Pb-cetuximab was
78%. Addition of unlabeled cetuximab to one set of wells
reduced the amount bound to 0.9%, thus demonstrating reten-
tion of specificity by the 212Ph_cetuximab.

Validation of tumor targeting of radiolabeled cetuximab in
an i.p. tumor xenograft model

Previous publications from this laboratory demonstrated the fea-
sibility of targeting HER1 with radiolabeled cetuximab ('''In or
80Y) for the management of a range of cancers, included ovarian,
colon, prostate, pancreatic and mesothelioma.”>?> These studies
were performed with mice bearing subcutaneous (s.c.) tumor xeno-
grafts and the radiolabeled cetuximab given by an intravenous (i.v.)
route. The first step in the current series of studies, therefore, was to
appraise the targeting qualities of cetuximab in the i.p. model to
determine if further pursuit of this mAb for targeted a-radiation
therapy of disseminated peritoneal disease was valid.

Athymic mice with i.p. LS-174T xenografts (n = 5) were
injected (i.p.) with "Th-cetuximab to establish and define tumor
targeting as well as normal organ distribution of the radioimmu-
noconjugate. Detailed in Fig. 2A, the "n-CHX-A-cetuximab
demonstrates excellent targeting of the i.p. tumors with a tumor
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percent injected dose per gram (%ID/g) of 51.8 & 26.4 at 24 hr.
The tumor%ID/g then decreases through the 1 week study
period to 37.8 £ 20.5, 34.8 & 31.8, 21.1 & 2.2 and 8.3 £ 3.2
at 48, 72, 144 and 168 h, respectively. This decrease in the
tumor%ID/g reflects the aggressive nature of the rapidly growing
LS-174T tumor. At 24 h, the average weight of the tumor tissue
harvested from the mice was 147 £ 102 mg. By the end of the
study, at 168 h, the average amount of tumor collected was
1,362 £+ 802 mg. When the amount of radioactivity in the
tumor is calculated and plotted (Fig. 2B), the cpm (decay cor-
rected) was found to be relatively constant through the study,
demonstrating a decreasing trend that is not as dramatic as that
perceived in the %ID/g vs. time plot.

Of the normal organs, the highest %ID/g was observed in the
liver (26.8 £ 3.4) and the spleen (24.5 &+ 6.2) at 24 h; both
decreased by 168 h (4.0 & 1.1 and 5.8 &£ 2.2, respectively). The
high %ID/g of these normal organs at 24 h and subsequent
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Figure 2. Tumor and normal tissue distribution of '''In-cetuximab.
(A) Athymic mice bearing 5 d LS-174T i.p. tumor xenografts were
injected i.p. with '"'In-cetuximab (~7.5 p.Ci). The mice (n = 5) were
euthanized at 24 {5, 48 (), 72 (KY), 144 () and 168 h (I after the
injection. The tumor and tissues were harvested, wet-weighed and the
radioactivity measured in a y-counter. The%ID/g and standard deviation
were calculated. (B) The average cpm of the tumor and tissues was also
calculated as well as the standard deviation.

decrease corresponds with the trend observed in the blood. The
blood presented with the next highest %ID/g at 24 h with a value
of 23.1 £ 7.86 and ended with %ID/g of 0.5 &= 0.22 at 168 h.

Determination of effective therapeutic dose of >'*Pb-
cetuximab

Having validated i.p. injected cetuximab as a vehicle for tar-
geting i.p. tumor xenografts, a therapy study was then designed
and performed to establish an effective therapeutic dose. When
combining cetuximab RIT with chemotherapeutics, the lower
range of the maximum effective therapeutic dose is desired to
avoid obscuring any potentiation of therapy.

Athymic mice bearing a 3 d i.p. tumor (LS-174T) burden
were injected i.p. with increasing doses (10-40 wCi) of >'*Pb-
cetuximab. As illustrated in Figure 3, therapeutic efficacy was
observed at all doses. A median survival (MS) of >294, 148, 235
and 223 d was achieved with 10, 20, 30 and 40 p.Ci of 212py,_
cetuximab, respectively (p = < 0.001). A MS, in fact, could not
be determined for the 10 pwCi treatment group. At 294 d, when
the experiment was terminated, 6 of 10 mice were still alive.
Compared to the set of mice that were not treated (28 d MS),
this represents a therapeutic index (treatment MS divided by the
untreated MS) of >10.5, 5.3, 8.4 and 8.0 for the mice treated
with 10, 20, 30 and 40 p.Ci of *'*Pb-cetuximab, respectively. In
contrast, the mice treated with 20 and 40 wCi of *'*Pb-HulgG,
experienced a MS of 33 and 50 d, corresponding to only 1.2
(p = 0.936) and 1.8-fold (p = 0.796) greater than that of the
untreated group. There was a significant difference between the
groups that received 20 nCi (p = 0.004) or 40 uCi (p = 0.022)
of ?'?Pb-labeled cetuximab and HulgG.
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Figure 3. Effect of increasing doses of 2'*Pb-cetuximab. Kaplan-Meier
survival curves of mice (n = 10) bearing i.p. LS-174T tumor xenografts
and treated with increasing doses of i.p. injected 2'?Pb-cetuximab (10,
20, 30 and 40 p.Ci) or the control antibody, 2'?Pb-HulgG (20 and 40 p.Ci)
and compared to a group of mice that were not treated.
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Table 1. Effect of increasing doses 2'?Pb-cetuximab i.p. therapy on the weights of athymic mice bearing LS-174T i.p. tumor xenografts

Days
RIT Dose 0 9 16 21 24 28
None 252+1.8 265+ 25 26.0 £3.6 259+ 3.1 254+45 249 £ 438
Cetuximab 10 pCi 253+08 256+ 14 255+ 1.8 257 +14 256+ 15 260+13
20 pGi 256 £ 2.0 249 +3.2 26.1 £29 258+24 257 £22 26.5 £ 2.1
30 pCi 250+14 228+ 1.7 252+£19 246+1.8 247 £19 247 £1.8
40 uCi 253+13 23.7+14 245+13 246+13 255+13 255+14
HulgG 20 pCi 256+14 23.2+22 239+23 234+24 233+23 243+£20
40 uCi 264+13 228+ 14 235+1.8 234+14 234+16 235+1.8

Animal weights were monitored as an indicator of toxicity following treatment with escalating doses of 2'?Pb-cetuximab. Additional groups included

untreated and 2 doses (20 and 40 .Ci) ofzuPb—HngG.

Examination of (Table 1) the animals’ weights, used as an
indicator of toxicity, showed that, among the groups injected
with 2'*Pb-cetuximab, the 30 pCi and 40 wCi groups lost 8.8%
and 9.1% of their body weight, respectively, 9 d after treatment.
However, after 4 weeks, the mice appear to have recovered
because they attained the body weight recorded at the beginning
of the therapy study. The 20 nCi group experienced a modest
weight loss of 2.8% after 9 d and the group treated with 10 uCi
of 2'*Pb-cetuximab showed no weight loss. There was no statisti-
cal difference between the weights of the untreated group and the
groups receiving either 10 uCi (p = 0.4656) or 20 wCi
(p = 0.1008) of 212Ph_cetuximab. In contrast, the weight loss
was more dramatic in the mice receiving the 212Pb—HngG; at
11 d there was a weight loss of 24% for the 20 wCi dose (p =
0.0060) and 36% for the 40 wCi (p = 0.0029). This latter group
of mice did not regain weight. Simply based on the superior ther-
apeutic index along with the lack of “toxicity,” 10 wCi was cho-
sen as the effective therapeutic dose for subsequent studies with
212Ph-cetuximab, thereby also making a direct comparison with
212Pb-trastuzumab possible.
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Figure 4. Validation of the effective working dose of 2'*Pb-cetuximab
therapy. Kaplan-Meier survival curves of mice (n = 10) bearing i.p. LS-
174T tumor xenografts were injected ip. with 10 wCi 2'>Pb-labeled
cetuximab and compared to 2'?Pb-trastuzumab. Additional groups of
mice included untreated and 2'?Pb-HulgG. Another group of mice
received a single dose of unlabeled cetuximab (2 mg).
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Confirmation of >'?Pb-cetuximab dose for subsequent RIT
studies

An experiment to validate the dose of *'*Pb-cetuximab was
then performed. In the same study, the therapeutic efficacy of tar-
geting HER1 with *'*Pb-cetuximab was compared to that of tar-
geting HER2 with 212ph_trastuzumab. Cohorts of 10 mice each,
bearing i.p. LS-174T tumor xenografts, were treated with
10 pCi of *'*Pb-labeled cetuximab, trastuzumab or the non-spe-
cific polyclonal *'*Pb-HulgG. While, *'*Pb-cetuximab was effec-
tive with a MS of 84 d and a therapeutic index of 4.2 (Fig. 4),
greater therapeutic efficacy was observed with *'*Pb-trastuzumab
with a MS of 113 d and a therapeutic index of 5.7. The differen-
ces in survival of the two groups, however, were not significant
(p = 0.588). As is usually observed, the *'*Pb-HulgG also pro-
vided some therapy with a MS of 34 d. All groups are compared
to the untreated group of mice with a MS of 20 d. To determine
whether or not unlabeled cetuximab alone had any therapeutic
effect on the LS-174T tumor xenografts, one set of mice (n =
10) was treated with 2 mg of cetuximab. With a MS of 13 d,
cetuximab alone at this protein dose and scheduling does not
appear to have any therapeutic effect on the LS-174T tumor xen-
ografts. Consistent with the previous experiment, no weight loss
was observed in the tumor-bearing mice treated with 10 nCi of
212Pb-cetuximab. There was also no weight loss in the groups
that were injected with *'*Pb-trastuzumab, HulgG or the unla-
beled cetuximab (data not presented).

Table 2. Median survival (days) of athymic mice bearing i.p. LS-174T xeno-

grafts  following ip. administration of 2'?Pb-cetuximab  and
chemotherapeutics

Radioimmunotherapy
Chemotherapeutic None Cetuximab HulgG
None 24 174 (7.3) 24 (1.0)
Gemcitabine 24 (1.0° 283 (11.8) 49 (2.0
Carboplatin 31(1.3) 80 (3.3) 43 (1.8)

“The values in parentheses are the therapeutic indices (median survival of
the treatment group divided by the median survival of untreated group).
The gemcitabine and carboplatin were injected 24 h prior to 2'?Pb-RIT
administration.
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Table 3. Effect of chemotherapeutics in combination with 2'?Pb-radioimmunotherapy on the weights of athymic mice bearing LS-174T i.p. tumor

xenografts
Days Post Radioimmunotherapy

RIT Chemotherapy -1 7 11 14 18 21 25 28

None None 242+ 1.9a 243 +£19 241 £26 236+£22 238 +£25 26.0 £ 2.1 253+16 252+ 1.1
Cetuximab None 255+£16 23.1+26 242428 243 +25 246 +3.2 257 +£29 253 £3.0 256+ 3.0
HulgG None 251+18 233+27 244 +£27 249 +25 251 +28 258 +24 252+23 262 +23
None GEM 235+14 233+ 2.1 23.7£23 238+24 237+£16 254+£12 246+16 248 + 2.1
Cetuximab GEM 251+£19 222+19 241 +£26 248 £26 252 +29 26.7 £ 25 265+ 26 255+£22
HulgG GEM 256 £ 2.1 236 +3.0 24.1£35 260+ 26 259 +£32 259+26 263+18 269 +19
None Carboplatin 248+ 19 249 +26 256 +24 251 +£25 248 +£25 273+ 2.1 268+ 19 257 +£04
Cetuximab Carboplatin 246+ 3.0 215+£30 227 £28 255+ 3.1 250 £ 4.1 256 +39 262 +3.0 26.2 +39
HulgG Carboplatin 256+ 15 244 +£24 247 £3.0 256 +28 249 +3.0 267 +1.8 263+ 15 266+ 1.5

2Athymic mice bearing i.p. LS-174T tumor xenografts were administered an i.p. injection of gemcitabine or carboplatin and 2'?Pb-labeled cetuximab or

HulgG. The values presented are the average weight (g) of mice along with the standard deviation.

Combination of chemotherapeutics with 212ph_cetuximab
therapy

The next round of studies focused on the potentiation of
HERI1-targeted RIT by chemotherapeutics. Previous studies
from this laboratory combining gemcitabine (GEM), paclitaxel
or carboplatin with 213Bi- or 2'?Pb-labeled trastuzumab have
demonstrated augmentation of RIT efficacy. The pretreatment
of mice bearing i.p. tumor (LS-174T) xenografts (Table 2), 24 h
prior to injection of 212Ph_cetuximab (10 pCi), with 1 mg of
GEM improved the median survival (283 d) by 109 d compared
to mice that received 2'?Pb-cetuximab only (MS of 174 d). This
increase in MS translates to a therapeutic index of 11.8, but it
was not significant when compared to the group treated with
*1?Pb-cetuximab alone (p = 0.724). Consistent with previous
reports from this laboratory, the GEM pretreatment also resulted
in an increase in the therapeutic efficacy of the 212Pb—HngG
group. In this instance, the MS was 49 d, a 2-fold increase in sur-
vival compared to the mice treated with only the *'*Pb-HulgG.

Each of the treatment groups experienced weight loss 1 week
after RIT administraton (Table 3). The greatest weight loss
(2.9 g) was observed in the group that received the combination
of GEM and *"*Pb-cetuximab; this weight loss was statistically sig-
nificant compared to the control group (p = 0.0058). The next
greatest weight loss was observed in the group of mice treated with
GEM alone (2.4 g; p = 0.341). Recovery from the weight, in all
treatment groups, was evident 11-14 d post-RIT. Complete recov-
ery from the weight loss occurred 25-28 d post RIT.

The combination of carboplatin with *'*Pb-cetuximab proved
less successful. Following the same i.p. administration schedule as
was determined with *'*Pb-trastuzumab, carboplatin (1.25 mg)
was injected concurrently with the *'*Pb-RIT (Table 2).? Carbo-
platin alone resulted in a modest therapeutic effect on the LS-
174T i.p. tumor xenografts with a MS of 31 d and a therapeutic
index of 1.3. When combined with *"*Pb-cetuximab, a MS of 80
d with a therapeutic index of 3.3 was realized. The carboplatin
combined with *'*Pb-HulgG also provided some therapeutic
benefic with a MS of 43 d, but this result does not compare well
to the MS of 174 d in the group of tumor-bearing mice that
received just the *'*Pb-cetuximab.
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Again, weight loss, which ranged from 1.3 to 3.2 g, occurred
by 7 d post-RIT in each of the treatment groups, with the excep-
tion of the group treated with only carboplatin (Table 3). The
greatest loss was observed in the mice treated with the carboplatin
and *'?Pb-cetuximab (p = 0.034). Recovery from the weight loss
was detected as early as 11 d, and was evident in all of the affected
groups by 21 d.

Targeting of multiple antigens to augment
efficacy of >'*Pb RIT

The targeting of multiple distinct molecules in tumors is
another strategy being pursued by investigators in the field of
RIT.>”" A pilot study was conducted to explore the potential of
dual targeting of HER2 and HER1 with 212ph_Jabeled mAbs as a
natural extension of the studies described herein.

Tumor-bearing mice treated with 10 wCi of *'*Pb-labeled
cetuximab or trastuzumab experienced a MS of 147 and 182 d,
respectively, an improvement in survival of 7.4- and 9.1-fold
compared to the untreated group (Fig. 5, Table 4). When
tumor-bearing mice were treated with a formulation of 5 nCi
212ph_cetuximab and 5 wCi 2'*Pb-trastuzumab, the MS was 219
d, which translates into a therapeutic index of 11. Some thera-
peutic benefit was derived from the combination of 212ph_labeled
cetuximab/HulgG (MS = 63 d) and trastuzumab/HulgG
(MS=714d).

The greatest weight loss was observed in the groups that
received 21sz—cetuximab/mZI’b—HngG (8.2% loss) and *'*Pb-
trastuzumb/Z]sz—HngG (6.8% loss). The mice receiving the
combination of *'*Pb-cetuximab and *'?Pb-trastuzumab main-
tained their weight following the treatment (Table 5).

Discussion

The ultimate objective of studies within this laboratory is to
develop a multi-modality treatment regimen for cancer patients
with residual tumor tissue following surgical debulking/resection,
micrometastic tumor or disseminated peritoneal disease. Having
established that a-particle radiation has great potential in the
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Figure 5. Targeting of multiple antigens to augment efficacy of 2'?Pb
RIT. Kaplan-Meier survival curves of mice (n = 10) bearing i.p. LS-174T
tumor xenografts were co-injected i.p. with 5 p.Ci each of 2'?Pb-cetuxi-
mab and 2'?Pb-trastuzumab. These were compared to groups injected
with the combination of 2'?Pb-cetuximab / 2'*Pb-HulgG and '?Pb-tras-
tuzumab / 2'?Pb-HulgG. Additional groups of mice included untreated,
212py_cetuximab, 2'?Pb-trastuzumab and 2'?Pb-HulgG. A total of 10 p.Ci
212ph was administered to each mouse.

treatment of cancers such as pancreatic, ovarian and others that
can present as disseminated intraperitoneal disease, using
213Bi- and 2'?Pb-labeled trastuzumab to target HER2, subse-
quent studies have concentrated on exploring the potential of
integration of chemotherapeutics (gemcitabine, paclitaxel and
carboplatin) to enhance the efficacy of a-RIT. Adding cetuxi-
mab, which targets HER1, would provide another possibility or
combination for the treatment and management of cancer
patients.

The epidermal growth factor receptor, EGFR/HERI, contin-
ues to be a molecule of great interest and focus of investigators
for the development of targeted therapies. Primarily, the strategy
has been to inhibit or block the activation of tyrosine kinase

Table 4. Median survival (days) of athymic mice bearing i.p. LS-174T xeno-
grafts following dual administration (i.p.) of *'?Pb-labeled cetuximab and
trastuzumab targeting HER1 and HER2

Vehicle Target Median Therapeutic
Survival Index

None None 20 1.0
Cetuximab HER1 147 74
Trastuzumab HER2 182 9.1
HulgG None 29 15
Cetuximab/Trastuzumab HER1/HER2 219 11.0
Cetuximab/HulgG HER1/None 63 32
Trastuzumab/HulgG HER2/None 71 3.6

The therapeutic indices are the median survival of the treatment group
divided by the median survival of untreated group.

(TK) by using small molecule inhibitors or large molecules such
as mAbs. The former exert their effect intracellularly, preventing
TK phosphorylation, while the latter interact with the extracellu-
lar domains of the receptor, blocking ligand binding. When com-
bined with other chemotherapeutics or radiation, EGFR
inhibitors have been shown to potentiate therapeutic efficacy.
Two HERI-binding mAbs, cetuximab (Erbitux®) and panitu-
mumab (Vectibix®), have been approved by the US Food and
Drug Administration. Both mAbs have demonstrated sensitiza-
tion of tumor cells to chemotherapy and radiation in pre-clinical
and clinical studies.>*>*

Studies from this laboratory and others have reported on the
potential of HER1 as a target for molecular imaging and for tar-
geted radiation therapy.?' 2#?®%>3% Cetuximab has been the
focus of several imaging studies with the objective of assessing the
value of this mAb for disease monitoring, HER1 expression and
distribution, patient selection and for performing dosimetric cal-
culations.”>?® The preclinical studies from this laboratory dem-
onstrated excellent targeting of s.c. tumor by "Tn-cetuximab
given intravenously.”” Targeting was obtained in 5 tumor models
(2 colorectal, 1 prostate, 1 pancreatic and 1 ovarian), determined
by direct quantitation of tissues and by planar y-scintigraphy. **
Meanwhile, minimal normal tissue uptake was also observed in
these models, as well as in a melanoma tumor model (A375) in
which tumor uptake of the radioimmunoconjugate was also min-
imal. The studies were extended to evaluating cetuximab for posi-
tron-emissions tomography (PET) imaging. PET imaging was

Table 5. Effect of dual targeting using dual targeted 2'?Pb-radioimmunotherapy on the weights of athymic mice bearing LS-174T i.p. tumor xenografts

Days Post Radioimmunotherapy

RIT —4 5 9 12 16 19 23 25 30

Untreated 272+12 276+ 1.1 276+13 270+13 269+ 0.9 280420 268 +23 27.8 28.3

Cetuximab 26.6 = 1.1 266+ 1.7 272+16 273+£20 278+£22 278 +£27 279+25 282+£29 28.1£27
Trastuzumab 246+ 20 238423 255+24 251 4+26 262126 262129 256+ 24 259423 260+23
HulgG 254+08 245+24 255+34 24714 263 £28 271 £ 21 26618 269+24 276 £ 1.7
Cetuximab/Trastuzumab 256 + 1.1 260+ 1.7 271 +15 270+18 272428 276+ 14 274+15 276+15 280+13
Cetuximab/HulgG 256 £ 2.1 235+£22 247 £16 24617 254+£19 256 £22 255+£17 256£19 26.1£16
Trastuzumab/HulgG 264+ 1.7 246+ 22 257+24 259427 268 + 2.7 270427 270+ 24 266+ 25 269+ 27

Athymic mice bearing i.p. LS-174T tumor xenografts were injected with 2'?Pb-labeled cetuximab, trastuzumab, HulgG or combinations as indicated.
The values presented are the average weight (g) of mice along with the standard deviation.
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performed with the models mentioned above using cetuximab
radiolabeled with ®°Y using the 2-(p-isothiocyanatobenzyl)-cyclo-
hexyl-diethylenetriaminepentaacetic acid (CHX-A”-DTPA) che-
late along with 3 additional models for mesothelioma.***> The
results from all of these studies suggest that cetuximab not only
has potential as a diagnostic agent, but also for RIT applications.

This hypothesis is corroborated by the available literature.
Imaging has been demonstrated using either **Cu- or %Zr-cetuxi-
mab, while therapy has been conducted with *°Y- or '”Lu-cetuxi-
mab.?"?**?*¥ Unfortunately, close inspection of these reports
reveals a range of problems with study design. In the case of **Cu,
the chelate/Cu complex was not stable and **Cu was steadily
released from the radioimmunoconjugate to be sequestered in nor-
mal tissue. The use of **Zr for PET imaging currently presents
with the same problem.*”** Cetuximab radiolabeled with 'Lu
appears promising. The treatment of mice bearing s.c. head and
neck tumor xenografts with a single dose of '”Lu-cetuximab
resulted in a ~3 week delay of tumor growth.”" In this instance
however, a negative '”"Lu-labeled control was not included in the
study to account for the effect of non-specific radiation. At this
juncture, to the best knowledge of the authors, this study repre-
sents the first report in which cetuximab is used to target HERI-
expressing tumors with a-particle radiation.

Although studies from this laboratory had shown tumor tar-
geting of " cetuximab in a s.c. model, it was deemed neces-
sary to establish that i.p. administration of '''In-cetuximab
would be just as effective. Indeed, the locoregional delivery of the
radioimmunoconjugate proved as successful, attaining a tumor-
%ID/g at 24 h that was comparable to that published for a s.c.
tumor xenograft at 72 h.>® With this encouraging result, radio-
immunotherapy studies were conducted.

As mentioned, the conjugation of cetuximab with the TCMC
chelate and subsequent labeling with *'*Pb was routine and were
well tolerated by the mAb. The chelate:mAb ratio were consistent
with prior results obtained with the conjugation of trastuzumab
with the TCMC ligand. Mice tolerated the 10 or 20 pCi of
212Pb-cetuximab with minimal indications of toxicity. Anticipat-
ing that *'*Pb-cetuximab would be assessed in combination with
chemotherapeutic agents, the 10 wCi dose was selected as the
effective “working” dose. As stated earlier, the lower range of the
maximum effective therapeutic dose is desired to avoid obscuring
any potentiation of therapy by the chemotherapeutic. A direct
comparison of *'?Pb-cetuximab with *'*Pb-trastuzumab estab-
lished 2'*Pb-cetuximab as a viable radioimmunotherapeutic
agent. Differences in the therapeutic efficacy of the 2 radioimmu-
noconjugates were not significant.

Pre-treatment of tumor-bearing mice with gemcitabine prior
to *'*Pb-cetuximab augmented the therapeutic efficacy of the
radioimmunoconjugate, increasing the therapeutic index from
7.3 to 11.8. This overall tumor response was similar to mice pre-
treated with GEM prior to injection with ?'?Pb-trastuzumab.*
GEM increases the survival of mice receiving either *'*Pb-labeled
cetuximab or trastuzumab by 1.6-fold. Treatment of tumor-bear-
ing mice with carboplatin appears to inhibit or suppress the ther-
apeutic efficacy of *'*Pb-cetuximab. This result is contrary to
what was observed when tumor-bearing mice were treated with
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carboplatin in combination with *'?Pb-trastuzumab.’ An evalua-
tion of paclitaxel in combination with *'*Pb-cetuximab has yet
to be performed.

The heterogeneous nature of tumors presents an obstacle to
delivering a therapeutic radiation dose throughout a tumor
mass.*! Fortunately, an advantage of RIT is that not all cells in a
tumor need express the target molecule nor does that molecule
need to be expressed in high numbers. Neighboring cells may
receive cytotoxic doses, courtesy of the omnidirectional decay of
radioactivity. a-Particle radiation provides an additional benefit.
Estimates are that only 3 to 6 traversals of a cell nucleus by an
a-particle brings about cell death; the dose rate is estimated to be
as low as 1 centigray per hour.** Targeting of multiple anti-
gens in tumors is another strategy for overcoming heterogeneity
and thus improving the therapeutic efficacy of RIT.*”" A report
from this laboratory demonstrated that this approach is feasible
for a-particle-targeted radiation therapy.”® The concurrent
administration of *'’Bi-labeled trastuzumab and the *'’Bi-
labeled humanized ACH2 variant of CC49 resulted in an
enhanced, additive, therapeutic benefit. Co-injection of these 2
*1IBi-labeled antibodies extended the MS of mice bearing i.p.
tumors by almost 5-fold compared to mice treated with either
antibody alone.?® Although the approach of combining antibod-
ies to target multiple antigens was not without precedence, the
studies had been conducted with B~ -emitting radionuclides.
Prior to the present study, and the earlier report from this labora-
tory, the therapeutic efficacy of a-radiation using >'*Bi-labeled
antibodies, has been evaluated in vitro with prostate cancer cells,
grown in monolayer or as spheroids.““*® In the present study,
the extension of the MS of mice treated with the combination of
212Ph-labeled cetuximab and trastuzumab added an additional
37 and 72 d, respectively. This improved therapy was clearly spe-
cific because mice treated with a combination of *'*Pb-labeled
cetuximab and HulgG or trastuzumab and HulgG experienced
only modest improvements in the MS. To better understand the
therapeutic effect of dual targeting with cetuximab and trastuzu-
mab, studies are currently underway investigating the expression
and distribution of both HER2 and HERI in the LS-174T i.p.
tumor xenografts.

As these studies with *'*Pb-cetuximab may be translated to a
clinical trial, as was *'?Pb-trastuzumab, the evaluation of this
radioimmunoconjugate will move forward. Future studies will
include those required for the filing of an investigational new
drug application, e.g., evaluation of the stability of both cetuxi-
mab-TCMC and *'*Pb-cetuximab. Studies are also proposed to
elucidate mechanisms associated with *'*Pb-cetuximab therapy,
as well as the dual targeting >'*Pb RIT and the combination ther-
apy with chemotherapeutics.

In summary, as a vehicle for the targeting of a-particle radia-
tion, cetuximab was effective in extending the median survival of
mice bearing i.p. tumor xenografts. This therapeutic efficacy was
enhanced by chemotherapeutics, as well as by the targeting of 2
antigens expressed by the i.p. LS-174T tumor xenografts. The
studies demonstrate that, with careful consideration of cancer cell
targets and targeting vehicles along with methodical evaluation,
212Pb-RIT has enormous potential to provide effective therapies
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for cancer. It remains clear that despite the exquisite therapeutic
impact delivered by a single dose of a singularly-targeted a-thera-
peutic agent, that integration of this modality with both chemo-
therapeutics as well as delivery to multiple molecular targets, e.g.,
HER2, HERI, should prove most efficacious for treating cancer.
The studies described herein represent another step toward pro-
viding choices of treatment for cancer patients.

Materials and Methods

Ethics statements
All animal protocols were approved by the National Cancer
Institute Animal Care and Use Committee.

Cell lines

Media and supplements were purchased from Lonza unless
otherwise indicated. Therapy studies were conducted using the
LS-174T, a human colon carcinoma cell line, grown in
Dulbecco’s minimum essential medium (12-614Q). The
medium was supplemented with 1 mM glutamine 17-605E),
10% FetalPlex (Gemini Bioproducts, Inc.; 100-602) and 1 mM
non-essential amino acids 13—114E) as previously described.*”>°

Chelate synthesis and mAb conjugation

Cetuximab (Erbitux®; Amgen, Inc.), was purchased through
the National Institute of Health (NIH), Division of Veterinary
Resources Pharmacy. Conjugation of cetuximab with the bifunc-
tional ligands, TCMC and CHX-A”-DTPA, was performed
according to established methods that have been previously
described in detail.>">* The final concentration of cetuximab was
determined by the Lowry method using a BSA standard.” The
number of CHX-A”-DTPA or TCMC molecules linked to
cetuximab was quantitated using spectrophotometric assays based
on the titration of either ytrrium- or lead-Arsenazo(IIl) complex,
respectively.”*>> Polyclonal HulgG (MP Biochemicals; 64145),
chosen to serve as a negative control in these studies, was similarly
conjugated with CHX-A”-DTPA or TCMC in parallel and eval-
uated as described above. The HulgG is purified from human
serum, and to date no known antigen has been described with
which it reacts. Trastuzumab, conjugated with TCMC, was uti-
lized in one study to allow a direct comparison of the therapeutic

efficacy of cetuximab to that of trastuzumab when radiolabeled
with **Pb.

Radiolabeling

Radiolabeling of CHX-A”-cetuximab (50 pg in 100 pL of
0.15 M NH4OAc buffer, pH 7.0) with '"'In (PerkinElmer) has
been detailed elsewhere.”® For these studies, '*Pb was obtained
from a 2**Ra/*'?Pb generator (AlphaMed, Inc..). Elution of the
212ph and radiolabeling of cetuximab-, trastuzumab- and
HulgG-TCMC” was performed as previously described.>”

Radioimmunoassays
The immunoreactivity of the cetuximab-TCMC conjugate
was evaluated in a competition radioimmunoassay as outlined in
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an earlier publication using purified human epidermal growth
factor receptor (EGFR; Sigma-Aldrich, E3641-500UN).>®
Briefly, EGFR was allowed to adsorb to the wells of a 96-well
plate, the EGFR was removed and 1% bovine serum albumin in
phosphate buffered saline (BSA/PBS; 100 pL) was added to each
well. Following a 0.5-1 h incubation at room temperature, the
solution was removed and serial dilutions of the immunoconju-
gate (500 to 0.01 ng in 25 pL) in BSA/PBS were added to the
wells in triplicate. Following the addition of 125]_cetuximab
(50,000 cpm/25 pL) to each of the wells, the plates were incu-
bated 4 h at 37°C. The wells were washed, the radioactivity dis-
sociated from the wells with 0.1 M NaOH (100 wL), adsorbed
to cotton filters and counted in a vy-scintillation counter. The
immunoconjugate was compared to unmodified cetuximab. The
percent inhibition was calculated using the buffer control and
plotted. HuM195, a mAbD that reacts with human CD33, served
as a negative control.

The immunoreactivity of the '''In- and *'*Pb-cetuximab was
assessed in a radioimmunoassay using purified EGFR (100 ng
per well). After absorption of EGFR to the wells of a 96-well
plate, the EGFR was removed and the wells treated as described
above. Serial dilutions of radiolabeled cetuximab (~200,000
cpm to 12,500 cpm in 50 wL of BSA/PBS) were added to the
wells and incubated for 4 h incubation at 37°C. The wells were
washed, the radioactivity harvested and counted in a y-scintilla-
tion counter again as just described. The percentage binding was
calculated for each dilution and averaged. The specificity of the
radiolabeled cetuximab was confirmed by incubating one set of
wells with radiolabeled cetuximab and 10 pg of unlabeled
cetuximab.

In Vivo Studies

All in vivo studies were performed using 5 - 6 week old female
athymic (NCr-nu/nu) mice (NCI-Frederick, Cat#01B70).

Tumor targeting

Mice were injected intraperitoneally (i.p.) with 1x10% LS-
174T cells in 1 mL of medium and utilized in tumor targeting
studies 5 d later. Mice (n = 5) were injected i.p. with Ul
CHX-A"-cetuximab (~7.5 pCi on 0.6 pg) and euthanized 24
to 168 h by exsanguination. 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 stan-
dard deviation were calculated.

Therapy

RIT studies detailed below were initiated at 2-3 d following i.
p. injection with LS-174T as described above. *'*Pb-trastuzumab
(10 pCi), was administered i.p. to mice in 0.5 mL PBS. 212pp,_
HulgG served as a non-specific control in these studies. The
mice were monitored daily and body weight was measured and
recorded 1-2 times per week for 4—6 weeks as a measure of toxic-
ity due to therapy. Progression of disease was observed either as
an extension of the abdomen, development of ascites or notice-
able, palpable, nodules in the abdomen or, conversely, as weight
loss. Mice were euthanized if found to be in distress, moribund,
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or cachectic. Euthanasia was also performed when a 10-20%
weight loss occurred, or when disease progression was evident as
cited above.

Study 1 was conducted to establish the effective working dose
of *"?Pb-cetuximab for the therapy of HER1-positive i.p. tumor
xenografts. Tumor-bearing mice (n = 10) were given increasing
doses of *'*Pb-cetuximab (10, 20, 30 and 40 wCi) by i.p. injec-
tion, *'*Pb-HulgG (20 and 40 wCi) or no RIT.

A subsequent experiment (Study 2) was conducted to confirm
the effective working dose of 10 uCi. This study was also per-
formed to directly compare the therapeutic efficacy of targeting
HER1 with 2'?Pb-cetuximab to that of *'*Pb-trastuzumab tar-
geting of HER2. Mice (n = 10) bearing i.p. LS-174T xenografts
were injected (i.p.) with 10 wCi of 212ph_abeled cetuximab, tras-
tuzumab or HulgG. An additional set of mice were injected with
2 mg of unlabeled cetuximab to assess the potential contribution
that the mAD as a stand-alone therapeutic would have toward
therapy of the LS-174T tumor xenografts.

The studies with *'?Pb-cetuximab were then extended to
investigate potential enhancement of therapeutic efficacy by the
inclusion of chemotherapeutics in the treatment regimen. Studies
were conducted with gemcitabine (GEMZAR; Eli Lilly and
Company) and carboplatin (Hospira, Inc.). Both chemothera-
peutics were purchased through the NIH, Division of Veterinary
Resources Pharmacy. In Study 3, mice (n = 10) bearing i.p. LS-
174T tumors were injected i.p. with 1 mg of gemcitabine
(GEM) or 1.25 mg of carboplatin, 2 d post tumor cell implanta-
tion, followed 24 h later with 2'*Pb-cetuximab (10 wCi). The
decision to administer the carboplatin 24 h before *'*Pb-cetuxi-
mab was based on data obtained with 2'*Pb-trastuzumab.’ These
treatment groups were compared to mice pre-treated with GEM

or carboplatin followed by *'*Pb-HulgG. Control groups
included mice receiving no treatment, *'*Pb-cetuximab, *'*Pb-
HulgG, carboplatin or GEM only.

Lastly, a pilot study (Study 4) was conducted to determine
whether or not the concurrent targeting of HER2 and HER1
expressed on a tumor would provide greater therapeutic benefit.
Tumor-bearing mice were given a single i.p. administration of a
solution containing 5 WCi of each antbody (10 wCi total)
212ph_cetuximab / 2'?Pb-trastuzumab, 2'*Pb-cetuximab / 2'*Pb-
HulgG, or 212Pb—HngG | 12Pb-trastuzumab. Other treatment
groups included each of the *'*Pb-labled antibodies at 10 nCi
and one group of mice that were not treated.

Statistical analyses

Kaplan-Meier survival (time to sacrifice or natural death) anal-
ysis was conducted using SigmaPlot 12.5; groups were compared
using a log-rank test. A pairwise comparison was performed to
test for differences between treatment groups (Holm-Sidak
method). All reported p-values correspond to 2-sided tests.
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