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Abstract
Background—IMC-A12, a fully human antibody that blocks ligand binding to the Type 1
insulin-like growth factor receptor, and rapamycin, a selective inhibitor of mTORC1 signaling,
have both demonstrated significant antitumor activity against PPTP solid tumor models. Here we
have evaluated antitumor activity of each agent individually and in combination against nine
tumor models.

Procedures—IMC-A12 was administered twice weekly and rapamycin was administered daily
for 5 days per week for a planned 4 weeks. The impact of combining IMC-A12 with rapamycin
was evaluated using two measures: 1) the “therapeutic enhancement” measure, and 2) a linear
regression model for time-to-event to formally evaluate for sub- and supra-additivity for the
combination compared to the agents used alone.

Results—Two osteosarcomas, and 1 Ewing sarcoma of the nine xenografts tested showed
therapeutic enhancement. The combination effect was most dramatic for EW5 for which PD2
responses of short duration were observed for both single agents and a prolonged PR response was
observed for the combination. Both OS-2 and OS-9 showed significantly longer times to
progression with the combination compared to either of the single agents, although objective
response criteria were not met.

Conclusions—The combination of IMC-A12 with rapamycin was well tolerated, and induced
tumor responses that were superior to either single agent alone in several models. These studies
confirm reports using other antibodies that inhibit IGF-1 receptor-mediated signaling that indicate
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enhanced therapeutic effect for this combination, and extend the range of histotypes to encompass
additional tumors expressing IGF-1R where this approach may be effective.
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Introduction
Rapamycin inhibits the proliferation of many tumor cell lines in vitro including cell lines
derived from childhood cancers [1,2], and it showed significant antitumor activity against
syngeneic tumor models in the NCI in vivo screening program [3] and against childhood
cancer xenografts [2]. In our previous study rapamycin induced significant differences in
event free survival (EFS) distribution in 28 of 36 solid tumor xenografts and in 5 of 8 ALL
xenografts, and objective responses were observed in several panels [2]. Rapamycin and
related mTOR inhibitors have also been shown to have antiangiogenic activity [4].

The rapamycin analogs temsirolimus (CCI-779) and everolimus (RAD001) have been
approved for treatment of refractory renal cell carcinoma [5,6], and temsirolimus
demonstrates a high response rate against mantle cell lymphoma at relapse [7]. Both
temsirolimus and everolimus have completed phase I trials in pediatric patients [8]. While
the efficacy of rapamycin or its analogs is being assessed in phase II trials, their integration
into current chemotherapy regimens used for treatment of childhood cancers would appear
to be a logical progression in their clinical development [9].

Insulin-like growth factor I receptor (IGF1R) has long been recognized as biologically
relevant in the pediatric malignancies. Signaling through IGF1R is mediated by IGF-1 and
IGF-2. Tissue samples and cell lines derived from both alveolar and embryonal
rhabdomyosarcoma consistently over-expression of IGF-2 [10,11] and IGF1R [12].
Overexpression studies in C2C12 myoblasts show that PAX3-FKHR interacts with IGF-2 to
play a critical role in the oncogenesis of rhabdomyosarcoma [13]. In Ewing sarcoma cell
lines and patient-derived tumors, IGF-1 and IGF1R are consistently expressed, suggesting
the potential for autocrine growth stimulation [14]. Mesenchymal cells transformed by
EWS-FLI-1 increase IGF-1 secretion and are dependent on IGF1R signaling for growth and
survival [15]. In neuroblastoma, primary neuroblastoma tumor specimens express IGF-2 and
IGF1R mRNA [16,17], and inhibition of IGF1R blocks the mitogenic effects of IGF-1 and
IGF-2 on cultured neuroblastoma cell lines providing further evidence for the role of IGF1R
in pediatric solid tumors [18]. The Pediatric Preclinical Testing Program (PPTP) has
recently evaluated IGF1R targeted monoclonal antibodies capable of inhibiting the binding
of IGF-1 and/or IGF-2. Promising activity has been reported for IGF1R targeted therapies
for Ewing sarcoma, rhabdomyosarcoma, osteosarcoma and neuroblastoma xenografts [19–
21].

It has been previously reported for Ewing sarcoma, rhabdomyosarcoma and osteosarcoma
that inhibition of mTOR may increase the dependency of tumors on IGF signaling [21–24].
Inhibitors of IGF1R act synergistically with rapamycin in sarcoma xenografts by inhibiting
hyperphosphorylation of Akt in response to mTOR inhibition [24]. IMC-A12 is a fully
human IgG1 monoclonal antibody that specifically blocks IGF1R, and it has completed
pediatric phase I testing [25]. The current report includes a thorough evaluation of IMC-A12
in combination with rapamycin in an abbreviated panel of PPTP solid tumor xenografts.
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Materials and Methods
In vivo tumor growth inhibition studies

CB17SC scid−/− female mice (Taconic Farms, Germantown, NY) were used to propagate
subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma,
rhabdomyosarcoma), neuroblastoma, and non-glioblastoma brain tumors, while BALB/c nu/
nu mice were used for glioma models, as previously described [26–28]. Tumor volumes
(cm3) [solid tumor xenografts] or percentages of human CD45-positive [hCD45] cells [ALL
xenografts] were determined as previously described [29]. Responses were determined using
three activity measures as previously described [29].

The Stage 2 testing plan called for 4 weeks of treatment using the same doses and schedules
for rapamycin and IMC-A12 as were used for evaluating their single agent activity:
rapamycin by intraperitoneal (IP) administration at 5 mg/kg daily × 5 repeated weekly and
IMC-A12 by IP administration at a dose of 1 mg per mouse administered twice weekly. The
PPTP study design of limiting treatment to 4 weeks for both IMC-A12 and for rapamycin
was utilized to better evaluate whether there was a benefit from use of the combination
compared to the agents used alone. Table 1 lists the xenografts for which the PPTP
evaluated the combination of IMC-A12 and rapamycin. In the table, rapapmycin (R) and
IMC-A12 (IMC) following the xenograft names designate the data for single agent
rapamycin treatment and single agent IMC-A12 treatment, respectively. One focus of the
combination testing was on rhabdomyosarcoma, as this was the histology for which the most
consistent single agent activity for IMC-A12 was observed. Another goal was to develop
data for other histologies, particularly where other IGF-1-targeted antibodies have shown
activity (e.g. sarcomas) as potent combination activity could promote clinical development
of the combination for these diagnoses.

In Vivo Statistical Methods
The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to compare
event-free survival distributions between treatment and control groups and between
combinations and respective single-agent treatment groups. P-values were two-sided.

Therapeutic Enhancement
Therapeutic enhancement represents a therapeutic effect achieved with a tolerated regimen
of a combination treatment that exceeds the optimal effect achieved at any tolerated dose of
monotherapy associated with the same drugs used in the combination [30]. This definition
was operationalized as follows [31]: Briefly, therapeutic enhancement was considered
present when the tumor growth delay (T-C) for a combination was greater than the tumor
growth delay for both of the single agents tested at their MTD and when the EFS
distribution for the combination treatment was significantly better (p<0.01) than the EFS
distributions for both of the single agents tested at their MTD. Testing was considered not
evaluable for therapeutic enhancement when the agent used alone and in combination
produced median EFS beyond the observation period. If a treatment group exhibited
excessive toxicity (>25% toxic deaths), therapeutic enhancement was not evaluated.

Model-Based Analysis
A linear regression model for time-to-event (T) was employed, with testing to determine
whether the treatment interaction of the two-drug combination is significantly different from
0. Time-to-event is defined as the interval between study initiation and event (4 times initial
tumor volume in solid tumor lines). Mice without events at the end of the study period were
censored and the corresponding times to event were treated as censored observations in the
EFS analysis. The interaction model was as follows: T = a0 + a1*I1 + a2*I2 + a3*I1*I2 in
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which I1 and I2 are the indicator functions for drug 1 and drug 2, respectively. The
coefficients are for the no-treatment control (a0), the two drug effects relative to control (a1
and a2), individually, and the treatment interaction effect of the two drugs relative to control
(a3). Whether the value of a3 is significantly greater or less than 0 (p < 0.01) indicates supra-
additivity or sub-additivity of the drug combination, respectively. Otherwise, the drug
combination was considered additive. In addition, the estimated values for these coefficients
are the estimated times (or additional times) to event associated with the corresponding
treatment effects. To allow comparison of the a3 values across xenografts, the values were
normalized by using the ratio of a3 to the expected additive effect for the combination under
the assumption of additivity (i.e., a1 + a2). This “normalized interaction term” can be
conceptualized as representing the percentage gain or loss of the expected treatment effect
observed for the combination under additivity. If any animals were censored in any
treatment group, then the combination was not considered evaluable unless the censoring
occurred exclusively in the combination group and the combination effect was supra-
additive or unless the censoring occurred exclusively in one or both single agent groups and
the combination effect was sub-additive.

Drugs and Formulation—Rapamycin was purchased from LC Laboratories (Woburn,
MA). Rapamycin was dissolved in DMSO (5% final concentration) and diluted in 5%
Tween 80 in water and administered IP daily × 5 for 4 consecutive weeks at a dose of 5 mg/
kg. IMC-A12 was provided by ImClone Systems and was diluted in sterile saline and
administered at 1 mg per mouse twice weekly. Treatment was for a planned four consecutive
weeks. Female mice were used irrespective of the gender from which the tumor was derived,
and ten mice per group were used.

Results
IMC-A12 was tested alone or in combination with rapamycin against nine solid tumor
models. The models were selected based on some level of significant growth inhibition to
single agent IMC-A12, or rapamycin (Table I). Twelve of 400 mice died during the study
(3.0%), with 0 of 100 in the control arm (0%), 2 of 100 (2.0%) in both the IMC-A12 and
rapamycin arms, and 8 of 100 in the combination treatment arm (8.0%). As most of the
toxicity was seen in a single combination treatment group these may not be related to
treatment as toxicity was not observed in repeat testing. A complete summary of results is
provided in Supplemental Table I, including total numbers of mice, number of mice that
died (or were otherwise excluded), numbers of mice with events and average times to event,
tumor growth delay, as well as numbers of responses and T/C values. Results for each of
single agent and for the combination the treatment minus control (T-C) values, the objective
response categories (in parentheses), the p-value for the comparison of the combination to
each of the single agent treatments, and whether therapeutic enhancement was attained are
presented in Table II. NB-1643 testing was repeated to confirm the single agent CR activity
for single agent IMC-A12, as this result was better than observed for single agent IMC-A12
during Stage 1 testing in which good growth control in the absence of regression was noted
[32].

Three of the eight xenografts tested showed therapeutic enhancement (EW-5, OS-2, and
OS-9), while a fourth (Rh41) approached meeting criteria for therapeutic enhancement
Figure 1. The combination effect was most dramatic for EW5 for which PD2 responses of
short duration were observed for both single agents and a prolonged PR response was
observed for the combination. Both OS-2 and OS-9 showed significantly longer times to
progression with the combination compared to either of the single agents, although objective
response criteria (PR or CR) were not met for either xenograft.
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A second pattern of response was noted for Rh28 and NB-1643, for which single agent
IMC-A12 was so effective that it was difficult to detect an enhancement in activity for the
addition of rapamycin Figure 2. For both of these xenografts, the regression achieved with 4
weeks of treatment was maintained through most or all of the total 12 week monitoring
period. A third pattern of response was observed for Rh30, NB-EBc1 and GBM2. Rh30
showed little or no response to either rapamycin or IMC-A12, NB-EBc1 showed limited
responses to each agent used alone (Figure 2), and GBM2 showed no response to IMC-A12
and modest growth inhibition to rapamycin. For each of these xenografts, the effect of the
combination was unremarkable and not significantly better than the response to single agent
rapamycin.

A test of formal supra- or sub-additivity was also performed [9], although censoring of
animals not having events limited the ability to apply the method to four of the models. EW5
showed clear evidence of supra-additivity. Of the two osteosarcoma xenografts that showed
therapeutic enhancement, OS-2 showed a sub-additive effect for the combination while
OS-9 showed an additive effect.

Discussion
The combination of the fully human anti-IGF1R antibody IMC-A12 and the mTOR inhibitor
rapamycin has been evaluated in nine well-characterized pediatric solid tumor lines that had
previously shown significant tumor growth inhibition to IMC-A12, Therapeutic
enhancement is reported for 3 of the xenograft lines: the EW5 Ewing sarcoma line, and the
OS9 and OS2 osteosarcoma lines. In a fourth line, the Rh41 alveolar rhabdomyosarcoma
line, criteria for therapeutic enhancement were not quite met despite a complete response in
the combination group compared to progressive disease in both the IMC-A12 and rapamycin
treatment groups. In the Rh28 alveolar rhabdomyosarcoma and NB-1643 neuroblastoma
xenograft lines, treatment with IMC-A12 induced a complete response making any
assessment of therapeutic enhancement difficult. The combination was well tolerated with
little or no added toxicity observed in the combination treatment groups.

Included in the current report is an analysis of both therapeutic enhancement and a linear
regression model of time to event to assess additivity. In the 3 lines for which the
combination of IMC-A12 and rapamycin demonstrates therapeutic enhancement, linear
regression analysis of time to event suggests the combination is supra-additive in EW5 and
additive in OS9, but sub-additive in OS2. While the presence of therapeutic enhancement
and sub-additivity may seem incompatible initially, these are not necessarily inconsistent
with each other. Rather, the effect of the combination is significantly greater than that of
either single agent (hence the claim for therapeutic enhancement), but the effect of the
combination is not as superior to that obtained with the single agents as would be predicted
were formal additivity of the single agent treatment effects observed (hence the sub-
additivity for the model-based interaction assessment).

The mechanism of therapeutic enhancement has been extensively studied in previous
reports. mTOR kinase is the catalytic component of two distinct but related complexes,
MTORC1 and MTORC2. MTORC1, consisting of mTOR, RAPTOR, mLST8 and PRAS40,
regulates protein synthesis and degradation. Inhibition of mTOR by rapamycin, may release
of Akt from MTORC1-mediated negative feedback [22,23]. The effect of releasing the
negative feedback inhibition of Akt by inhibition mTOR is to increase cellular dependence
on IGF1R-AKT mediated signaling. Dual inhibition of mTOR and IGF1R has proven in this
and other preclinical studies to be more effective than monotherapy in a subset of pediatric
solid tumors signaling [21,23,24].
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As new agents targeting components of IGF1R and mTOR signaling advance through
clinical trials, it will be necessary to solidify an understanding of how best to combine these
new agents to enhance efficacy. In targeting a central signaling molecule like mTOR,
consideration should be given to the consequences of disengaging the molecule from its
negative feed back functions. In the case of mTOR, inhibition by rapamycin may result in
compensatory signaling through an alternate pathway that is still capable of maintaining
tumor growth. As IMC-A12 as well as other IGF1R inhibitors and the rapamycin analogs
advance through clinical trials, combination trials should be considered to thoroughly define
the therapeutic potential of the agents. As illustrated by the EW5 xenograft line, the absence
of tumor regressing activity of a single targeted agent does not necessarily imply that the
agent missed its target or that the target is irrelevant to tumor growth.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Responses of sarcoma xenografts to IMC-A12 and rapamycin administered as single agents
or in combination. Tumor-bearing mice were treated with IMC-A12 by IP administration at
a dose of 1 mg per mouse administered twice weekly, and rapamycin by intraperitoneal (IP)
administration at 5 mg/kg daily × 5 repeated weekly for a planned four consecutive weeks.
Left panels: Kaplan-Meier Event-Free Survival estimates for control and treated groups.
Control (_____); IMC-A12 ( ); Rapamycin ( ); IMC-A12 + rapamycin
( ). Center panels: Individual tumor growth curves. Controls (gray), IMC-A12
treated (black). Right panels: Individual tumor growth curves. Rapamycin (gray), IMC-A12
+ rapamycin (black).
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Figure 2.
Responses of sarcoma and neuroblastoma xenografts to IMC-A12 and rapamycin
administered as single agents or in combination. Tumor-bearing mice were treated with
IMC-A12 by IP administration at a dose of 1 mg per mouse administered twice weekly, and
rapamycin by intraperitoneal (IP) administration at 5 mg/kg daily × 5 repeated weekly for a
planned four consecutive weeks.
Left panels: Kaplan-Meier Event-Free Survival estimates for control and treated groups.
Control (____); IMC-A12 ( ); Rapamycin ( ); IMC-A12 + rapamycin
( ). Center panels: Individual tumor growth curves. Controls (gray), IMC-A12
treated (black). Right panels: Individual tumor growth curves. Rapamycin (gray), IMC-A12
+ rapamycin (black).
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