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Abstract The insulin-like growth factor I receptor

(IGF1R) has been linked to resistance to HER2-directed

therapy with trastuzumab (Herceptin). We examined the

anti-tumor activity of figitumumab (CP-751,871), a human

monoclonal antibody that blocks IGF1R ligand binding,

alone and in combination with the therapeutic anti-HER2

antibody trastuzumab and the pan-HER family tyrosine

kinase inhibitor neratinib, using in vitro and in vivo breast

cancer model systems. In vitro assays of proliferation,

apoptosis, and signaling, and in vivo anti-tumor experi-

ments were conducted in HER2-overexpressing (BT474)

and HER2-normal (MCF7) models. We find single-agent

activity of the HER2-targeting drugs but not figitumumab

in the BT474 model, while the reverse is true in the MCF7

model. However, in both models, combining figitumumab

with HER2-targeting drugs shows synergistic anti-prolif-

erative and apoptosis-inducing effects, and optimum inhi-

bition of downstream signaling. In murine xenograft

models, synergistic anti-tumor effects were observed in the

HER2-normal MCF7 model for the combination of figitu-

mumab with trastuzumab, and, in the HER2-overexpress-

ing BT474 model, enhanced anti-tumor effects were

observed for the combination of figitumumab with either

trastuzumab or neratinib. Analysis of tumor extracts from

the in vivo experiments showed evidence of the most

optimal inhibition of downstream signaling for the drug

combinations over the single-agent therapies. These results

suggest promise for such combinations in treating patients

with breast cancer, and that, unlike the case for single-

agent therapy, the therapeutic effects of such combinations

may be independent of expression levels of the individual

receptors or the single-agent activity profile.
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Introduction

HER2 overexpression occurs approximately in 15–20 % of

human breast tumors, and the therapeutic anti-HER2 anti-

body, trastuzumab (Herceptin), is the cornerstone of

treatment of such disease. Potential mechanisms of intrin-

sic and acquired resistance to trastuzumab that have been

discovered, and include the presence of truncated or

cleaved forms of constitutively activated HER2 lacking the

trastuzumab-binding extracellular domain [1, 2], a splice

variant eliminating a 16 amino acid exon from the extra-

cellular domain [3, 4], constitutive activation of the PI3 K

pathway [5–10], MUC4 [11, 12], signaling via src [3, 13,

14], enhanced activity of other EGFR family receptors and

expression of their ligands [15–17], and signaling by the

insulin-like growth factor I receptor (IGF1R) [18–21].

The IGF1R is a heterotetrameric transmembrane

receptor tyrosine kinase that is widely expressed in normal

human tissues [22, 23]. The IGF1R is a receptor tyrosine

kinase that, like HER2, can signal via the anti-apoptotic

phosphatidylinositol-3-kinase (PI3 K)-AKT and prolifera-

tion-driving Ras/Raf/ERK (MAPK) pathways [24]. After

binding to the ligand IGF-I, the receptor phosphorylates the

adaptor protein insulin receptor substrate 1 (IRS-1) that is
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responsible for mediating the activation of multiple

downstream signaling networks, including the PI3 K or the

ERK pathways. Activation of these signaling pathways

leads to cell cycle progression and resistance to cell death.

In addition, a second adaptor protein, termed IRS-2, is also

activated by the IGF1R and participates in mediating

motility signals. IGF1R is believed to have a central role in

malignant transformation, and deregulated IGF1R signal-

ing appears common to many solid tumors including breast

cancer [22, 25–27], making it a target of therapeutic

interest.

IGF1R signaling is necessary for cellular transformation

by a variety of agents. In fact, IGF1R-deficient cells are

resistant to transformation by a wide variety of oncogenes

[28]. In cells already transformed, inhibition of IGF1R

signaling typically only produces mild growth inhibition of

cells growing in monolayer, but can induce cell death

under anchorage-independent conditions, such as in soft

agar or xenograft experiments [28, 29]. The IGFIR also

appears to have a role in the metastatic process [30, 31].

These critical roles of IGF signaling in malignancy make it

a promising therapeutic target for the treatment of cancer.

As a mono-therapy, IGF1R inhibition does not uniformly

display in vivo anti-tumor activity in model systems [32].

However, its critical anti-apoptotic role in established

tumors makes IGF1R targeting a promising strategy to

combine with other therapies.

Signaling cross-talk and physical interactions of IGF1R

with HER2 have been discovered [33, 34]. Forced over-

expression of IGF1R results in IGF-I-mediated trastuzu-

mab resistance [20, 35]; furthermore, cells cultured long

term in trastuzumab to induce acquired resistance up-reg-

ulated endogenous IGF1R, developed a physical associa-

tion between HER2 and IGF1R in co-immunoprecipitation

(co-IP) experiments, and IGF became capable of inducing

HER2 cross phosphorylation [34]. Association of IGF1R

with clinical resistance to trastuzumab has also been

reported [18].

Given the potential role of IGF1R in trastuzumab

resistance, co-targeting of HER2 and IGF1R in HER2-

overexpressing breast cancer is a rational therapeutic

strategy. We previously reported on the anti-tumor effects

of reagent-grade IGF1R-inhibiting agents in combination

with trastuzumab in cell culture models and found that such

dual targeting resulted in disruption of HER2/IGF1R cross-

talk, synergistic inhibition of cell proliferation, and

induction of cellular apoptosis in the HER2-overexpressing

BT474 cell line model; most remarkably, we also found

that the killing effects of the HER2/IGF1R combination

targeting occurred even in a HER2-normal cell line that

does not have amplification or overexpression of HER2;

HER2 overexpression was not required for the synergistic

killing effects of HER2/IGF1R co-targeting [36]. Targeting

IGF1R was able to bring about a dramatic anti-tumor effect

of trastuzumab in a HER2-normal tumor model.

Here we describe the anti-tumor activity of figitumumab

(CP-751,871), a human therapeutic anti-IGF1R antibody,

alone and in combination with trastuzumab, using in vitro

and in vivo models. Figitumumab is a fully human IgG2

specific for IGF1R, that blocks IGF1R ligand binding, is a

potent inhibitor of tumor growth as a single agent, and has

been shown to enhance the efficacy of other anticancer

agents in human tumor xenograft models [37]. Since tras-

tuzumab resistance may also arise from excess signaling by

HER family receptors, another approach to overcoming

trastuzumab resistance is the simultaneous inhibition of

multiple HER family receptors. Therefore, we also

explored the anti-tumor activity of figitumumab in com-

bination with a pan-HER family receptor tyrosine kinase

inhibitor (TKI), Neratinib (HKI-272). Neratinib is a potent

low molecular weight, orally administered, irreversible

pan-HER family receptor TKI [38, 39]. We report on the

activity of these drug combinations in HER2-overex-

pressing and HER2-normal breast cancer models in vitro

and in vivo.

Materials and methods

Drugs

Trastuzumab (Herceptin), a humanized therapeutic mono-

clonal antibody against HER2, was obtained from the Yale

Cancer Center Medical Oncology pharmacy; a 20-mg/ml

stock preparation was kept at 4 �C and was further diluted

in sterile PBS before addition to cells in culture. The

human monoclonal antibody to IGF1R, figitumumab (CP-

751,871), (20 mg/ml stock in sterile PBS), and the pan-

HER inhibitor neratinib were kindly provided by Pfizer

Global Research & Development (Groton, CT).

Cell culture

BT474 cells (HER2-overexpressing and IGF1R low),

obtained from ATCC, and MCF7 cells (HER2-normal and

IGF1R high), a gift from Dr. Marc Lippman (University of

Michigan), were cultured as described previously [40].

Assays of proliferation

Proliferation/viability of cells was detected using the Cell-

Titer-Glo Luminescent Cell Viability Assay (Promega,

Madison, WI). For in vitro growth assays, cells (1 9 104/

well for BT474, and 19 103/well for MCF7) were plated in

96-well plates and treated with the indicated concentrations

of the inhibitors for 5 days. Thereafter, luminescence was
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read using the Envision plate reader. Results were expressed

as percentage of control (vehicle DMSO-treated) cells.

Results presented are mean ± SD from three separate

experiments done in triplicate.

Apoptosis determination by Annexin-V assay

For apoptosis analyses by Annexin-V assay, after 5 days of

drug exposure, both adherent and nonadherent cells were

harvested, washed twice with cold phosphate-buffered sal-

ine (PBS) and then resuspended in binding buffer (10 mM

HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a con-

centration of 1x106 cells/ml. In total, 100,000 cells in 100 ll
binding buffer were incubated for 15 min in the dark with

5 ll of Annexin-V–fluorescein isothiocyanate (FITC) (BD

Biosciences) and 1 ll of propidium iodide (1 lg/ml, final

concentration). Finally, 300 ll of binding buffer was added

before apoptosis analyses on a FACSCalibur machine using

the CellQuest software (BD Biosciences, Franklin Lakes,

NJ) as described previously [36].

Apoptosis determination by poly(ADP-ribose)

polymerase (PARP) cleavage analysis

PARP cleavage assays were performed after 4 days of drug

exposure as described previously [36].

Immunoblot analysis for HER2, phospho-HER2,

IGF1R, phospho-IGF1R, AKT, phospho-AKT,

ERK-1/2, and phospho-ERK-1/2

Anti-HER2 polyclonal antibody sc-284 and anti-IGFIR

polyclonal antibody (clone C-20) were from Santa Cruz

Biotechnology, Inc. (Santa Cruz CA); anti-phospho-HER2

monoclonal antibody (Tyr-1248; clone PN2A) and anti-

phospho-IGFIR were from NeoMarkers (Fremont CA) and

Biosource International, Inc. (Camarillo CA), respectively.

Rabbit polyclonal antibodies against phospho-AKT, total

AKT, phospho-extracellular signal-regulated kinase ERK1/

2, and total ERK1/2 were all from Cell Signaling Technol-

ogy (Danvers MA). Mouse monoclonal b-actin antibody

(Sigma, St. Louis MO) was used as an internal loading

control. All the secondary antibodies, horseradish peroxi-

dase (HRP)-conjugated goat anti-rabbit IgG or goat anti-

mouse IgG, were purchased from Santa Cruz Biotechnology

(Santa Cruz CA). Immunoblot analysis was performed as

described previously [36]. Bands were detected by chemi-

luminescence (Perkin-Elmer Life Sciences, Boston, MA).

Mouse xenograft studies

Mice were maintained and handled in accordance with Yale

Institutional Animal Care and Use Committee protocols and

regulations. Six- to eight-week-old female BALB/c athymic,

ovariectomized nude mice were purchased from Harlan

Laboratories (South Easton, MA). Since the BT474 and

MCF7 models are estrogen dependent, a 0.72 mg, 60-day

release, 17b-estradiol pellet (Innovative Research of

America, Sarasota, FL) was implanted subcutaneously on

the back of each mouse one day before tumor inoculation.

The following day, 2 9 107 BT474 cells or 2 9 106 MCF

cells suspended in 100 ll of PBS were injected s.c. into the

right flank of each mouse after mixing with an equal volume

of Matrigel (BD Biosciences, Bedford, MA). When mice

were bearing tumors of approximately 200–250 mm3 in

volume (approximately day 10), they were divided into

treatment groups consisting of approximately 7 mice, and

drug treatment was initiated.

Treatment groups consisted of vehicle control (PBS),

figitumumab, trastuzumab, neratinib, and figitumumab plus

either trastuzumab or neratinib. Based on previous exper-

iments [41] and preliminary dose–response experiments

(data not shown), the following doses and frequency of

administration were chosen. Trastuzumab was adminis-

tered every other day by i.p injection at 2 and 4 lg/mouse

for BT474 and MCF7, respectively. Figitumumab was

administered by i.p. injection once weekly at a dose of

500 lg/mouse bearing BT474 tumor and 250 lg/mouse

bearing MCF7 tumor. Neratinib was administered every

other day by i.p. injection at a dosage of 50 lg/mouse (in

0.1 ml PBS) bearing BT474. Treatment was continued for

up to 8 weeks.

Tumors were measured three times per week using

digital calipers (Chicago Brand Industrial, Inc., Fremont,

CA), and tumor volume was calculated as d2 9 D 9 p/6
where d represented the smaller diameter and D the larger

diameter [42]. Data were expressed as mean ± SD, and

differences were considered statistically significant at

p\ 0.05 by Student t test.

Mice were sacrificed by CO2 asphyxiation 59 days after

tumor inoculation. Tumors were excised and bisected. Half

of each tumor was frozen immediately using liquid nitro-

gen and stored at 80 �C for preparation of extracts. Tumor

specimen(s) and extracts were also prepared from one or

two mice from each group at short time points (e.g.,

4 days) after initiation of drug treatment for studies of

downstream signaling events.

Results

Anti-proliferative effects

The anti-proliferative effects of figitumumab, trastuzumab,

and neratinib were analyzed in two breast cancer cell lines

representative of distinct molecular pathologic tumor
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models, BT474, a model cell line with HER2 overexpres-

sion and gene amplification, and MCF7, a model cell line

with low/normal HER2 level. Both cell lines express

IGF1R, with relatively higher levels observed in MCF cells

and comparatively low levels in BT474 cells [36, 43].

In MCF7 cells, treatment with figitumumab resulted in a

small degree of inhibition of proliferation in a dose-de-

pendent manner, while no growth inhibition was observed

with single-agent trastuzumab or neratinib. BT474 cells,

unlike MCF7 cells, were unaffected by figitumumab, but

were found, as expected, to be very sensitive to trastuzu-

mab or neratinib (Fig. 1).

We next evaluated the effect of the combination of

figitumumab with trastuzumab or neratinib on each cell

line. In both cell lines, treatment with the drug combina-

tions resulted in a significant inhibitory effect compared

with the single agents (Fig. 2). Hence, in BT474 cells, the

IGF1R inhibitor figitumumab potentiates the anti-prolifer-

ative effect of the HER2-targeting drugs, despite the fact

that figitumumab as a single agent is inactive, and in MCF7

cells the HER2-targeting drugs potentiate the anti-prolif-

erative effect of figitumumab, despite the HER2-targeting

drugs being inactive as single agents in this cell line.

Hence, synergistic anti-proliferative effects of the drug

combinations are observed.

Apoptosis-inducing effects

Apoptosis was assayed after 5 days of drug treatment by

analyzing the percentage of cells that were Annexin-V

positive (Fig. 3), and after 4 days of drug treatment by

PARP cleavage assay (Fig. 4). Both assays revealed that

the concomitant inhibition of IGF1R and HER2 signaling

in both BT474 and MCF7 cells enhanced apoptotic cell

death compared to inhibition of one signaling pathway.

Signal transduction effects in vitro

Immunoblot analyses of cell extracts after drug treatment for

2 days were performed to analyze drug effects on receptor

common downstream signaling pathways (Fig. 5). In BT474

cells, which express high levels of HER2 but low levels of

IGF1R, both HER2-targeting drugs trastuzumab and nera-

tinib caused a decrease in the phosphorylation level of
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Fig. 1 Dose–response

experiments of anti-proliferative

effects of trastuzumab,

neratinib, and figitumumab on

BT474 and MCF7 cells. BT474

(panels A, C, E) and MCF7

(panels B, D, F) cells in

exponential growth phase were

seeded on day-1 in 96-well

plates at 1 9 104 cells/well and

1 9 103 cells/well, respectively.

They were allowed to adhere

overnight and then treated with

drugs the following day (day 0)

at the indicated doses. After

5 days of incubation, the

CellTiter-Glo proliferation

assay was performed as

described in Materials and

Methods. Results were

expressed as percentage of

control (vehicle-treated cells).

The mean and SD values of four

wells from at least three

experiments for each point are

shown
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HER2, while figitumumab had no direct effect on levels or

phosphorylation of HER2. In MCF7 cells, which express

high levels of IGF1R but low levels of HER2, figitumumab

caused a decrease in the phosphorylation level of IGF1R; the

HER2-targeting drugs trasuzumab and neratinib as single

agents did not effect IGF1R level or phosphorylation,

however, when added to figitumumab, resulted in an addi-

tional decrease in phosphorylation of IGF1R, likely reflect-

ing cross-talk between the two receptors, as our previous

work has also suggested [36]. Analysis of downstream sig-

naling pathways revealed that the combination of figitu-

mumab with the HER2-targeting drugs trastuzumab and

neratinib maximally inhibited receptor downstream signal-

ing, as indicated by effects on levels of phosphorylated AKT

and phosphorylated ERK (Fig. 5).

In vivo anti-tumor activity

The in vivo anti-tumor activity of the individual agents and

the combination of figitumumab with either trastuzumab or

neratinib was examined in xenograft experiments.

Combination of figitumumab with trastuzumab in BT474

xenograft model

Animals bearing BT474 xenografts were treated with tras-

tuzumab at 2 lg every other day, figitumumab at 500 lg
weekly, both, or neither. When plotted as the average tumor

volume of each group over the time period, there were no

significant effects of the drugs when used as single agents;

however, inhibition of tumor growth was observed in those

animals treated with the combination (Fig. 6).

Combination of figitumumab with trastuzumab

in the MCF7 xenograft model

Animals bearing MCF7 xenografts were treated with tras-

tuzumab at 4 lg every other day, figitumumab at 250 lg
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Fig. 2 Anti-proliferative effects of the combination of figitumumab

with trastuzumab and with neratinib on BT474 and MCF7 cells.

Figitumumab (10 lg/ml) was combined with either trastuzumab or

neratinib at the indicated doses in BT474 (panel A) and MCF7 (panel

B) cells and proliferation measured as in Fig. 1. Results are expressed

as percentage of control (vehicle-treated cells). V Vehicle, CP CP-

751,871/figitumumab. The mean and SD values of four wells from at

least three experiments for each point are shown. Symbols Asterisk

and Double Asterisk indicate p\ 0.05 and p\ 0.01, respectively
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Fig. 3 Apoptosis-inducing effects of the combination of figitumumab

with trastuzumab and with neratinib on BT474 and MCF7 cells

measured by Annexin-V assay. Figitumumab was combined with

either trastuzumab or neratinib at the indicated doses in BT474 (panel

A) and MCF7 (panel B) cells and apoptosis measured after 5 days of

drug exposure by Annexin-V staining. The collected cells were

washed and treated with propidium iodide (PI) and Annexin-V Alexa

Fluor 488. Fluorescence-activated cell-sorting analysis was used to

quantify Annexin-V positive (apoptotic) cells. V Vehicle, Ne nera-

tinib, CP CP-751,871/figitumumab, Trastu trastuzumab. Results are

mean ± SD from 3 different experiments. Symbols Asterisk and

Double Asterisk indicate p\ 0.05 and p\ 0.01, respectively, when

compared with vehicle control
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Fig. 4 Apoptosis-inducing effects of the combination of figitumumab

with trastuzumab and with neratinib on BT474 and MCF7 cells

measured by PARP cleavage assay. Figitumumab was combined with

either trastuzumab or neratinib at the indicated doses in BT474 (panel

A) and MCF7 (panel B) cells and apoptosis measured after 4 days of

drug exposure by the PARP cleavage assay. Adherent and floating

cells were harvested, and whole cell lysates were prepared as

described in ‘‘Materials and methods’’ section. Immunoblotting was

carried out using an anti-PARP antibody, and also with b-actin, as a
loading control. Detection was carried out using ECL reagent.

V Vehicle, Ne neratinib, CP CP-751,871/figitumumab, Trastu

trastuzumab

Fig. 5 Signal transduction

effects in vitro of the

combination of figitumumab

with trastuzumab and with

neratinib on BT474 and MCF7

cells. Cells (BT474, panel A;

MCF7, panel B) were treated

with single drugs or with

figitumumab combined with

either trastuzumab or neratinib

at the indicated concentrations

for 2 days. Cell lysates were

prepared and 40 lg of protein

per lane was loaded.

Membranes were

immunoblotted for phospho-

HER2 (PHER2), total HER2

(THER2), phospho-IGF1R

(PIGF1R), total IGF1R

(TIGF1R), phospho-AKT

(PAKT), total AKT (TAKT),

phospho-ERK (PERK), total

ERK (TERK), and b-actin as a

loading control. Detection of

bands was carried out using

ECL reagent. V Vehicle, Ne

neratinib, CP CP-

751,871/figitumumab, Trastu

trastuzumab
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weekly, both, or neither. Single-agent trastuzumab or fig-

itumumab showed minimal tumor growth inhibition, but

the drug combination resulted in significant tumor growth

inhibition (Fig. 7).

Combination of figitumumab with neratinib in the BT474

xenograft model

Animals bearing BT474 xenografts were treated with ner-

atinib at 50 lg every other day, figitumumab at 500 lg
weekly, both, or neither. There was moderate tumor growth

inhibition with neratinib; however, the greatest degree of

inhibition of tumor growth was observed in the animals

treated with the combination (Fig. 8).

In vivo pharmacodynamic studies

As indicators of downstream signaling from IGF1R and

HER2, levels of phosphorylated HER2, phosphorylated

IGF1R, phosphorylated AKT [pAKT(Ser473)], and phos-

phorylated ERK [pERK(Thr202/Tyr204)] were examined

in tumor tissues harvested from animals sacrificed at 96

and 169 h after initiating drug therapy with figitumumab,

trastuzumab, neratinib, or their combinations. Preliminary

experiments showed that no apparent trends for impact on

signaling were evident in the tumor extracts prepared after

long-term drug treatment; however, in tumor extracts pre-

pared after just a short period of treatment (e.g., 4 days),

signaling effects were apparent (data not shown).

In the BT474 tumor models, either trastuzumab or ner-

atinib caused a decrease in levels of HER2 phosphorylation

(Figs. 9, 10). Likewise, in the MCF7 tumor model, figitu-

mumab caused a decrease in level of IGF1R phosphory-

lation (Fig. 9). In all three animal experiments described

above, signaling studies on tumor extracts from mice sac-

rificed 96 h after first drug treatment showed minimal

effects of single agents, but the combinations resulted in

enhanced inhibition of signaling as evidenced by decreased

levels of phospho-AKT and phospho-ERK (Figs. 9, 10).

Discussion

In breast cancer models, cross-talk and physical interac-

tions of IGF1R with HER2 [33, 34] implicated the IGF1R

in trastuzumab resistance, and clinical trial results have

reported this association as well [18]. In other work, it was

found that the EGFR also interacts with IGF1R in a human
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data point represents the mean tumor volume from five mice. Bars

represent standard deviation. Asterisk indicates statistically significant

difference from the vehicle and/or single-drug treatment at p\ 0.05
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Fig. 7 Growth of MCF7 tumor xenografts in BALB/c nude mice

treated with trastuzumab, figitumumab, or the combination. Estrogen

supplemented, overiectomized, athymic nude mice bearing s.q. MCF7

xenografts were randomly allocated to treatment with trastuzumab

(4 lg/mouse, every alternative day), figitumumab (250 lg/mouse,

once a week), the combination, or vehicle. Treatment began when the

average tumor size was approximately 200 mm3. Drugs were

administered for 48 days by i.p. injection. Tumor volumes were

measured twice weekly. Each data point represents the mean tumor

volume from five mice. Bars represent standard deviation. Trastu

trastuzumab. Asterisk indicates statistically significant difference

from the vehicle and/or single-drug treatment at p\ 0.05

Breast Cancer Res Treat (2015) 152:533–544 539

123



breast cancer cell line [44]. One group reported that an

IGF1R TKI (AG1024) and the EGFR TKI gefitinib gave

additive-to-synergistic growth inhibition of several breast

carcinoma cell lines, and the combination gave greater

apoptosis than either single agent [45].

HER2 is the only member of the EGFR/HER family that

has no ligand, and therefore, HER2 signaling requires

heterodimerization with another HER family receptor

(HER1/EGFR, HER3, or HER4). The HER2/HER3 het-

erodimer is implicated as the most potent with regard to

mitogenic signaling, transforming ability, and the malig-

nant phenotype [46, 47]. The presence of HER family

ligands, and activation of other HER family receptors, can

reduce the efficacy of HER2-directed therapies [15, 16].

Furthermore, overactive signaling via HER3 has been

implicated in resistance to cancer therapies that target the

other receptor tyrosine kinases, including drugs that target

EGFR [48] and HER2 [16, 17].

These considerations suggest potential limitations of a

therapy that targets solely HER2, since optimal anti-tumor

effects may require silencing of the function of all of the

HER family receptors. Recent clinical success from add-

ing the therapeutic anti-HER2 antibody pertuzumab to

trastuzumab [49, 50] supports this notion, as pertuzumab

binds to the dimerization arm of HER2 and prevents

dimerization with other receptors in the HER family.

These considerations also suggest that agents such as

neratinib may add benefit in treating HER2-overexpress-

ing breast cancer. Furthermore, some breast cancers are

known to express constitutively activated truncated forms

of HER2 that lack the extracellular domain, and to which

trastuzumab cannot bind; such tumors are resistant to

trastuzumab [1], but sensitive to HER2 TKIs [1, 51].

Given these considerations, and the ability of IGF1R to

interact with both HER2 and EGFR (HER1) and act as an

escape mechanism from trastuzumab effect, we were

interested in combining neratinib with IGF1R inhibitors. In

accordance with our previous observations [36], we find

that combining figitumumab with trastuzumab or neratinib

in representative human breast cancer cell lines enhances

growth inhibition and apoptosis in vitro, in models where

drugs employed as single agents were incapable of induc-

ing such an effect, similar to results we previously reported

with reagent grade IGF1R inhibitors in combination with

trastuzumab. We also find such enhanced effects of the

drug combinations using in vivo xenograft models. Fur-

thermore, biochemical analysis of downstream signaling in

the tumors from these animals demonstrates enhanced anti-

signaling effects of the drug combinations.

Clinical trial results showed that a HER2/EGFR dual

TKI, lapatinib, has clinical activity in HER2-positive

metastatic breast cancer after progression on trastuzumab-

based therapy [52]. One group reported that lapatinib could

kill trastuzumab-resistant SKBR3 cells, and that an IGF1R

antagonistic antibody potentiated this effect [21]. Using the

BT474 and MCF7 cell lines, we found that combining

IGF1R inhibitors with a lapatinib analog (GW2974) indu-

ces high levels of apoptosis, when again single agents

could not (unpublished data).

Neratinib has demonstrated activity in HER2-positive

breast cancer patients, both in the setting of no prior tras-

tuzumab treatment (response rate 56 %, progression-free

survival 39.6 weeks) and with prior trastuzumab treatment

(response rate 24 %, progression-free survival 22.3 weeks)

[53]. Patients with trastuzumab pretreated HER2-positive

metastatic breast cancer receiving neratinib plus capecita-

bine had an overall response rate of 64 % for those with no

prior lapatinib therapy and 57 % for those previously

treated with labtinib [54]. A recent news release from

Puma Biotechnology, currently developing neratinib, states

a positive effect in a randomized phase III trial of using

neratinib in extended adjuvant therapy after adjuvant

therapy with trastuzumab (http://www.pumabiotechnology.

com/pr2014072202.html).

Figitumumab has been tested as a cancer therapeutic in a

number of clinical trials. In a randomized phase II trial of
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Fig. 8 Growth of BT474 tumor xenografts in BALB/c nude mice

treated with neratinib, figitumumab, or the combination. Estrogen

supplemented, overiectomized, athymic nude mice bearing s.q.

BT474 xenografts were randomly allocated to treatment with

neratinib (50 lg/mouse, every alternative day), figitumumab

(500 lg/mouse, once a week), the combination, or vehicle. Treatment

began when the average tumor size was approximately 200 mm3.

Drugs were administered for 48 days by i.p. injection. Tumor

volumes were measured twice weekly. Each data point represents

the mean tumor volume from five mice. Bars represent standard

deviation. Asterisk indicates statistically significant difference from

the vehicle and/or single-drug treatment at p\ 0.05
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conventional cytotoxic chemotherapy with or without fig-

itumumab for advanced non-small cell lung cancer, initial

results (subsequently retracted) suggested improved out-

comes when added to conventional chemotherapy, espe-

cially for squamous cell histology. This led to a

randomized phase III trial in this setting for non-small cell

lung cancer patients with non-adenocarcinoma histology;

however, the phase III trial was terminated early due to

lack of improved effect and concern about excess toxicity

[55]. Furthermore, additional analysis of the randomized

phase II trial called into question the initial encouraging

results and led to a retraction of the initial publication. The

clinical development of figitumumab has been discontin-

ued [55]. However, other drugs to target IGF1R are still in

clinical development and in clinical trials. Relevant to

HER2-positive breast cancer, a clinical trial of lapa-

tinib/capecitabine with or without the anti-IGF1R thera-

peutic antibody cixutumumab (IMC-A12) was recently

reported in abstract form, and reported that the addition of

cixutumamb did not meet the primary endpoint of

improved progression-free survival in unselected patients

with HER2-positive metastatic breast cancer, though sub-

setting patients by IGFBP levels might help predict patients

who may benefit [56]. The highly related insulin receptor

also has tumor-promoting properties, and hybrid IGF1R/

insulin receptor signaling is believed to be important in

cancer. Pre-clinical research has suggested that co-target-

ing both IGF1R and insulin receptor may be required for

optimal anti-tumor effects [57], and dual IGF1R/insulin

receptor inhibitors are also in clinical development.

In conclusion, combining IGF1R inhibitors with HER2-

targeting agents is a promising strategy to treat breast

cancer, potentially irrespective of the tumor HER2

expression level, as demonstrated here using the HER2-

normal MCF7 model. This work suggests that selected

targeted therapy drug combinations may have dramatic

synergy, even in settings where single drugs are inactive.

Co-targeting of the IGF-signaling axis and HER family

Fig. 9 Immunoblot analysis of downstream signaling in mouse

xenograft tumor samples after treatment with trastuzumab, figitu-

mumab, or the combination. Frozen tumor tissue from mice bearing

xenograft tumors of BT474 (panel A) and MCF7 (panel B) tumors

after 4 days of drug treatment was used to prepare tumor extracts.

Protein samples were electrophoresed and immunoblotted with

antibodies to phospho-HER2 (PHER2), total HER2 (THER2),

phospho-IGF1R (PIGF1R), total IGF1R (TIGF1R), phospho-AKT

(PAKT), total AKT (TAKT), phospho-ERK (PERK), total ERK

(TERK). Immunoblot with human pan-cytokeratin antibody was

performed to demonstrate the relative amount of human epithelial

cells in tumor samples. Each lane represents an individual mouse’s

tumor from within each group. Detection of bands was carried out

using ECL reagent. V Vehicle, CP CP-751,871/figitumumab, Trastu

trastuzumab

Breast Cancer Res Treat (2015) 152:533–544 541

123



axis may hold promise in treating breast cancers of various

subtypes.
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