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Abstract

Dysregulation of epidermal growth factor receptor (EGFR) is a hallmark of many epithelial

cancers, rendering this receptor an attractive target for cancer therapy. Much effort has been

focused on the development of EGFR-directed antibody-based therapeutics, culminating in the

clinical approval of the drugs cetuximab and panitumumab. Unfortunately, the clinical efficacy of

these drugs has been disappointingly low and a particular challenge to targeting EGFR with

antibody therapeutics has been resistance resulting from mutations in the downstream raf and ras

effector proteins. Recent work demonstrating antibody cocktail-induced synergistic

downregulation of EGFR motivated our design of cetuximab-based antibody-fibronectin domain

fusion proteins that exploit downregulation-based EGFR inhibition by simultaneously targeting

multiple receptor epitopes. We establish that amongst our engineered multiepitopic formats, trans-

triepitopic antibody fusions demonstrate optimal efficacy, inducing rapid EGFR clustering and

internalization, and consequently ablating downstream signaling. The combined effects of EGFR

downregulation, ligand competition, and immune effector function conspire to inhibit tumor

growth in xenograft models of cetuximab-resistant BRAF- and KRAS-mutant cancers. Our

designed triepitopic constructs have the potential to enhance the efficacy and expand the scope of

EGFR-directed therapies and our multiepitopic may be readily applied to other receptor targets to

formulate a new class of antibody-based therapeutics.
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Introduction

Epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptor

kinases that dimerizes following growth factor stimulation to induce receptor auto-

phosphorylation and downstream signal activation, ultimately eliciting cellular responses

such as migration, proliferation, and differentiation.1 Dysregulation of EGFR signaling

resulting from overexpression or mutation of either the receptor or its native ligands has

been implicated in the pathogenesis of a host of epithelial-derived tumors,2,3 motivating

extensive drug design efforts that have led to the development of five approved EGFR-

targeted drugs. Unfortunately, response rates have been disappointingly low and one of the

major challenges to efficacy is the presence of mutations in signal effectors downstream of

EGFR.4 In particular, frequent mutations in the BRAF and KRAS genes,5,6 which encode

the mitogen-activated protein kinase (MAPK) effector raf and the MAPK and

phosphoinositide 3 kinase (PI3K) effector ras, respectively, confer resistance to EGFR-

targeted drugs,7–9 necessitating development of more potent compounds that recruit

additional inhibitory mechanisms such as receptor downregulation.

Accumulating evidence argues for the use of antibody cocktails targeting distinct epitopes

on EGFR to cross-link or cluster and consequently downregulate receptor as a mechanism of

inhibition (Fig. 1a), complementing conventional antibody mechanisms such as ligand

competition.10–12 Clustering might also be achieved with constructs that engage multiple

epitopes on a single receptor. Bispecific nanobodies targeting two EGFR epitopes have been

explored,13 but higher order multiepitopic constructs introduce the geometric potential for

two-dimensional surface cross-linking networks as opposed to strictly linear daisy chain

formation, improving clustering efficiency to promote downregulation (Fig. 1b). We have

performed a systematic evaluation of multiepitopic construct design and efficacy,

engineering a series of novel fusion proteins based on the clinically approved antibody drug

cetuximab (225) and determining the optimal specificity and topology for downregulation.

Engineered triepitopic constructs rapidly cluster and internalize EGFR without agonizing the

receptor. Furthermore, these constructs obstruct downstream signaling and inhibit tumor

growth in models of 225-resistant cancers. In addition to informing enhanced anti-EGFR

therapeutic design, our findings could represent a new class of antibody-based drugs

targeting other surface proteins of therapeutic interest.

Results

We generated a panel of tri- and tetraepitopic constructs comprised of a full-length antibody

linked to engineered EGFR-targeted variants of the tenth type III domain of human

fibronectin (Fn3), a small (≈10 kDa), soluble beta-sandwich protein containing three

hypervariable loops that confer target specificity.14 We refer to the full constructs

henceforth as Ab-Fn3 fusions and denote them by chain (heavy, H or light, L) and terminus
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(N or C) of fusion. Prior work identified three non-competitive Fn3s which engage domain 1

(clone A), domain 3 (clone B), and domains 3 and 4 (clone D) of the EGFR ectodomain with

sub-nanomolar affinity (Fig. S1).15 Given three non-competitive Fn3 domains plus the 225

variable domain, we were able to design fusions capable of engaging up to four EGFR

epitopes simultaneously. Ab-Fn3 fusions were designed with four different topologies: cis,

trans, and double heavy chain (2HC) triepitopic fusions and tetraepitopic (tet) fusions (Fig.

2a). Previous combination antibody screens indicated improved downregulation when at

least one ligand-competitive moiety was included,12 prompting use of the epidermal growth

factor (EGF)-competitive 225 immunoglobulin (IgG) scaffold. Use of the antibody

backbone also imparts such benefits as straightforward recombinant expression, stability,

and extended serum halflife.

Ab-Fn3 fusions are efficiently expressed from transiently transfected HEK 293 cells with

high purity and yields of up to 10 mg/mL. We find that cis and trans fusions secrete best

(Fig. S2a–b) and a representative dynamic light scattering profile of a trans-trispecific fusion

confirms that the protein is of the expected monomeric size (Fig. S2c). Avidity enables five-

to tenfold tighter EGFR binding of Ab-Fn3 fusions versus 225 (Table 1). The surface EGFR

downregulatory activity of Ab-Fn3 fusions was compared to that of 225 or Fn3 on four

EGFR-expressing cell lines with varying receptor densities (Table S1). As expected, the 225

antibody and monovalent Fn3s do not significantly impact surface EGFR levels, whereas

Ab-Fn3 fusions downregulate receptor to varying extents depending on Fn3 orientation and

fusion topology (Fig. 2b). The most effective formats for downregulation are trans and tet,

distinguishing trans-triepitopics as optimal for both expression and downregulation. In

addition to its dependence on Ab-Fn3 fusion format, downregulation efficacy is also

dependent on the orientation and particular combination of Fn3 domains incorporated.

Comprehensive analysis on 11 cell lines (Table S1) reveals HND+LCA as the most actively

downregulating trans-triepitopic construct (Fig. 2c). This Ab-Fn3 fusion reproducibly

achieves 80–90% surface EGFR reduction, motivating its selection for further

characterization.

To demonstrate the advantage of designing higher order multiepitopic constructs, biepitopic

Ab-Fn3 fusions were secreted in all four possible orientations (Fig. 2d). Constructs in the

HN format are well expressed (Fig. S2d–e) and bind EGFR with enhanced affinity versus

225 (Table 1).

However, even the most active biepitopic Ab-Fn3 fusions downregulate EGFR to a lesser

extent than tri- and tetraepitopic constructs, particularly the trans and tet fusions (Compare

Fig. 2e to Fig. 2b), demonstrating the advantage of increased fusion construct valency in

achieving receptor downregulation.

Receptor downregulation can be achieved via reduced synthesis rate, increased endocytic

rate, decreased recycled fraction, or some combination thereof. We previously showed that

antibody cocktails induce downregulation primarily through recycling inhibition;

endocytosis rate is unchanged.12 In contrast, trans-triepitopic treatment accelerates

endocytosis to the same extent as EGF treatment (Figs. 3a, S3a) in addition to inhibiting
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recycling (Fig. S3b), leading to more extensive downregulation than is attainable with

antibody cocktail treatment.

To establish that downregulation corresponds with receptor clustering, we visualized HT-29

cells following treatment with our most active Ab-Fn3 fusion, HND+LCA. Deconvolution

microscopy images reveal a dramatically punctate receptor distribution in the presence of

Ab- Fn3 compared to 225, indicative of clustering (Fig. 3b). Isolation of z-sections through

the HT-29 cell monolayer following treatment with the HND+LCA construct demonstrates

that clusters are located both at the cell surface and intracellularly (Fig. S3c). In A549 cells,

clusters appear within 9 minutes of treatment, increasing in size and quantity over time (Fig.

3c). We note similar receptor distribution patterns following treatment with other trans-

triepitopic constructs, confirming rapid and efficient EGFR clustering (Fig. S3d).

Since ligand-mediated downregulation coincides with receptor activation, we examined

whether Ab-Fn3 fusion-mediated downregulation was similarly agonistic. In-cell western

analysis was performed for six known EGFR phosphosites including three major tyrosine

autophosphorylation sites (Y1068, Y1148, and Y1173),16 one minor autophosphorylation

site (Y1086),17 a Src tyrosine kinase target (Y845),18 and a Ca-calmodulin-dependent kinase

II target (S1046).19 Studies were performed on the EGFR-dense A431 cell line, which

exhibited 40–50% receptor downregulation following transtriepitopic fusion treatment. As

shown in Fig. 4a, phosphorylation of the six sites increases in response to EGF stimulation,

but none are activated by engineered fusion treatment during the same 2 h timecourse,

despite the extensive clustering and downregulation we observe. Accordingly, effectors in

the EGFR-driven PI3K pathway (Akt) and MAPK pathway (ERK) also show no

phosphorylation in response to HND+LCA treatment (Fig. 4b–c). We conclude that despite

its capacity to downregulate surface receptor, Ab-Fn3- induced clustering is insufficient to

instigate EGFR activation.

We next posed the question of whether triepitopic constructs could antagonize growth

factor- mediated activation downstream of EGFR. Our results demonstrate that EGF-

induced Akt and ERK activation are delayed although not attenuated by 225, whereas

signaling through both proteins is effectively abolished by Ab-Fn3 fusion treatment (Fig.

4d–e). Remarkably, these studies were performed in HT-29 cells, which express an

activating mutant form of the MAPK effector raf, demonstrating that HND+LCA inhibits

dysregulated downstream signaling through robust EGFR downregulation.

As a preliminary evaluation of the therapeutic potential of Ab-Fn3 fusions, we performed in

vitro proliferation studies on our most active fusion, HND+LCA. To directly demonstrate

the advantage of recruiting the additional mechanism of clustering to supplement EGFR

ligand competition mediated by the unconjugated 225 antibody, we implemented

proliferation studies in an autocrine ligand-expressing system. Autocrine expression of EGF

and other EGFR ligands is frequently observed in tumor cells and can overwhelm exogenous

therapeutics by increasing the apparent concentration of ligand, resulting in resistance to

ligand-competitive antibodies, such as 225.2,20–22 In an HMEC-derived cell line, denoted

ECT, that aberrantly expresses chimeric EGF at a rate of 0.3 h−1 per 106 cells,23 both 225

and the HND+LCA trans-triepitopic fusion are effective in inhibiting cell proliferation (Fig.
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S4a). However, in the more aggressive TCT cell line, which secretes chimeric EGF at a rate

of 0.6 h−1 per 106 cells,23 225 was unable to impair proliferation. In contrast, the HND

+LCA trans-trispecific fusion reduces cell proliferation by 50% at saturating concentrations

(tenfold higher than the equilibrium dissociation constant) (Fig. S4b).

Based on these promising in vitro results, we compared the therapeutic efficacy of the

current standard of care 225 antibody to our engineered Ab-Fn3 fusion in mouse xenograft

models. Their antibody-based structure allows Ab-Fn3 fusions to persist in the bloodstream

with identical pharmacokinetics to 225 (Fig. 5a). We confirmed tumor targeting and

perfusion of our Ab-Fn3 fusion construct via immunofluorescent staining of HT-29 tumor

xenografts dissected from mice that were dosed 24 hours prior to sacrifice (Fig S5). In vivo

efficacy of the most active transtriepitopic fusion (HND+LCA) was examined in four cell

lines: A431, HT-29, HCT-116, and U87 (Fig. 5b). Compared to other cell lines, the A431

epidermoid carcinoma line exhibits less dramatic receptor downregulation following HND

+LCA treatment and, accordingly, we observe no significant tumor control in xenograft

models. Note that 225 was also ineffective against A431 xenografts at the concentration

administered (10 mg/kg), consistent with previous findings.24 However, in the BRAF

mutant HT-29 colorectal carcinoma cell line, surface EGFR is potently downregulated by

HND+LCA but not 225 and, correspondingly, xenograft tumor growth is inhibited by HND

+LCA but not 225. In the KRAS mutant HCT-116 and wild-type BRAF and KRAS U87 cell

lines, 225 moderately reduces surface EGFR levels, whereas HND+LCA induces more

substantial downregulation. This behavior is predictive of in vivo efficacy, as 225 is partially

controlling while HND+LCA effectively inhibits xenograft tumor growth.

Given the surprising result that EGFR-targeted Ab-Fn3 fusion treatment controls BRAF-

and KRAS-mutant tumors, we further probed the therapeutic mechanism. Having

established that downregulation correlates with tumor inhibition (Fig. 5b), we speculated

that ligand competition also contributes to efficacy. To isolate the role of ligand obstruction,

we designed an HND+LCA variant (HND+LCAx) with two 225 heavy chain variable

domain mutations (Y102A and D103A) that weaken the 225-EGFR interaction by nearly

thirtyfold (Fig. S6a).25 Introduction of these mutations into HND+LCA results in

approximately a tenfold drop in affinity, mitigated by the two Fn3 domains (Fig. S6b).

Compared to HND+LCA, HND+LCAx competes sevenfold less efficiently with EGF (Fig.

6a).

We also parsed the contributions of immune effector function to tumor inhibition, as the role

of immune cell recruitment via Fcγ receptor interaction in antibody efficacy has long been

appreciated26 and 225 is known to evoke antibody-mediated cellular cytotoxicity through Fc

interaction with natural killer cells or macrophages.27 We designed an HND+LCA variant

(HND+LCAf) with a mutation in the IgG heavy chain constant region (D265A) that reduces

binding to mouse FcγRIV by 96% (Fig. 6b)28 without affecting antibody affinity or EGF

competition (Fig. S6c–d). Ab-Fn3 fusion-induced clustering (Compare Fig. 6c to Fig. 3b)

and downregulation (Fig. 6d) are intact for HND+LCAx and HND+LCAf, demonstrating

isolation of ligand competition and effector function, respectively. As expected, the rate of

receptor downregulation is reduced for HND+LCAx treatment (6.2 h−1) compared to HND
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+LCA treatment (12.8 h−1) due to the tenfold decrease in affinity. However, the steady-state

levels of downregulation for the two constructs differ by less than 10%.

We assessed the performance of HND+LCAx and HND+LCAf in mouse tumor xenograft

models of the BRAF mutant HT-29 cell line, the KRAS mutant HCT-116 cell line, and the

wild-type BRAF and KRAS U87 cell line (Fig. 7a). We found ligand inhibition to be

requisite for tumor control in all three cell lines. In contrast, effector function was necessary

for control of HT-29 but not HCT-116 or U87 xenografts. HT-29 tumors were dissected

post-mortem and immunofluorescently stained for total EGFR content. Consistent with

growth inhibition observations, HND+LCA-treated tumors express less EGFR than PBS- or

HND+LCA variant- treated tumors (Fig. 7b).

Discussion

In summary, we introduce novel multiepitopic fusion constructs that utilize a clustering-

based mechanism to downregulate and inhibit EGFR for therapeutic efficacy. Systematic

evaluation of fusion topology identifies the trans-triepitopic format as optimal for expression

and activity (Figs. 2, S2). The most active Ab-Fn3 fusion (HND+LCA) efficiently clusters

and downregulates receptor (Fig. 3) in the absence of activation (Fig. 4b–c). It is notable that

we achieve rapid receptor downregulation in the absence of agonism since fast endocytosis

occurs exclusively through recruitment to clathrin-coated pits, which requires kinase

activity.29 Since Ab-Fn3 fusions do not stimulate phosphorylation, the internalization we

observe presumably occurs slowly through basal membrane turnover or through lipid rafts.30

We hypothesize that although the molecular rate of receptor internalization is not

accelerated, clustered receptors are internalized synchronously, resulting in an apparent

increase in the bulk endocytic rate constant following Ab-Fn3 fusion administration.

Unexpectedly, HND+LCA ablates PI3K and MAPK signaling even in the presence of a

mutation downstream of EGFR (Fig. 4d–e). This may result from extreme sensitivity of the

downstream effector response to the abundance of phosphorylated EGFR. Recently, Chen et

al. showed that the incremental difference between 99% and 99.9% inhibition of EGFR

activity translates into an 80% reduction in Akt and ERK activation.31 The additional loss of

EGFR activity via receptor downregulation compared to 225-mediated ligand competition

alone could account for downstream inhibition we observe. BRAF mutation enhances raf

kinase activity and KRAS mutation impairs the de-activating GTPase function of ras.32,33

Our results therefore suggest that in both mutants, a non-zero level of EGFR-initiated

upstream signal is necessary to propagate sufficient downstream signaling to drive tumor

progression.

Finally, we establish the therapeutic efficacy of Ab-Fn3 fusion constructs in three different

xenograft tumor models that resist 225 treatment, including one BRAF and one KRAS

mutant cell line. Notably, we achieve robust control at a dose of 10 mg/kg with our

triepitopic constructs, fivefold lower than the effective dose of the unconjugated 225

antibody.24 We observe that in vitro downregulation is predictive of in vivo efficacy (Fig.

5b) and that receptor downregulation, ligand competition, and immune effector function all

contribute to trans-triepitopic fusion efficacy (Fig. 7). Rapid formation of receptor-antibody
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clusters on the surface of tumor cells could also enhance immune effector cell recruitment,

potentiating antibody-dependent cellular cytotoxicity27 or complement-dependent

cytotoxicity, as was recently shown for antibody combinations;34 however antibody effector

function was not required for control of HCT-116 or U87 tumors.

In addition to the immediate potential therapeutic applications of EGFR-directed fusions in

225- refractory tumors, Ab-Fn3 fusions hold promise for targeted drug development. By

enhancing the avidity of antibody-based constructs and introducing the complementary

mechanism of cluster-induced downregulation, we may recover or improve the efficacy of

existing drugs as well as design novel therapeutics that benefit from a multiepitopic strategy.

Cluster-induced downregulation could also expand the indications of antibody-based

therapeutics, as this mode of inhibition should remain effective in the face of receptor

mutation and ligand dysregulation. Notably, Ab-Fn3 fusion treatment stifled growth of a

225-resistant in vitro model of ligand overexpression (Fig. S4b). The rapid and dramatic

clustering effected by Ab-Fn3 fusions proposes their use for diagnostic purposes or as

delivery vehicles for cell disruption agents such as toxins or siRNA. Further, the modularity

of our Ab-Fn3 fusion constructs readily allows for development of drugs targeting other

ErbB family members and receptor tyrosine kinases in general. Overall, the approach we

present introduces a broadly applicable and effective concept for targeting, clustering, and

downregulating a receptor to inhibit signaling and, ultimately, tumor growth.

Materials and Methods

Cell lines and antibodies

The transfected U87-SH,31,32 ECT,23 and TCT23 cell lines were established as described

previously35,3635,3635,3635,3635,3635,36 and all other adherent cell lines were obtained from

ATCC. HEK 293F cells were purchased from Invitrogen. Murine 225 monoclonal antibody

was secreted from the commercially available hybridoma cell line (ATCC). Human 225 was

secreted from transiently transfected HEK 293F cells. The H11 antibody was purchased

through Lab Vision.

Adherent cells were maintained in their respective growth media (from ATCC unless

otherwise indicated): DMEM for A431, U87-MG, U87-SH, BT-20, Hs578T, BT-549, and

MDA-MB-231 cells, F-12K medium for A549 cells, McCoy’s Modified 5A medium for

HT-29 and HCT-116 cells, EMEM for HeLa cells, and HuMEC Ready Medium (Invitrogen)

for HMEC, ECT, and TCT cells. U87-MG and U87-SH media were supplemented with 1

mM sodium pyruvate (Invitrogen) and 0.1 mM non-essential amino acids and transfected

lines U87-SH were selected with 0.3 mM Geneticin (Invitrogen). To prepare complete

culture media, ATCC formulations were supplemented with 10% fetal bovine serum (FBS)

and 1X penicillin-streptomycin solution. All cell lines were maintained at 37°C with 5%

ambient CO2. HEK 293F cells were maintained in suspension in FreeStyle 293 expression

medium (Invitrogen) at 37°C with 5% ambient CO2. EGF (Sigma) was dosed at 20 nM.

Trypsin-EDTA (Invitrogen) contains 0.05% trypsin and 0.5 mM EDTA.
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Production of 225 and Ab-Fn3 fusions via HEK 293 cell transient transfection

The human IgG1 heavy and light chains of 225 or Ab-Fn3 fusions were inserted into the

gWiz mammalian the 225 variable domains37 and EGFR-binding fibronectin clones A, B,

and D15 were published previously. HEK 293F cells (Invitrogen) were grown to 1.2×106

cells per mL and diluted to 1×106 per mL. Miniprepped DNA (consisting of both the heavy

and light chain constructs) and polyethyleneimine (Sigma) were independently diluted to

0.05 and 0.1 mg/mL in OptiPro medium, respectively, and incubated at room temperature

for 15 min. Equal volumes of DNA and polyethyleneimine were mixed and incubated at

room temperature for an additional 15 min. Subsequently, 500 mL of cells and 20 mL of

DNA/polyethyleneimine mixture were added to a 2 L roller bottle and incubated at 37°, 5%

CO2 on a roller bottle adapter for seven days. The cell secretions were then centrifuged for

30 min at 15,000×g and the supernatant was purified via protein A affinity column

chromatography (Thermo Fisher Scientific). Eluted constructs were concentrated,

transferred to PBS, and characterized by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) analysis.

Deconvolution microscopy

225 antibody and Ab-Fn3 fusions were labeled with Alexa 488 using a fluorescent labeling

kit (Invitrogen). HT-29, A431, or A549 cells were plated at 50,000 per well in 8-well

microscopy chambers and allowed to settle overnight. They were then serum- starved for 8–

12 h and incubated with the appropriate antibody or Ab-Fn3 fusion construct for various

time lengths at 37°C. Cells were immediately washed and resuspended in phenol red-free

medium (Invitrogen) for imaging on a DeltaVision Spectris inverted deconvolution

microscope (Applied Precision) at 60× magnification (oil immersion lens). For A549

images, wells were not washed but rather labeled constructs were added to phenol red-free

medium and images were captured over a 30-minute time course. Deconvolution and

projection of 0.15 μm z-slices as well as image analysis were performed using the

SoftWoRx software package (Applied Precision). All compared images were acquired

during a single session using identical settings.

Monensin recycling assays

U87 cells were seeded at 5×104 per well in 96-well plates, allowed to settle overnight, and

serum starved for 12–16 h. They were then pre-incubated in basal medium with or without

200 μM monensin (Sigma), an inhibitor of receptor recycling,38 at 37°C for 20 min. Either

PBS or 20 nM trans-triepitopic Ab-Fn3 fusion was then added and incubation proceeded at

37°C. At each time point, cells were dissociated in trypsin-EDTA, acid stripped, and labeled

for surface EGFR through incubation with 20 nM 225 for 1 h on ice. Cells were then washed

and labeled with 66 nM PE-conjugated goat anti-mouse antibody (Invitrogen) for 20 min at

4°C. Cells were washed a final time and analyzed via flow cytometry.

Phospho-Akt and phospho-ERK immunoblot analysis

HT-29 cells were cultured to confluence in 6-well plates, allowed to settle overnight, and

serum starved for 12 h. Cells were subsequently incubated with 20 nM isotype control

antibody, 225, or the Ab-Fn3 fusion HND+LCA for the indicated length of time at 37°C.
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For antagonism assays only, following 13 h incubation with PBS or 20 nM isotype control

antibody, 225, or HND+LCA, 20 nM EGF was added and incubation proceeded at 37°C for

the prescribed time length. Cell lysis was performed in 50 mM Tris•HCl, 2% SDS, 5%

glycerol, 5 mM EDTA, 1 mM NaF, protease and phosphatase inhibitors (Thermo Fisher

Scientific), 10 mM β-GP, 1 mM PMSF and 1 mM Na3VO. Total protein levels were

quantified for normalization via BCA assay (Thermo Fisher Scientific). Lysates were

subsequently clarified by passage through centrifugal filter plates, separated via gel

electrophoresis, subjected to SDS-PAGE analysis on 8% E-Page gels, and blotted onto

nitrocellulose via iBlot apparatus (Invitrogen). The blotted membrane was then blocked in

1:1 PBS:Odyssey Blocking Buffer (Licor Biosciences) for 1 h at room temperature. Blots

were incubated with 1:1000 dilutions of either anti-phosphoAkt S473 rabbit antibody or

anti- phosphoERK1/2 Y202/Y204 rabbit antibody overnight at 4°C (Cell Signaling,

Danvers, MA). A 1:15,000 dilution of mouse anti-beta actin antibody was added the next

morning and incubation proceeded for 2 h. Following three washes, the membrane was

incubated with goat anti-mouse (800 cw) and goat anti-rabbit (700 cw) near IR dye

conjugate antibodies. After four additional washes, membranes were visualized on the Licor

Odyssey infrared imaging system (Licor Biosciences). Phospho-Akt and phospho-ERK

signals were normalized by beta actin signal for each lysate and all samples were normalized

to a control lysate to ensure consistent intensity between blots. Image normalization and

quantification were implemented with ImageJ software (NIH).

Cell Proliferation Assays

HMEC-derived TCT cells23 were seeded at 3×103 per well in 96-well plates and allowed to

adhere for 24 h. They were subsequently treated with 225 or the HND+LCA Ab-Fn3 fusion

construct at the indicated concentrations in complete medium and incubated at 37°C for 72

h. Cell viability was assessed using the Wst1 tetrazolium salt cleavage assay (Roche)39,40.

Relative proliferation was calculated as 450 nm absorbance relative to that of a PBS-treated

control.

Pharmacokinetic studies

Antibody or Ab-Fn3 fusion was labeled with Licor 800cw near-infrared dye (Licor

Biosciences). A total of 200 μg per mouse (10 mg/kg) of labeled antibody or Ab-Fn3 fusion

suspended in 100 μL PBS was retro-orbitally injected into 6–8 week-old female Ncr nu/nu

mice (three mice per cohort). At each time point, 20 μL blood was collected from the tail

vein and maintained in a capillary tube. The blood was then centrifuged for 5 min at 1500×g

to remove red blood cells and the plasma layer was transferred to a fresh capillary tube for

analysis. Near-infrared signal was detected using the Licor Odyssey infrared imaging system

at a wavelength of 800 nm. Signal was normalized to the first collection time point

(immediately post-injection).

Mouse xenograft studies

A431 epidermoid carcinoma cells (2×106), HT-29 colorectal carcinoma cells (3×106),

HCT-116 colorectal carcinoma cells (2×106), or U87 glioblastoma cells (3×106) were

injected subcutaneously into the right flanks of 6–8 week-old female Ncr nu/nu mice. By
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day 7 post-injection, tumors had grown to a minimum volume of 20 mm3. Mice were

randomized and retro-orbital injections of PBS or 10 mg/kg 225, HND+LCA, HND+LCAx,

or HND+LCAf were carried out for the duration of the experiment (with the exception of

U87 tumors, which were treated only through day 31). Tumor volume was monitored daily

with a digital caliper using the formula Volume = 0.5×(Length)×(Width)2 although not all

points are shown to enhance figure clarity. Throughout the experiment, mice were

monitored for overall health and activity in accordance with Massachusetts Institute of

Technology Committee on Animal Care protocol number 0509-048-12. Each cohort

included three or four mice.

Yeast-Displayed Fcγ Receptor Binding Assay

Transformed yeast stably displaying the extracellular domain of Fcγ receptor I (residues 25–

297), II (residues 30–207), III (residues 31–215), or IV (residues 21–203) followed by a

cmyc tag were incubated with 100 nM antibody or Ab-Fn3 fusion construct for 30 min at

room temperature. Chicken anti-cmyc antibody (Invitrogen) was also added to detect

properly displayed receptor. Yeast cells were then washed and goat anti-human 488-labeled

secondary antibody (Invitrogen) was added to detect bound IgG fusion. Concurrently, goat

anti-chicken 647-labeled secondary antibody (Invitrogen) was added to detect cmyc. Cells

were incubated at 4°C for 15 min, washed, and then analyzed on a FACS Calibur flow

cytometer (BD Biosciences). Mean bound Ab-Fn3 fusion fluorescence is reported for

functionally displaying (cmyc positive) yeast.

Tumor immunofluorescence studies

HT-29 tumor xenografts were dissected on day 38 post- inoculation (24 h after the final

therapeutic injection), immersed in optimal cutting temperature freezing medium, and flash

frozen with liquid nitrogen in a bath of 2-methylbutane (Sigma). Tumors were subsequently

sectioned (7 μm slices) in a cryostat and affixed to slides. For immunofluorescent staining,

slides were fixed with formalin for 10 min and then washed three times with PBS. Cells

were subsequently permeabilized in PBS containing 0.1% Triton X-100 for 10 min and

washed three additional times. Blocking with a 5% solution of goat serum (Invitrogen)

proceeded for 1 h at room temperature, followed by overnight incubation with 20 nM

polyclonal rabbit anti-EGFR antibody (Abcam, Cambridge, MA) or 20 nM rabbit anti-

human Fc antibody (Invitrogen) in 5% goat serum at 4°C. Slides were rinsed three times and

incubated with 33 nM goat anti-rabbit 488-conjugated antibody (Invitrogen) in PBS

containing 0.1% Tween 20 for 1 h at room temperature. Following four final PBS washes,

slides were incubated with the double-stranded DNA stain DAPI (Sigma) for one minute at

room temperature, mounted with Vectashield (Vector Laboratories), and sealed with clear

nail polish. Imaging was performed on a DeltaVision Spectris microscope (Applied

Precision) at 10× magnification. Image acquisition and processing were conducted using the

SoftWoRx software package. The images were stitched from a series of panels acquired in a

single plane of focus. All images presented were captured during a single microscopy

session using identical intensity settings. Brightness and contrast were normalized using

ImageJ software (NIH).
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Statistical analysis

One-way repeated measures ANOVA was performed on mouse xenograft data to compare

PBS, 225, and trans-triepitopic Ab-Fn3 treatments. The algorithm was implemented in

MATLAB (Mathworks).

Affinity titrations, receptor quantification, receptor downregulation assays, monensin-based

recycling studies, in cell western assays, and EGF competition analyses were performed as

described previously.12,15

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

EGFR Epidermal growth factor receptor

MAPK Mitogen-activated protein kinase

PI3K Phosphoinositide 3 kinase

Fn3 Tenth type III domain of human fibronectin

Ab-Fn3 Antibody-fibronectin domain fusion

EGF Epidermal growth factor

ERK1/2 extracellular signal-regulated protein kinases 1 and 2

DMEM Dulbecco’s modified Eagle medium

EDTA ethylenediaminetetraacetic acid

PBS phosphate buffered saline

PBSA phosphate buffered saline containing 0.1% bovine serum albumin

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Highlights

• Anti-EGFR therapeutics are ineffective in cancers with downstream signaling

mutations

• Engineered antibodies targeting multiple EGFR epitopes downregulate surface

receptor

• Downregulation abrogates signaling, even in the presence of downstream

mutations

• Engineered antibodies inhibit growth of tumor xenografts with signaling

mutations

• Constructs show therapeutic potential and multiepitopic strategy informs drug

design

Spangler et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2014 June 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
EGFR trafficking response to multiepitopic antibody-induced clustering. (a) A basic model

of receptor clustering and trafficking following treatment with a bispecific antibody

targeting two non-overlapping epitopes on EGFR is shown. Note that in contrast to the

requirement for two monoclonal antibodies to propagate crosslinking, a single multiepitopic

construct can efficiently cluster surface receptor. Receptor is synthesized with a rate

Rsynthesis, internalized with rate kendocytosis, recycled back to the surface with rate krecycling,

and degraded with rate kdegradation. (b) Comparison of cross-linking by biepitopic (left) and
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triepitopic (right) constructs illustrates the advantage of designing higher order multiepitopic

antibodies. Whereas biepitopic antibodies are limited to formation of one-dimensional linear

cross-linked complexes, antibodies that engage three or more epitopes can form two-

dimensional surface meshworks of cross-linked antibody-receptor complexes.
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Fig. 2.
Multiepitopic constructs induce EGFR downregulation. (a) Schematic diagram of the four

engineered tri- and tetraepitopic Ab-Fn3 fusions, consisting of the 225 human IgG1 constant

(white) and variable (gray) domains fused to multiple Fn3s (black and patterned). (b) Heat

map displaying surface EGFR downregulation on four cell lines following 13 h incubation

with the indicated constructs. Percent surface receptor remaining relative to an untreated

control is depicted. (c) Direct comparison of 13 h EGFR downregulation on eleven cell lines

by the four trans-triepitopic constructs. Error bars represent the standard deviation from
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three replicate experiments. (d) Orientation of the four possible biepitopic Ab-Fn3 fusion

topologies, including the 225 IgG1 (colored as in a) fused to one Fn3 (black) at the heavy or

light chain N or C terminus. (e) Surface EGFR downregulation heat maps (13 h) for

biepitopic constructs.
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Fig. 3.
Ab-Fn3 fusion treatment rapidly induces internalization and clustering of EGFR. (a) HT-29

surface EGFR downregulation profile following treatment with an antibody cocktail

(225+H11) ( ), the trans-tripepitopic Ab-Fn3 fusion HND+LCA ( ), or EGF ( ). Solid

lines represent non-linear least squares regression fits to first-order kinetics. (b)
Deconvolved images of HT-29 cells incubated with fluorescently-labeled antibody or Ab-

Fn3 fusion for the indicated lengths of time. (c) Time lapse of A549 cells treated with

fluorescently-labeled 225 or HND+LCA. Images reflect projections of 0.15 μm thick planes

through the cell monolayer. All scale bars are of length 15 μm.
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Fig. 4.
Ab-Fn3 fusion treatment does not activate EGFR and antagonizes downstream signaling

through Akt and ERK. (a) In-cell western assays were performed on A431 cells for six

established EGFR tyrosine and serine phosphosites. Activation profiles are shown for

treatment with 20 nM human IgG1 isotype control antibody ( ), HND+LCA ( ), and EGF

( ). Phosphoprotein fluorescence was normalized by DNA fluorescence and signal relative

to that of untreated cells is plotted versus time. (b) Immunoblot analysis of the phospho-Akt

and phospho- ERK response to 20 nM isotype control antibody, EGF, and the trans-
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triepitopic construct HND+LCA. HT-29 cells were incubated for the indicated length of

time and assessed for stimulation of EGFR-driven effectors in the PI3K and MAPK

pathways. (c) Quantification of the results presented in (b). (d) HT-29 cells were incubated

for 13 h with PBS or 20 nM human IgG1 isotype control antibody, 225, or HND+LCA. The

cells were subsequently stimulated with 20 nM EGF for the indicated length of time and

subjected to immunoblot analysis for quantification of phospho-Akt and phospho-ERK. (e)
Quantification of the results presented in (d). Band intensities were normalized by beta actin

levels and by the intensity of a control lysate included on each blot.
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Fig. 5.
In vitro EGFR downregulation correlates with in vivo control of mouse tumor xenograft

growth. (a) Clearance of 225 versus the trans-triepitopic fusion HND+LCA in athymic mice.

Blood plasma levels of near-infrared dye-labeled 225 ( ) or HND+LCA ( ) were

measured periodically for 48 h post-injection via tail vein bleeding. Fractional intensity

relative to initial signal is presented at each time point with a biphasic clearance curve

overlaid. (b) Cell surface EGFR downregulation (left) and in vivo tumor growth (right)

following treatment with HND+LCA in four EGFR-expressing cell lines. For
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downregulation assays, cells were treated with PBS or 20 nM 225 or HND+LCA for 13 h

and analyzed for surface EGFR expression. For xenograft models, mice were treated every

three days with PBS ( ) or 10 mg/kg 225 ( ) or HND+LCA ( ) beginning on day 7 post-

tumor inoculation. The symbols ❋ and ❖ denote P<0.05 for the HND+LCA cohort versus

the PBS and 225 cohorts, respectively, by one-way repeated measures ANOVA.
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Fig. 6.
Introduction of mutations in the 225 heavy chain variable domain or the Fc domain isolate

ligand binding and Fcγ receptor interaction, respectively, without significantly impacting

EGFR clustering or downregulation extent. (a) Competition assays depicting EGF binding

to HT-29 cells pre-incubated with the indicated concentrations of trans-triepitopic Ab-Fn3

fusion HND+LCA ( ) or the 225 variable domain mutant HND+LCAx ( ). (b) Binding of

HND+LCA or the Fc mutant HND+LCAf to yeast-displayed mouse Fcγ receptors I, II, III,

and IV. (c) Deconvolved images of HT-29 cells incubated with 20 nM fluorescently-labeled

HND+LCAx and HND+LCAf variants for 1 or 6 h at 37ºC. Projections of 0.15 μm slices

through the full cell volume are presented. Scale bars = 15 μm. (d) Surface EGFR

downregulation profiles of HT-29 cells treated with 20 nM HND+LCA ( ) or the variants

HND+LCAx ( ) or HND+LCAf ( ). Solid lines depict non-linear least squares regression

fits to first-order kinetics. As shown, the 225 variable and constant domain mutations do not

significantly alter downregulation kinetics nor do they affect the steady state level of surface

receptor.
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Fig. 7.
Downregulation, EGF competition, and immune effector function contribute to Ab-Fn3

fusion-mediated inhibition of mouse tumor xenograft growth in 225-resistant cell lines and

tumor control coincides with reduced EGFR expression. (a) In vitro EGFR downregulation

(left) and in vivo tumor xenograft growth (right) assays. For downregulation assays, cells

were incubated with PBS or 20 nM 225, HND+LCAx, or HND+LCAf for 13 h and assessed

for surface EGFR levels. For xenograft tumor studies, mice were dosed with PBS ( ) or 10

mg/kg HND+LCA ( ), HND+LCAx ( ), or HND+LCAf ( ) every three days beginning

on day 7 post-tumor inoculation. The symbols ❋, ✝, and ✦ denote P<0.05 for HND+LCA

versus PBS, HND+LCAx, and HND+LCAf, respectively. Statistical analyses were
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performed using a one-way repeated measures ANOVA algorithm. (b) Stitched images of

EGFR levels in HT-29 tumor xenografts following treatment with PBS or 10 mg/kg HND

+LCA, HND+LCAx, or HND+LCAf. HT-29 tumor xenograft-bearing mice treated every

three days beginning on day 7 post-inoculation were sacrificed on day 38, 24 h after

administration of the final treatment. Disected tumors were subsequently sectioned and

immunofluorescently stained for human EGFR (green) and cell nuclei (blue). Both

intracellular and extracellular EGFR is visible due to membrane permeabilization. Scale bars

= 1 mm.
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Table 1

Cell surface titration affinities of multiepitopic Ab-Fn3 fusions. Apparent equilibrium dissociation constants

of well-expressed cis- and trans-triepitopic and HN biepitopic Ab-Fn3 fusion constructs on the surface of

A431 cells at endosomal (6.0) or physiological (7.4) pH.

Construct Kd, pH 6.0 (pM) Kd, pH 7.4 (pM)

225 370 1284

HN-AD 1316 1264

HN-DB 122 1647

HNA+LCD 167 284

HNB+LCD 213 196

HND+LCA 25 71

HND+LCB 123 294

HN-A 191 237

HN-B 24 61

HN-D 40 75
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