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A B S T R A C T

BIIB015 is an immunoconjugate created for the treatment of solid tumours and is currently

in Phase I of clinical evaluation. BIIB015 consists of a humanised monoclonal antibody

against the Cripto protein carrying a payload, via a hindered disulphide linker, of the may-

tansinoid derivative, DM4. Cripto is a GPI-linked protein required for signal transduction of

the TGF-beta ligand, Nodal. Cripto has been previously described as an oncogene and fits

the classic pattern of an embryonic gene that is re-expressed in a transformed tumour cell.

Cripto expression is highly prevalent on a number of solid tumours, including greater than

75% of breast, lung, and colorectal tumours. Our report documents for the first time that

targeting the cell surface Cripto protein with an anti-Cripto antibody–cytotoxic conjugate

is an effective means of inhibiting or regressing growth of Cripto positive tumours. BIIB015

which utilises a ‘cleavable’ linker containing a disulphide bond exhibits superior activity

when compared to huB3F6 mAb conjugates with different linker systems, including one

with a ‘non-cleavable’ linker. BIIB015 displays specificity for Cripto in both in vitro and

in vivo experiments. In human xenograft models originating from lung (Calu-6), colon

(CT-3), testicular (NCCIT) and breast (MDA-MB-231) tumour samples, BIIB015 shows robust

activity with results ranging from >50% tumour inhibition to complete tumour regression.

The efficacy seen in the MDA-MB-231 model, a triple negative (-HER2, -ER, and -PR) tumour,

is particularly exciting since there is currently no approved therapy for this indication. In

addition, BIIB015 can be combined with standard of care chemotherapeutics for enhanced

efficacy.

� 2011 Elsevier Ltd. All rights reserved.
1,2
1. Introduction

Cripto is a cell surface GPI-linked protein which is overexpres-

sed on many solid human tumours relative to normal adja-

cent tissue (for review Bianco et al.1). There are five Cripto

genes in humans, two of which are expressed (Cr-1 and Cr-

3) and three ‘pseudo genes’ (Cr-2, -4, and -5). The cell surface

proteins, Cr-1 and Cr-3, are highly homologous and differ by

only three amino acids in the mature protein. Human
er Ltd. All rights reserved
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tumours express Cr-1, Cr-3 or, in some cases, both proteins.

Functionally, Cripto has been defined as the co-receptor for

the TGF-beta growth factor family member, Nodal. The Cri-

pto–Nodal interaction allows Nodal to bind the Alk4-ActRII

receptor complex and signal via an SMAD 2,4 transduction

pathway.3,4 Developmental data suggest that the Cripto–No-

dal pathway plays a role in determining mesenchymal cell

fate.4–7 A role for Cripto and Nodal during puberty in the

developing mammary gland has also been noted.8 However,
.
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in normal adult tissues, Cripto is expressed at low levels8 and

a functional role for Cripto and Nodal in the mature adult has

not yet been fully defined.

Cripto exhibits the characteristics of a classic ‘feto-onco-

gene’, a gene with a key role in embryonic development that

is inappropriately re-expressed in transformed cells. In vitro

Cripto acts as an oncogene in cell transformation assays, pro-

motes cell migration and stimulates growth of mammary

gland and colon cells.4,9 Additional in vitro experiments have

also shown that Cripto can modulate other signalling path-

ways such as inhibiting another TGF-beta ligand, Activin B,

and stimulating MAPK when it is overexpressed.1,10–12 In vivo,

Cripto can transform cells and promote tumour growth as

demonstrated by transgenic overexpression of Cripto in the

mouse mammary gland driven by a mouse mammary tumour

virus promoter (MMTV). 100% of virgin Tg MMTV Cripto mice

developed mammary gland hyperplasia, with about one-third

of multiparous animals developing mammary tumours as

they age.8,13,14 In humans, Cripto expression is detected on

greater than 75% of breast, lung and colon tumours.1,4 In

addition, an increase in Cripto expression has been correlated

with human breast, ovarian and cervical cancer progres-

sion.15–17 Furthermore, recent experiments by Hendrix and

colleagues suggest re-expression of the Cripto–Nodal embry-

onic signalling pathway increases metastatic potential of

melanomas which is consistent with its developmental role

in mesenchymal cell fate and migration.18,19 Hendrix’s group

also notes that Cripto transformed cells express the stem cell

markers Nanog and Oct 4 and speculates that these cells

could represent tumour stem cells.18–20 In summary, not only

is the Cripto protein expressed on many human tumours, bio-

logically it has the oncogenic potential to drive proliferation,

migration, cell transformation and tumour formation as well

as be a marker of tumour cells with stem cell-like properties.

These characteristics make the Cripto cell surface tumour

protein an excellent candidate for targeted cancer therapy.

Tumour cell surface proteins, such as Cripto, can be specif-

ically targeted with antibodies and such antibodies can be

evaluated for the ability to inhibit growth in human xenograft

tumour models. Previously, our group has demonstrated that

monoclonal antibodies against human Cripto can inhibit the

growth of human xenograft tumours in mice.10 The activity

of the naked antibody was modest but given Cripto’s tumour

expression profile relative to normal tissue,1 we decided to

examine the therapeutic benefit of targeting a cytotoxic agent

directly to Cripto positive tumours. Maytansine is a very po-

tent tubulin polymerisation inhibitor that blocks mitosis,

causes death of replicating cells, and was considered as a po-

tential cancer chemotherapeutic agent.5,21,22 However, clini-

cal development of free maytansine had to be halted due to

severe toxic effects.22 Historically, antibodies have been

exploited as vehicles to deliver cytotoxic molecules to tu-

mours and several antibody–cytotoxic conjugates are in

development23–28 and for excellent review see Alley et al.29

These conjugates offer multiple advantages over free drug,

including long half-lives and potential tissue targeting by rec-

ognising specific antigens.

Most recently, two antibody drug conjugates in the clinic

have demonstrated impressive activity. One is the trast-

uzumab antibody conjugated to DM1 (T-DM1, Genentech).
DM1 is a maytansine derivative that is coupled to trast-

uzumab and binds to HER2 with an affinity similar to trast-

uzumab. T-DM1 has demonstrated anti-tumour activity

preclinically with both trastuzumab sensitive and resistant

lines.30 Clinically, robust data have been reported in Phase I

and Phase II trials.25,27 Specifically, the activity of T-DM1

was examined in an open-label, single-arm phase II study of

112 patients who had all progressed on HER-2 directed ther-

apy and had received chemotherapy in a metastatic setting.

T-DM1 was administered at 3.6 mg/kg intravenously (IV) every

three weeks. The objective response rate was 39.3% with a

median follow-up of 4.4 months. A subgroup of patients

who had a follow-up of >6 months showed an objective re-

sponse rate of 38.2%. These response rates are impressive in

that the study included a population which was heavily pre-

treated with anti-HER2 therapy and suggests that the targeted

delivery of the DM1 via HER2 is very effective.27 A second

immunoconjugate, which uses a completely different payload

technology from T-DM1, has also generated impressive clini-

cal data. SGN-35, an anti-CD30 antibody linked to a potent

anti-mitotic agent, monomethylauristatin E (MMAE), has

been tested in patients with relapsed or refractory CD30 posi-

tive haematological cancers, predominantly Hodgkins Lym-

phoma and anaplastic large cell lymphoma. Bartlett et al.28

report SGN35 induced durable responses in most patients

which at the maximum tolerated dose in this phase I study

of 1.8 mg/kg translated into tumour regression for 50% of

the patients.

Our BIIB015 immunoconjugate was generated to harness

the potency of maytansine and direct its cell killing activity

towards Cripto positive tumours. BIIB015 consists of a

humanised monoclonal antibody (huB3F6) capable of binding

the Cripto 1 or 3 tumour protein coupled via a hindered disul-

phide linker (SPDB) to the maytansinoid derivative, DM4. The

SPDB linker is highly stable in circulation but unstable once

inside the reducing environment of the cytoplasm, where it

releases the DM4 payload. Thus, BIIB015 represents a method

to target a very potent tubulin inhibitor directly to Cripto po-

sitive tumour cells and provide a better therapeutic window

than free maytansine. The improved tolerability and safety

profile exhibited by maytansinoid conjugates which have

been in recent Phase I and Phase II studies as noted above,

versus unconjugated maytansine, provide a clinical proof of

this concept.21,25,27,31,32

In this report we compare the efficacy of BIIB015 to the effi-

cacy of two alternate anti-Cripto monoclonal antibody(mAb)-

maytansinoid conjugates which differ in the way the may-

tansinoid is linked to the antibody. Each of these molecules

has been documented to have a different in vivo half life. In

addition, whilst two of the conjugate linkers utilise a ‘cleav-

able’ disulphide linker system (SPP, SPDB); the third uses a

‘non-cleavable’ linker system (SMCC) containing a thioether

bond.33 In this study, we directly compare the efficacy in

xenograft tumour models of these three anti Cripto huB3F6-

maytansinoid conjugates to substantiate our selection of

BIIB015 as a clinical candidate. In addition, we demonstrate

the specificity of BIIB015 in vivo and robust tumour growth

inhibition in a variety of xenograft tumour models, including

regression of large tumours. Lastly, we show enhancement of

anti-tumour efficacy when administered in combination with
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BIIB015. The data presented here provide experimental evi-

dence that BIIB015 is a potent targeted therapeutic molecule

to directly kill Cripto positive tumour cells.
2. Materials and methods

2.1. Antibodies

The murine anti-CR-1 monoclonal antibody muB3F6 was gen-

erated as described earlier.10 A recombinant humanised ver-

sion of B3F6 was created and expressed in Chinese hamster

ovary (CHO) cells.10 Antibodies were purified using a combi-

nation of chromatographic steps on protein A sepharose

and ion exchange resins following standard practices.
Fig. 1 – Conjugation and characterisation of BIIB015. (A) Schemat

is the humanised IgG1 kappa form of the anti-Cripto monoclona

via reducible thiobutonyl linker. DM4 is a maytansinoid derivat

mercapto-1-oxopentyl)-maytansine. SPDB 4-(2-pyridyldithio) bu

heterobifunctional crosslinker with two reactive groups: an NHS

groups and a pyridine disulphide for reaction with free sulphyd

mass spectrum for BIIB015.
2.2. Preparation of the antibody–maytansinoid conjugates

Anti-Cripto antibodies were conjugated with maytansinoid

derivatives DM1 or DM4 via a stable or reducible linker

(Fig. 1A) using proprietary processes by Immunogen, Inc.,

Cambridge, MA5,22 to create three antibody–toxin conjugates:

huB3F6-SPDB-DM4 (BIIB015), huB3F6-SPP-DM1 and huB3F6-

SMCC-DM1. Conjugation was done in two steps. First a bifunc-

tional linker (SPP, SPDB or SMCC) was coupled to the antibody

by reaction of its NHS (N-hydroxysuccinimidyl) group with

free amino groups (N-termini and lysine residues) of the

huB3F6 antibody. The conditions and stoichiometry of this

reaction are carefully determined to reproducibly obtain an

average of 3 to 4 molecules of a linker attached per antibody.

Although some amino groups might react more readily with
ic representation of the BIIB015 conjugation process. BIIB015

l antibody B3F6 carrying on average 3 to 4 molecules of DM4

ive with a free thiol group N20-deacetyl-N-2 0(4-methyl-4-

tanoic acid N-hydroxysuccinimide ester is a common

(N-hydroxysuccinimidyl) group for reaction with free amino

ryl groups. (B) Panel B shows an example of a deconvoluted
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the linker and be hotspots for conjugation, the large excess of

lysine residues over the linker results in an overall randomisa-

tion of the conjugation sites. For example, most of the 92 ly-

sine residues of huB3F6 are conjugated but at a frequency of

5% or lower. After gel filtration, the modified antibody is then

allowed to react with an excess of DM1 or DM4 to form a cova-

lent bond with defined stability.5 The conjugated antibodies

were purified by gel filtration or chromatography on ceramic

hydroxyapatite and formulated by dialysis or diafiltration.

2.3. Immunohistochemistry

Human breast, colon, lung and ovarian formalin-fixed paraf-

fin-embedded tumour tissue arrays (Imgenex, San Diego,

CA, Folio Biosciences, Columbus, OH and Zymed, San Fran-

cisco, CA) were stained as described previously.10 NCCIT and

CT-3 formalin-fixed paraffin-embedded tumour xenograft tis-

sues were stained using the DAKO Envision system (DAKO,

Carpinteria, CA). Slides were deparaffinised and hydrated,

then treated with peroxidase blocking solution. Slides were

incubated with muB3F6 antibody at 2 lg/ml and then anti-

mouse HRP labelled polymer (DAKO) and developed using

DAB chromogen. Images were captured using a Zeiss Axio-

plan 2 microscope with a 40·/0.75 Plan-Neofluor lens.

2.4. Caspase assay

CHO cells were transfected with Cripto as described earlier.34

CHO–CR and CHO cells were harvested with 20 mM EDTA,

washed 1· and re-suspended in their respective normal

growth media (10% FCS alpha minus MEM for CHO-CR, 10%

FCS alpha plus MEM for CHO) to obtain a cell concentration

of 4.0 · 105 cells/ml. The cells were then added to a 96-well

white microtitre plate with a plating density of 20,000 cells

per well (50 ll/well). A dose response curve was generated

with BIIB015 (lot 2000-112) at 2· final assay concentration in

the same media and added to the plate at 50 ll /well. The as-

say plate was then incubated for 48 hours at 37 �C with 5%

CO2. Caspase 3 and 7 were measured with the Caspase-Glo�

3/7 Assay Kit (Promega, cat# G8091). After a 10 minute dark

adaptation period, the luminescence readout was detected

with the PerkinElmer Topcount Microplate Counter and re-

ported as counts per second. The data were plotted versus

the conjugate concentration and fitted with a 4-parameter

curve fit to determine an EC50.

2.5. Transfection of 293 cells with Cripto-1 or Cripto-3

293 cells transformed human Kidney cells (American Tissue

Culture Collection (ATCC), Manassas, VA) were seeded

48 hours before transfection at 2.0 · 106 cells per 100 mm

plate. Transfections were performed according to manufac-

turer’s recommendations using Roche Diagnostics Corpora-

tion’s Fugene-6 Transfection Reagent (Indianapolis, IN).

Briefly 15 ll of Fugene was combined with 5 lg of an expres-

sion vector containing either Cripto-1 or Cripto-3. A third

group was mock transfected with no DNA to confirm selec-

tion efficiency. At 48 hours post transfection the cells were se-

lected for and maintained in media supplemented with

250 lg/ml G418.
2.6. Sorting based on Cripto expression levels

293 cells expressing Cripto-1 or Cripto-3 surface protein were

harvested using 5 mM EDTA in PBS and re-suspended at

3 · 107 cells/ml in DMEM containing 10% Fetal Calf Serum

(FCS). The cells were combined with huB3F6 at 10 lg/ml for

30 minutes at 4 �C, washed twice with complete DMEM/

10%FCS and then combined with R-Phycoerythrin labelled

Goat Anti-Human IgG H&L (Jackson Labs, West Grove, PA)

for 30 minutes at 4 �C. Cells were then washed twice with

complete DMEM/10%FCS. To identify dead cells, 1 lg/ml Pro-

pidium Iodide (Becton Dickenson, San Diego, CA) was added

and cells were sorted using an Influx Sorter from Cytopeia

(Seattle, WA). The sorted cell populations were then main-

tained separately in culture.

2.7. Quantification of Cripto surface antigen number and
effect on cell viability

293 cells expressing Cripto-1 or Cripto-3, as well as Cripto null

293 cells were harvested with 5 mM EDTA in PBS, washed

once with PBS and resuspended in FACS buffer (PBS, 1% BSA

0.1%, Na Azide). The cells were then combined with Bangs

Laboratories micro spheres (Fishers, IN), which express

known numbers of surface receptors, and were treated with

10 lg/ml of huB3F6 for 30 minutes at 4 �C. The cells were then

washed twice with FACS buffer, combined with R-Phycoery-

thrin labelled Goat Anti-Human IgG H&L (Jackson Labs, West

Grove, PA) for 30 minutes at 4 �C, washed 2· with FACS buffer

and fixed in 2% Para-formaldehyde in PBS. Fixed cells were ac-

quired on a FACS Caliber (Becton Dickinson, San Jose, CA) and

analysed using FlowJo software (Treestar Inc., Ashland, OR).

The mean fluorescence intensity (MFI) of the individual bead

populations was determined and entered into a linear regres-

sion model supplied by Bangs Labs. The relative number of

Cripto surface molecules on transfected 293 cell populations

was then determined from their respective MFI’s using the

same linear regression model.

2.8. Cell killing assay

293 cells were plated at 1.5 · 104 per well into white clear bot-

tom 96 well microtitre plates (Costar, Corning, NY). A dose

curve starting with a concentration of 10 lg/ml of BIIB015

was added to the wells. After incubation for 72 hours at

37 �C in a humidified incubator, cell viability was determined

by using the ATP-lite kit supplied by Perkin-Elmer (Boston,

MA) according to manufacturer’s instructions. The plates

were read in a Packard Bio Science Top Count NXT (Boston,

MA) micro plate scintillation & luminescence counter. The

means of triplicate samples were calculated and plotted.

The concentration at which 50% of the cells were no longer

viable was determined.

2.9. Human xenograft tumour models

All in vivo procedures were performed in accordance with Bio-

gen Idec Institutional Animal Care and Use Committee guide-

lines. NCCIT, a mediastinal mixed germ cell human testicular

carcinoma cells (ATCC, Manassas, VA) and MDA-MB-231,
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human breast carcinoma cells (ATCC), were cultured and

inoculated into mice as previously described.10 NCCIT cells

were inoculated into 8-week old male athymic nude mice

(Hsd:Athymic Nude-Foxn1^nu, Harlan Sprague Dawley Inc.,

Indianapolis, IN). MDA-MB-231 cells were inoculated into 7-

week old female CB17 SCID mice (CB17-Prkdcscid/NCrCrl,

Charles River Laboratories, Inc., Wilmington, MA). Calu-6, hu-

man non-small cell lung cancer cells (ATCC) were maintained

in MEM Earles’s BSS/NEAA/10%FBS media without antibiotics

and inoculated subcutaneously (SC) (5 · 106/mouse in 200 ll

media) into the right flank of 9-week old female athymic nude

mice (Hsd:Athymic Nude-Foxn1^nu, Harlan Sprague Dawley

Inc., Indianapolis, In). For the CT-3 tumour model, primary

human colon tumour tissue (Sera Care, Inc., Oceanside, CA)

was serially transplanted in vivo to establish a SC xenograft

model. Cryopreserved tumour fragments were thawed and

serially passaged SC in female SCID beige mice at 8–10 weeks

old (C.B-17/IcrHsd-PrkcdscidLystbg, Harlan Sprague Dawley Inc.,

Indianapolis, IN) for two to five generations prior to implanta-

tion for studies.

Tumours were measured at least twice a week using digital

calipers. Tumour volume was calculated using the formula:

L · W2/2 = mm3. When the majority of tumours reached 100–

200 mm3 mice were assigned to treatment and control groups

and initial treatments were administered. Tumours were size-

matched across groups. BIIB015, the corresponding vehicle

buffer, and free DM-4 were administered via tail vein injec-

tion. Paclitaxel (clinical-grade Bedford Laboratories (Bedford,

OH) was administered via intraperitoneal injection every four

days for a total of three doses (q4dx3). 5-fluorouracil (clinical

grade Adrucil, Sicor Pharmaceuticals, Irvine, CA) was admin-

istered via intraperitoneal injection every two days for a total

of six doses (q2dx6). Student’s t-test (one-way, two-tail) was

used to determine statistical significance of differences in

growth of test groups compared to control groups.

3. Results

3.1. Cripto protein expression is prevalent in many
different solid tumour types

In the literature, several anti-Cripto antibodies have been

used to document Cripto expression by immunohistochemis-
Table 1 – Immunoreactivity of anti-Cripto antibodies on primar

Tissue of origin

% Anti-Cripto muB3F
immunopositive (%

Breast 82% (31/38 samples)
Colon 78% (136/174 sample
Lung 78% (51/65 samples)
Ovary 59% (38/65 samples)
Bladder No data
Cervix No data
Testis No data
Stomach No data
Endometrium No data

* From Bianco et al.1
try (IHC) on different tissues.1,15–17 Cripto expression can be

detected on greater than 50% of most solid human tumours.1

We examined the immunoreactivity of the anti-Cripto

muB3F6 mAb on a panel of primary human tumours and

the results are summarised and compared to the data re-

ported by Bianco et al.1 in Table 1. The prevalence of Cripto

expression in human solid tumours is high and can be de-

tected in more than 75% of the breast, lung and colon tumour

samples. The number of different solid tumour types that ex-

press Cripto suggests that BIIB015 could target multiple tu-

mour types and be therapeutically beneficial across multiple

cancer indications.

3.2. Characterisation of the antibody–maytansinoid
conjugates

Basic characterisation of the conjugated antibodies (BIIB015,

huB3F6-SPP-DM1, huB3F6-SMCC-DM1) included the measure

of the antibody and DM4 concentrations by UV absorbance

and the measure of the percentage of aggregates by size

exclusion chromatography.33 Mass spectrometry was done

after removal of N-glycans to evaluate semi-quantitatively

the overall relative distribution of the antibody molecules

with the defined number of linker-maytansinoid adducts.

An example of a deconvoluted mass spectrum for deglycosy-

lated BIIB015 is presented in Fig. 1B and illustrates a typical

Poisson distribution of masses for a population of conjugates

with 0 to 7 or more linker-DM4 per antibody molecule.

3.3. Comparison of huB3F6-SPDB-DM4 (BIIB015) with
alternate huB3F6-maytansinoid conjugates

Linker selection is a critical component of an antibody–cyto-

toxic conjugate generation. For maximal efficacy with mini-

mal toxicity, the ideal linkage should be stable whilst in

circulation and yet allow for the liberation of an active cyto-

toxic moiety upon binding to and internalisation into a target

cell. We evaluated three different huB3F6-maytansinoid con-

jugates that differ in the structure of the linkage used

between the antibody and the maytansinoid moiety

(huB3F6-SPP-DM1, huB3F6-SMCC-DM1 and huB3F6-SPDB-

DM4)22,33,35,36 for their activity in human tumour xenograft

models in mice. The BIIB015 conjugate (huB3F6-SPDB-DM4)
y human tumours.

Tumour type

6
)

% Anti-Cripto rabbit polyclonal
Ab immunopositive* (%)

78
s) 73

91
50
60
39
57
42
58
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contains a cleavable hindered disulphide bond (Fig. 1) similar

to that found in IMGN242 (huC242-DM4) which has a terminal

half-life of about 5 days in circulation.5 huB3F6-SPP-DM1 also

contains a cleavable disulphide bond. The reduced hindrance

of the disulphide bond in huB3F6-SPP-DM1 compared to

huB3F6-SPDB-DM4 would be expected to result in a reduced

half-life in circulation. An important feature of both disul-

phide linkages is that they have been shown by Erickson

et al.33,37 to be capable of generating maytansinoid metabo-

lites after lysosomal degradation inside the cell that can dif-

fuse out of the cell membrane allowing for ‘nearest

neighbour’ killing, an effect that could be an additional bene-

fit in a heterogeneous tumour. In contrast, huB3F6-SMCC-

DM1 contains a thioether bond which is not susceptible to

reduction or disulphide exchange with an estimated half-life

similar to that of the antibody itself. Intracellular processing

of this type of conjugate results in the release of an active

metabolite without the bystander activity observed with the

disulphide containing conjugates. Fig. 2 compares the efficacy

of BIIB015 (huB3F6-SPDB-DM4) with huB3F6-SMCC-DM1 in

the NCCIT xenograft model. The NCCIT xenograft tumour

model shows strong tumour epithelial Cripto expression

(Fig. 2A). Both conjugates inhibited tumour growth with the

SPDB conjugate exhibiting higher activity (tumour growth

inhibition 80–90%) than the SMCC conjugate (tumour growth

inhibition 50%) (Fig. 2B). We also compared the efficacy of

these two conjugates and huB3F6–SPP-DM1 in the CT-3 colon
Fig. 2 – SPBD linker conjugate shows superior efficacy. (A) Cript

xenograft tumour sections. (B) Response of NCCIT xenograft tum

SMCC-DM1 (15 mg/kg; �45 mg/m2) or vehicle control. (C) Respon

B3F6-SMCC-DM1, B3F6-SPP-DM1, or vehicle control. All treatme

Points, mean; bars, SE. *P < 0.05 versus vehicle control.
model, whose tumours typically have low overall Cripto

expression with some regions of patchy heterogeneous

expression (Fig. 2A). Treatment with huB3F6-SMCC-DM1 did

not inhibit tumour growth in this model, however, BIIB015

and huB3F6-SPP-DM1 inhibited tumour growth by about 90%

and 80%, respectively (Fig. 2C).

3.4. Specificity of BIIB015 anti-tumour activity

In order to assess the specificity of the in vitro cytotoxicity of

BIIB015, CHO cells transfected to express Cripto-1 and paren-

tal Cripto-negative CHO cells were incubated with BIIB015 for

48 hrs and then assayed for the activation of the cell death

markers Caspase 3 and Caspase 7. BIIB015 selectively induced

activation of cell death markers in Cripto-1-positive CHO cells

with an EC50 of 0.982 lg/ml, compared to an EC50 of 12.8

lg/ml in the Cripto-negative CHO cells (Fig. 3A). Similar

in vitro studies have demonstrated the ability of BIIB015 to kill

the Cripto-positive tumour cell lines NCCIT (testicular carci-

noma) and GEO (colon carcinoma) (data not shown). These re-

sults support that BIIB015 will bind to cell surface Cripto and

then kill the cell after internalisation and release of the DM4.

The in vivo specificity of BIIB015 was confirmed by the abil-

ity of an excess of unconjugated huB3F6 to inhibit the anti-tu-

mour activity of BIIB015 in a tumour xenograft study (Fig. 3B).

In this experiment, mice bearing subcutaneous CT-3 colon tu-

mour xenografts were treated with 20 mg/kg BIIB015 with or
o expression by IHC staining in NCCIT (left) and CT-3 (right)

ours to treatment with BIIB015 (15 mg/kg; �45 mg/m2), B3F6-

se of CT-3 xenograft tumours to treatment with BIIB015,

nts single dose, administered i.v. on day indicated by arrow.



Fig. 3 – BIIB015 specifically kills Cripto positive cells, in vitro and in vivo. (A) Dose response curves for caspase 3/7 activation

with CHO-Cripto (open circles) and CHO cells (solid circles). (B) Cripto specific antitumour activity of BIIB015. Mice bearing CT-

3 human colon tumour xenografts were treated with BIIB015 (20 mg/kg; �60 mg/m2), BIIB015 (20 mg/kg; �60 mg/m2) in the

presence of a 3-fold excess of naked huB3F6 anti-Cripto antibody (60 mg/kg), an equivalent dose of unconjugated DM4

(0.4 mg/kg) or with vehicle (10 ml/kg). All treatments single dose, administered i.v. on day indicated by arrow. Points, mean;

bars, SE. *P < 0.05 versus vehicle control.
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without a three-fold excess of naked huB3F6 (60 mg/kg).

Treatment with BIIB015 alone inhibited tumour growth by

75–80%. In contrast, tumour inhibition by BIIB015 was re-

duced to approximately 25% in the presence of excess

huB3F6, suggesting that a majority of the observed anti-tu-

mour activity of BIIB015 is through the specific targeting of

Cripto.

3.5. Correlation of Cripto expression levels with in vitro
cell killing activity

In vitro studies assessed the effect of Cripto cell surface recep-

tor levels on the ability of BIIB015 to kill Cripto expressing

cells. Populations of 293 cells expressing various levels of

either Cripto-1 or Cripto-3 were cultured in the presence of

BIIB015 and cell viability was determined. Table 2 summarises

the Cripto expression level of each of the cell populations as
determined by FACS analysis (mean fluorescence intensity;

MFI), the corresponding number of Cripto molecules on the

cell surface per cell and the in vitro IC50 for BIIB015. The re-

sults show that the in vitro cell killing activity of BIIB015 cor-

related with the relative receptor expression level of the

cells. As the average Cripto-1 or Cripto-3 expression in-

creased, the IC50 for BIIB015 decreased. Significant Cripto-

dependent activity of BIIB015 was observed against Cripto-

expressing cells even if Cripto levels were very low (3,500–

5,900 copies/cell) as compared to the Cripto-negative 293 par-

ent cells.

3.6. BIIB015 is efficacious on solid tumours

BIIB015 can inhibit tumour growth or even induce tumour

regressions in a number of xenograft models in mice, includ-

ing breast, colon, lung and testicular tumour models. Initial



Table 2 – Summary of BIIB015 killing in sorted 293 cell populations expressing various levels of Cripto receptors (Cr-1 or Cr-3).

Mean fluorescence intensity Cr-3 receptor copy number 50% viability (lg/mL)

Hu 293 cells – no added Cripto 15.55 <500 1.00
Hu 293–Cr-3 Population A 149.12 5,900 0.30
Hu 293–Cr-3 Population B 264.28 10,349 0.15
Hu 293–Cr-3 Population C 509.35 19,704 0.09
Hu 293–Cr-3 Population D 733.19 28,543 0.06
Hu 293 cells – no Added Cripto 6.89 <500 1.40
Hu 293–Cr-1 Population A–L 51.60 3,500 0.22
Hu 293–Cr-Population B 225.91 14,806 0.10
Hu 293–Cr-1 Population D–R 519.67 33,644 0.08
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studies exploring different dosing regimens for BIIB015 in

mice indicated that frequent dosing of BIIB015 was not

required to achieve significant anti-tumour activity with dos-

ing regimens of q4D, q2W, q3W or single dose being effective

(data not shown). Significant tumour growth inhibition was

observed by BIIB015 against established (100–300 mg tumours

at the start of treatment) NCCIT (Fig. 4Ai), Calu-6 (Fig. 4Aii)

and CT-3 (Fig. 4B) tumour xenografts at doses that were well

tolerated (data not shown). Comparison of single dosing with

repeated dosing in the CT-3 model demonstrated an in-

creased duration of response with repeated dosing (Fig. 4B).

BIIB015 also demonstrated significant activity in mice bearing

very large tumour xenografts (from 550–775 mg). Mice with

large CT-3 xenograft colon tumours were dosed with either

a vehicle control, 15 mg/kg of BIIB015 or 25 mg/kg of BIIB015

on Day 30 post tumour implantation. As shown in Fig. 4C,

BIIB015 at 15 mg/kg and 25 mg/kg inhibited tumour growth

approximately 50% compared to control (P < 0.05) and 70%

compared to control (P < 0.01), respectively, with partial

regressions of tumours observed in three mice at 25 mg/kg

(data not shown).

Additional studies in xenograft models show that BIIB015

can enhance efficacy when dosed in combination with stan-

dard of care chemotherapeutic agents. Mice bearing CT-3 co-

lon xenograft tumours were treated with BIIB015 and 5-

flourouracil (5-FU), one of the agents used as part of the stan-

dard of care for colon cancer patients in the clinic. Treatment

with a single dose of BIIB015 at 15 mg/kg or treatment with 5-

FU at its maximum tolerated dose (MTD) in mice (30 mg/kg)

q2dx6 resulted in approximately the same percentage of tu-

mour growth inhibition (�30%). However, treatment with

BIIB015 and 5-FU in combination resulted in tumour growth

inhibition of 80%, more than double the response of either

agent alone (Fig. 4Di). In another study, using the MDA-MB-

231 breast xenograft model, mice received BIIB015 at 20 mg/

kg alone or in combination with 25 mg/kg, the maximum tol-

erated dose, of paclitaxel (a standard of care agent for breast

cancer). Tumour growth inhibition was augmented by treat-

ment with the combination of drugs (�90% inhibition) com-

pared to treatment with either of the agents alone

(Fig. 4Dii). Paclitaxel animals dosed at the MTD exhibited a

recoverable weight loss of approximately 5% body weight.

The combination treatment group exhibited a very similar

recoverable weight loss, suggesting no additional toxicities

of the combined treatment (data not shown).
4. Discussion

A means to combine the precise tumour targeting power of a

monoclonal antibody with the potency of a chemotherapeutic

is the main idea driving the development of antibody–drug

conjugates. Whilst many conjugates have entered the clinic

(for reviews, see Wu and Senter24 and Alley et al.29), early anti-

body drug conjugates often failed because linker systems

were not stable enough in serum. The lack of stability re-

sulted in unacceptable toxicities and/or lack of a therapeutic

window. In other cases, the inherent potency of the chemo-

therapeutic used or low antigen density prevented the accu-

mulation of a lethal payload inside the tumour cell. These

problems have been addressed by the development of more

stable linker systems which also now allow a greater number

of cytotoxic molecules to be linked to the antibody. In addi-

tion, newer conjugates take advantage of more potent cyto-

toxic agents, such as calicheamican, monomethyl auristatin

E and maytansinoids thus increasing the likelihood that a

moderately overexpressed tumour antigen can be targeted

and a lethal amount of cytotoxic agent delivered. The only

cytotoxic conjugate that is approved for use in the clinic is

mylotarg.23 In addition, conjugates using peptide linker ap-

proaches with auristatins23 as well as conjugates using disul-

phide or thioether containing linkers with maytansinoids are

in clinical trials and reports of in vivo activity are being

noted.22,31,32,36 These developments suggest that immuno-

conjugate strategies may finally begin to be brought to

fruition.

Here we report the generation of an anti-Cripto conjugate

that carries multiple maytansinoid (DM4) molecules utilising

an effective linker chemistry that balances the requirements

for stability and efficacy. We have developed a reproducible

method for generating an anti-Cripto conjugate antibody with

approximately 3 DM4 molecules per antibody. We have evalu-

ated the difference in efficacy of three different disulphide

based Immunogen Inc., proprietary linker systems (SPP, SPDB,

SMCC) which differ in stability and have been evaluated to se-

lect the best linker system for our anti-Cripto antibody. We

compared the three linkers in single dose efficacy experi-

ments (Fig. 2B and C) are found whilst all three conjugates

exhibited activity, the SPDB linker system had superior

efficacy overall (Fig. 2). The SPDB conjugate is reported to have

a longer in vivo half-life than the SPP linker system33,37

and this claim is supported by the clinical data with



Fig. 4 – In vivo efficacy of BIIB015. (Ai) Response of NCCIT xenograft tumours to BIIB015 or vehicle control. (Aii) Response of

Calu-6 xenograft tumours to BIIB015 or vehicle control. (B) Tumour growth in mice bearing CT-3 xenograft tumours after

treatment with BIIB015 once (arrowhead) or on an every-14-day schedule (arrows). The second dose of BIIB015 extends

efficacy. (C) Mice bearing large (550–775 mm3) CT-3 tumours were dosed with BIIB015 once on Day 30 (arrow). (Di) Mice bearing

CT-3 xenograft tumours were treated with vehicle control, BIIB015, 5-FU (q2dx6, IP) or both BIIB015 and 5-FU (q2dx6, IP). (Dii)

Mice bearing MDA-MB-231 xenograft tumours were treated with vehicle control, BIIB015, paclitaxel (q4dx3, IP) or both

BIIB015 and paclitaxel. All doses administered i.v. on day indicated by arrow, unless otherwise specified. Points, mean; bars,

SE. *P < 0.05 versus vehicle control.
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C242-SPP-DM1 versus C242-SPDB-DM4.36 We believe

increased stability leads to the superior efficacy of huB3F6-

SPDB-DM4 (BIIB015) 90% tumour inhibition, versus huB3F6-
SPP-DM1, 80% tumour inhibition in our experiments. Further-

more, we observed a significant difference in activity of the

SMCC–DM1 B3F6mAb conjugate depending on the xenograft
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model tested. For example, in the NCCIT model which has

xenograft tumours with higher, more homogeneous Cripto

expression compared to the CT3 xenograft tumours with low-

er, more variable Cripto expression there was a dramatic dif-

ference in activity noted. In the NCCIT model, the SMCC

conjugate resulted in 50% tumour inhibition compared to

negligible tumour inhibition in the CT3 model. In contrast,

there was no significant difference in activity noted in

BIIB015’s ability to inhibit tumour growth in these two mod-

els. As discussed above, Erickson et al.33,37 suggest that the

SMCC linker system is metabolised within an antigen positive

tumour cell to yield a maytansine derivative that can not dif-

fuse out of the cell and kill the nearest neighbour tumour cell.

This model is consistent with our data that the anti-Cripto

SMCC conjugate is active in homogeneous and/or high level

expressing Cripto xenograft models (NCCIT, Fig. 2B), but is

inactive in a model with lower Cripto expression and/or het-

erogeneous antigen expressing xenograft tumour (CT-3,

Fig. 2C.) Since most human tumours are heterogeneous in

nature, we believe the ‘nearest neighbour’ killing potential

of the SPP and SPDB conjugates could make the difference

in efficacy, as noted in our studies. Okeley et al.38 also report

data with the clinically active SGN-35 that indicates an impor-

tant contribution to efficacy of ‘nearest neighbour’ killing in

heterogenous tumour cell populations. However, it is prudent

to note that a potential downside of ‘nearest neighbour’ kill-

ing could be toxicity to normal tissue. Maytansine and its

derivatives like DM4 are only active on dividing cells, so

non-mitotic normal cells would likely be spared. For any che-

motherapeutic regimen, antibody drug conjugates included,

the therapeutic window will determine the success or failure

of the drug candidate. Animal studies with BIIB015 to date do

not suggest normal tissue toxicity, but clinical data from an

ongoing Phase I trial will likely best answer this question. Fi-

nally, the longer stability of the SPDB linker versus the stabil-

ity of the SPP linker led us to ultimately choose the huB3F6-

SPDB-DM4 conjugate (BIIB015) as our clinical candidate to tar-

get not only high expressing Cripto tumours, but also tu-

mours with lower and/or heterogeneous Cripto expression.

Antigen density is believed to play a role in the ability of a

conjugate antibody to effectively target and kill a tumour cell.

Our in vitro cytotoxicity experiments clearly indicate that a

lower EC50 of BIIB015 is needed with tumour cells containing

a greater number of copies of cell surface Cripto (Table 2).

However, in vivo, exact quantification of the receptor expres-

sion level on tumours is much more difficult. By FACS, NCCIT

cells show Cripto expression in the range of 10,000–30,000

receptors per cell. In contrast, Calu-6 cells show levels in

the 5,000–10,000 range (data not shown). Although the

changes that occur in receptor levels once the cells are grown

in mice are an unknown, we have noted that NCCIT testicular

tumour xenografts show higher levels of Cripto expression by

immunohistochemistry than Calu-6 lung tumour xenografts.

In xenograft experiments, 30 mg/kg (�85–90 mg/m2 of DM4)

of BIIB105 is needed to inhibit the growth of Calu-6 tumours

whilst a dose as low as 5 mg/kg (12–15 mg/m2 of DM4) leads

to regression of NCCIT tumours (Fig. 4Ai and ii). Both tumours

can be effectively growth inhibited with an appropriate dose,

however, this difference in sensitivity to BIIB015 suggests a

possible correlation of receptor expression level with efficacy
in vivo as well as in vitro. A retrospective correlation of clinical

efficacy versus Cripto expression by immunohistochemical

analysis should answer this question in the future.

In summary, our therapeutic hypothesis is that BIIB015 will

bind to Cripto positive tumours, will be internalised and re-

lease DM4 which will kill the tumour cell upon division. Since

the B3F6 antibody portion of BIIB015 targets the molecule to

the tumour cells, we expect this therapy to be less toxic than

free DM4. For this hypothesis to work, Cripto must be ex-

pressed on tumours and B3F6 must be specific for Cripto. We

have demonstrated Cripto expression in human tumours,

the specificity of BIIB015 in vitro and in vivo, and selected the

SPDB linker conjugate for the most efficient killing of tumour

cells. We have also shown that BIIB015, at non-severely toxic

doses, inhibited growth and/or regressed tumours in all Cripto

positive human tumour xenograft models tested. Efficacy was

achieved with many different dosing paradigms, including

once every three week dosing and good activity was observed

even when BIIB015 was used to treat very large tumours

(greater than 500 mm3). BIIB015’s inhibition of growth of the

MDA-MB-231 triple negative (-HER2, -ER, -PR) breast tumour

is particularly exciting since there is currently no approved

therapy for the patients with tumours of this type. In addition,

experimental results indicate that BIIB015 efficacy can be

additive with chemotherapeutics (5-FU, paclitaxel). Interest-

ingly, BIIB015 was additive even with another microtubular

inhibitor, paclitaxel, when paclitaxel was dosed at its maxi-

mum tolerated dose (25 mg/kg). This result provides further

evidence of the tumour specificity of BIIB015, since adminis-

tration of an additional microtubular inhibitor (BIIB015) in-

creased tumour growth inhibition without any additional

toxicity compared to paclitaxel alone. The evidence of additiv-

ity with standard of care chemotherapeutics in xenograft

models may signify a greater chance of success for BIIB015

in the clinic. Furthermore, data from the Hendrix lab18 support

the hypothesis of Cripto and Nodal as tumour stem cell factors

which, intriguingly, suggest that targeting Cripto will result in

a very potent therapeutic effect by killing stem cell popula-

tions within the tumour. Taken together, the experimental re-

sults presented here validate the cell surface Cripto protein as

a target for a toxin conjugated therapeutic antibody approach.

BIIB015 has recently entered the clinic and Phase I studies

have been initiated in patients with Cripto positive tumours

where the safety and tumour inhibition activity of BIIB015 will

be evaluated for therapeutic benefit in man.
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