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ABSTRACT

Amphiregulin is a transmembrane protein which, when cleaved by the TACE/ADAM17 protease, releases a
soluble epidermal growth factor receptor ligand domain that promotes proliferation of normal and malignant
cells. We previously described a rabbit monoclonal antibody, GMF-1A3, that selectively recognizes the
cell-associated cleaved amphiregulin epitope. Antibody-drug conjugates had anti-tumor activity against
human breast cancer xenografts. Several tumor types express amphiregulin, but evidence for a functional
requirement for amphiregulin in these malignancies is limited. By directly evaluating amphiregulin cleavage
with immunohistochemistry, GMF-1A3 provides a more direct measure of amphiregulin activity. Using 370
specimens from 10 tumor types (as well as normal controls), we demonstrate that cleaved amphiregulin is
widely expressed in solid tumors and is especially common (> 50% of cases) in breast, prostate, liver and lung
cancer. As a potential companion diagnostic for this antibody-drug conjugate, this assay allows identification
of tumors with high levels of the cleaved amphiregulin target.

Statement of Significance: We demonstrate that amphiregulin cleavage is a prevalent event in breast,
prostate, liver and lung cancer, significantly expanding the repertoire of tumor types in which antibody-
drug conjugates based on GMF-1A3 might be evaluated for clinical efficacy.
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INTRODUCTION

Amphiregulin (AREG) is a transmembrane protein
which, following TACE/ADAM17-dependent cleavage
[1], releases a soluble epidermal growth factor receptor
(EGFR) ligand domain which promotes proliferation
of normal and malignant cells. This proteolysis event
leaves a residual cell-surface transmembrane stalk which is
subsequently internalized. We determined the N-terminal
sequence of this cell-associated AREG cleavage product
[2] and generated antibodies that selectively recognize this
epitope in its cleaved but not its intact conformation, as
demonstrated in experiments with synthetic peptides and
against AREG endogenously expressed and cleaved in live
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cells [3]. The antibodies are internalized by cultured cells in
a cleaved AREG-dependent manner [3]. We have developed
one of these antibodies into a monomethyl auristatin E
(MMAE)-based antibody-drug conjugate, GMF-1A3, and
demonstrated that it can kill human breast cancer cells in
vitro and as xenografts in immunocompromised mice when
it binds to, and is internalized with, the cell surface AREG
stalk during its physiological degradation process [3].

Appropriate selection of patients for targeted cancer
treatment typically relies on some kind of companion
diagnostic to identify the sub-population of patients
whose tumors are most likely to respond. An initial
evaluation of our GMF-1A3 antibody as a potential
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immunohistochemical companion diagnostic was per-
formed in 138 breast cancer specimens. We found medi-
um/high immunoreactivity in 70% of cases [3]. Although
our initial drug development focus has been on AREG in
breast cancer, AREG is expressed in several other cancer
types [4] so the potential utility of therapeutic antibody
drug conjugates likely extends to other malignancies.
Although the expression of AREG in these other tissues
has been described, the extent to which cleaved AREG
is present at sufficient abundance to potentially represent
a viable target for the GMF-1A3-MMAE antibody drug
conjugate is unknown. To address this issue, we have
evaluated the levels of cleaved AREG in tissue microarrays
comprised of 370 specimens from a total of 10 tumor types.
In parallel, we examined the abundance of cleaved AREG
in 93 specimens from a total of 20 normal tissues.

MATERIALS AND METHODS

Immunohistochemistry

Two multiple organ carcinoma tissue microarrays (TMA)
were purchased from BioCoreUSA (Philadelphia, PA,
USA). A tissue microarray of non-malignant tissues was
obtained from US Biomax (Derwood, MD, USA). The
slides were deparaffinized in xylene and rehydrated by
serial incubations in graded ethanol and then in water in a
Histo-Tek® SL Slide Stainer (Sakura Finetek USA, Inc.,
Torrance, CA, USA). Antigen retrieval was performed in
a steamer by boiling the slides in a container of citrate
buffer (pH 6.0) for 20 min which was then removed for
15 min of cooling on the benchtop. The slides were washed
in 1× Wash buffer (Dako Agilent, Santa Clara, CA, USA)
and endogenous peroxidase was quenched by incubating
with Dako Dual Endogenous Enzyme Block for 10 min.
The slides were again washed in 1× Wash buffer, blocked
(5% rabbit/10% goat serum in PBS) and immunostained
with goat anti-AREG antibody (15 μg/mL; AF262, R&D
Systems) or rabbit anti-cleaved AREG 1A3 antibody
(10 μg/mL) overnight at 4◦C. The slides were washed
four times in 1× Wash buffer, followed by incubation for
45 min at room temperature in 1:100 dilution of rabbit
anti-goat immunoglobulins/horseradish peroxidase (HRP)
or ready-to-use goat anti-rabbit HRP-labelled polymer
(Dako). The slides were washed twice in 1× Wash buffer
and the color was developed with 3,3-diaminobenzidine
tetrahydrochloride substrate chromogen system (DAKO).
Sections were washed with water and counterstained
with hematoxylin, rinsed with water, dehydrated by serial
ethanol washes to 100%, cleared and mounted in Permount
(Thermo Fisher Scientific). The staining intensity was
assessed semi-quantitatively using a four-point scale
(Negative = 0, Low = 1, Medium = 2, High = 3) by two
investigators working independently on blinded samples.
Discordant scores were resolved by joint review. The
tumor tissue array design included 380 cores. In the TMA
sections used, 370 cores were evaluable for cleaved AREG
(Fig. 1A and B) and 369 were evaluable for both cleaved
and total AREG (Fig. 1C and D). The normal tissue array
included 100 cores from 20 tissues, of which 93 cores were
evaluable for cleaved AREG.

RESULTS

Tissue distribution of cleaved AREG in cancer

To broadly evaluate the levels of cleaved AREG in can-
cer, we performed immunohistochemistry on multi-tumor
tissue microarrays. The neoplastic compartment of each
specimen was scored semi-quantitatively as negative (0),
low [1], medium [2] or high [3]. No neoplastic cells were
negative for 1A3 immunostaining. Representative examples
of each staining score are shown in Figure 1A, and data
from all tissues examined are summarized in Figure 1B. A
circumferential staining pattern was especially evident in
the high-intensity specimens (Fig. 1A, right). At least 50%
of breast, prostate, liver and lung tumors were stained with
the highest score for cleaved AREG.

Cross-comparison of levels of total and cleaved AREG in
cancer

The specificity of the GMF-1A3 antibody for cleaved
AREG was previously verified by the evaluation of cross-
reactivity against peptides representing cleaved and full-
length AREG [3]. If GMF-1A3 antibody immunohisto-
chemistry also accurately reflects cleaved AREG levels
in formalin-fixed tissue then we would anticipate that
intensity scores for both GMF-1A3 and total AREG would
tend to have a positive relationship and, in particular,
that cases with low-to-absent expression of total AREG
should be very unlikely to exhibit robust immunostaining
with GMF-1A3. Furthermore, because of our intention to
evaluate potential utility of GMF-1A3 as an antibody-
drug conjugate, we evaluated whether there might be
a substantial fraction of AREG high tumors that have
negligible levels of cleaved AREG (potentially due to either
low rates of cleavage or rapid rates of internalization/degra-
dation) which might indicate insufficient cell surface
cleaved AREG for efficient targeting. We immunostained
the tumor tissue microarray with an antibody against
total AREG and cross-compared the intensity scores for
each antibody. Data from all tissues are summarized in
Figure 1C and D, and data from individual tissues are
shown in Figure 2.

As anticipated, there was a generally positive relationship
between total AREG levels and levels of cleaved AREG
(Figs 1C and 2). All specimens had at least some AREG
immunoreactivity and only 16/369 specimens had the high-
est score for cleaved AREG and the lowest score (but not
negative) for total AREG. Only 1/369 specimens had the
highest score for total AREG and the lowest score for
cleaved AREG. We also noted that cleaved AREG and
total AREG immunoreactivity were found together in the
same tissue compartment (e.g., representative example of
medium intensity immunostaining in Fig. 1D). Together,
these suggest that the GMF-1A3 antibody detects cleaved
AREG in formalin-fixed paraffin-embedded tissue with
minimal non-specific immunostaining, and that levels of
cleaved AREG likely necessary to act as an in vivo target for
an antibody drug conjugate are commonly found in tumors
with medium-to-high levels of total AREG. Although we
observed a departure from a linear positive relationship
between the pair-wise scores (most prominently in breast,
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Figure 1. Tissue distribution of cleaved AREG in solid tumors. (A). Representative examples of immunohistochemical staining for cleaved AREG at each
of the three detected staining intensities. Images from the same cores were captured at 10× and 40× magnification. (B). Quantification of cleaved AREG
intensity scores in 380 tumors from 10 different cancer types. (C). Cross-comparison of intensity scores for both cleaved (Y-axis) and total (X-axis) AREG
in 369 tumors. Data point size is proportional to the number of cases in each pairwise group and the number of cases in each group is indicated. (D).
Representative examples of tissue cores in which both total and cleaved AREG both had low, medium or high immunostaining intensity.

prostate, liver and lung, Fig. 2), it was in specimens hav-
ing the highest intensity score for cleaved AREG with
a medium score for total AREG, suggesting particularly
active levels of AREG processing in these tumors.

We then assessed the distribution of cleaved AREG in
tissue microarrays of cancer-free tissues using an identi-
cal scoring strategy (Fig. 3). Cleaved AREG was detected
in all tissue types examined. Of 93 cores evaluated, only
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Figure 2. Pairwise comparison of cleaved and total AREG levels in 10 tumor types. (A–J) Cross-comparison of intensity scores for both cleaved (Y-axes)
and total (X-axes) AREG in each of the 10 indicated tumor types. Data point size is proportional to the number of cases in each pairwise group and the
number of cases in each group is indicated.

seven specimens (7.5%) were scored in the highest intensity
group; 60.2% of specimens (56 cases) were scored at the
intermediate intensity level. Among the epithelial organs
examined, cleaved AREG detection was typically restricted

to the epithelial compartment, whereas it was detected
in lymphoid and hematopoietic cells in the spleen, bone
marrow and lymph node. It was diffusely detected in the
cerebrum.
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Figure 3. Cleaved AREG levels in 20 normal human tissues. Cleaved AREG immunostaining was quantified using an identical scoring scheme to the
tumor tissue microarrays.

DISCUSSION

In this study, we extended our prior findings in breast
cancer specimens [3] to several additional malignancies,
showing that AREG expression is widespread and, when
expressed at moderate to high levels, AREG cleavage was
commonly detected in these specimens. This substantially
extends the tumor repertoire where the cleaved AREG
target of the GMF-1A3-MMAE antibody drug conjugate
is commonly expressed.

Expression of total AREG in several of these tumors
had previously been described [5–9], but evidence for a
functional requirement for AREG has been limited to a
smaller group, including colorectal [10] and breast cancer
[6, 11]. In parallel, our studies in normal tissues high-
light the prevalence of AREG cleavage during normal tis-
sue homeostasis. These data may be useful in considering
whether an appropriate therapeutic index with an antibody
drug conjugate can be achieved and what modifications to
either chemotherapeutic cargo or linker might be helpful.

Our demonstration here that the expressed AREG is
being actively cleaved in a wide range of cancer types con-
firms that autocrine AREG signaling following ADAM17-
dependent AREG cleavage is commonly occurring, rais-
ing the possibility that AREG-dependent EGFR activa-
tion may be a more frequent mitogenic signal that has
been previously appreciated. Accordingly, in addition to
being potentially useful as a companion diagnostic to select
patients for treatment with GMF-1A3-MMAE, this anti-
body may facilitate a more complete appraisal of the extent
of active autocrine AREG/EGFR signaling in both nor-
mal tissue development and homeostasis as well as cancer
initiation and progression.

In general, “on-target/off-tumor” toxicities are a com-
mon feature of antibody drug conjugates targeting solid
tumors due to the targets being tumor-associated as
opposed to tumor-restricted. For example, off-tumor
ERBB2 expression is found in normal breast, thyroid,
endometrium, kidney and colon [12], yet clinical effi-
cacy is seen with both trastuzumab emtansine [13] and
trastuzumab deruxtecan [14]. Notably, trastuzumab derux-
tecan has efficacy even in ERBB2-low tumors [15] which,
presumably, have expression levels quite similar to those
found in normal tissues. Similarly, TROP2 is expressed

in skin, uterus, bladder, oral mucosa, nasopharynx and
lungs [16], yet sacituzumab govitecan, an SN38 conjugate,
is approved for triple-negative breast cancer [17]. Finally,
LIV1 is widely expressed in normal tissues [18] but the
MMAE conjugate targeting it, ladiratuzumab vedotin, was
tolerable and had clinical efficacy in triple-negative breast
cancer patients [19]. These prior experiences emphasize the
importance of being aware of the potential for off-target
toxicities but suggest that the ability to vary payloads,
linkers and dosing may allow the identification of tolerable
and clinically effective targeting strategies for many
antibodies for which the targets are not tumor-restricted
[16].
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