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1. Introduction

Gene amplification, overexpression or mutation of growth factor receptors, including
members of the ErbB family, can cause increased signaling activity and are associated with
poor prognosis in most of the human cancers. ErbB molecules have high affinity for other
members of the family and are proposed to form homo- or heterodimers when activated.
Ligand binding can be a necessary condition or enhancer of activation, resulting in receptor
transphosphorylation on tyrosine residues of the activation loop leading to significantly
enhanced kinase activity. Subsequent phosphorylation of tyrosine residues on the carboxy
terminal domain of ErbB molecules enables recruitment and consequential activation of
intracellular signaling molecules containing phosphotyrosine binding and Src homology
domains. Heterodimerization of ErbBs compared to homodimerization results in additional
phosphotyrosine residues for the recruitment of binding partners yielding to more potent
mitogenic signals. Interrupting these signaling pathways by antibodies or tyrosine kinase
inhibitors have good perspectives in personalized therapies because of their selectivity, and
better tolerable side effects. At the same time, these targeted therapies require an intimate
knowledge of the molecular details of activation ErbB receptor activation as well as
transactivation between the family members.

The action of therapeutic antibodies is complex and in addition to their target
specificity it is based on their structure. They can manipulate signaling by stimulating
transmembrane receptors resulting in their down regulation, or by interrupting their
interactions with adjacent signaling partners. As immunologically active molecules, they can
evoke complement-dependent or antibody-mediated cellular cytotoxicity. Trastuzumab,
targeting ErbB2, was the first humanized antibody approved against a human solid tumor.
Clinical experiences with this IgG1 antibody are diverse. A major problem is trastuzumab
resistance, which occurs in 60 to 80% of ErbB2 overexpressing breast cancers. Information on
molecular interactions of ErbB2 with members of the ErbB family or with other cell surface
molecules such as syalomucine complexes may shed light on certain mechanisms of

trastuzumab resistance.



2. Background

2.1. The ErbB family

In 1984, Downward and colleagues have discovered that the oncogene v-erbB encoded by the
avian erythroblastosis virus shows high similarity to the human epidermal growth factor
receptor (EGFR, consequently also termed ErbB1) [1]. Other publications have reported close
relation between the neu gene that was identified from chemically induced rat
neuroglioblastoma and the gene of EGFR [2,3]. Independent groups have isolated human
EGFR related genes, HER2 [4] and c-erbB2 [5], and discovered that a gene related to EGFR
is amplified in human breast cancer cell lines [6]. All of these were found to be homologous
to the rat neu gene, and thus members of the ErbB family.
The ErbB family of class I growth factor receptor tyrosine kinases consists of four members,
EGFR (ErbB1, HER1) ErbB2 (HER2, neu), ErbB3 (HER3) and ErbB4 (HER4).
Ligands of the ErbB receptor family members can regulate cellular functions in auto-, para-,
and endocrine ways; they can be intramembrane proteins, or proteolytic products of
intramembrane proteins circulating in the blood plasma. ErbB ligands can be divided into
three groups:

e epidermal growth factor-like ligands (epidermal growth factor, transforming growth

factor o, amphiregulin) binding mostly to ErbB1
e neuregulins (or heregulins, NRGo, NRG) binding to ErbB3 and ErbB4
¢ heparin binding EGF (HB-EGF) binding to ErbB1, ErbB3 and ErbB4

ErbB2 does not have a known soluble ligand.

2.2. Structure and function of ErbB kinases

ErbB kinases are large glycoproteins with an extracellular domain, a single-chain membrane
spanning domain, and an intracellular tyrosine kinase domain which is flanked by non-
catalytic regulatory regions [7]. The extracellular domain consists of four (sub)domains
designated L1, CR1, L2 and CR2, or - in another nomenclature -domains [-IV. L domains (I
and III) form six turn right handed B sheets that are capped at each end by an a helix and a

disulphide bond, whereas CR domains (I and IV) form laminin-like folds [8].



Domains I and III serve as ligand binding sites. By binding simultaneously to both
domains, the ligand may alter their relative orientation leading to conformational change of
domain II [9]. This latter holds a dimerization arm that plays an essential role in ErbB homo-
and heterodimerization. In all ErbB proteins except ErbB2, a direct intramolecular interaction
between the cysteine reach regions of domains II and IV restrains the interaction between
domains II and III, which is characteristic for the inactive state [10,11]. More than that, the
intramolecular tether formed by domains II and IV buries the dimerization arm at domain I,
so that the tethered form cannot dimerize and appears to be autoinhibited [10-12]. The
tethered form has only low affinity for ligands, as the ligand binding areas are too far in the
tethered configuration, so a single ligand cannot bind to both sides. After ligand binding, the
extracellular domain of the molecule becomes “extended” - the conformational state required
for the high affinity to its ligand - exposing both ligand binding areas and also the
dimerization arm (Fig. 1. A, B) [13].

a. b.

Fig. 1. Structure of ErbB1 and ErbB2 molecules

Extracellular domains of ErbB1 show a tethered conformation (a) hiding the dimerization
arm. Upon EGF binding (b), the dimerization arm (arrow) is exposed, and the receptor is
ready to interact with and transphosphorylate another ErbB. (c) The ligand binding site of
ErbB2 is buried, and the dimerization arm (arrow) is exposed without any stimulation.

2.2.1 Mechanisms of ErbB receptor activation
According to a commonly accepted theory, dimerization is necessary for ErbB receptor

autophosphorylation, and leads to significant enhancement of the kinase domain activity [14].



ErbB3 is the only exception as it has an impaired kinase unit and can transmit signals only

when a dimerization partner is present [15].

Fig. 2. Mechanisms of ErbB activation

Two models of ErbB receptor activation have been proposed. The first suggests preformed
ErbB dimers on the cell surface (a) that undergo conformational change(s) and become
activated in the presence of EGF, whereas the second predicts di- or multimerization of
activated receptors after ligand binding (b)

The precise process of ErbB1 activation is not yet known in detail. Two models have
been proposed [16], which are illustrated in Fig. 2. The first underlines the role of ligand
binding and a still uncharacterized consequential conformational change in the transmembrane
domain leading to activation of already pre-dimerized receptors. This theory seems to be
supported by the observation that some point mutations of the transmembrane domain led to
increased kinase activity without EGF stimulation [17], as well as the presence of high affinity
preformed dimers shown by FRET measurements [16]. Extracted ErbB1 molecules have also
shown spontaneous activation when diluted in detergents or during affinity chromatography
studies [18]. The theory of allosteric oligomerization [19,20] is more generally accepted. Here,
intramolecular interactions evoked upon EGF binding are proposed to result in aggregation of

ErbB molecules leading to higher affinity for the ligand and to kinase domain activation.



Several independent experimental results support this theory. An electron microscopic study
has proven that ErbB1 molecules labeled with immunogold are aggregated upon EGF
stimulation [21]. Immunohistochemical studies using bivalent antibodies with the ability to
cross-link the receptor could evoke ErbB1 activation without the presence of EGF [22],
although in this case the possibility of conformational change caused by the antibody cannot
be excluded. Activation kinetics of dissolved ErbB1 receptors were a secondary function of
concentration [19], and chemical cross-linking also activated the kinase domain of ErbB1 [23].

EGF functionalized microbead studies on ErbB1 overexpressing cells have shown
contradictory results. Verveer et al. [24] reported that focal stimulation generated
phosphorylated ErbB1 patches with rapid lateral spreading of ErbB1 activation over the entire
cell. The latter phenomenon was attributed to dissociation of activated ErbB1 from the dimers
and activation of ErbB1 molecules in the absence of ligand, i.e., via re-dimerization outside of
the microsphere-stimulated area. In contrast, others have reported focal ErbB1 activation
induced by EGF-linked microspheres and Shc translocation to these sites [25,26]. On
ErbB1/green fluorescent protein transfected Chinese hamster ovary and A431 cells, the
internalization of the EGF coated microspheres occurred rapidly but required ErbBl
activation. These latter observations appear to be more consistent with the presence of
preformed dimers or clusters — which are likely localized to membrane lipid rafts [27] — as
signaling units than with the idea of single ErbB1 molecules, however, the presence of
hindered diffusion by membrane boundaries limiting the lateral signal spreading cannot be

excluded either.

2.2.2. Distinct molecular properties of ErbB2
ErbB2 has unique properties as it has no known ligand, suggesting that it may function only

as a dimerization partner or a co-receptor for the other members of the family [15,28].
Moreover, even without binding a ligand, the extracellular domain of ErbB2 shows extended
configuration exposing the dimerization arm (see Fig. 1.C) suggesting that it may be
autoactivated, and the ligand binding areas of its domains I and III are in contact similar to the
conformation of these same sites in the case of ligand-bound ErbB1 [13]. This property
suggests that ErbB2 alone can cause transformation if overexpressed, however, biophysical
studies failed to detect significant ErbB2 homodimerization in solution [29]. On the other
hand, in the cellular environment where ErbB2 may be regulated in manifold intricate ways,
ErbB2 homodimerization [27,30] and autophosphorylation [31] is often detected in tumor

cells overexpressing this protein.



2.2.3. Homo- and heterodimers and the central role of ErbB2 in heterodimerization
After EGF binding, ErbB1 can form a dimer with the ligandless ErbB2. Members of this

ligand-induced (primary) dimer possess high tyrosine kinase activity, transphosphorylate each
other starting intracellular signaling cascades, then dissociate. The activated ErbB2 may form
a secondary dimer with the kinase domain impaired ErbB3 or another ErbB2, and by
phosphorylating it, activate other, distinct signaling pathways. When neuregulins bind to
ErbB3 or ErbB4, these form a primary dimer with ErbB2, while ErbB2 thus activated can
form secondary dimers with ErbB1 or other members of the family. Intracellular activation
patterns of the three primary dimers are different, and this is also true for the secondary
dimers, which greatly diversifies the signaling capacity of the ErbB family [32].

Ligand affinities also differ among the dimerization partners. ErbB3 homodimers have
higher affinity to NRGs than ErbB4 containing ones, and heterodimerization of both with
ErbB2 further increases ligand affinity. Presence of ErbB1/ErbB3 and ErbBI1/ErbB4
heterodimers have been also described, but they appeared only on cells where no ErbB2 was
available, and these associations were rare. ErbB2 has a central role in heterodimer formation.
On cells where ErbB2 is expressed together with other members of the ErbB family, ErbB2 is
the preferred dimerization partner [33]. Dimers containing ErbB2 are more stable; they have
higher affinity to ligands and owe more potent tyrosine kinase activity. It is important to note
that ErbB2 containing dimers are able to avoid degradation after internalization and they
readily recirculate to the cell membrane. As opposed to this, ErtbB1 containing dimers are
down-regulated very fast after EGF activation. ErbB1 down-regulation after activation by
EGF may be an important negative feedback in the control of epithelial cell proliferation. On
cells with ErbB2 overexpression, spontaneous homodimerization of ErbB2 molecules can be
observed because of the high receptor density [34]. ErbB2 homodimers are also present on
cells if the transmembrane domain is mutated as it was shown in nitrosourea induced
neuroblastoma cells [35], but similar mutations in human cancers have not been detected.

ErbB2/ErbB3 is the most mitogenic ErbB dimer, because ErbB2 enhances the ligand
affinity by modulating the rate of ligand dissociation and widens the ligand spectrum of
ErbB3 towards EGF-like ligands. Phosphorylated ErbB2 serves activation sites for Shc
coupling to the MAPK pathway, whereas ErbB3 if activated is able to recruit PI3K, and thus
to signal via the Akt pathway [15]. This capacity of signaling through the MAPK pathway

leading to proliferation and through the PI3K/Akt pathway leading to survival, combined with



the prolonged signaling caused by evaded internalization [36] explains why the presence of

the ErbB2/ErbB3 heterodimer is a bad prognostic factor.

2.2.4. Intracellular regulation of ErbB activation
The intracellular kinase domain lacks autoinhibitory regulation [37], as most kinase domains

of receptor tyrosine kinases are inactive until ligand-induced dimerization and
auto/transphosphorylation occurs [38]. This latter normally induces significant
conformational changes in the kinase domain that allow substrate binding and promote
phosphotransfer. As an exception, the kinase domain of ErbB1 does not require such
phosphorylation of its activation loop, and assumes a constitutively active conformation,
implying that ligand mediated dimerization (or a conformational change upon ligand binding)
could be a key event in regulating ErbB1 kinase activity by delivering the substrate — the
intracellular domain of another ErbB1 — for transphosphorylation [13].

Activated ErbB family homo- or heterodimers and multimers are internalized to
endosomes where the ligand dissociates from the receptor, and the receptor either recycles
back to the cell surface, or, after c-Cbl mediated ubiquitination, is degraded in lysosomes [39-
41]. ErbB2 appears to be resistant to internalization [42] and ErbB2 containing heterodimer or
heteromultimer complexes are preferentially recycled to the cell membrane and thus they can

send prolonged proliferation signals to the cell nucleus [34].

2.3. Intracellular signaling pathways

The intracellular ErbB-triggered pathway system is highly complex [28] (Fig. 3.). Activation
of an ErbB kinase leads to the phosphorylation of key tyrosine residues within its carboxy
terminal portion and thereby provides specific docking sites for cytoplasmic proteins. The
main signal transmitting pathways are (Fig. 3):

¢ Ras/Raf/mitogen-activated protein kinase (MAPK) pathway.

¢ Phosphatidylinositol 3-kinase/Akt pathway.

e Phospholipase Cy pathway.

e Signal transducers and activators of transcription (STAT) pathway.

In addition, Src [43] and Rho kinase [44,45] may also be important in ErbB-based signaling.
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Fig. 3. The ErbB network

The figure shows the most potent homo- and heterodimers of the members of ErbB family.
Activated receptors cross-phosphorylate their intracellular domains. To the phosphorylated
sites, small intracellular kinases like PI3K or Src, phospholipases like PLCy, or adapter
proteins can dock, and transmit the signal into the cell nucleus. Stat-3, ERK1/2, Akt, Src and
PKC molecules are key activators, with direct effect on cell survival and proliferation.

2.3.1. The Ras/Raf/MAPK pathway
Ras/Raf/MAPK pathway [46] is a critically important route that regulates cell proliferation

and survival. Following ErbB trans-phosphorylation, a complex formed by adaptor proteins
Grb2 and Sos binds either directly, or through another adaptor molecule Shc, to specific

phosphorylated ErbB docking sites. This interaction leads to a conformational change of Sos,

11



now able to recruit Ras-GDP, resulting in Ras activation (Ras-GTP). Ras-GTP activates Raf-1
that, through intermediate steps, phosphorylates ERK1/2 (extracellular signal-regulated
kinases 1 and 2). Activated ERKI1/2 initiate a signaling cascade leading to the

phosphorylation of transcription factors (like Elk-1 or c-myc) involved in cell proliferation.

2.3.2. The Phosphatidylinositol 3-kinase/ Akt pathway
ErbB activated Akt is involved in cell growth, invasion and migration [47]. Moreover,

activation of this pathway leads to anti-apoptotic processes. Phosphatidylinositol 3-kinase
(PI3K) is a dimeric enzyme composed of a regulatory p85 subunit, responsible for binding to
specific docking sites on ErbB receptors, and a catalytic pl110 subunit that generates the
second messenger phosphatidylinositol 3,4,5-trisphosphate, which is necessary for
serine/threonine phosphorylation, thus, the activation of the Akt kinase. The principal
mechanism that drives ErbB-dependent PI3K activation is predominantly the dimerization of
ErbB2 with ErbB3 [48]. In fact, direct docking sites for p85 are absent on ErbB1. In contrast,
docking sites for p85 are abundant on ErbB3. ErbB1, however, can activate the p85 subunit
through the docking protein Gab-1. PTEN (Phosphatase and tensin homolog deleted on
chromosome TEN), a major tumor suppressor phosphatase in human, is also an important
element of this pathway as it dephosphorylates phosphatidylinositol 3,4,5-triphosphate [49].
PTEN is differentially expressed in a wide group of cancers and may be involved in

trastuzumab responsiveness [49,50].

2.3.3. Phospholipase Cy
Phospholipase Cy (PLCY) [51] has been described to directly interact with activated ErbB1.

PLCY hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP;) to inositol-1,4,5-trisphosphate
(IP3), a second messenger inducing intracellular calcium release leading to short and long
term cellular events, and 1,2-diacylglycerol, a cofactor in protein kinase C (PKC) activation.
PKCBII and PKCeg activation has effects on cell proliferation and survival [52], and can, in
turn, result in ERK1/2 activation, whereas other isoforms of PKC, like PKCa, PKCI and

PKC5 are considered to mediate growth inhibitory and apoptotic signals [52].
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2.3.4. Signal transducers and activators of transcription (Stat) proteins
Stats interact with phosphotyrosine residues via their Src homology 2 (SH2) domains and, on

dimerization, translocate to the nucleus where occupation of specific DNA sites results in
transcription [53,54]. Constitutive activation of Stat proteins and especially Stat3 has been
found in numerous primary cancers and tumor-derived cell lines [55]. Augmented activity of
transmembrane tyrosine kinases, such as ErbB1 and ErbB2, promotes persistent Stat3

activation, which contributes to oncogenesis and tumor progression.

2.3.5. Role of Src kinase in ErbB-signaling
Src is the archetypal non-receptor tyrosine kinase that plays a critical role in the regulation of

cell proliferation, migration, adhesion and angiogenesis [56]. Src, which is located in the
cytosol but is membrane-anchored, interacts with a series of signal transducers, including
Focal Adhesion Kinase (FAK), PI3K, and Stat proteins [57]. Although Src functions
independently, it also cooperates with other receptor tyrosine kinases. The interaction between
ErbB receptors and Src is complex. On the one hand, Src serves as a signal transducer and an
enhancer of ErbB-activation. On the other, it may be involved in resistance to ErbB targeted

therapies via independent activation or association with other receptors [58].

2.4. Role of ErbBs in carcinogenesis

Growth factors and their receptors are important and sensitive regulatory elements of the
growth and differentiation processes of cells, tissues and the whole organism. Damage to their
signaling pathways at any level can lead to malignant transformation. ErbB proteins often
play an important role in the first steps of malignant transformation. In addition to
deregulation of their signaling pathways, both mutations causing constitutive or ligand-
independent activation and overexpression — mostly based on gene amplification — of ErbB

proteins are prominent causes of human tumors [59].

2.4.1. ErbB1
Overexpression of ErbB1 was shown in various cancers like ovarian [60], cervical [61],

esophageal [62] bladder [63] and lung cancer [64]. ErbB1 is also overexpressed in breast
cancer [65]. It is generally accepted that overexpression of ErbB1 drives cell survival and

proliferation pathways similar to those activated by the regularly expressed receptor.
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Mutations, however, also appear to play a distinct role in carcinogenesis. The most frequent
class III mutants (ErbB1vIIl, delta2-7 EGFR) contain a deletion within the extracellular
domain leading to a conformational change resulting in constitutive kinase activation [66].
This form is a frequent genomic variant in brain, breast and non small cell lung cancers
[67,68], and its importance is underlined by the finding that the ErbBI-specific tyrosine
kinase inhibitors gefitinib and erlotinib are largely ineffective in tumors expressing ErbB1vIII
[69]. ErbB1vIII and also the wild type ErbB1 is also frequent in glioblastomas [70], and its

presence is thought to confer radiation resistance to the tumor [71].

2.4.2. ErbB2
ErbB2 is well known for its oncological relevance, as its overexpression can be demonstrated

in many tumor types. Amplification of the ErbB2 gene was first described in human breast
and ovarian cancer [72], but often occurs in other human malignancies. ErbB2 is
overexpressed in 60% of the inflammatory and in 25% of the non-inflammatory ductal
invasive breast cancers [73], in 60% of Wilm’s tumors and in 44% of the carcinomas of the
bladder [74]. In the case of tumors of various other origins, the level and occurrence of
overexpression is not that high, but also significant, like in colon, pancreas, ovarian, lung and
head-neck tumors and non small cell lung cancer. [74-77]. In neural tumors, especially in
glioblastomas, the presence of ErbB2 applies to the peripheral phenotype [78], and in some
cases, ErbB2/ErbB3 heterodimer — neuregulin-1 autocrin loops lead to constitutive activation
of the signaling cascade [79]. ErbB2/ErbB3 complexes were also shown in non-small cell
lung cancer [80] and breast cancer [81].

ErbB2 overexpression is a relatively early event in cancer pathogenesis according to
immunohistological studies that show its frequent occurrence in pre-invasive lesions and in
situ ductal carcinomas [82,83]. This uncontrolled ErbB2 expression can drive tumor
proliferation, and play an important role in aggressive tumor behavior associated with poor

clinical outcome, thus substantiating the importance of early stage anti-ErbB2 therapies.

2.4.3. ErbB3 and ErbB4
In lung cancer patients, overexpression of both ErbB2 and ErbB3 decreased survival [84],

while in bi-transgenic ErbB2/ErbB3 mice spontaneous lung cancer formation was observed
[85]. The presence of ErbB2/ErbB3 heterodimers was also shown in breast [81,86], prostate
[87], lung [80], and colorectal cancer [88].

14



The physiological and pathological role of ErbB4 is not yet clear. Its overexpression

was found in breast [89] and bladder cancers [90].

2.5. Molecular mechanisms of ErbB targeted antibody therapy — trastuzumab
as an example

The observation by Sato et al. that some of the monoclonal antibodies against ErbB1 inhibited
the binding of the natural ligand to its receptor and thus inhibited receptor phosphorylation
and downstream signaling [91] encouraged scientists to develop high affinity antibodies
against the extracellular domain of ErbB proteins. Although ErbB2 overexpression is a bad
prognostic factor in breast cancer, ErbB2 is also a good target of personalized molecular
therapies, as it is present in large amounts in the membrane of the tumor cells compared to
healthy adult tissues [92]. While the extracellular domain of ErbB2 molecules offers many
epitopes to target with therapeutic antibodies and many monoclonal antibodies against ErtbB2
can inhibit the growth of cancer cells, it was reported that some antibodies had no effect on
cell growth, moreover, antibodies were found which have tumor stimulatory effect in vitro or
both in vitro and in vivo via inducing strong ErbB2 phosphorylation [93-96]. These
observations suggest that the identification of those epitopes on ErbB2 to which the binding
of antibodies can inhibit tumor growth is crucial in the design of effective anti-ErbB2
antibody-drugs [97]. The most obvious target is the dimerization arm at domain II itself,
where the homo- or heterodimerization and thus the activation can be prevented. Domain IV
includes a cleavage site for metalloproteinases that is important in the release of the 110 kDa
extracellular domain from the cell membrane. Once it is removed from ErbB2, the remaining
part of the protein achieves increased potential for homodimerization and interaction with
uncleaved ErbB2 molecules resulting in constitutive activation [98], and blocking this site by

an antibody could prevent this unfavorable effect.

2.5.1. Trastuzumab (rhudD5, Herceptin®) — the first humanized monoclonal antibody
against ErbB2

Of the murine monoclonal antibodies, 4DS5, targeting the extracellular cysteine-rich
juxtamembrane region in domain IV of ErbB2 [99] showed very potent, dose dependent

antiproliferative effect on cell lines overexpressing ErbB2 [100]. It was also found to be an
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effective inhibitor of the growth of human breast cancer xenografts and was selected for
clinical studies. For this purpose, a recombinant humanized monoclonal antibody,
trastuzumab (type IgG1, rhuMAb-HER?2, Herceptin®, Genentech, South San Francisco, CA)
was developed, with an approximately three times greater binding affinity to purified ErbB2
extracellular domain than its murine predecessor 4D5 [101].

Trastuzumab is approved for the treatment of patients with ErbB2 overxpressing
metastatic breast cancer who have received one or more chemotherapy regimens.
Trastuzumab is also applied in combination with doxorubicin, cyclophosphamide, and
paclitaxel and indicated for patients with ErbB2 overexpressing metastatic breast cancer who
have not received chemotherapy for their metastatic disease (source: www.FDA . org). Phase II
studies with ErbB2 positive ovarian cancer are in progress but results so far have shown a
relatively low rate of objective response [102]. In studies where trastuzumab was applied
alone or in combination with cisplatine or gemcitabine, patients with non-small cell lung
cancer showed no significant clinical benefit; even though patients with ErbB2
overexpression are theoretically a prospective target, this subset of the patient population was
too small [103]. Although trastuzumab alone did not evoke significant responses in hormone
refractory prostate cancer patients, a need for studies on trastuzumab in combination with
other agents was suggested [104]. Preclinical studies on gastric cancer models [105,106]

showed promising results.

2.5.2. ErbB2 activation, internalization and degradation via trastuzumab binding
The mechanism of action of trastuzumab is still not fully elucidated, although several models

have been proposed. First, on ErbB2 overexpressing cells, trastuzumab causes ErbB2
activation, internalization and down-regulation, which has previously been postulated as the
primary mechanism of direct growth inhibition [107,108]. C-Cbl catalyzed ubiquitination in
the endosomal compartment may be one factor controlling the recycling/degradation
pathways of ErbB molecules [109]. One theory suggests that ErbB2 specific antibodies, like
trastuzumab, could favor the mono-ubiquitination of ErbB2 through recruiting C-Cbl to
ErbB2, and thus accelerate the endocytotic removal from the cell surface and intracellular
degradation via C-Cbl and other pathways [109-111]. In contrast to these observations, recent
publications suggest that down-regulation is not the main mechanism of the action of
trastuzumab in vivo. It has been reported that trastuzumab does not down-regulate cell surface

ErbB2, but instead recycles with ErbB2 after endocytosis [112]. Furthermore, when
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trastuzumab down-regulated ErbB2 from the cell surface, down-regulation was unrelated to
the action of trastuzumab in vivo: trastuzumab IgG and trastuzumab-F(ab’)2 were equally
effective in down-regulating ErbB2, but trastuzumab-F(ab’)2 had no inhibitory effect on
tumor growth while trastuzumab caused a significant inhibition [113]. Also, in vitro
experiments have demonstrated that even though cross-linking of lipid rafts with cholera toxin
B subunit prevented trastuzumab-evoked ErbB2 internalization, cholera toxin B and

trastuzumab proved to be synergistic in their growth inhibitory effect [27].

2.5.3 Antibody mediated cellular cytotoxicity — an important mechanism of trastuzumab
action in vitro

Antibody dependent cellular cytotoxicity (ADCC) seems to have a key role in the in vivo
effect of trastuzumab: Clynes et al. inoculated ErbB2-positive, in vitro trastuzumab-sensitive
BT-474 cells into knockout mice lacking activating FcRyIII receptors (CD16). In this model
system, the anti-tumor activity of trastuzumab was reduced but not ablated: about 25% of the
effect was retained. In the same manner, treatment of wild-type mice with the mutated form of
4D5, the parent antibody of trastuzumab, which was made unable to bind to Fc receptors, had

a similar partial effect only [114].

2.5.4. Inhibition of cell cycle progression, angiogenesis and migration
The role of p27kip and cyclin DI leading to disorders in G1/S phase transition was

demonstrated in ErbB2 overexpressing tumors. Trastuzumab was shown to down-regulate
cyclin D1, and increase p27 protein levels via inhibiting PI3K and Akt in BT-474 and
SKBR-3 human breast cancer cells [115]. By inhibiting ErbB2 kinase activity, growth arrest
in G1/S could be achieved, and this could be abrogated by applying p27kip antisense RNA
[116]. Decreased expression level of p27kip was also suggested to affect trastuzumab
response [117].

Trastuzumab was also shown to inhibit angiogenesis [118] possibly by reducing the
expression of angiogenic factors like vascular endothelial growth factor (VEGF), causing the
reduction of the diameter, volume and permeability of tumor blood vessels, which
underscores the importance of tumor-matrix interactions in the angiogenic process. The role
of angiopoietin-2 was also implicated in ErbB2 induced tumor vascularization [120], and its
expression could be effectively decreased by trastuzumab treatment [121]. In cells treated

with the combination of trastuzumab and paclitaxel, not only the production of VEGF was
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diminished, but also decreased cellular migration was shown, with decreased activity of the

PI3K/Akt pathway in the background [122].

2.6. Other ErbB targeted antibodies

Paralel to trastuzumab, many other antibodies against ErbB1 and ErbB2 have been developed

(Table 1.).

2.6.1. Antibodies targeting ErbB1
The two main mechanisms of antibodies against ErbB1 are inhibition of ligand binding, and,

in the case of IgG1 type antibodies, ADCC. Cetuximab is a monoclonal chimeric type 1gG1
antibody against ErbB1, approved for colorectal and head and neck cancer in combination
with chemotherapy and is already in phase II/III clinical trials for other ErbB1 overexpressing
tumors. Cetuximab interacts exclusively with domain III of the extracellular domain of
ErbB1, partially occluding the ligand-binding region and sterically preventing the receptor
from adopting the extended conformation required for dimerization [123]. Cetuximab also
induces ErbB1 internalization and degradation, blocks the cell cycle in GI1, inhibits
proliferation, and induces programmed cell death [124]. Cetuximab also sensitizes the cells to
conventional DNA damaging chemotherapeutic agents by inhibiting the activation of a DNA-
repair kinase DNA-PK via ErbB1 [125]. Matuzumab (EMD 72000) is also a humanized IgG1
antibody that competitively inhibits EGF binding and inhibits signaling by ErbB1 without
altering its expression level, but compared to cetuximab it has a prolonged half life [126].
Nimotuzumab (h-R3, TheraCIM®) blocks ligand binding to ErbB1 by interacting with its
extracellular domain thus inhibiting signaling, however, growth inhibition or apoptosis during
in vitro experiments were not confirmed. The main effect of nimotuzumab on ErbB1 positive
tumor cells is to inhibit VEGF production, thus inhibiting the tumor driven angiogenesis
[127]. Panitumumab (ABX-EGF, Vectibix®) is the first fully humanized monoclonal antibody
against ErbB1 [128-130], inhibiting EGF and TGFa binding, resulting in inhibition of cell
growth and decreased production of growth factors such as VEGF or interleukin-8. As a

completely humanized antibody, it was well tolerated in all of the clinical trials.
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2.6.2. Antibodies targeting ErbB2
Regarding ErbB2 targeted antibodies, ways of trastuzumab action have already been

discussed. However, other antibodies in this group possess yet other modes of action.
Pertuzumab, the humanized form of mouse 2C4 binds extracellularly to the dimerization arm
near the junctions of domain I, I and III of ErbB2 and thus inhibits dimerization both of
ErbB2 homodimers and ErbB2 containing heterodimers, such as the highly mitogenic
ErbB2/ErbB3 and ErbB1/ErbB2 dimers. Pertuzumab was also shown to disrupt ErbB2/IGF-
IR interactions in trastuzumab resistant cells [131]. It also mediates ADCC [114], but it does
not block shedding [132]. Unlike in the case of trastuzumab, this effect of pertuzumab does
not strictly require ErbB2 overexpression [133]. In cells where ErbB2 was activated but not
overexpressed, the Fab fragment of pertuzumab was just as effective in inhibiting ErbB2
mediated signaling as the intact antibody [131], suggesting that its biological activity is not
dependent on bivalence or the presence of the Fc region. This is in sharp contrast to
trastuzumab, explaining why pertuzumab may be a better choice against tumors expressing
ErbB2 at a low level but adjacent to other members of ErbB family. On ErbB2 overexpressing
cells that have not been treated with trastuzumab, pertuzumab and trastuzumab had a
synergistic effect and induced apoptosis. However, on trastuzumab resistant cell lines
pertuzumab, either alone or in combination with trastuzumab, had no significant
antiproliferative effect suggesting that in these cases alterations of intracellular signaling
pathways were also involved in trastuzumab resistance, leading to cross-resistance to various
ErbB2 targeted agents [50].

A unique approach is to use single chain variable fragment (scFv) antibodies with the
sole purpose of targeting ErbB kinases but avoiding any own biological effect. In this setting,
unexpected interactions of the antibody’s own effects and the actually intended effect of the
cargo can be avoided. FRPS, a mouse monoclonal antibody targeting the extracellular domain
of ErbB2 has been one of the first to construct a single chain variable domain antibody
fragment (scFVFRPS) and is currently used to deliver peptide toxins [134,135]. A similar scFv
against ErbB2, F5, has been successfully applied to target and mediate internalization of

sterically stabilized liposomes enclosing doxorubicin [136]

2.6.3. Engineered immunological tools against ErbBs
Bispecific, multifunctional antibodies against both ErbB1 and ErbB2 are under development.

MDX-447 and MDX-H210 bind to ErbB1 and ErbB2 respectively, and, with another valence,
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to FcyRI, thus bridging tumor and effector cells. Both of them are in phase I trials, whereas
the antibody 2B1 binding to ErbB2 and FcyRIII was cancelled in phase I because it caused a
severe cytokine storm. Ertumaxomab bridges ErbB2 to CD3, but its Fc domain is also

present, thus, it is tri-functional, and showed promising results in phase II studies.

Agent Type Target Status
cetuximab 1gGl1 ErbB1 Approved for colorectal and head and
(Erbitux) [137- neck cancer; in trials for non-small
142] cell lung cancer, pancreas, breast and
cervical cancer.
ICR62 [143,144] 1gG1 ErbB1 Preclinical
panitumumab 1gG2 ErbB1 Approved for metastatic colorectal
(Vectibix) cancer in  combination  with
[145,146] chemotherapy, in trial for non-small
cell lung cancer
matuzumab 1gG2 ErbB1 In phase II trial for ovarian,
[124,126] peritoneal, gastric and non-small cell
lung cancer
nimotuzumab 1gG2a ErbB1 Approved for head and neck cancer;
(TheraCim) [147] in phase I for pancreatic cancer
Spicer, 2005
#197}
ch806 [148] IgG1 ErbB1 In phase I for mutant ErbB1 positive
tumors
L8A4 [149] IgG2 ErbB1 Boronated L8A4 is in preclinical
phase
MDX-447 [150] bispecific ErbB1/ In phase I
antibody FcyRI
trastuzumab 1gGl1 ErbB2 Approved for breast cancer
(Herceptin) [151]
pertuzumab IgG1 ErbB2 In Phase II/III for ovarian, breast and
(Omnitarg®) non-small cell lung cancer and low
[152-155] ErbB2 expressing tumors
MDX-H210 [156] bispecific ErbB2/ In phase I
antibody FcyRI
2B1 bispecific ErbB2/ Cancelled in Phase I
[157] antibody FcyRIII
C6.5xscFv(NM3E bispecific ErbB2/ Unknown
2) antibody FeyRIII
[158] without Fc
domain
ertumaxomab IgG2b ErbB2/C In Phase II against advanced
[159] based D3 metastatic breast cancer
trifunctiona
1 antibody
scFvFRP5 scFv ErbB2 ScFv(FRPS5)-ETA or -GrB are in
[134,160] fragment Phase I/II trials for metastatic breast,
prostate, head and neck, NSCLC and
transitional cell carcinoma
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2.7. Trastuzumab resistance — a major clinical problem

Although ErbB2 overexpression identifies patients who are likely to respond to therapy with
trastuzumab, the occurrence of trastuzumab resistance is frequent. In contrast to the tight
prognostic correlation and specific therapeutic opportunities, trastuzumab seems to be
effective only in 20-50% of ErbB2 overexpressing breast tumor patients, and many of the
initial responders have a relapse after a few months [161]. The background of resistance is
probably versatile and may differ from case to case. Being the first of its class amenable to
passaging in vitro, the JIMT-1 cell line isolated from a clinically trastuzumab resistant breast
cancer patient vastly improved our possibilities of understanding resistance mechanisms

[162].

2.7.1. Steric hindrance
Since trastuzumab initiates a series of ErbB2-mediated events including ErbB2

phosphorylation and internalization, the interaction of ErbB2 with other molecules and its
distribution on the cell surface may influence the trastuzumab responsiveness of a cell. The
simplest cause of resistance is the disruption of interaction between trastuzumab and ErbB2.
One group of candidates for masking ErbB2 could be overexpressed sialomucin complexes,
among them MUC4, which is often found on the surface of malignant tumor cells. In addition
to hindering ErbB2-trastuzumab interactions, MUC4 could also hide tumor cells from
immune surveillance, promote tumor progression and metastasis, suppress apoptosis, and
potentially even activate ErbB2 via its EGF homologue domains, resulting in increased
tyrosine phosphorylation [163,164].

CD44, a hyaluronan receptor is an important factor in lymphocyte homing and cancer
progression, but its interaction with ErbB2 was also shown [165]. Activation of CD44 leads to
cell survival via PI3K/Akt signaling [166], as well as to cytoskeletal rearrangements, this
latter suggesting the role of CD44 in cellular adhesion, migration and invasion [167]. The
presence of overexpressed CD44 inhibits trastuzumab binding and increases trastuzumab

clearance from the cell surface[168].

2.7.2. Overexpression and cross-talk with the interaction partners of ErbB2
Overexpression of Insulin-like Growth Factor-I Receptor (IGF-IR) is also associated with

trastuzumab resistance, as this cell surface receptor physically interacts with and
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phosphorylates ErbB2 [169]. In this process, PI3K/Akt and MAPK pathways are also
involved, and with inhibition of IGF-IR, trastuzumab responsiveness can be restored. Other
studies on the interaction of IGF-IR and ErbB2 have suggested that p27kipl is a critical
element of trastuzumab response, and its down regulation by the increased signaling of
growth factor receptors can promote trastuzumab resistance. The decreased expression or
activity of the tumor suppressor PTEN involved in the PI3K/Akt pathway can be also
responsible for trastuzumab resistance; in this case, PI3K inhibitors might be considered to
remedy the situation [170].

On the intracellular side, a significant level of compensatory ‘cross-talk’ among ErbB
kinases within a signaling network, as well as with other pathways regulating cell growth,
proliferation, and survival might be involved in and responsible for therapy resistance
[171,172]. The molecular basis of signal diversification and specification in the intracellular
compartments involving the pathways mentioned above is incompletely understood but its

elucidation is highly important for specific therapeutic targeting.

2.7.3. Ineffectiveness of ADCC
Although Clynes et al. suggested that the effect of trastuzumab is mainly mediated via ADCC

[114], only a few works have investigated the role of impaired ADCC in trastuzumab
resistance. Mimura et al. reported that trastuzumab-mediated ADCC against transforming
growth factor-f (TGF-B) producing esophageal cancer cells was enhanced by treatment with a
selective inhibitor of TGF- [173]. Kono et al. showed that capability of trastuzumab-
mediated ADCC was significantly reduced in NK cells from advanced gastric cancer patients
compared to healthy individuals. NK cell dysfunction was correlated to the down-regulation
of CD16L, whose phosphorylation has a key role in NK cell-mediated ADCC. Furthermore, in
vitro interleukin-2 treatment of NK cells could normalize CD16 expression and increase
trastuzumab-mediated ADCC [174].

In vivo experiments have shown that trastuzumab does actually inhibit the growth of
JIMT-1 xenografts in SCID mice if its administration is started at small xenograft size, or at
the time of tumor cell inoculation, despite the in vitro resistance of these cells to trastuzumab.
The growth inhibitory effect was mediated via ADCC, but resistance developed after 5-7
weeks. A subline, JIMT-X+, generated from a trastuzumab-resistant xenograft, did not differ
from the parental JIMT-1 cells in an in vitro ADCC assay and was equally sensitive to

trastuzumab when re-grafted to mice [113]. Furthermore, trastuzumab significantly reduced
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the number of circulating and disseminated tumor cells at a time when the primary tumor was
already unresponsive to trastuzumab, suggesting that ErbB2 positive circulating and
disseminated tumor cells could be sensitive to trastuzumab-mediated ADCC even when the
primary tumor is already non-responsive [175]. Taken together, it is likely that single tumor
cells or smaller clusters are sensitive to trastuzumab-mediated ADCC, but lose their
sensitivity to ADCC when cell-cell and cell-matrix junctions are formed and the cells develop

into a 3 dimensional tumor tissue.
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3. Aims

The interactions of ErbB kinases with each other and with various membrane proteins define
their signaling activity and accessibility as therapeutic targets. Our aim was to contribute to
the understanding of mechanisms behind ErbB1 and ErbB2 activation and transactivation, and
compare, in this respect, trastuzumab resistant and sensitive breast tumor cell lines. In this

context, the following questions were posed:

¢ Can fluorescence correlation spectroscopy (FCS) be used to detect the diffusion
properties of ErbB1 in the membrane of living cells and reveal new information about
the mechanism of ErbB1 activation?

¢ How do FCS and fluorescence recovery after photobleaching (FRAP) data on the
mobility of ErbB1 correlate in the same cellular system?

¢ Does local activation of ErbB1 and ErbB2 by derivatized paramagnetic microspheres
give rise to localized or laterally spreading signals?

e (Can EGF and trastuzumab, binding to their targets, evoke transactivation of ErbB2
and ErbB1, respectively?

e On trastuzumab resistant JIMT-1 cells, is it the lack of function, or the diminished
accessibility of ErbB2 to trastuzumab that causes resistance?

¢ In case of diminished accessibility, can the MUC4 sialomucin complex be responsible

for the masking of ErbB2 on JIMT-1 cells?
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4. Materials and Methods

4.1. Cells

CHO cells, CHO transfected with ErbB1-eGFP (sub-clones F1-4 and F1-10 expressing ErbB1
with a C-terminally fused eGFP), A431 epidermoid carcinoma, its sub-clone
A4-ErbB2-mYFP stably transfected with the ErbB2-mYFP fusion gene (expressing in
addition to ErbB1 also ErbB2 with a C-terminal monomeric YFP fusion) SKBR-3 breast
tumor cells (American Type Culture Collection, Rockville, MD), and JIMT-1 trastuzumab
resistant breast tumor cells (kind gift of Jorma Isola, [162]) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma, Schnelldorf, Germany) supplemented with 10%
fetal calf serum (FCS, GIBCO BRL), and antibiotics (0.5mg/ml gentamycin, Chinoin) in
humid atmosphere containing 5% CO,. The line F1-4 expressed 10° ErbB1-eGFP per cell,
while F1-10 2 x 10* per cell on average, but with considerable variation among cells. Both
were kept under selection pressure using 1 mg/ml G418 (Gibco BRL). Culture medium of
JIMT-1 was supplemented with F12 (1:1 with DMEM; Sigma and 60 NE/L insulin). The
cultures were propagated every 3-4 days. For microscopic and fluorescence correlation
spectroscopy measurements cells were seeded onto 12 mm diameter cover slips, or cover slip
based chamber slides (Nunc), and used at sub-confluence (50-80% density). Before

stimulation experiments, cultures were starved in serum-free DMEM for 12 or 24 h.

4.2. Western blot

Sub-confluent cultures grown in 50 cm® area culture dishes were starved for 12 hours in
serum free DMEM, then stimulated with 8 or 50 nM EGF (recombinant human epidermal
growth factor, IC Chemikalien GmbH ) for 5 minutes. Stimulation was stopped by applying
300 pl of lysis buffer containing 1% Triton-X-100, S0mM Tris-HCI, 25 mM KCl, 5 mM
MgCl,, 1 mM EGTA, 0.4 mM phenyl-methyl-sulphonyl-fluoride (Merck), 2 mg/ml aprotinin
(Sigma), 10 mg/ml leupeptin (BioMol), 500 mM benzamidin (Sigma), and 2 mg/ml pepstatin
(Merck). Samples were then added to 150 pl 3x SDS sample buffer and boiled for 10 minutes
at 100 °C, then ran on 10% polyacrylamide gels (BioRad Mini Gel System, 40mA, 120V) for
90 minutes [176]. Proteins were blotted to PVDF Immobilon P membrane (Millipore) for 100
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minutes at room temperature with 60 mA current, the membrane was blocked with 1% BSA-
PBST (0,1% Tween-20 in PBS-ben pH= 7.4 with 1% BSA) for 30 minutes, and phospho-
tyrosine was labeled with horse radish peroxidase conjugated anti-phospho-tyrosine antibody
(SC-508-HRP, 10 ng/ml, overnight at 4°C in 1% BSA-PBST). After washing in PBST,
membranes were incubated with ECL reagent (Amersham Pharmacia Biotech), luminescence
was detected on Fuji X-Ray films and digitized at 1200 dpi. Protein content of the membrane
was detected with Amido black staining; remaining protein content in the gel after blotting

was stained with Coomassie Brilliant Blue.

2
4.3. Ca’* measurements

Intracellular Ca®* concentrations were measured by fluorescence microscopy using the
calcium indicator dye Fura-2 (Molecular Probes, Eugene, OR) [177]. The ratio Is49/I35 of the
fluorescence intensities excited at 340 and 380 nm is independent of dye concentration and is
a monotonously increasing function of [Ca**]. F1-10, A431 and CHO cells were grown on 25
mm diameter round cover-slips in DMEM. Before the experiment, cells were starved for 12
hours in serum-free medium. Cells were loaded with 2 pg/ml Fura-2-AM for 30 minutes at
37 °C, washed twice with HBS (containing, in mM: 135 NaCl, 5 KCl, 1 MgCl,, 1.8 CaCl,, 5
glucose, 10 HEPES, pH 7.4) and imaged with an Attofluor Digital Ratio Imaging System
(Atto Instruments, Rockville, MD) with a time resolution of 0.2 frames per second. Spectral
ranges were 340 = 12.5 nm and 380 + 12.5 nm for excitation and larger than 520 nm for
emission. After 100 seconds 0, 8 or 50 nM EGF was administered, and at 400 seconds 2
pg/ml of ionomycin (Sigma) was added to permeabilize the plasma membranes for Ca®. To
display activation-induced temporal changes in Ca®" concentration ratio images (I334/I330)
corrected for field flatness were calculated, and the average ratio of regions-of-interest

(ROIs) covering the inside of each cell were graphed versus time.

26



4.4. Fluorescence Correlation Spectroscopy (FCS)

4.4.1. Origin and analysis of the autocorrelation function in fluctuation measurements
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Fig. 4. Mathematical background of FCS

Fluorescence intensity fluctuation (a), autocorrelation curve derived from it (b.) and a
sketch (c) explaining the shape of the autocorrelation curve are shown on this figure.
Within t values smaller than the diffusion time (in this example t, and t,), the amount of
fluorescent molecules in the confocal volume does not change significantly, thus, the
product of two dF intensities separated by time t is positive. For T values greater than the
diffusion time (in this case t;), the two fluorescence intensities are independent from the
each other, since any molecule which has been inside the observation volume at time t and
be either inside the volume or outside the volume at time t+t. Thus, either of the two dF
values can be positive or negative independent of each other. Consequently, the average of
their products will converge to zero.

In fluorescence correlation spectroscopy measurements, fluctuation of fluorescence intensity
is followed in a sub-femtoliter confocal volume using sensitive detection with an avalanche
photodiode. This fluctuation is dependent on photophysical processes and diffusion of the

molecules in and out of the measuring volume.
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The intensity time trace of the fluorescence signal is analyzed for its time-wise autocorrelation

using
(e) = (OF (1)- éFz(t+T)>
(F) 0
and
OF(t)=F(t)—(F) 2)

where F(t) is the intensity of fluorescence at any time point, ¢, (F) is the average intensity
obtained during the whole time of observation and JF(¢) is the deviation of fluorescence at
this time point from (F), the average. The brackets { ) in the formulas denote time averages of
the appropriate terms. The JF(¢) values are used to obtain the G(r) autocorrelation function by
averaging the products of all possible ordered pairs of JF(f) and 0F(t+7), where all possible 7
time-differences are considered. Fig. 4a. shows a typical trace and Fig. 4b. the resulting
autocorrelation function; Fig. 4c. helps explain how interdependence of two fluorescence
fluctuation values separated by various time lags yields positive or close to zero correlation
values as a function of the average time the particle spends in the observation volume. In our
experiments, the component of the autocorrelation function originating from the diffusion of
fluorescent molecules was of major interest, but other factors — dissociation-association and
physicochemical processes — can contribute as well.

We have analyzed our data using the Levenberg-Marquardt non-linear least-squares
method implemented in the LabView programming environment to fit to a single- or multi-
component, free or anomalous diffusion model. Additional terms often need to be included to
take into consideration the fluctuations due to triplet state formation characteristic of many
widely used fluorophores; as well as dark state formation (blinking) exhibited by most GFP
derivatives. This latter can result either from protonation [178,179] or from light-induced

conformational transition to a non-fluorescent state [180]. We have used the fit function:

5 -1 2 -1/2
G(T)=ao+m-Gtr.Ghl.-Z w1+ — I+—| —

2
Td,i S Td,i

3)

where the triplet state correction is given by
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and the blinking correction by

(l—% +0,, .e_%b‘j

Gb[(T): -0 &)

In Eq. (3) (N) is the average number of molecules in the detection volume, which is a great
asset, since by fitting the autocorrelation function the concentration of labeled molecules can
be obtained. The diffusion autocorrelation time, z,; of the i diffusing species is also obtained
from fitting; it represents the average time it takes for this species (of a weight fraction w;) to
traverse the detection volume. The detection volume is the space inside the surface where the
detection efficiency, described by a 3D Gaussian function, falls to ¢ times the maximal value
present at the center of this volume. This volume is a rotational ellipsoid, which is
characterized by the structure parameter, S = @/a\, (ratio of axial radius @, to the lateral
radius @, of the ellipsoid, usually a value between 4-7, or in the case of 2D diffusion in the
membrane S —©). d,,; denotes the anomaly parameters of the diffusing components: a value
of 2 is characteristic of free Brownian diffusion, while values larger than 2 hint at possible
obstacles in the way of diffusing molecules — barriers, binding sites temporarily slowing down
diffusion, etc., and values below 2 result from facilitated or guided diffusion, which,
obviously, is also a sign of molecular interactions. Less importantly, ay is an offset to
compensate for the nonzero baseline of the autocorrelation function arising from drifts in the
fluorescence signal, such as photobleaching.

In the triplet term, G,,, T denotes the equilibrium molar fraction of fluorophores in the
triplet state and 7, is the triplet lifetime. The “blinking term”, G accounts for the
conformational fluctuations between fluorescent and dark state formation. ®y; is the fraction
of fluorophores in the detection volume in the dark state and 7, is the corresponding
relaxation time. Measurements can also be complicated by photobleaching, which, although it
can be accounted for in the fitting algorithms, can bias the assessment of the more slowly or
the faster diffusing molecular species.

The diffusional autocorrelation times, 7,;; can be converted to a diffusion coefficient

(D) using the equation:
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(8
Di = = (6)
4z,

The radii @,, and @, are obtained by calibrating the system with a dilute solution of a dye of
known concentration and diffusion coefficient. Rh6G of molecular mass 0.479 kDa is
commonly used for its small size and photostability. In a dilute solution (~10 nM), for the
Brownian diffusion of a single species that has a triplet state Eq. (3) then simplifies to

-1 -2
GO)=a+——G, |1+ 2 | [1+5 7 )
<N> T, S°z,

The diffusion time, 7, obtained from a Levenberg-Marquardt non-linear least-squares fit to
Eq. (7) and the diffusion coefficient of a standard, e.g. Rh6G (280 pmz/s at 25°C) are used in
Eq. (6) to obtain @,. An estimate of @. can then be obtained from the fit result of S, or
rigorously determined from measurements of a series of dilute concentrations of the dye. For
a given concentration of dye, the average number of molecules in the detection volume can be
expressed in terms of the dimensions of the ellipsoidal sensitive volume in the optical plane

and the molar concentration c:
_ 32 .2
N=N,cr""o, o, ®)

Ny is Avogadro’s number. Thus, o}, can be derived from the slope of a plot of the apparent

number of particles, N vs. dye concentration. In our case, typical dimensions for the setup

used were w,, = 0.34 £0.04 pm and v, =2.43 + 0.58 um.

4.4.2 Measurement of fluorescence autocorrelation in ErbB1-eGFP expressing CHO
cells

For the measurement of fluorescence autocorrelation, the instrument described in [181-183]
was used. Cells were grown on 12 mm diameter round cover slips in DMEM, washed twice in
HBSS with 0.1% BSA and allowed to equilibrate at 25°C for 30 min. FCS measurements
were performed using a water immersion objective (C-Apochromat 40x, NA 1.2, Carl Zeiss,
Gottingen, Germany) at defined positions of the plasma membrane. Cells were visualized by
the camera in transmission and wide-field fluorescence mode, and the cell was positioned in
the x- and y-dimension with respect to the laser focus using a high-precision motorized Xx-y
stage (Marzhduser, Wetzlar, Germany). Transmission and wide-field fluorescence images

were recorded. Positioning of the focal volume along the optical axis (z) was achieved by a
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Pifoc piezoelectric lens positioner (Physik Instrumente, Waldbronn, Germany). In cells
expressing the ErbB1-eGFP fusion protein, the plasma membrane was apparent as peaks
proximal and distal to the coverslip in the z-profile of the fluorescence intensity.
Measurements were carried out in the upper (distal) cell membrane over 60-200 seconds. A
series of 3-10 consecutive measurements were acquired at each position. After about every
fifth measurement the focal position was confirmed by recording a fluorescence profile. For
assessing the effect of receptor stimulation on autocorrelation functions, EGF was added at a
final concentration of 50 nM by carefully pipetting 200 pl of 250 nM stock solution to the 800
ul buffer already on the cells. Data are presented for those experiments only (~30% of total),
where no significant displacement of the membrane with respect to the confocal detection
volume took place during the series of measurements. For excitation, the 488 nm line of an Ar
ion laser (2313-150MLYYV, Uniphase, Eching, Germany) at laser power densities of ~1
kW/cm? was used. Emission was detected through a 515-545 nm bandpass filter.

Control measurements were done on a Zeiss LSM510-Conforcor 2 combi instrument
in dual channel mode to observe co-diffusion of the GFP tag on ErbB1 and AlexaFluor647
labeled 528-Fab on F1-10 cells. In these measurements the fluorophores were excited with the
488 and 633 nm laser lines of the microscope, and emission was detected through 80 pum
diameter (1 Airy unit) pinholes and 500-550 nm bandpass and 650 nm longpass filters,

respectively.

4.5 Fluorescence recovery after photobleaching (FRAP)

FRAP measurements were performed using a custom-made instrument based on a Leica
fluorescence microscope. The beam of a 488 nm argon ion laser was splitted with a half-
mirror and focused to a diffraction-limited spot with a 40x (N.A. = 0.5) dry objective. The
beam radius was determined to be 375 nm by comparing the e diameter of the intensity
profile of the beam to the image of microbeads of known diameter projected to a screen. Laser
output was 40 mW, with 10*x attenuation of the beam for monitoring. The monitoring
excitation power density in the illuminated spot was <0.5 kW/cm”. An electromechanical
shutter wheel was used to block the main beam path during monitoring. Bleaching time was
200 ms, preceded and followed by 200 ms dead time for protecting the cooled photomultiplier
used for sampling the recovery kinetics at 5 - 50 Hz. Emission was detected through the half-

mirror and a 500 nm longpass filter. Data were fitted with a custom-written LabVIEW
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program employing a nonlinear Levenberg-Marquardt algorithm for the general model
accounting for both free and anomalous (hindered) diffusion [184]. Assuming that there is no
directional flow and that recovery after bleaching is due to diffusion of a single component
only, the fluorescence intensity f{¢) at any time ¢ for a Gaussian laser beam is given by the

equation:

— f0+fm (t/tllz)a
1+(1/11/2 )a

where fj is the fluorescence intensity immediately after photobleaching, f. is the maximum

f@ ©)

recovered intensity attainable after a long time, 7, is the time of recovery to (f.+ fo)/2, and &
is the anomaly parameter [184], which in the FRAP formalism has a value of 1 for free
diffusion, and <1 for hindered diffusion. The mobile fraction (percentage recovery of

fluorescence) is determined by

R=-1 - Jo (10)
f =fo

and the diffusion constant by
Y’

D= (11)
4't1/2

where f %is the fluorescence intensity before bleaching, @is the radius of the laser beam at e’
height of the Gaussian beam at the point of focus on the membrane and the correction factor ¥
(a function of bleaching) was determined to be 1.147+0.073 according to [185]. A typical

FRAP curve and its fit can be seen on Fig. 5.
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Fig. 5. A typical FRAP curve and its fit
Fluorescence of the eGFP is photobleached at the 10" second of the measurement, then
recovery of the fluorescence intensity is detected for 130 seconds.

4.6. Antibodies

Antibody 528 against ErbB1 was prepared from the supernatant of the corresponding
hybridoma line (catalog no. HB-8509, American Type Culture Collection, Rockville, MD,
USA). Against ErbB2, we have used trastuzumab, 2C4 (both from Genentech Inc., South San
Fransisco, CA), and Ab3/OP15, that binds to the intracellular domain (Calbiochem-Merck
Biosciences, Schwalbach, Germany). Activated form of ErbB1 was labeled with clone74
(Transduction Laboratories, Lexington, KY, USA). Phosphorylated ErbB2 was labeled with
Ab18 (clone PN2A, Dianova, Hamburg, Germany), but in some experiments, we used PY99
antibody against phosphotyrosine (cs-7020, Canta Cruz Biotechnology). MUC4 was detected
using 1G8 antibody that binds to the membrane associated  subunit (kind gift of Kermit L.
Carraway). Antibodies were used at final concentrations of 1-10pg/ml diluted in PBS.
Antibodies were conjugated with AlexaFluor488, AlexaFluor543, AlexaFluor633 (Molecular
Probes, Leiden, The Netherlands), Cy3, Cy5 (Amersham Biosciences, Freiburg, Germany) for
direct labeling, according to the manufacturers instructions. Indirect immunofluorescence was
performed by applying fluorophore conjugated goat anti mouse polyclonal antibodies

(Dianova, Hamburg, Germany, or Jackson ImmunoResearch, West Grove, PA, USA).
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4.7. Determination of receptor numbers and trastuzumab dissociation
constants

SKBR-3, JIMT-1, and A4-ErbB2-mYFP cells were harvested upon reaching half confluence,
washed once in ice-cold PBS, and resuspended at 5 X 10° cells in 100 ul PBS. Cells were
incubated for 10 minutes on ice with Alexa-488 conjugated antibodies. Kd values were
determined using concentrations of 2.5 to 50 pg/ml; for determining expression levels,
saturating concentrations of 50 pg/ml were used. After staining, cells were centrifuged for 4
min at 800g, washed in PBS, and fixed with 1% formaldehyde. Intensity histograms of 2 x
10* cells were measured with a Becton Dickinson (Franklin Lakes, NJ, USA) FACScan flow
cytometer taking FL.1 data. Surface expression of ErbB2 on SKBR-3 was quantified using
QIFIKIT (DakoCytomation, Glostrup, Denmark) according to the manufacturer’s instructions
and was found to be 1.1 x 10° molecules per cell. The relative numbers of cell surface
proteins on other cells were calculated by comparing the FL1 fluorescence intensities with
that of ErbB2 on SKBR-3, taking the dye/protein labeling ratios of the antibodies into
consideration. For determining Kd-s, background corrected histogram means, normalized to
the maximal intensities were used from each sample. The bound fraction was estimated from
the relative labeling intensities and known total receptor numbers. Scatchard plots with

bound/free ratio against bound antibodies were used to calculate the Kd-s.

4.8. Immunofluorescent labeling

Cells were seeded onto 12 mm cover slips or Nunc chamber slides, and used at sub-
confluence. Before the experiments, cultures were washed once with ice cold PBS, then
incubated with fluorescently labeled trastuzumab or 2C4 for 30 minutes on ice to avoid
internalization. After fixation with 4% paraformaldehyde (PFA) for 20 minutes on ice and
washing, the samples were flipped into Mowiol (0.1 M Tris-HCl, pH 8.5, 25 w/v % glycerol,
10% Mowiol 4-88, Hoechst Pharmaceuticals, Frankfurt, Germany).

For intracellular labeling, sub-confluent cultures grown on cover slips were fixed with
100% methanol at -20°C for 20 minutes. After rehydrating the samples with PBS, cells were
blocked and permeabilized for 20 min at room temperature using 1 mg/ml BSA (Sigma) and
0.1% Triton X-100 (Fluka, Buchs, Switzerland) in PBS. Primary antibodies against phospho-
ErbB1, phospho-ErbB2, phosphotyrosine (PY) or 1G8 antibodies were diluted in 100 pul PBS
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with Img/ml BSA and 0.1% Triton X-100 to a final concentration of 1ug/ml. After 30 min at
RT, cells were washed three times with 1 mg/ml BSA and 0.1% Triton X-100 in PBS for 5
min. Incubation with secondary Cy3-goat anti mouse immunoglobulin (GAMIG) was
performed as with the primary ones. Samples were washed again and mounted in 5 ul Mowiol
on pre-cleaned microscopic slides.

Flow cytometry samples were labeled according to a similar protocol, the but the cells
were harvested before labeling by incubation with trypsin-EDTA solution, then washed once
in ice cold PBS, and pelleted by centrifugation at 600x g. Cell number per sample was 50000,
and labeling was performed in 50 ul PBS. We have previously verified that the labeled cell

surface entities are resistant to trypsin digestion.

4.9. Preparation of chemically coupled trastuzumab and EGF microspheres

Natural murine EGF was obtained from IC Chemikalien (Ismaning, Germany). Carboxy-
functionalized superparamagnetic 1um microspheres (SERA-MAG, Seradyn, IN, USA) were
activated with 0.1 M sulpho-N-hydroxysulphosuccinimide (Pierce, Rockfort, IL, USA), 0.1 M
1-ethyl(-3-[3-dimethyl-aminopropyl])carbodiimide hydrochloride (Pierce) in 0.1 M 2-(N-
morpholino)ethane sulfonic acid (MOPS; Sigma) buffer, at pH 6, for 1 h at room temperature.
After two washes in 0.1 M MOPS, the microspheres were equilibrated in coupling buffer (0.1
M Na-phosphate, pH 8). The coupling reaction was carried out overnight at 4°C with 50 ug
EGF or 250 pg trastuzumab in 150 pl of coupling buffer for 30 ul of the 5% microsphere
slurry with constant agitation. The microspheres were then washed twice with coupling buffer
and thoroughly with PBS. The remaining reactive groups were capped with 1 M ethanolamine
for 2 h at room temperature followed by further washings in PBS. The microspheres were
aliquoted and stored in PBS with 0.1% Na-azide. The presence of trastuzumab on the surface
of microspheres was confirmed using fluorescently labeled polyclonal goat anti-human

antibody. Uncoupled microspheres showed no staining.

4.10. Cell stimulation with derivatized paramagnetic microbeads

To avoid nonspecific interaction of the microspheres, they were blocked with 1 mg/ml bovine
serum albumin (BSA; Sigma) in Tyrode’s buffer or PBS. Cells were washed in Tyrode’s

buffer containing 0.01 M glucose and 0.1-1 mg/ml BSA and maintained in this buffer in a
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humid chamber. For stimulation, the magnetic microspheres or free ligand were diluted in 50
ul PBS; the final concentration was approximately 10 to 30 microspheres per cell. To provide
a specific time of interaction and initiation of stimulation, the cover slips were positioned on a
magnet at time 0. Control experiments were performed without the magnet. After a specified
reaction time, between 2 and 45 min at 37°C, cells were rinsed with PBS and fixed with ice-
cold methanol for 20 min at -20°C. Uncoupled, EGF-linked, and trastuzumab-linked magnetic
microspheres or free trastuzumab, dye-conjugated trastuzumab or EGF in solution were used

as stimulating ligands.

4.11. Confocal Laser Scanning Microscopy

For confocal laser scanning microscopy, a Zeiss (Gottingen, Germany) LSM 510 systems
with Plan-Apochromat 63x/1.4 NA, oil objective were used. AlexaFluor488 and YFP were
excited with 488 and 514 nm Ar ion laser lines and detected through 505-550 nm and 530+15
nm bandpass filter. Cy3 and AlexaFluor543 were excited with a 543-nm HeNe laser and
detected through an 560 longpass or 560-615 nm bandpass filter. Cy5 and AlexaFluor647
were excited with a 633-nm HeNe laser and detected through a 650 longpass filter. Pinholes
were set to obtain 1 um optical slices except for high Z-resolution sectioning (Fig. 10.) where
0.5 pum slices were acquired in 0.4 um steps. Reflection images of the microsphere
distribution were taken using a 633 nm HeNe laser without filtering the reflected light, and
the pinhole set to 10.3 Airy units. 512 x 512 pixel images were taken with pixel times of 6.4
us and averaging 2 lines in the case of high-resolution images. All images were obtained in
multi-track mode to avoid crosstalk with other channels. With the settings used, channel

crosstalk was negligible as determined using single labeled samples.

4.12. Image Analysis

Reconstruction of orthogonal sections was done using the LSM system software (version 3.2).
The cross-correlation coefficient characterizing the coincidence of signals in two channels of
an image was calculated with a program custom written in the LabView environment [186]
using the equation below. Briefly, for a pair of images x and y, the cross-correlation

coefficient is defined as
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where x;; and y;; are fluorescence pixel values at coordinates i,j in images x and y. Only those

pixels were used for the summation that were above detection threshold in both images.
Threshold values were determined as the highest histogram values from images of unlabeled
samples taken with identical instrument parameters. The theoretical maximum is C=1 for
identical images, and a value close to O implies random spatial localization of the two labels
relative to each other.

Other image processing tasks were performed using SCIL-Image (TNO, Delft, The
Netherlands). For determining ErbB phosphorylation in stimulated and nonstimulated areas of
cells, background-corrected fluorescence of immunolabeled phospho-ErbB was used as an
input channel. The histogram mean of cells from images of unlabeled samples taken with
identical instrument parameters were taken as background values. Binary masks on cells were
created by thresholding reflection images. Threshold values were chosen manually to exclude
all background pixels; occasional holes in cell masks were filled with dilation-erosion cycles
using a 3 x 3 mask and a connectivity of 8 pixels. Additional binary masks for separating
stimulated and nonstimulated areas were generated by thresholding reflection images of
microspheres when microsphere-coupled ligands were used and by thresholding Cy5-
trastuzumab images when trastuzumab in solution was used as stimulus. For calculating the
proportion of pixels above the resting level of phosphorylation, overall maximum values from

corresponding nonstimulated but equivalently labeled cells were used as threshold.
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5. Results and Discussion

5.1. Fluorescence correlation spectroscopy gives new insight into the
activation mechanism of ErbB1

For studying how EGF binding alters the mobility and aggregation state of ErtbB1, we
have used as model system the ErbB1-eGFP chimeric protein stably transfected into CHO
cells [181]. Although GFP derivates have a tendency for spontaneous dimerization, these
aggregates are not stable (Kd = 100uM) [187], and thus eGFP-fusion proteins are amenable to
fluorescence correlation spectroscopy measurements. The presence of endogenous fluorescent
label was intended to obviate unwanted artifacts of antibody labeling, however, it also

required that the functionality of the construct is confirmed.

5.1.1. The ErbB1-eGFP fluorescent chimera created for FCS measurements is
functionally active

Signal transduction through ErbB1 is initiated by activation of the tyrosine kinase and
subsequent phosphorylation of tyrosine residues in the receptor C-terminal domain and
down-stream substrates. Lysates of ligand-treated and control cells were probed for tyrosine
phosphorylated proteins by Western blot (Fig. 6.). The human epidermoid carcinoma cell line
A431 served as a positive control. In A431 cells, as well as F1-10 cells, ligand-induced
tyrosine phosphorylation of bands with ~170-190 kDa molecular weight, corresponding to
ErbB1 was dose-dependent. Due to its larger molecular weight, the mobility of the ErbB1-
eGFP fusion protein was smaller than that of the native EGF receptor. Other proteins at ~60,
65, 90 and 100 kDa were also phosphorylated in a dose-dependent manner. In non-
transfected CHO cells only two weak bands with 100 and 110 kDa molecular weight were
present, and although these were also present in A431 and F1-10 cells, their phosphorylation
state did not change upon EGF treatment. The F1-10 cell line expresses only 2x10* copies of
the ErbB 1-eGFP fusion protein on average compared to 2x10° EGF receptors in A431 cells.
For this reason, the intensity of the band corresponding to the receptor was much weaker in
F1-10 than in A431 cells and for better visibility a contrast-enhanced image is also show
(Fig. 6b.)

Phospholipase Cy is one of the early down-stream effectors of EGF receptor

signaling. Activation of this enzyme by binding to phosphotyrosine residues of EGFR leads
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Fig. 6. Elevated tyrosine phosphorylation upon EGF treatment

(a) Anti-phosphotyrosine Western blot of A431, F1-10 and CHO cells in rest, and
stimulated with 8 or 50 nM EGF. (b) Contrast-enhanced image of the lanes for F1-10
and CHO from the blot in A. In A431 cells phosphotyrosine immunoreactivity increases
in a dose-dependent manner upon EGF treatment. In F1-10 cells, this dose-dependent
elevation is less prominent, but still detectable. Untransfected CHO cells served as
negative control.

to the generation of diacylglycerol and release of inositol-trisphosphate, eliciting an increase
of intracellular calcium concentration [188]. The aim of the Ca** measurements was not an
absolute determination of Ca** concentration, but the mere demonstration of the presence of
Ca” responses and illustration of their relative magnitude for different cells and different
conditions. Changes in intracellular calcium were detected by ratiometric imaging of the
fluorescence of the Ca-indicator dye Fura-2 excited at 340 and 380 nm. Resting intracellular
Ca’" levels of 80-120 nM and F340/F380 ratios around 1 were characteristic of all three cell
lines. Positive control A431 cells showed prominent Ca®* elevation upon 50 nM EGF, in
comparison, F1-10 cells expressing ErbB1-eGFP produced definitely lower but still
measurable Ca’* peaks (Fig. 7.). At 8 nM EGF a calcium response was detectable in A431
cells only. CHO negative controls did not exhibit an increase in intracellular calcium at any
EGF concentration. Similarly to tyrosine phosphorylation, the background of the weaker
calcium response in the case of F1-10 is likely the order of magnitude lower level of receptor
expression. This is not a disadvantage, however, if one wants to examine the process of

receptor activation at more physiological expression levels.
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Fig. 7. Calcium responses upon EGF simulation

(a) A typical calcium responses to EGF stimulation are shown — red trace: F1-10, blue trace:
A431, green trace: CHO. Resting F340/380 ratios were around 1 in all the cell lines. EGF
stimulation, calibration with ionomycin and quenching by Mn are also indicated on the curve. (b)
Averaged peak calcium responses of 10-30 cells are presented. A431 cells have responded to
both 8 and 50 nM EGF, whereas in the case of F1-10, the elevation was only significant after
stimulation with 50nM EGF. Control CHO cells were not stimulated by EGF.

5.1.2 Diffusion rate of ErbB1 decreases upon EGF stimulation
FCS measurements imply the continuous illumination of fluorophores in a sub-micron sized

spot. During the initial part of this illumination, we have experienced photobleaching of a
fraction of ErbB1-eGFP fluorescence (Fig. 8a.). This exponential decay of intensity with a
time constant of 1-2 s has contributed an additional slow component to the autocorrelation
curve and thus hindered the correct fitting of ErbB1 diffusion times. In order to avoid the
continuous decrease of intensity during autocorrelation measurements, the fluorescence of the
fraction of molecules with low mobility was photobleached by illuminating the sample using
an intensity of 10 kW/cm? for 30-60 seconds, until the fluorescence was constant. The
remaining intensity was 26 £ 16 % SD (n=21) of the original one. We can assume that in the
first period of the measurements we have photobleached the immobile, anchored fraction of

ErbB1-eGFP that was not, or just slowly substituted by diffusion, and thus unable to escape
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Fig. 8. Photobleaching of the immobile ErbB1 fraction

(a) Fluorescence intensity fluctuation traces taken consecutively at the same place of
the cell membrane are shown in different color. Initially, the fluorescence of immobile
eGFP-ErbB1 fraction is bleached, leading to a prominent decrease of fluorescence
intensity. Including this time range into the fit adds a slow component to the
autocorrelation function which is unrelated to slow diffusion in the membrane. To
avoid related artifacts, we have analyzed the fluorescent intensity fluctuations after
bleaching the immobile fraction.(b) Apparent diffusion autocorrelation times of
ErbB1-eGFP as a function of illumination power. A fast and a slow autocorrelation
time was determined for each cell. Both values are gradually underestimated with
increasing laser power, but the slow, membrane component is more affected (please
not the log scale). Mean + S.D. for 4-6 independent experiments.

photobleaching or light-driven blinking. The bleachable fraction was proportional to the
initial fluorescence intensity of the cell. The non-bleached fraction exhibited a steady average
fluorescence in time indicating that its diffusion is fast enough to exchange the illuminated

population before it is irreversibly bleached. We must note, however, that this strategy
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Fig. 9. FCS shows slowed down diffusion upon EGF treatment

(a) transmission and fluorescent images of F1-10 cells. A red dot indicates the
localization of the confocal volume. (b) Fitted autocorrelation curves taken before
(blue) and after (red) EGF stimulation. The autocorrelation time characteristic of the
slower diffusion component has increased form 237 ms to 1.06s upon EGF
stimulation as it is indicated by right shifting of the curves.

restricts FCS measurements to reasonably rapidly diffusing species, or at least hinders the
exact determination of proportions among species with varying diffusion constants. In fact, in
a separate series of experiments we have determined that at higher laser powers, where more
of the slowly diffusing species are photobleached, the overall diffusion determined in FCS
appears to be faster, and if more components are differentiated, the slower components will be
more affected (Fig 8b.).

Result of a fluorescence correlation spectroscopy measurement can be seen on Fig. 9.

with the transmission and fluorescence images of F1-10 cells (Fig. 9a.), and autocorrelation
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curves before and after EGF treatment (Fig. 9b.). Using the general mathematical model in eq.
3., we have tested five different approaches and found that the autocorrelation curves can be
best fitted, on the grounds of minimum number of necessary components and lowest mean
square error, by a four-component model. This model takes into account a fast and a slow
diffusion component (n=2 in eq. 3), in addition to triplet state formation (Gyps), and a
blinking component (Gy,) that apparently covers both protonation dependent blinking terms
as well as light induced blinking. Of the diffusion terms, the fast one is a 3 dimensional
diffusion, originating mostly from the cytoplasm [181], whereas the slow one is proposed to
be a 2D motion in the plane of the membrane. In this model, we allowed for the possibility of
anomalous subdiffusion or obstructed diffusion for both diffusing species. The anomaly
parameter d,, (see eq. 3.) expresses the degree of non-linearity. For free Brownian diffusion
this value equals 2, while for obstructed diffusion this value is larger than 2. Data obtained
from 12 independent experiments for cells that were measured on the same membrane spot

before and after stimulation with 50 nM EGF are shown in Table 1.

Table 1

Fit Parameter Before EGF After EGF
D; (107 cm?/s) 1.97+0.83 1.63+0.94
D, (107 cm?/s) 1.1740.51% 0.66+0.30%
w; 0.30+0.06 0.36+0.12
dy 2.12+0.38 2.43+0.35%*
d,» 2.02+0.14 1.96+0.16
. 0.09+0.01 0.09+0.01
7. (107 s) 1.81+0.21 1.87+0.22
T 0.47+0.08 0.51+0.14
7, (10 5) 2.3+0.5 2.5+0.9
Mse 3.5 3.5

Diffusion properties of ErbB1-eGFP fusion protein revealed by FCS

Data are presented as means = S.D. from twelve independent experiments with autocorrelation
recorded immediately before and after stimulation with 50 nM EGF.

D: diffusion constant, w: weight of diffusion component, d,: anomaly parameter, 7: triplet fraction, z,:
triplet lifetime, @,: fraction of dark species, 7.: chemical relaxation time of the protonation process,
mse: mean squared error of nonlinear fits.

* D, changed significantly after EGF stimulation (two-tailed paired t-tests p=0.0016); D, has not
changed significantly.

** d,,; differed significantly from 2 after EGF stimulation (p=0.00004), i.e. the diffusion of the fast
cytoplasmic component can be described by a model of obstructed diffusion. d,,, has not changed
significantly.
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The faster diffusion was characterized by a diffusion constant of 1.97+0.83 x 107
cm?’/s. The cytoplasmic nature of this fast component was confirmed by the position
dependence of the relative contribution of this component to the autocorrelation function. In
the cytoplasm of resting cells, the fast component contributed 59 + 8% to the autocorrelation
function, compared to only 33 + 5% when the beam waist was placed on the plasma
membrane. This component could be attributed to ErbB1-eGFP fusion proteins being
transported in vesicles, to free cytoplasmic ErbB1-eGFP that had lost its signal sequence,
proteolytic release of GFP into the cytoplasm, GFP transcribed alone owing to the strong
promoter of the plasmid, or other fluorescent molecules native to the cytoplasm. Of these
possibilities the first can probably be excluded as the diffusion constant of integral membrane
proteins in intracellular membranes is comparable to that in the cytoplasm membrane [189-
191] and the speed of vesicular traffic is even slower than that [192]. The other possibilities
are supported by earlier data on the diffusion constant of free cytoplasmic GFP also obtained
using FCS (D = 1.7 £0.4 x 10”7 cm?/s [181] and 1.25 +0.13 x 107 cm?*/s [179]). The failure
to detect free GFP in Western blots of F1-10 cell lysates may signify that the fast diffusing
species is the cytoplasmic fusion protein, but it also could be attributed to too low
concentrations of this proteolytic fragment. As this molecular species will largely escape
photobleaching, analysis of the autocorrelation functions will overestimate the relative
fraction of these molecules compared to the full length receptors.

The slow diffusion term gave rise to a diffusion constant of 1.17+0.51x 107 cm?s.
Control measurements have indicated co-diffusion of the intracellular GFP tag on ErbB1 and
AlexaFluor647 labeled 528-Fab attached to the extracellular domain of ErbB1 on F1-10 cells,
confirming that this component of the autocorrelation spectrum originates from movement of
receptors in the plane of the cell membrane. The diffusion constant derived was consistent
with a relatively freely diffusible transmembrane protein [193]. In coherence with this, for the
membrane diffusion component the anomaly parameter was 2, which hints that in the small
area examined by FCS, overall there are no obstacles to diffusion. Upon EGF stimulation, the
most obvious change occurred in the slow membrane diffusion component D,, which on
average slowed to about half of the original value immediately upon EGF stimulation. The
most extreme example of this is plotted on Fig. 9b., where the characteristic diffusion time
shifts from 237 ms to 1065 ms. This observation is coherent with the predicted di- and
oligomerization of the ErbB1 receptors during their activation, but does not exclude the

possibility that ErbB1 exists also in the form of pre-associated dimers that upon EGF
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stimulation associate to larger aggregates, other proteins, or cytoskeletal elements, leading to
their decreased lateral mobility.

The only other parameter that has changed was the anomaly parameter of intracellular
fast diffusion, which increased after EGF treatment. This observation hints that diffusion of
the cytoplasmic ErbB1-eGFP (or free eGFP) becomes hindered upon cell stimulation. This is
best explained by allocating this component to free ErbB1-eGFP, which upon ErbBl
activation can transiently interact with the intracellular domains of membrane-localized
receptors. However, it must be noted that the shape of the autocorrelation function has a weak
dependence on the anomaly parameter d,,, implying that the fitted value of this parameter may
carry considerable error and the degree of its alteration upon stimulus could easily be

overestimated.

5.1.3 ErbB1 could exist also as pre-formed di- or oligomers

In resting cells, the ErbB1-eGFP fusion proteins showed a relatively uniform
distribution (Fig. 10a). Stimulation with EGF led to receptor aggregation and internalization
within 5 min, which was still apparent even 30 min after stimulation (Fig. 10b). Parameters
derived from autocorrelation measurements acquired directly before and after adding 50 nM
EGF to the cells are shown in Table 1., and on a cell-by-cell basis on Fig. 11. As discussed
above, the diffusion constants on average decreased upon stimulation with EGF, and this was
indeed the case for each cell that could be measured before and after stimulus on the same
membrane patch (Fig. 11a). In addition, EGF caused a decrease of the number of molecules N
in the detection volume in most of the cases (Fig. 11b.). The average ratio of the apparent
number of molecules after and before EGF incubation was 0.78. These two observations so
far are consistent with the more widely accepted theory that upon EGF stimulation, EGF
receptors aggregate.

Receptor oligomerization was further evaluated by calculating the fluorescence per
molecule normalized to laser power (fpm). The fpm is obtained by dividing the background
corrected fluorescence F by the background corrected number of molecules N and the laser
power P:
fpm=FN'P’ (13)

The background fluorescence was corrected for with the following formula [194]:
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Gcorr (T):(l_II_Bj I:G(T)_a():|+a() (14)

where [Ip is the uncorrelated background intensity (cellular autofluorescence and dark current
of the photodiodes), I, is the total intensity including the signal and the background, G(z) is

the autocorrelation and ay is the offset term as described in eq. 3.
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Fig. 10. GFP-ErbBl1 distribution before and after EGF stimulation

Fluorescence images of F1-10 cells were taken before (a) and ~30 minutes after (b) EGF
stimulation. In resting cells, the distribution of receptors is more uniform than in stimulated
cells, where it is more granular. (c) After stimulation, diffusion of sizeable aggregates across
the observation volume can be observed with FCS (arrow).

The mean fluorescence decreased after stimulation, but only to the same extent as the number
of molecules N; consequently, the mean fluorescence per molecule was unaffected (Fig. 11c.),
and the ratio of the fpm values after and before stimulation was close to 1 (0.94+0.36) (Fig.

11d.). These findings may reflect activation of the receptors according to the conformational
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activation model (not involving a change in the aggregation state of the receptor) rather than
by induced receptor dimerization or oligomerization. In fact, in a very recent study applying a
modified fluorescence intensity distribution analysis (FIDA) approach for use in a two-
dimensional system with quantal brightnesses, the degree of EGF receptor clustering on the
surface of transfected CHO cells has been quantified, and the analysis has demonstrated that
under physiological conditions, the EGF receptor exists in a complex equilibrium involving

single molecules and clusters of two or more receptors [195].
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Fig. 11. Effect of EGF stimulation on ErbB1 dynamics and membrane distribution

Filled (blue) bars: before treatment, open bars: after treatment. (a) the change of D2, the
longer, intra-membrane diffusion component upon stimulation by 50 nM EGF. (b) the
change of the apparent number of independently moving particles in the detection volume,
N. (c) effect of EGF treatment on the normalized specific fluorescence per independently
moving particle. F is the fluorescence intensity in kHz, N is the average number of
molecules in the detection volume and P is the laser power. (d) ratio of F/N/P values after
and before stimulation.

On the other hand, the two-fold decrease of D even exceeds the theoretically

predictable value for dimerization (assuming spherical molecules this would be by a factor of

~2 =126 ). A higher order oligomerization of the receptors could explain the drastic
decrease of D but is inconsistent with the meek 22% decrease of the number of independently

diffusing species. The constancy of the normalized fluorescence per molecule also indicates
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that, in the first few minutes of activation, the aggregate size of EGF receptors does not
change significantly.

This discrepancy is best resolved by hypothesizing the immobilization or at least
hindrance of the motion of the ErbB1-eGFP fusion proteins by interaction with static
structures such as the underlying cytoskeleton [196]. However, we have to keep in mind that
the chromophore of a large fraction of the receptors is bleached and therefore not subject of
the FCS studies. Thus, it is equally plausible that receptor aggregation / dimerization also
occurs, but it is only reflected by the decrease in diffusion constant, as the detected ErbB1-
eGFP molecules, or preformed dimers adhere to the more slowly moving higher order clusters
that are already photobleached in the pre-bleach period and thus do not contribute to the
specific fluorescence per particle value. Most recent single-wavelength fluorescence cross-
correlation and fluorescence resonance energy transfer (FRET) data actually support the idea
that the EGF receptor exhibits preformed homodimeric structures on the cell surface which
further aggregate upon EGF stimulation. In fact, we also have observed that within half an
hour of stimulation receptor clusters become more prominent (Fig. 10b.), and these cluster

could be seen diffusing across the FCS observation volume (Fig. 10c.).

5.1.4. Complementarity of Fluorescence Recovery After Photobleaching and FCS in
resolving the mobility of ErbB1

Our fluorescence recovery after photobleaching (FRAP) experiments in resting cells yielded

diffusion coefficients of 0.7-0.9x10™'° cm*/s (Table 2.).

Table 2.
FCS FRAP
model anomalous anomalous generic

D (em*/sx10™) 10.70 0.90 0.71
S.D. 4.00 0.33 0.31

No. of cells 26 51 51

dw 2.02 - -
o - 0.6 0.8

Diffusion constants determined for the EGFR-GFP fusion protein using FCS and FRAP
on resting cells

FCS data from F1-10 cells were evaluated according to eq. 3. (a fast and a slow species with
anomalous diffusion, one blinking term plus triplet correction; in the table the slow diffusion
coefficient is given). FRAP recovery curves on F1-4 cells were fitted to the anomalous
diffusion model either fixing f.. = f* (termed anomalous) or leaving the value of f. free
(generic).
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Earlier reports on the lateral diffusion coefficients of EGF receptors determined by
FRAP are available for several cell types: D =4.5-8.2 x 107% cm?/s at 15-37 °C on A431 cells
[197], D= 1.8 x 107 cm?s, on fibroblasts and D = 4.1 x 10" cm%s on keratinocytes [198].
The common feature of these measurements was the application of fluorescently labeled EGF
which obviates the possibility to obtain data on resting cells. The lower range of these data
converge to our diffusion constants obtained by FRAP, while the higher range reaches the
lower diffusion constants we have measured using FCS after stimulation. Some of these
discrepancy can easily explained by the use of different cell types and experimental
conditions, as well as the possibly biased nature of FRAP measurements using the ligand EGF
as a label. However, the difference of one order of magnitude in our data obtained with
similar resting cells needs to be interpreted further.

To understand this discrepancy, the different nature of the experiments must be
considered: in FCS, the local environment of a relatively small area of the membrane is
probed, which may be smaller than the diameter of a membrane domain. Therefore mainly
diffusion inside a membrane microdomain determines the diffusion correlation time. In
FRAP, the long-range diffusion rate of unbleached molecules arriving from more distant areas
and having to cross domain boundaries is also examined. Thus, the rate of long-range receptor
motion is not only affected by the intradomain diffusion rate, but also by the rate of crossing
domain boundaries [199,200]. It also has to be kept in mind that in the FCS measurements
receptors with low mobility were pre-bleached to avoid artifacts in the autocorrelation
function, so the motion of this fraction of the molecules was not subject of the FCS studies.

When the autocorrelation functions were fitted with models including a blinking term
and two anomalous diffusion components, the average anomaly parameter of the membrane
diffusion term was close to two, corresponding to free Brownian diffusion. In contrast, for
FRAP measurements the anomaly parameter lesser than unity (a=0.6 or 0.8 depending on the
model used) hints at the possibility of obstructed diffusion. Anomalous diffusion can result
from either molecular interactions (binding to immobile structures or large complexes),
frequent collisions with densely packed obstacles or corralling due to boundaries between
distinct membrane domains [184,201,202].

The uncertainty of detecting anomalous diffusion in the FCS measurements may
originate from the fact that fluctuations resulting from molecular movements in the immediate
vicinity of the detection volume are detected. In contrast, in FRAP the recovery of
fluorescence results from diffusion of molecules over both short and longer distances.

Molecules therefore may encounter a large number of diffusion barriers. Thus the short-range
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diffusion of molecules in FCS will be hardly affected by boundaries and heterogeneities in
membrane organization. Only if a diffusion barrier lies within the detection volume, or if
membrane microdomains are comparable in size with the detection volume, may anomalous
diffusion be observed. The diffusion constant and anomaly parameter may also depend on the
size of the membrane domain and the position of the detection volume with respect to the
domain boundaries: inside a larger domain, observed diffusion may occur faster than in the
case of smaller ones, where domain boundaries need to be crossed to observe mobility (hop
diffusion) [203-205]. The large standard deviation of the slow diffusion constant and the
anomaly parameter in the FCS measurements may reflect such factors of microheterogeneity
of the plasma membrane.

Thus FCS can be said to be an adequate probe of local diffusion rates and molecular
mechanisms. However, the large fraction of receptors with low mobility demonstrates a
practical limitation of FCS in cellular studies set forth by the sensitivity of the method to the
displacement of the membrane with respect to the detection volume. These factors prevent
measurements of diffusion times as slow, or slower than a few seconds (in our case 7;s longer
than a few seconds). For investigating such slow diffusion processes FRAP may be a more

adequate approach.

5.2. Derivatized microbeads as a novel tool for assessing ErbB activation

Microspheres covered with ligands or antibodies are used in many fields of biochemistry,
biophysics and cell biology. Immunomagnetic microsphere separation and microparticle
based flow cytometry play an important role in experimental protocols and analytical
procedures [206,207]. Recently, microspheres have also served as powerful tools for studying
complex cell biological phenomena such as collagen phagocytosis in fibroblasts [208,209],
viscoelastic responses of endothelial cells upon thrombin stimulation measured by magnetic
microsphere-based microrheology [210], and re-organization of lipid rafts and signaling
complexes upon various stimuli [211-217]. Microsphere-based techniques also allow
localized stimulation of cells with precise control of timing and location, providing a versatile
tool for kinetic assays of signal spreading and downstream propagation. In our studies, we
used EGF and trastuzumab coupled paramagnetic microspheres to explore the activation

properties of ErbB1 and ErbB?2 in situ.
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5.2.1. EGF and trastuzumab conjugated microspheres efficiently evoke ErbB
autophosphorylation

To test the functionality of trastuzumab- and EGF coupled microspheres, we first used a cell
line derived from the A431 epidermoid carcinoma by stably transfecting it with the ErbB2-
mYFP chimera gene. Native A431 cells express 2 x 10° ErbB1 and 4 x10* ErbB2 receptors as
measured by flow cytometry. The transfected line A4-ErbB2-mYFP exhibits a somewhat
downregulated expression of ErbB1 (1.2 x 10% and 9.5 x 10° ErbB2 per cell. Applying EGF
microspheres, ErbB1 could be focally activated (Fig. 12.) as previously described for these
microspheres [25,26]. Activation was detected as total tyrosine phosphorylation (Mab PY99)
[26] and as specific phosphorylation of ErbB1 (Mab clone74). The correlation between the
phosphorylation signal and location of microspheres was high, as characterized by the cross-
correlation coefficients C = 0.68 and C = 0.57 for phospho-ErbB1 and phosphotyrosine,
respectively. (Not all microspheres lay in the same plane as the confocal immunofluorescence
images show. Thus, activation signals coincided with a subset of microsphere loci in this case,
whereas the correlation coefficients were calculated from stacks of confocal images through
the cells.) Trastuzumab microspheres on the same cells also evoked local total tyrosine
phosphorylation (Mab PY99) and specific EtbB2 phosphorylation (Mab 18). The correlation
of microsphere position with ErbB2 and generic tyrosine phosphorylation was high, as
indicated by the cross-correlation coefficients 0.68 and 0.47, respectively. When uncoupled
microspheres were used as control, no activation above the level of baseline phosphorylation
was detected. It is noteworthy that the correlation between microspheres and specific ErbB
phosphorylation was always higher than that between microspheres and generic
phosphotyrosine labeling, implying that signal spreading from the activated receptors may be
attributed to other molecular species, including adapters like Shc, but possibly also to other

downstream effectors such as Ras.

5.2.2. Focal stimulation by EGF and trastuzumab microspheres yields a well-localized
activation process without lateral signal spreading

As shown in Fig. 12., trastuzumab- and EGF-coupled microspheres caused a local
activation of ErbB receptors, which was evident also from the high degree of correlation
between microsphere position and receptor phosphorylation. We observed only highly
localized activation of the receptors in the immediate proximity of the microspheres. There
was no spreading of phospho-ErbB1 activation over the plasma membrane in any cell line

expressing ErbB1 and stimulated with EGF-linked magnetic microspheres regardless of
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Fig. 12. Signaling efficiency of derivatized microspheres and transactivation of ErbB
receptors

(a) Images of A431 cells, stably transfected with an erbB2-mYFP construct, are shown after
10 min of stimulation with EGF- or trastuzumab-coupled microspheres. Green images, YFP
signal; red images, activated erbBl1 (left), activated erbB2 (middle), and tyrosine
phosphorylation (right). Reflection gray-scale images show the location of individual and
clustered microspheres as bright spots. On the overlay images, only overlap of the
microspheres localized in the confocal fluorescence plane can show coincidence. Scale bar,
10um. Upper row, EGF-coupled microspheres, lower row, trastuzumab-coupled
microspheres. (b) Cross-correlation values (+ S.D.) for EGF- (open columns) and
trastuzumab- (gray columns) microsphere-covered areas and phosphorylation of erbB1 (left),
erbB2 (middle), and tyrosine residues (right).

whether the microspheres were applied with or without a magnet. Transactivation of ErbB2

induced by EGF-linked magnetic microspheres was also well localized spatially. ErbB2-

mYFP was recruited with ErbB1 to EGF microspheres from the surrounding membrane, but
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phospho-ErbB2 was almost exclusively around the EGF microspheres. Similarly, trastuzumab
microspheres recruited ErbB2-mYFP to their neighborhood and initiated phosphorylation of
the receptor, which was then followed by apparent efforts to internalize the microspheres (Fig.
13.). The co-localization of red (phosphotyrosine) and green (ErbB2-mYFP) signals was
almost complete around the microspheres. The ErbB2-mYFP molecules and the surrounding
membrane concentrated around the microspheres, with a signal-free area corresponding to the
interior of the microsphere (see the orthogonal sections in Fig. 13). Clusters of ErbB2-mYFP
were also observed outside the microsphere-covered areas (arrows in Fig. 13) but there was
no sign of phosphorylation in these clusters. Stated quantitatively, in microsphere-covered
areas the ratio of background corrected YFP/phosphotyrosine signal was 1.2 £ 0.2, whereas in
areas outside the microspheres that were above background for YFP, the corresponding ratio
was 6.8 £ 1.4.

Verveer et al. [24] experienced that after focal stimulation, ErbB1 activation has
spread rapidly to the unstimulated areas of the cell membrane suggesting further associations
and secondary dimer formation after ligand binding. In contrast, others have detected local
patches of stimulation [25,26,218] Even under conditions of receptor overexpression, only
downstream activation of intracellular elements of the ErbB1 signaling pathways and
localized polymerization of actin [218] could be seen. We have confirmed these latter
observations using several cell lines, and extended then also to trastuzumab microspheres, that
exhibited only local activation and induced internalization similarly to EGF-coupled magnetic
microspheres. The absence of lateral spreading confirms the notion derived from FCS
measurements that preformed ErbB1 di- or oligomers could be instrumental in EGF-based
signaling. The observation that EGF-evoked signals do not spread laterally even at high
ligand densities gains importance in light of most anti-ErbB1 therapeutic antibodies relying
on blocking EGF binding. On cells with pre-formed signaling units and lacking lateral signal

spreading, such blocking mechanism can be more effective.

5.2.3. EGF-bound ErbB1 transactivates ErbB2 but trastuzumab-bound ErbB2 does not
transactivate ErbB1

Measuring the activation of ErbB1 and ErbB2 upon stimulation allowed the assessment of the
degree of transactivation of ErbBl to ErbB2 and of ErbB2 to ErbBl1. In the latter case,
trastuzumab-coupled microspheres provided a unique new tool because ErbB2 has no
physiological ligand, but trastuzumab is able to induce specific ErbB2 phosphorylation. We

have observed quite strong ErbB2 phosphorylation upon EGF-microsphere stimulation, for
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Fig. 13. Trastuzumab microspheres are internalized after erbB2 activation

Stimulation with Herceptin microspheres for 10 min resulted in focal aggregation and
phosphorylation of erbB2 molecules. Orthogonal reconstruction of the image stacks shows
microspheres engulfed by the membrane. Orthogonal sections of a part of an A4-erbB2-mYFP
cell are shown. The x-y section, as indicated by the blue lines in the x-z and y-z projections,
shows the membrane surface of the cell where the microspheres were bound. Green channel,
erbB2-mYFP; red channel, phosphotyrosine immunofluorescence. Microspheres are
surrounded by aggregated erbB2-mYFP receptors, overlapping completely with the
phosphotyrosine signal. Membrane areas void of microspheres contain clusters of erbB2-
mYFP that are negative for phosphotyrosine (PY) and therefore appear as faint green patches
(arrows). The hollow area indicated by the cross-hairs is the center of the nonfluorescent
microsphere. Image dimensions (x, y, z) are 16.2 x 16.2 x 0.4 um per optical slice.

which the cross-correlation between microsphere locus and phospho-ErbB2 was C = 0.43
(Fig. 12b.). In the reverse direction, however, very little activation of ErbB1 was seen upon
trastuzumab-microsphere stimulation. A phospho-ErbB1 specific immunofluorescent signal
was not observed above the level in starved, resting cells, and correlated poorly with
microsphere location (C = 0.13, Fig. 12b.). In a few random cells, ErbB1 was spontaneously
activated without added ligand (see membrane of a cell at the top of the panel of Fig. 10a.), a

property characteristic of A431 cells. Because on these cells ErbBl and ErbB2 were
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expressed at roughly the same levels, the asymmetric results indicate a much higher affinity of
EGF bound ErbB1 for ErbB2 than that of the trastuzumab bound ErbB2 for ErbB1. A
possible explanation could be that bivalent trastuzumab binding to ErbB2 favors ErbB2 dimer
formation and sterically hinders its association with ErbB1, although probably not by
obstructing the dimerization loop, but rather by preventing the formation of a multimer of at

least one ErbB1 and an active ErbB2 dimer [219].

5.2.4. Transactivation of ErbB2 via ligand bound ErbB1 depends on receptor density
We have, as a next step, exploited the possibility that both ErbB2 activation with trastuzumab

linked microspheres and ErbB1 activation with EGF-microspheres was feasible only on
A4ErbB2-mYPF but also on SKBR-3 and JIMT-1 cells and examined whether transactivation
of ErbB1 and ErbB2 occurred on these cell lines. A lack of specific ErbB1 phosphorylation in
SKBR-3 and JIMT-1 cell lines indicated that trastuzumab microspheres did not activate
ErbB1 (Fig. 14.), a result consistent with that obtained on A4ErbB2-mYPF cells. The cross-
correlations of bead location and P-ErbB1 signal in the images shown were 0.26 and 0.16 for
SKBR-3 and JIMT-1, respectively. Trastuzumab in solution was also unable to evoke ErbB 1
phosphorylation, where EGF-linked microspheres were effective in directly activating ErbB1
on SKBR-3 and JIMT-1, albeit at very low levels. The signal intensity of phospho-ErbB1
immunofluorescence was roughly proportional to the level of ErbB1 expression on the two
cell lines, whereas the fraction of pixels under EGF microspheres that showed ErbBl
phosphorylation above resting levels were 59 + 22% and 43 + 19% (n > 10) for SKBR-3 and
JIMT-1 respectively, comparable to the results with trastuzumab microspheres. The very high
degree of phospho-ErbB2 activation seen in the case of A4ErbB2-mYFP cells could not be
detected at the EGF-linked microsphere loci on SKBR-3 and JIMT-1 cells. Nevertheless,
phospho-ErbB2 was generated underneath these microspheres (Fig. 14.) and the phospho-
ErbB2 signal intensity in SKBR-3 and JIMT-1 reached 40% and 25%, respectively, of the
hypothetical maximum stimulation that was generated by trastuzumab microspheres (Fig.
15a.). In addition, the proportion of pixels under EGF-microspheres that exhibited ErbB2
phosphorylation above resting levels was significantly higher than outside the microspheres
(Fig. 15b.). The differences in the activation of ErbB2 through ErbB1 in the cell lines
examined appeared to be proportional to the differences in ErbB1 expression levels. We
conclude that ErbB2 transactivation in cells with similar ErbB2 levels is dependent on the

expression level of ErbB1.
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Fig. 14. Activation of erbBl and erbB2 by trastuzumab- and EGF-coupled microspheres and
trastuzumab in solution on SKBR-3 and JIMT-1 cells

SKBR-3 and JIMT-1 cells were stimulated with trastuzumab-coupled microspheres, trastuzumab
in solution, or EGF-coupled microspheres for 10 min. Red channel, activated erbB1 (left) or
activated erbB2 (right). Reflection gray-scale images show distribution of the microspheres as
bright spots. Green channel, trastuzumab in solution binding to the cells. The P-erbB1 signal in
all panels and the P-erbB2 in the case of JIMT-1 cells stimulated with trastuzumab in solution or
EGF microspheres are displayed at four times amplification. Scale bar, 10 um.
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Fig. 15. Activation and transactivation of erbB2 on SKBR-3 and JIMT-1 cells
quantitated by digital image processing

(a) ErbB2 phosphorylation quantitated by immunofluorescence and compared for
SKBR-3 and JIMT-1 cells stimulated with trastuzumab coupled to microspheres,
trastuzumab in solution, and EGF microspheres. The total background-corrected signal
was averaged and plotted for the whole cell (white columns) and for areas under (gray
columns) and outside (black columns) the microspheres or fluorescence signal from
directly labeled trastuzumab.

(b) Proportion of pixels above resting ErbB2 phosphorylation levels determined for
trastuzumab- or microsphere-covered areas (white columns) and for areas outside the
stimulated regions (black columns). For comparison of cells treated with soluble
trastuzumab, maximal resting P-ErbB2 levels were determined from nonstimulated cells
and from cells treated with non-coupled microspheres for comparing microsphere-
stimulated cells. Averages from at least 10 cells from three independent experiments are
plotted with standard deviations represented as error bars.
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5.3. Steric hindrance: a possible trastuzumab resistance mechanism

The SKBR-3 cell line is a well-known trastuzumab sensitive model of ErbB2 overexpressing
mammary carcinoma. This cell line expresses 1.9 x 10° ErbB1 and 1.1 x 10° ErbB2 molecules
per cell as measured by flow cytometry. While in vitro proliferation of SKBR-3 and several
other breast tumor lines are inhibited by trastuzumab, good in vitro models of trastuzumab

resistance were unavailable until the recent establishment of the JIMT-1 line [162].

5.3.1. ErbB2 expression and affinity for trastuzumab in trastuzumab sensitive and
resistant cell lines

Although JIMT-1 cells express about half of the amount of ErbB2 as SKBR-3 cells do (0.62
and 1.1 million receptor per cell, respectively [162], trastuzumab binds much weaker to them
(Fig. 16.). If binding of fluorescently labeled trastuzumab to ErbB2 on JIMT-1 is quantified in
flow cytometry using Qifikit, the apparent expression level of ErbB2 is considerably lower,
~8 x 10*. We have extended this measurement to trastuzumab Fab and two other ErbB2
targeting antibodies, 2C4 and OP15 (Fig. 17b.). OP-15 binds to the intracellular domain of the
ErbB2 (Fig. 17a.), thus, its labeling intensity truly represent ErbB2 expression; accordingly,
proportion of ErbB2 on JIMT-1 to SKBR-3 was ~ 0,5. The antibody 2C4, which binds to the
dimerization arm of ErbB2, gave similar results. The same ratio for trastuzumab was ~ 0.1,
however, it could be increased to ~ 0.4 by treating the cells with Triton X-100, and
trastuzumab Fab fragments could also bind 2.5 times better to JIMT-1 cells than the whole
trastuzumab antibody.

Dissociation constant of trastuzumab was determined on JIMT-1 and SKBR-3 cells in
Scatchard experiments (Fig. 17c.). On JIMT-1, dissociation constant was 2.5 x 10® M, one
order of magnitude greater than on SKBR-3. This latter, 2.5 x 107 M, is still over and order of
magnitude greater than the 0.1 nM dissociation constant of trastuzumab determined by ELISA
for expressed ErbB2 extracellular domain in solution [101], which draws the attention to the
highly important role of local molecular environment in actually experienced by therapeutic
antibodies at the surface of living cells. In line with this, it is reasonable to propose, that in
JIMT-1 cells, the reason of the resistance could be decreased trastuzumab binding.

Together with these experiments, microscopic fluorescence resonance energy transfer
(FRET) measurements were also done in our group and have shown that the level of
ErbB1/ErbB2 heteroassociation, and ErbB2/ErbB2 homoassociation is much lower on
JIMT-1 than on SKBR-3 cells [30]. In the case of JIMT-1 cells, hetero- or homoassociation
has not changed when the cells were stimulated with EGF, whereas on SKBR-3 cells, EGF
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Fig. 16. Trastuzumab binds less on the surface of JIMT-1 cells

JIMT-1 cells express less ErbB2 compared to SKBR-3, but still a significant level. In contrast
to the presence of 0.62 million ErbB2 on its cell surface, JIMT-1 almost does not show
trastuzumab binding. The images were taken with the same instrument settings from 200 x
200 pm fields of view.

stimulation resulted in enhanced homo- and heteroassociation of ErbB2. In the same series of
experiments, we also showed that trastuzumab in solution cannot activate ErbB2 on JIMT-1
cells. Western blot studies, as well as in sifu immunofluorescent labeling of phospho-ErbB2
followed by flow cytometry suggested that basic phosphorylation level of ErbB2 on JIMT-1
is also lower than that on SKBR-3, but by stimulation with trastuzumab it can be elevated to a
small extent. This raises the possibility, that ErbB2 on JIMT-1 may be functionally intact, but
sterically hindered in binding to putative association partners and trastuzumab, which would

result in trastuzumab resistance.

5.3.2. Trastuzumab microspheres are effective even if trastuzumab in solution has no
effect

To elucidate whether our theory of a functionally intact, but sterically hindered ErbB2 on
JIMT-1 could be valid, we have made use of the derivatized paramagnetic microspheres
characterized earlier. Stimulation of JIMT-1 cells with trastuzumab-coupled microspheres led
to pronounced phosphorylation of ErbB2, similarly to the case of SKBR-3 (Fig. 14.). The
cross-correlation between microspheres and phospho-ErbB2 specific immunofluorescence
signal in the images shown was quantitated and found to be C = 0.73 and C = 0.57 for
SKBR-3 and JIMT-1, respectively. Increased phosphorylation was confirmed using generic
anti-posphotyrosine staining (not shown). As expected, the application of trastuzumab in

solution led to hardly any activation of ErbB2 (Fig. 14.; note that for JIMT-1, the phospho-
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Fig. 17. Trastuzumab binding on SKBR-3 and JIMT-1 cells

(a) The drawing on the left shows the binding sites of different ErbB2 targeted antibodies.
OP15 binding to the intracellular domain ideally labels every ErbB2 molecule. Trastuzumab
binds to a membrane adjacent region; 2C4 to the dimerization arm. (b) Ratio of labeling
intensities on JIMT-1 versus SKBR-3 for various antibodies. OP15 and 2C4 ratios are close
to the expression ratio (~0.5), whereas trastuzumab binds much less TO JIMT-1 cells. TX-
100 treatment can enhance trastuzumab binding, but the labeling intensity does not reach
that of OP15. Fab fragments also bind better than whole trastuzumab. (c) Trastuzumab dose
- saturation curveson SKBR-3 (red) and JIMT-1 (blue). The dissociation constant
determined from the curves was a magnitude higher for JIMT-1 than for SKBR-3.

ErbB2 signal is displayed at four times amplification). To further quantitate the information
from experiments visualized in Fig. 14., In SKBR-3 cells, the level of ErbB2 phosphorylation
increased in areas where trastuzumab or trastuzumab microspheres were bound, as opposed to
nonstimulated areas of the plasma membrane (Fig. 15a.), and the number of pixels above the
maximal resting ErbB2 phosphorylation level also increased (Fig. 15b.). In the case of

JIMT-1, trastuzumab in solution increased ErbB2 phosphorylation, albeit to a much lesser
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extent than trastuzumab microspheres (Fig. 15a.). The same conclusion was derived from the
increased number of pixels above resting activation levels (Fig. 15b.), and was consistent with
the level of binding of trastuzumab that could be demonstrated by flow cytometry (Fig. 17b).
JIMT-1 cells can also internalize soluble trastuzumab to some extent which may correspond
to the small degree of activation and phosphorylation of ErbB2 that we observed. This
inhibition can apparently be overridden by applying a higher density of ligand and, possibly,
as a result of the steric effects arising from the microspheres. A general finding was that the
application of trastuzumab in solution led to less intensive activation (smaller local density of
phospho-ErbB2) in all cell lines than that achieved by trastuzumab microspheres, which we

attribute to the higher local ligand concentration.

5.3.3. Membrane-associated mucin, MUC4, can be one cause of decreased trastuzumab
binding and efficiency

It had been reported previously that overexpression of rat Muc4 results in reduced binding of
antibodies against the extracellular region of ErbB2 [164] Fluorescence microscopy, showed
that MUC4 was expressed at a substantially higher level in JIMT-1 (Fig. 18a.) than in the
trastuzumab-sensitive SKBR-3 cells (Fig. 18b.). JIMT-1 cells labeled with 1G8 against
MUC4 and with trastuzumab showed an inverse correlation between the local density of
MUC4 and trastuzumab binding implying that high MUC4 expression may interfere with the
binding of trastuzumab.

As mentioned previously, 2C4, an antibody targeting the dimerization loop, and also
the Fab fragment of trastuzumab could more efficiently bind to ErbB2 on JIMT-1 cells than
the whole IgG1 trastuzumab; and treatment of the cells with Triton X-100 before trastuzumab
labeling could also increase antibody binding. This latter phenomenon can be well explained
by the molecular structure of the MUC4 complex. The large O-glycosylated ascites
sialoglycoprotein 1 (ASGP1) domain is connected non-covalently to the smaller ASGP2
domain, thus, its removal helps trastuzumab binding (Fig. 18c.). Inevitably, using Triton X-
100 also makes intracellular ErbB2 epitopes available, which could be yet another reason for
increased ErbB2 labeling on JIMT-1 after this pre-treatment. Nonetheless, assuming a roughly
similar proportion of intra and extracellular ErbB2 in JIMT-1 and SKBR-3, the increased
JIMT-1/SKBR-3 ratio of ErbB2 accessibility by trastuzumab upon Triton X-100 treatment
(Fig. 17b.) is coherent with the idea of liberating ASGP1 domains by the detergent.

The rat homologue of MUC4 can activate ErbB2 via its pair of EGF-like domains within its
ASGP2 region [220]. Human MUC4 also contains EGF homologue domains [221], and
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Fig. 18. MUC4 overexpression and anticorrelaion with trastuzumab labeling pattern

(a) On JIMT-1 cells, MUC4 labeling was strong and its pattern was largely complementary to
trastuzumab positive areas. (b) On SKBR-3 MUC4 labeling is week while trastuzumab binds
more strongly. Images were taken with identical instrument settings. The images were taken
with the same instrument settings from 200 x 200 um fields of view. (c) The dawing below
shows the extracellular domain structure of MUC4 and demonstrates that a molecule of this
size could prevent access to ErbB2 from the extracellular space. The large ascites
sialoglycoprotein 1 (ASGP1) domain is thought to have a major role in steric hindrance.

c. MUC4

J
IMT-1 expresses both MUC4 and ErbB2 at a high level; nevertheless, phosphorylation level
of ErbB2 is low. One reason for this could be a different conformation of human MUC4, but
the much greater size of the human form [222] can also hinder ErbB2 from binding to the
adjacent molecules. We have demonstrated applying paramagnetic microspheres that the
MUC4 coat on the surface of JIMT-1 cells can be perturbed so that ErbB2 can become

activated, whereas trastuzumab in solution was ineffective. The importance of MUC4 in the
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trastuzumab resistance of JIMT-1 cells was further studied by our group. RNA interference
experiments were performed to depress MUC4 expression. MUC4 siRNA proved to be an
efficient suppressor of MUC4 expression when transfected into JIMT-1, and although the
fraction of cells successfully transfected with the siRNA was low (15%), the suppression
efficiency was almost 100% in these cells. Flow cytometric separation of siRNA treated cells
based on trastuzumab binding capacity yielded a dim and a bright population that showed
high and low MUC4 expression (normalized to total actin), respectively, in Western blot. This
confirmed the complementarity of MUC4 expression and ability of ErbB2 to bind
trastuzumab. As MUC4 expression is routinely not yet tested, its precise role in big
populations cannot be estimated. However, based on our findings it appears to be important
to investigate this aspect of trastuzumab resistance further as it might be a good prognostic
factor, and a possible indication that tyrosine kinase inhibitors might be better applied than

ErbB2-targeted antibodies.
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6. Conclusions

e ErbB1-eGFP chimeric molecules are functionally intact, and can serve as a good
model system for mobility measurements when stably expressed in CHO cells.
Fluorescence correlation spectroscopy (FCS) could resolve a slow, 1.17+0.51x 10”?
cm’/s intramembrane diffusion component of the fused receptor in addition to fast
cytoplasmic diffusion and photochemical processes in the eGFP tag. FCS
measurements were selective for diffusible molecular species as not or very slowly
diffusing eGFP tags needed to be photobleached for average fluorescence to stabilize.

e Stimulation with EGF resulted in a reduction by 50% of ErbB1 membrane diffusion
and by 25% of the concentration of diffusing particles, coherent with the idea of ligand
induced aggregation. However, this would also cause an increase of the relative
fluorescence per particle, but this parameter did not change. Consequently, it is likely
that pre-formed ErbB1 dimers are present on the cell surface, that upon EGF binding
get conformationally activated and associate with less mobile ErbB1 clusters that have
already been photobleached, or interact with the cytoskeleton yielding slower average
diffusion.

e FCS disclosed ErbB1 diffusion rates an order of magnitude faster than FRAP
measurements for the same ErbB1-eGFP chimera. Also, diffusion resolved by FCS
exhibited no anomaly (spatial hindrance) within the small sub-micron detection spot,
while FRAP showed that influx of fluorescent species from distal areas into the
bleached spot is a result of anomalous diffusion. Thus FCS and FRAP are
complementary both in terms of assessing local and larger range diffusion, as well as
being selective to faster and slower fluctuations, respectively.

e In various cell lines expressing ErbB1 and ErbB2 at different quantities, EGF and
trastuzumab coated paramagnetic microspheres proved to be functional and stimulated
local phosphorylation of the targeted ErbB1 or ErbB2 receptors. The signaling events
remained laterally localized, and activated the internalization machinery.

e EGF coated microspheres transactivated also ErbB2, while trastuzumab coated ones
did not transactivate ErbBl, indicating that trastuzumab binding favors ErbB2
homodimers. The extent of ErbB2 transactivation by EGF beads was directly
proportional to increasing surface density of ErbB1, implying that in the presence of

activated ErbB1, formation of ErbB 1-ErbB2 heterodimers is favorable.
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Trastuzumab binds less on the surface of JIMT-1 cells, its dissociation constant is a
magnitude higher than on SKBR-3. ErbB2 phosphorylation is low on JIMT-1 and is
not enhanced substantially by trastuzumab. However, ErbB2 on these cells is
functional, since high ligand density on trastuzumab-coated microspheres could evoke
local ErbB2 activation. The steric effect likely exerted by the beads also hints at the
possibility of hindered trastuzumab binding on JIMT-1.

The mucosialoprotein MUC4 was found to be overexpressed on JIMT-1 cells and its
expression was negatively correlated with trastuzumab binding. Given the large size
and abundance of MUC4, it could well play a role in sterically hindering trastuzumab
binding, and as such, might be a useful predictor of the success of ErbB2-directed

antibody therapies.
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