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Potent Human p140-TrkA Agonists Derived from an Anti-Receptor
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Monoclonal antibedy (mAb) 5C3 directed against human p140
TrkA is a structural and functional mimic of nerve growth factor
(NGF) and an artificial receptor agonist. mAb 5C3 binds in the
NGF-docking site and, like NGF, it promotes TrkA internaliza-
tion, TrkA and phosphatidylinositol-3 kinase tyrosine phosphor-
ylation, and increased transformation of TrkA-expressing fibro-
blasts. More important, mAb 5C3 protects human TrkA-

expressing cells from apoptotic death in serum-free media.
Interestingly, agonistic activity is observed with monomeric F
5C3 fragments. mAb 5C3 (K4 ~2 nmM) was used to study fea-
tures of ligand binding by TrkA and the distribution of TrkA
protein in normal human brain.
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The TrkA receptor is a 140 kDa transmembrane glycoprotein with
tyrosine kinase activity that functions as the nerve growth factor
(NGF) receptor (Kaplan et al., 1991; Klein et al., 1991). NGF also
binds with low affinity to a p75 receptor the signaling function of
which is unclear (Chao, 1992). Homodimers of TrkA or het-
erodimers of TrkA and p75 bind NGF with higher affinity (Hemp-
stead et al., 1991; Jing et al., 1992; Mahadeo et al., 1994), sug-
gesting that specific receptor conformations may play specific
functions.

TrkA protein or mRNA are expressed in neural crest-derived
sensory and sympathetic neurons, possibly in cholinergic neurons
(Cavicchioli et al., 1991), within the basal forebrain and striatum
(Holtzman et al., 1992; Verge et al.,, 1992), and in some non-
neuronal tissues (Chevalier et al., 1994). Functional studies of
neuronal cultures in vitro have suggested that TrkA protein is
expressed throughout the cell surface (Campenot et al., 1994).
However, whether this also is true within the architecture of the
brain remains to be established.

NGF promotes the differentiation of certain neuronal cells, is
mitogenic for TrkA-transfected fibroblasts, and allows survival in
serum-deprived conditions for both cell types. Activation of the
tyrosine kinase activity of TrkA via NGF binding leads to receptor
trans- and auto-tyrosine phosphorylation (PY), and PY of second
messengers including phosphatidylinositol-3 kinase (PI-3 kinase)
(Soltoff et al., 1992). PI-3 kinase is involved in protein trafficking
and endocytosis of ligand—receptor complexes (for review, see
Kaplan and Stephens, 1994). Because microinjection of NGF into
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cells does not induce NGF biological signals (Heumann et al.,
1984), cell-surface receptor ligation and internalization of TrkA
or NGF-TrkA complexes must mediate these effects.

TrkA, like most kinase growth factor receptors, signals through
receptor oligomerization (Heldin, 1995). Thus, monovalent TrkA-
binding agents are antagonistic or have no biological effects (Clary
et al.,, 1994; LeSauteur et al., 1995), whereas bivalent receptor-
binding agents such as NGF (a homodimer; Bradshaw et al., 1993)
or antibodies can be agonistic. The principle of using polyclonal
antibodies to activate neural receptors has been demonstrated
previously (Clary et al., 1994; Twyman et al., 1995). In contrast,
only a limited number of anti-receptor monoclonal antibodies
mimic ligand functions (Galloway et al., 1992; Taub and Greene,
1992), and none exists against neurotrophin receptors.

In this study, we report the development and characterization
of an agonistic anti-human TrkA mAb 5C3 that recognizes the
NGF-docking site. mAb 5C3 was used to characterize the pattern
of TrkA protein expression in normal human brain and the
NGF-binding features of the receptor. mAb 5C3 behaves like
NGF in bioassays, and monomeric 5C3 F s retained binding and
functional agonistic activity. mAb 5C3 will be useful to identify the
NGF-docking site on TrkA and possibly as a pharmacological lead
in the development of small mimetics.

MATERIALS AND METHODS
Antibodies

Female Balb/c mice were immunized with Balb/c-3T3 cells transfected
with human TrkA, and splenocytes were fused to SP2/0 myelomas by the
general method of Gefter (1977). Hybridomas were screened by differ-
ential binding between untransfected and TrkA-transfected cells using a
FACScan (Becton Dickinson, San Jose, CA) (see below). mAb 5C3
[IgG1(«)] was identified and subcloned three times. Rat anti-mouse IgG
(amlgG; Sigma, St. Louis, MO), anti-phosphotyrosine mAb 4G10 (Up-
state Biotechnology, Lake Placid, NY), and anti-PI-3 kinase polyclonal
serum (Upstate Biotechnology) were purchased commercially, mouse
anti-rat p75 mAb MC192 ascites were a gift from P. Barker, and anti-p65
mAb 87.92.6 (Co et al., 1985) was grown in our laboratory.

Monomeric mAb 5C3 F s

mAb 5C3 was purified (1 mg/ml) with Protein G-Sepharose (Sigma) and
digested with papain (10 ug/ml; Gibco, Toronto, Ontario, Canada) as
described previously (Coligan et al., 1991). F,.s were repurified on
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KappaLock-Sepharose (Upstate Biotechnology) and Protein G—Sepha-
rose and dialyzed against PBS. All products were characterized by
SDS-PAGE under nonreducing or reducing conditions (100 mM
2-mercaptoethanol) to >98% purity (data not shown). Control F,s from
anti-rat p75 mAb MC192 were prepared similarly.

Cell lines

Mouse SP2/0 myelomas, mouse R1.1 and EL4 thymomas, mouse NIH-
3T3 fibroblasts, mouse 2B4 T cell hybridomas, NGF-responsive rat PC12
pheochromocytoma cells, human Jurkat T lymphomas, and human HeLa
fibroblasts were used. NIH-3T3 cells transfected either with human
p140rkA cDNA (E25 cells), with p75 cDNA (Z91 cells), or with p75 and
p140trkA cDNAs (R7 cells) were provided by Dr. M. Barbacid (Jing et al.,
1992). The trk-ncgative rat B104 neuronal cell line (expressing endoge-
nous rat p75) and B104-transfected with human trk4A cDNA (4-3.6 cells,
expressing human TrkA and rat p75) were provided by Dr. E. Bogen-
mann (Bogenmann et al., 1995). All cells were cultured in RPMI media
supplemented with 5-10% fetal bovine serum (FBS) and antibiotics
(Gibco). Transfectants were added the appropriate drug selection.

FACScan

Cells (5 ¥ 10°) in 0.1 ml of binding buffer [HBSS, 0.1% bovine serum
albumin (BSA), and 0.1% NaNj;] were incubated with the indicated
concentration of mAbs or F s for 30 min at 4°C, washed in binding buffer
to remove excess primary antibody, and immunostained with fluorescein-
ated [fluorescein isothiocyanate (FITC)] goat anti-mouse IgG (FITC-
GamlgG), or anti-mouse Fab (FITC-GamF,; Sigma) secondary anti-
body for 30 min at 4°C (Bhandoola et al., 1993). Cells were acquired and
analyzed on a FACScan using the LYSIS II program. As negative controls
(background fluorescence), mouse IgG (Sigma), mAb 192, or 192 F,;8
were used as primary, followed by appropriate secondary.

Biochemical analysis

Cell lysates. For cell lysates, 33 X 10° cells/ml were detergent-solubilized
(lysis buffer 2% Nonidet P-40, 150 mm NaCl, 50 mm Tris-glycine, 10 mm
NaF, 50 uMm Na;VO,, 30 mmM Na-pyrophosphate, 10 mM benzamidine, and
20 mM iodoacetamide, pH 7.8) supplemented with protease inhibitors (2
pg/ml soybean trypsin inhibitor, 10 ug/ml aprotinin, 5 mm phenylmeth-
ylsulfonyl fluoride, and 10 pg/ml leupeptin) for 30 min at 4°C, followed by
a 15 min centrifugation at 14,000 X g. Cleared supernatants were ana-
lyzed by SDS-PAGE directly (whole-cell lysates) or after
immunoprecipitation.

Gel analysis. Cell lysates were prepared in Laemmli electrophoresis
sample buffer and analyzed by SDS-PAGE under reducing (100 mMm
2-mercaptoethanol) or nonreducing conditions. Prestained protein mark-
ers (Gibco) were used as reference. Protein concentrations were quanti-
tated by the biuret assay (Bio-Rad, Melville, NY) and by parallel Coo-
massie blue staining of SDS-PAGE gels. For Western blotting, samples
were electrotransferred to polyvinylidene difluoride (Xymotech Biosys-
tems, Mt. Royal, Montréal, Québee, Canada), blocked overnight in TBST
(0.05 ™ Tris base, 0.2 M NaCl, 0.5% Tween-20, pH 7.6) containing 1%
BSA (Sigma), and immunoblotted with the indicated primary mAbs.
Secondary antibodies were either horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (HRP-GaR) or goat anti-mouse IgG
(HRP-GaM; Sigma). For detection the enhanced chemoluminescence
(ECL) reagents (Amersham, Oakville, Ontario, Canada) were used ac-
cording to the manufacturer’s instructions. Densitometric analysis was
performed with a Masterscan interpretive densitometer (Scanalytics, Bil-
lerica, MA) and a Scanmaster (Howtek, Hudson, NH).

Binding, competition, and internalization assays

mAb 5C3 was '*I-labeled by the Todogen (Pierce, Rockford, IL) method
(Harlow and Lane, 1988) to a specific activity of 1.8 mCi/mg. ['**I]5C3
was repurified from free 2T with Sephadex G25 columns (15 X 1 ¢m?) to
>96% trichloroacetic acid-precipitable incorporation. Binding studies
were performed with serial dilutions of ['**I)5C3 on 0.5 X 10° E25 or
4-3.6 cells (and their respective controls, NIH-3T3 and B104 cells; data
not shown) for 1 hr at 4°C. Cell-associated ['*1]5C3 and free ['**I]5C3
were counted after washing unbound ligand. Parallel ['*IINGF (70
mCi/mg; DuPont NEN, Mississauga, Ontario, Canada)-binding assays
were performed as control (data not shown). Competition of ['**T]5C3
binding was done in binding assays in the presence of unlabeled mAb 5C3
(100-fold molar excess) or unlabeled NGF (500-fold molar excess, satu-
rating concentration).
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Competition of ["**I|NGF binding was performed by first incubating
cells with excess unlabeled mAb 5C3, NGF, mAb 87.92.6, or vehicle-
binding buffer for 30 min at 4°C. ["*I|NGF then was added to a final
saturating concentration of ~1 nm, the mixtures were incubated for an
additional 45 min at 4°C, cells were washed, and cell-associated
['*I]NGF was determined.

For receptor internalization studies, cells were incubated with TrkA-
binding agents (0.01 ug of mAb 5C3, 2 nM NGF) or controls (mlgG,
HBSS) for 20 min either at 37°C (internalization-permissive temperature)
or at 4°C (internalization-nonpremissive temperature). After washing,
cells were processed for surface TrkA immunofiuorescence with mAb
5C3 primary and FITC-GamlgG secondary as described above and
analyzed by FACScan.

Proliferation/survival assays

Cells (5000 cells/well) in serum-free media (SFM; Gibco) supplemented
with 0.1% BSA were added to 96-well plates (Falcon, Lincoln Park, NJ)
containing serial dilutions of NGF, mAb 5C3, control mAbs, mAb 5C3
F,, fragments, control mAb 192 F,, fragments (data not shown), or
serum (final 5% FBS, normal growth conditions). Where indicated, F,s
were externally cross-linked with goat anti-mouse F_, (GamF,,, Sigma).
Wells containing all culture conditions but no cells were used as
blanks. The proliferative/survival profile of the cells was quantitated
using the tetrazolium salt reagent 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT; Sigma) 48-72 hr after plating as
initially described by T. Mosmann (Hansen et al., 1989). Optical density
readings of MTT were done in an EIA Plate Reader model 2550 (Bio-
Rad) at 600 nm with the blanks subtracted. Assays were repeated at least
five times in quadruplicates.

Foci-formation assays

E25 cells (15 X 10*) were plated in a 25% serum containing 0.35% soft
agar mixture in the presence of mIgG control (0.5 pg/ml), mAb 5C3 (0.5
pg/ml), or NGF (2 nm). Conditions were replenished every 3 d, and foct
were counted after 2 weeks.

Immunocytochemistry of human brain tissues

Human brain tissue was obtained from six males (age 71.7 = 4.6 years)
without signs of neurological or psychiatric disorders. Tissue blocks were
prepared (mean time postmortem 16.2 = 3.5 hr) and stored at —80°C.
Cryostat sections (20 um thick) were fixed (4% p-formaldehyde, 0.1 M
phosphate, pH 7.4, for 1 hr at 4°C) and rinsed in PBS for 1 hr at 4°C.
Immunocytochemistry was performed using avidin-biotin complex (Vec-
tastain Elite kit, Vector Laboratories, Burlingame, CA) as described
previously (Hsu et al.,, 1981). Primary mAb 5C3 was used either as a
1:1000-1:4000 dilution of ascites or a 1:4 dilution of SFM culture super-
natant. Nickel ammonium sulfate (0.5%) was used to amplify the signal in
the diaminobenzidine revelation step. Some sections also were stained
with cresyl violet to facilitate the cytoarchitectural analysis. Negative
controls were performed without primary antibody or with normal mouse
IgG as primary and, in all cases, yielded no detectable immunolabeling.

RESULTS
Characterization of mAb 5C3

To assess mAb 5C3 specificity for human TrkA, cells expressing or
lacking TrkA were screened for differential binding by FACScan
analysis measuring cell-associated fluorescence. Binding of mAb
5C3 to nonpermeabilized TrkA-expressing cells demonstrated
that it recognizes the extracellular domain of human TrkA (Table
1, Fig. 14). Human TrkA transfectant lines 4-3.6, E25, and R7
bound mAb 5C3. In contrast, rat PC12 (expressing rat TrkA and
rat p75), rat B104 (parental cells of 4-3.6, expressing rat p75), Z91
(NIH-3T3 transfected with p75), wild-type NIH-3T3, or NIH-3T3
cells transiently transfected with human kB, rat trkA4, or rat trkB
¢DNA did not bind mAb 5C3. Thus, mAb 5C3 is specific for
human TrkA, and coexpression of rat or human p75 does not
interfere with binding.

The concentration of mAb 5C3 required to saturate TrkA
receptors in E25 cells was determined by testing increasing
amounts of antibody in FACScan assays (Fig. 14). Receptor
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Table 1. Surface phenotyping with mAb 5C3

Cells 5C3 Binding
E25 (hTrkA) TR
R7 (hTrkA/p75) +++

Z91 (p75) -

4-3.6 (hTrkA/p75) FR—

B104 (p75) -

PC12 (rTrkA/p75) -

Transient NIH-3T3

Transfections
htrkA cDNA ++
htrkB cDNA —
rirkB cDNA -
rtrkA cDNA -

The indicated cell lines expressing human TrkA (hTrkA), rat TrkA (rTrkA), and/or
p75 were analyzed by surface immunofluorocytometry with mAb 5C3 versus control
mlgG. Transient transfections (48 hr) were done by electroporation of cDNAs
(provided by M. Chao). Relative intensities of staining are indicated as ++++ (high
staining) or — (no staining, equivalent to background fluorescence; see Fig. 1).
Saturating doses of mAb were used, and differences represent receptor number.
Other cells tested include wild-type NTH-3T3, Jurkat, R1.1, EL4, 2B4, and HelLa
cells, which are all negative (data not shown).

saturation is evident at 2 ug/ml mAb 5C3, at which concentration
the fluorescence intensity is maximal. Similar analysis with mAb
5C3 F,,s demonstrated that specificity (data not shown) and
saturability were similar to that obtained with intact mAb. Lower
F,,, protein concentrations (0.7 ug/ml) were required for receptor
saturation (Fig. 1B). Because the molecular weight of 5C3 F,, is
threefold lower than 5C3 IgG (~50 vs ~150 kDa, respectively),
equimolar concentrations of IgG and F,, ligands were required to
saturate hTrkA.

Western blot analysis with mAb 5C3 revealed heterogeneous
material of M, 140 kDa (p140) for samples from E25 and 4-3.6
cells but not for control cells (Fig. 24). In these cells, a band of
~110 kDa (p110) was also observed, previously thought to be
intracellular TrkA precursors (Martin-Zanca et al., 1989). The
pl40 band also was immunoblotted in samples dissected from
normal human cortex or nucleus basalis of Meynert (Fig. 2B). The
pl10 band was not seen, perhaps because of different post-
translational processing in neuronal tissues with respect to trans-
fected cell lines. mAb 5C3 was effective in Western blot analysis
only when samples were prepared under nonreducing conditions,
indicating that a disulfide bond-stabilized conformational epitope
is recognized.

Immunostaining in normal human brain

mAb 5C3 was used to map TrkA protein expression by immuno-
cytochemistry of normal adult human brains. The striatum, basal
forebrain, and brainstem exhibited the strongest immunostaining,
whereas only weak staining could be detected in the cerebral
cortex and hippocampal formation (Fig. 3).

All sectors of the basal nucleus contained large TrkA-positive
neurons (Fig. 34,C), most of them in groups embedded in a dense
network of overlapping stained processes (Fig. 34). The cells had
heterogeneous shapes, ranging from complex multipolar to
fusiform.

In the basal ganglia, TrkA was detected in distinct cellular
compartments. The caudate nucleus, nucleus accumbens, and
putamen contained several immunoreactive cell bodies without
apparent distinction in density, perikaryal staining, or shape. Fig-
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Figure 1. Surface immunofluorescence studies with mAb 5C3. E25 cells

expressing human TrkA were analyzed by indirect FACScan immuno-
fluorescence with various doses of mAb 5C3 or 5C3 F s to assess ligand
concentrations that achieve receptor saturation. The areas under the
curves represent the total number of cells acquired for each sample
(constant 5000 cells). Histogram heterogeneity is attributable to individual
cell receptor density. A, mAb 5C3 doses: 0.02 ug/ml (thick line, c); 0.2
ug/ml (thin line, b); 2 pg/ml (dotted line, a). For background fluorescence,
mlgG at 2 pg/ml (crossed line, d) was used. B, 5C3 F,s doses: 0.007 pg/ml
(thick line, c); 0.07 ug/ml (thin line, b); 0.7 ug/ml (dotted line, a). For
background fluorescence, 192 F,, at 0.7 ug/ml (crossed line, d) was used.
Increased fluorescence intensity (x-axis of histograms) reflects increased
staining by mAb 5C3 or 5C3 F 5.

ure 3D shows typical labeled multipolar neurons that displayed
strong granular immunoreactivity around the nucleus and in prox-
imal processes. Moreover, numerous puncta and varicose fiber
fragments were observed in these areas. The globus pallidus and
claustrum were mostly negative except for varicose fibers. Simi-
larly, the interstitial elements and fiber bundles did not contain
reactive fibers, whereas the internal capsule displayed some la-
beled punctas and fibers, particularly near the putamen and cau-
date nucleus.

The hippocampal formation showed weak immunostaining
located principally in scattered fibers and puncta in the stratum
granulosum of the dentate gyrus, as well as in the strata oriens
and pyramidale of Ammon’s horn. In addition, some weakly
stained perikarya could be observed in the stratum pyramidale
of the CA2 and CA3 subfields of Ammon’s horn and in the
hilus of the dentate gyrus (CA4 subfield; Fig. 3E). The
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Figure 2. Direct detection of p140 TrkA by Western blotting. Whole-cell
detergent lysates (2 X 10° cell equivalents/lane) were resolved by SDS-
PAGE under nonreducing conditions and analyzed by Western blotting
with mAb 5C3. A: Lane 1, Jurkat; lane 2, PC12; lane 3, NIH-3T3; lane 4,
R1.1; lane 5, Z91; lane 6, E25. Thick arrow, p140 TrkA; thin arrow, p110.
B, Dissected human brain tissues: nucleus basalis (NB; lanes 1, 2, 6, 7) and
cortex (C; lanes 3, 4, 8, 9) were compared to E25 cells (lane 5; 2 % 10° cell
equivalents). Lanes 1, 3, 300 pg/lane; lanes 2, 4, 150 pg/lane; lanes 6, 8, 75
pgllane; lanes 7, 9, 33 pgflane. Thick arrow, pl40 TrkA; thin arrow, p110.
Note that p110 is not seen in the human brain tissues.

perikarya of these neurons were relatively large, of ovoid to
pyramidal shape, and bearing one prominent apical and radial
dendritic process. The immunoreactivity appeared, as in other
stained cell types of the brain, as small granular patches of
precipitate located principally near the nuclear envelope and in
some cases within the cytoplasm (Fig. 3E).

Within the cerebral cortex, particularly in the frontal area,
TrkA immunoreactivity appeared more discrete. At high magni-
fication, immunoreactive puncta and fiber fragments without a
particular pattern of distribution are observed in all layers, but
laminae I1I-VI appeared more stained than superficial ones (Fig.
3H). Weakly staining, medium-sized perikarya were occasionally
observed in layer IV (Fig. 3H).

In the brainstem, TrkA staining also is detected. The pontine
nuclei contained numerous immunoreactive, medium-sized glob-
ular perikarya and fibers between the pontocerebellar fibers (Fig.
3F). The reticular formation also displayed strong immunoreac-
tivity for TrkA principally located in fiber networks (Fig. 3G).
Some large neurons of bipolar or multipolar shape also are
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stained. No TrkA immunostaining was observed in the cerebellum
(not shown).

Binding studies

Scatchard plot analysis of ['**1]5C3-binding assays demonstrated
that in the E25 cell surface there are ~250,000 5C3-binding
sites/cell with a K, of 1.6 = 1.0 nm (Fig. 4), and in the 4-3.6 cell
surface there are ~200,000 5C3-binding sites/cell with a K, of 3.0
* 2.0 nM (data not shown). No ['*’I]5C3 binding was observed for
parental NIH-3T3 or B104 cells (data not shown). Competition
with saturating concentrations of NGF reduced the number of
5C3-binding sites in E25 cells by ~25%. However, NGF caused no
detectable changes in the affinity of mAb 5C3 for TrkA receptors.
Similar data were obtained measuring mAb 5C3-binding sites by
FACScan analysis, in which a decrease was observed after NGF
treatment (see Table 3).

In the converse experiment, mAb 5C3 inhibited ~60% of
['**IJNGF binding to E25 cells. In these experiments, background
binding was assessed by blocking with 5 um NGF (100% inhibi-
tion), and maximal binding was assessed with binding buffer
vehicle only (0% inhibition) or by using irrelevant binding mAb
87.92.6 (Table 2).

Functional agonism of mAb 5C3

Several functional assays of NGF bioactivity were used to test the
agonistic potential of mAb 5C3.

Receptor internalization

The 4-3.6 cells were treated with TrkA ligands at internalization-
permissive temperatures (37°C) or at nonpermissive temperatures
(4°C; Table 3). NGF treatment reduced the percent staining of
mAb 5C3 to surface TrkA at both temperatures. Loss of surface
5C3-binding sites suggests direct blocking by NGF (see also Fig.
4). In contrast, mAb 5C3 treatment reduced the number of
surface 5C3-binding sites only at 37°C. This is likely attributable to
receptor internalization, which does not occur efficiently at 4°C.
Treatment with mIgG or binding buffer control did not reduce the
number of surface 5C3-binding sites at either temperature. Sim-
ilar data were obtained with E25 cells (data not shown).

Receptor PY

Anti-phosphotyrosine Western blots of E25 or 4-3.6 whole-cell
detergent extracts revealed that TrkA PY increased significantly
over basal levels after short treatment with mAb 5C3 or with NGF
(Fig. 5). Densitometric analysis of several blots from E25 and
4-3.6 cells is presented in Table 4. Other proteins, including ~95
and ~60 kDa proteins and the p85 subunit of PI-3 kinase (~2.5-
fold increase; data not shown), also showed increased PY. We
have estimated that <10% of all p85 material was tyrosine-
phosphorylated after ligation of TrkA.

Increased cellular transformation

NGF treatment causes the transformation and an increase in
anchorage-independent growth of TrkA-expressing E25 cells
(Cordon-Cardo et al., 1991). mAb 5C3 caused an approximately
twofold increase in the number and size of foci compared with
mlgG-treated cells (Table 5). No change in the number or size of
foci was observed in wild-type NIH-3T3 cells after mAb 5C3
treatment (data not shown).

Protection from cell death

Agonistic ligands of TrkA protect receptor-expressing cells from
death in SFM. Both NGF and mAb 5C3 increased the number of
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Figure 3. TrkA immunoreactivity in normal human brain. 4, B, Low-power photomicrographs of the nucleus basalis of Meynert show large neurons
(arrows) immunoreactive with mAb 5C3 (4) but lacking immunoreactivity with normal mouse IgG (B) in a consecutive section. Note in A4 that the labeled
neuronal processes can often be followed (small arrows). C-E, High-power photomicrographs of TrkA-containing neurons in the nucleus basalis (C), the
putamen (D), and the CA4 subfield of the hippocampus (E). The perinuclear area displayed particularly strong concentration of diaminobenzidine
precipitate (small arrows), often in granules. Labeled proximal processes also could be observed (arrows); n, nucleus. F, In the pontine nuclei, many weakly
to strongly staining neurons (arrows) are observed within the fiber network (small arrows) and around the nonlabeled fiber bundles (f). G, In the reticular
formation of the brainstem, numerous fibers (small arrows) constitute a network in which some scattered neurons (arrow) are observed. H, Photomi-
crograph of TrkA immunoreactivity in the frontal cerebral cortex showing weak labeling. A few neurons are weakly positive (arrows), with the staining
residing mostly in puncta, possibly corresponding to fibers (small arrows). Scale bars: A, B, 50 um; C-E, H, 10 pm; F, G, 20 pm.
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1.50 — : : T
n Table 3. mAb 5C3-induced TrkA-receptor internalization
¢ —A— no competition 5
1.254 ®— NGF competition Treatment Temperature (°C) % 5C3 staining
; —+&— 5C3 competition
T P NGF (2 nm) 4°C 83 2.0
. 3rc 75+3.6
s _— 5C3 (0.01 pg/ml) 4°C 96 + 9.0
§ : 37°C T®5.5
8 0.504 TrkA surface immunostaining was performed on 4-3.6 cells with mAb 5C3 after the
| indicated treatments and measured by FACScan analysis. Data are presented as
percent staining = SEM, with reference to control vehicle treatment (1009%) as per
0.254 the following formula: [(treated sample staining — mlgG background staining) X
J 100%)/(maximum staining — mlgG background staining).
0.00 —T v T r r . T .
0.0 05 1.0 1.5 2.0 25 Mr
x1000
BOUND 5C3 (nM) LANE 1 2 3 4 ( )
Figure 4. 5C3-binding studies and Scatchard plot analysis. Serial dilu- - 217
tions of ['*1]5C3 without competition (open triangles) were used in bind-
ing studies with a constant number of E25 cells. Binding was competed
with molar excess of unlabeled NGF (solid circles) or mAb 5C3 (open
squares). In three independent experiments, the average K; of mAb 5C3 in
E25 cells was 1.6 nm. Competition with NGF reduced the average number -— 111
of 5C3-binding sites, but the affinity of mAb 5C3 was not affected.
Table 2. mAb 5C3 blocks NGF binding to TrkA
- 1.5

Treatment % NGF binding
mAb 5C3 393+ 74
mAb 87.92.6 100

NGF (5 M) 0

E25 cells expressing TrkA (but not p75 receptors) were incubated with [’ T[NGF in
the presence of the indicated agents. ['**IJ]NGF binding after treatment with mAb
§7.92.6 was identical to treatment with vehicle binding buffer. Assays were done three
times in duplicate. Data are expressed as percent binding = SD, where mAb 87.92.6
is maximum and 5 pm NGF is background binding as per the formula: [(test —
background) ® 100%]/(maximum — background).

surviving/proliferating E25 fibroblastoid cells (Fig. 6). Equivalent
protection also was afforded by TrkA ligands to neuronal 4-3.6
cells (data not shown). In most experiments, mAb 5C3 protection
is dose-dependent, although high-dose antibody inhibition some-
times is seen (e.g., 1 ug/ml mAb 5C3).

To ascertain whether cell death is apoptotic, DNA was pre-
pared from serum-free cultured cells that showed a typical apop-
totic fragmentation ladder. The DNA ladder was not seen in
preparations from cells cultured in the presence of mAb 5C3 or
NGF (data not shown).

Controls demonstrated the functional specificity of mAb 5C3.
First, neither NGF nor mAb 5C3 protected wild-type NIH-3T3
cells (data not shown). Second, PC12 cells were not protected by
mAb 5C3 but were protected by NGF (data not shown). Third,
irrelevant mlgG, GamF,,,, or mAb 192 did not protect E25 cells
(Fig. 6) or NIH-3T3 cells (data not shown).

Functional agonism of monomeric 5C3 F,,s
Monovalent agents that bind TrkA behave as competitive antag-
onists (Clary et al., 1994; LeSauteur et al., 1995) likely because
they cannot induce receptor dimerization. Therefore, it would be
expected that monomeric 5C3 F ;s would be monovalent and not
be able to mediate agonistic function.

mAb 5C3 F,s afforded protection from apoptotic death to E25
cells (Fig. 6) and 4-3.6 cells (data not shown) in SFM. Moreover,

5C3
NGF
1gG

UNTREATED

Figure 5. Induction of TrkA-PY by 5C3. E25 cells were untreated (lane
1) or treated with mAb 5C3 (lane 2), NGF (lane 3), or mlgG (lane 4) for
15 min at 37°C. Whole-cell lysates were resolved in an 8% SDS-PAGE
under reducing conditions and immunoblotted with anti-phosphotyrosine
mAb 4G10. A parallel gel under nonreducing conditions immunoblotted
with mAb 5C3 (not shown) controlled for M, and equal loading of TrkA
on all samples.

anti-phosphotyrosine Western blots revealed that cells treated
with 5C3 F_,s had increased TrkA-PY similar to increases ob-
tained with whole mAb 5C3 (data not shown).

Monomeric 5C3 F,,, protection was dose-dependent. However,
equivalent or better protective effects were achieved when F s
were cross-linked externally with GamF,;, antibodies. Specificity
controls included those described in the previous section for
whole mAb 5C3, plus 192 F,;s that had no protective activity in
E25 cells (data not shown).

DISCUSSION

The availability of antibodies against p140 TrkA and p75 has
allowed the study of these NGF receptors (Martin-Zanca et al.,
1989; Eager, 1991). The mAb 5C3 reported in this study is specific
for human TrkA and functions in FACScan immunofluorescence
analysis, immunoprecipitation, Western blot analysis, and immu-
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Table 4. Increased TrkA-PY by mAb 5C3

Treatment E25 cells 4-3.6 cells
mAb 5C3 27+06 34+15
NGF 65+13 38 +0.8

E25 or 4-3.6 cells were untreated or treated with saturating concentrations of mAb
5C3 or NGF for 15 min at 37°C. Whole-cell lysates or anti-PY immunoprecipitates
were resolved by SDS-PAGE under reducing conditions, Western-transferred,
immunoblotted with anti-phosphotyrosine mAb 4G10, and developed using ECL
techniques. Optical density readings were taken from x-ray films with film back-
grounds subtracted (see Materials and Methods), Data are presented as fold increase
in PY of TrkA with respect to untreated cells = SD; n = 3.

Table 5. MAb 5C3-induced anchorage-independent growth

Average number Typical Fold increase
Treatment of foci” cells/foci” in foci®
mlgG 416 £ 45 ~24 1x011
mAb 5C3 806 + 178 >48 19 +0.22
NGF 676 = 51 ~24 1.6 = 0.08

E25 cells were cultured in soft agar in the presence of the indicated agents for 2
weeks.

“Average number * SD and typical size of foci are shown.

bFold increase in foci was calculated with respect to mIgG-treated cells (no increase);
n =2

Serum Free Medla
migG

NGF (0.2 nM)
migG + antl-Fab
5% Serum

5C3 0.01 ug/mi
5C3 0.1 ug/mi
5C3 1 ug/ml

5C3 Fab 0.005 ug/ml
5C3 Fab 0.05 ug/ml
5C3 Fab 0.5 ug/mi

5C3 Fab 0.005 ug/ml + anti-Fab =,
5C3 Fab 0.05 ug/ml + anti-Fab H
5C3 Fab 0.5 ug/ml + antl-Fab

=]

LN |
0 10 20 30 40 50 60 70 80 90 100

%PROLIFERATION/SURVIVAL

Figure 6. Protection from apoptotic death by 5C3. E25 cells were cul-
tured in SFM supplemented with the indicated conditions for 2-3 d,
followed by the MTT assay. Similar data were obtained with neuronal
4-3.6 cells (data not shown). The percent proliferation/survival = SD was
determined by standardizing serum-containing wells to 100% using the
following formula: [(optical density of test) X 100%]/(optical density of
serum).

nocytochemistry. Moreover, mAb 5C3 is a structural and func-
tional mimic of NGF.

Aberrant expression of trk4 mRNA and NGF responsiveness
have been correlated with neurodegenerative disorders (for re-
view, see Ebendal et al., 1991) and neoplastic malignancy (Mar-
chetti et al.,, 1993; Matsushima and Bogenmann, 1993). Hence,
TrkA-binding agents will be useful clinical tools in diagnosis,
prognosis, and perhaps treatment of these diseases. Indeed, mAb
5C3 binding is a positive prognostic marker for certain human
neoplasias (K. Kramer, unpublished observations).

mAb 5C3 was used to map the distribution of TrkA protein in
the normal human brain postmortem. The data are consistent
with the distribution of k4 mRNA and pl40 TrkA protein
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previously described in numerous neurons of the basal forebrain
and striatum (Holtzman et al., 1992; Steininger et al., 1993; Allen
et al., 1994; Martinoff et al., 1994). Moreover, the present study
has revealed TrkA immunostaining in other cell types of the
human brain including the hippocampal formation, cerebral cor-
tex, and brainstem.

The presence of equivalent levels of TtkA protein (per weight
of tissue) in the cortex and the nucleus basalis of Meynert was
further supported biochemically by Western blot analysis. Quan-
titative differences between in situ mRNA hybridization and im-
munostaining may reflect increased sensitivity of the mAb 5C3,
long TrkA protein half-life, post-transcriptional control of expres-
sion, or instability of the mRNA.

Correlation between TrkA and choline acetyltransferase immu-
nostaining (Mesulam and Geula, 1991; De Lacalle et al., 1994)
suggest that most TrkA-labeled perikarya express the cholinergic
phenotype. This was confirmed by studies of colocalization (Stein-
inger et al., 1993; Martinoff et al., 1994). However, our results
indicate that some TrkA-positive cells are not cholinergic, be-
cause the hippocampal formation does not contain intrinsic cho-
linergic cells in the human brain (De Lacalle et al., 1994).

mAb 5C3 recognizes a disulfide-stabilized domain of TrkA, and
an extracellular epitope with these characteristics appears to be
the NGF-docking site (Perez et al., 1995; Urfer et al., 1995).
Cross-blocking studies indicated that mAb 5C3 and NGF can
reciprocally block each other’s binding to TrkA, suggesting fur-
ther that the docking site of 5C3 may be similar to NGF. In
addition, sequence comparison of both ligands revealed interest-
ing homology between complementary determining regions
(CDR) of mAb 5C3 and the variable-turn regions of NGF (8.
Maliartchouk and H. Saragovi, unpublished observations). Be-
cause most CDR are B-turns (Sibanda et al., 1989) and, coinci-
dentally, the NGF structures that bind TrkA also may be B-turns
(LeSauteur et al., 1995), we hypothesized that both mAb 5C3 and
NGF bind to the same site on human TrkA, and cross-blocking is
likely to be caused by direct competition rather than steric
hindrance.

Interestingly, mAb 5C3 was more efficient at blocking NGF
binding than vice versa. Only ~25% of the mAb 5C3-binding sites
on E25 fibroblasts were blocked by saturating doses of NGF.
These data suggest that not all TrkA receptors in this transfected
cell line bind NGF. It is unlikely that affinity considerations can
account for these observations, because both ligands have roughly
comparable K for TtkA (mAb 5C3, K, ~ 1.6 nm; NGF, K = 0.7
nM; Jing et al., 1992) and the affinity of mAb 5C3 was unchanged
in the presence of NGF.

Three nonexclusive possibilities can account for these observa-
tions: (1) TrkA receptors exist at equilibrium, at which ~25% are
in an NGF-binding conformation (e.g., dimers) and the rest are in
a non-NGF-binding conformation; (2) specific post-translational
modifications of TrkA receptors allow for NGF binding; and/or
(3) expression of other membrane proteins [e.g., p75 or an un-
known protein(s)] induces or favors the NGF-binding conforma-
tion of TrkA. These hypotheses can be addressed by biochemical
analysis after differential affinity purification of TrkA with mAb
5C3 versus NGF and by further binding studies in neuronal and
fibroblastoid cells expressing different receptors.

The absence of mAb 5C3 binding to rat TrkA is intriguing.
Binding by mAb 5C3 to rat TrkA was expected because of the
homology between mAb 5C3 CDRs and the variable loops of
NGF, particularly because NGF from one species does bind to
TrkAs from other species. mAb 5C3 is a binding and structural
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mimic of NGF, with enhanced human receptor specificity. Re-
modeling and mutating of the CDRs of mAb 5C3 will yield a
pan-TrkA-binding mAb. Furthermore, analysis of the epitope of
mAb 5C3 on TrkA likely will reveal differences in the docking
sites of human and rat TrkAs. This information will be useful in
screening receptor-binding analogs.

To test functional mimicry by mAb 5C3, NGF bioassays were
performed using trkA-transfected fibroblast and neuronal cells.
Functional mimicry by mAb 5C3 included TrkA internalization,
TrkA-PY, PI-3 kinase PY, increased anchorage-independent
growth, and proliferation/survival of cells in SFM. By these crite-
ria, mAb 5C3 is agonistic.

Increased TrkA-receptor turnover or internalization is induced
by NGF binding. mAb 5C3 increased the internalization of TrkA,
as measured by loss of cell-surface receptors. These results are
consistent with data that showed that E25 cells internalize
["**I]NGF within seconds after shifting from 4 to 37°C (Jing et al.,
1992) and that this process does not require p75 receptors. Thus,
artificial ligands of TrkA can induce receptor internalization and
could be useful in delivering toxic agents to the cytoplasma of
TrkA-expressing tumors.

NGF ligation of TrkA causes receptor activation and autophos-
phorylation. mAb 5C3 induced TrkA-PY to a similar degree.
Agonism in the absence of NGF suggests that TrkA dimerization
and/or internalization is the required signaling event, rather than
the formation of NGF-TrkA complexes. However, we cannot rule
out that mAb 5C3-TrkA may be the functional signal-transducing
complex.

Ligand-induced PY of the intracellular domain of TrkA allows
for the recruitment of substrates and the activation of cytosolic
proteins and nuclear oncoproteins. mAb 5C3 induces the PY of
proteins of M_ 60, 85, and 95 kDa. The 85 kDa protein was
identified as PI-3 kinase, the activation of which correlates with
the actions of growth factors and oncogenes.

NGF stimulates neuronal survival and differentiation (for re-
view, see Barbacid, 1994) and the proliferation of non-neuronal
cells (Marchetti et al., 1993). NGF-activated TrkA induces trans-
formation and morphological changes in fibroblast cells (Cordon-
Cardo et al, 1991). mAb 5C3 caused similar increases in
anchorage-independent growth and foci formation in soft agar.
Thus, mAb 5C3 can positively modulate the growth of TrkA-
expressing cells. Interestingly, the size of the mAb 5C3-induced
foci were larger on average than NGF-induced foci. We currently
are investigating possibilities that may account for this
observation.

TrkA-expressing neuronal 4-3.6 cells or fibroblastoid E25 cells
undergo apoptotic death in SFM but can be rescued by NGF or
mADb 5C3. Synergy between the two ligands occurred when com-
bined at suboptimal doses (data not shown), as would be expected
if mAb 5C3 bound and activated unoccupied TrkA receptors.
Furthermore, morphological changes and increased attachment to
plastic were observed in both NGF- and 5C3-treated cells.

Monomeric 5C3 F s protected E25 and 4-3.6 cells from apop-
totic death. When F,s were cross-linked externally using anti-F,,
antibodies, a heightened response occurred. Because growth
factor-receptor activation requires bivalent binding (Clary et al.,
1994; Heldin, 1995), the monomeric 5C3 F,,s must have retained
the ability to induce TrkA oligomerization. This could be ex-
plained in the following three ways: (1) F s are relatively large
molecules capable of aggregation; (2) 5C3 F,,, binding could cause
conformational changes in TrkA that induce receptor-receptor
interactions; and (3) monomeric 5C3 F_;s bind to two receptor
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molecules in a bivalent manner. The last possibility could occur by
two CDRs binding to two different TrkAs. Homology of mAb 5C3
CDRs to NGF turn regions and experiments using small recom-
binant antibody analogs (S. Maliartchouk and H. Saragovi, un-
published observations) support the third explanation.

mAD 5C3 is the first reported agonistic anti-neurotrophin re-
ceptor mADb and will be useful in studies of TrkA biology and for
drug development. Antineoplastic effects with mAb 5C3 may be
achieved through terminal differentiation, antibody-dependent
cell cytotoxicity, or by the delivery of toxins or radionuclides.
Furthermore, the structure of this mAb may be useful in designing
peptidic and nonpeptidic TrkA-binding agents (Saragovi et al.,
1991). Small, nonpeptidic agonists of TrkA should be useful
pharmacological agents for the treatment of neurodegenerative
diseases.
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