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ABSTRACT
Purpose Many genetic disorders, including chondrodysplasias,
and acquired disorders impair growth plate function, resulting in
short and sometimes malformed bones. There are multiple en-
docrine and paracrine factors that promote chondrogenesis at the
growth plate, which could potentially be used to treat these dis-
orders. Targeting these growth factors specifically to the growth
plate might augment the therapeutic skeletal effect while
diminishing undesirable effects on non-target tissues.
Methods Using yeast display technology, we selected single-
chain variable antibody fragments that bound to human and
mouse matrilin-3, an extracellular matrix protein specifically
expressed in cartilage tissue. The ability of the selected antibody
fragments to bind matrilin-3 and to bind cartilage tissue in vitro and
in vivo was assessed by ELISA and immunohistochemistry.
Results We identified antibody fragments that bound matrilin-3
with high affinity and also bound with high tissue specificity to
cartilage homogenates and to cartilage structures in mouse em-
bryo sections. When injected intravenously in mice, the antibody
fragments specifically homed to cartilage.
Conclusions Yeast display successfully selected antibody frag-
ments that are able to target cartilage tissue in vivo. Coupling these
antibodies to chondrogenic endocrine and paracrine signaling
molecules has the potential to open up new pharmacological
approaches to treat childhood skeletal growth disorders.

KEYWORDS childhoodgrowth . drug targeting . scFv . skeletal
diseases . yeast display

ABBREVIATION
ANOVA Analysis of variance
BMP Bone morphogenetic protein
BSA Bovine serum albumin
CNP C-type natriuretic peptide
DAB 3,3′-diaminobenzidine
EC50 Half maximal effective concentration
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
FCS Fetal calf serum
GH Growth hormone
HRP Horse radish peroxidase
HZ Hypertrophic zone
IGF Insulin-like growth factor
IHH Indian hedgehog
PBS Phosphate buffered saline
PZ Proliferative zone
RZ Resting zone
scFv Single-chain variable fragment
TMB 3,3′,5,5′-Tetramethylbenzidine

INTRODUCTION

The growth plate is a specialized cartilage structure present
near the ends of tubular bones and vertebrae. The primary
function of the growth plate is to generate new cartilage,
which is then remodeled into bone tissue, leading to bone
elongation. Longitudinal bone growth is a complex process
which requires multiple intracellular, endocrine, and para-
crine pathways to function normally. Consequently, muta-
tions in hundreds of genes that are required for growth plate
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function give rise to disorders of skeletal growth, including the
skeletal dysplasias, in which the bones are short and mal-
formed, causing major disability. In addition to genetic disor-
ders, acquired endocrine, nutritional, or inflammatory disor-
ders can also impair bone growth at the growth plate, resulting
in severe short stature.

Current treatment options for growth disorders are limited.
Recombinant human growth hormone (GH) is used for both
GH-deficiency and certain non-GH-deficient causes of short
stature. However, the efficacy of GH treatment is often sub-
optimal. Even for growth hormone deficiency, the reported
adult heights achieved in the majority of patients after GH
supplementation remain below the normal range (1). In non-
GH deficient conditions, including skeletal dysplasias, the ef-
ficacy is typically even more partial (2). Moreover, GH treat-
ment carries a risk of increased intracranial pressure (3),
slipped capital femoral epiphysis (4), insulin resistance (5,6),
and possibly type II diabetes mellitus (7,8). Endogenous GH
excess increases the risk of colon cancer; whether or not child-
hood GH treatment raises cancer risk in adulthood is not
known (9). Because systemic administration of GH has limited
efficacy and significant known and potential adverse effects,
better treatments for growth plate disorders are needed.

Recent studies have identified many paracrine factors that
positively regulate growth plate chondrogenesis and therefore
might be used therapeutically, including Indian Hedgehog
(IHH) (10–14), bone morphogenetic proteins (BMPs)
(15–19), C-type natriuretic peptide (CNP) (20–24), and
WNTs (25–28). However, the development of these molecules
into effective treatment has been hampered by their mecha-
nism of action; these growth factors are produced locally and
act locally in the growth plate, and thus do not lend themselves
to systemic therapeutic approaches. We envision that these
locally-acting molecules could be targeted to the growth plate
by linking them to cartilage-binding proteins, such as antibody
fragments.When administered systemically, these hybridmol-
ecules would be preferentially taken up by growth plate carti-
lage, and thus might greatly augment the therapeutic effect on
the target organ while diminishing adverse effects due to ac-
tion on other tissues.

Similarly, growth-promoting endocrine factors, such as
GH and insulin-like growth factor-I (IGF-I) might be linked
to cartilage-binding polypeptides and thereby targeted to the
growth plate. Targeted endocrine therapy could potentially
enhance the therapeutic effects on chondrogenesis and reduce
effects on non-target tissues, thereby decreasing risks such as
malignancy and diabetes mellitus.

To develop cartilage-targeting therapy, we sought to iden-
tify polypeptides that home to cartilage tissue. We employed a
yeast display human antibody library and selected high-
affinity binders to matrilin-3, an extracellular matrix protein
expressed with high tissue specificity in cartilage (29–31). We
identified three antibody fragments that bind with high

affinity both to human and mouse matrilin-3, as well as to
cartilage tissue in vitro. When these antibody fragments
were administered to mice by tail-vein injection, they
homed specifically to cartilage tissue. Coupling these
antibody fragments to endocrine and paracrine factors
that stimulate chondrogenesis could be used to direct
these potent molecules specifically to cartilage tissue,
providing important new therapeutic approaches to the
treatment of growth plate disorders.

MATERIAL AND METHODS

Selection of Extracellular Matrix Protein-Binding
Antibody Fragments

Recombinant human andmousematrilin-3 proteins that were
biotinylated using an Avi-tag Specific Biotinylation kit
(Aurora, CO) were used as the target for selection. In the first
round of selection, approximately 5×1010 cells from the naïve
antibody library were incubated with 10 μg of biotinylated
human matrilin-3 in 50 ml 0.1% bovine serum albumin
(BSA)-phosphate-buffered saline (PBS), called PBSA, at room
temperature for 2 h with gentle rotation. Then, the mixture
was washed three times with 0.1% PBSA to remove unbound
antibody fragments. Biotinylated matrilin-3 together with
bound antibody fragments were subsequently incubated with
100 ul of strepatavidin-conjugated microbeads (Milenvi
Biotec, Auburn, CA) and loaded onto the AutoMACS system
for sorting. Cells which displayed antibody fragments with
high affinity to matrilin-3 were collected and later amplified
in SDCAAMedium (20 g Dextrose, 6.7 g Difco yeast nitrogen
base without amino acids, 5 g Bacto casamino acids, 5.4 g
Na2HPO4 and 8.56 g NaH2PO4. H2O dissolved in 1 L of
distilled water) at 250 rpm at 30°C for 24 h. After that, the
culture was induced in SGCAAMedium (20 gGalactose, 20 g
Raffinose, 1 g Dextrose, 6.7 g Difco yeast nitrogen base with-
out amino acids, 5 g Bacto casamino acids, 5.4 g Na2HPO4

and 8.56 g NaH2PO4. H2O dissolved in 1 L of distilled water)
at 250 rpm at 20°C for 18 h. The pool obtained was subjected
to another round of selection for binding to humanmatrilin-3.
To ensure sufficient diversity of antibody fragments for second
and third rounds of screening, the input cell number was in-
creased by 100 fold compared to the prior round of sorting.

For the third round of selection, His-Tagged recombinant
mouse matrilin-3 was employed. The screening was carried
out in a similar way to the previous two rounds of selection
toward human matrilin-3. Finally, antibody fragments that
bound to mouse martilin-3 were pulled down by anti-His-
tag antibody-conjugated microbeads. The yeast cells express-
ing antibody fragments that possess high binding affinity to
human and mouse martilin-3 proteins were collected.
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Cloning of Extracellular Matrix Protein-Binding
Antibody Fragments in Mammalian Vectors

After the final round of cell sorting, DNA plasmids were ex-
tracted from the yeast cells using Yeast Plasmid Extraction Kit
(Zymo Research, Irvine, CA) and then transformed into 10G
chemical competent E. coli (Lucigen, Middleton, WI) for fur-
ther amplification. The scFv-encoding DNA inserts were
double-digested with restriction enzyme SfiI and ligated to a
modified pSecTagB vector, which bears the same set of SfiI
sites and a downstream Fc-Avi tag.

Cell Culture

HEK293T cells were obtained from ATCC (Manassas, VA),
and maintained in Dulbecco’s modified Eagle’s Medium
(DMEM) (Gibco, Grand Island, NY) supplemented with
10% fetal calf serum (FCS) (v/v) (Gibco) and 1% penicillin-
streptomycin (PS) (v/v) (Gibco) at 37°C in a humidified atmo-
sphere of 5% CO2.

FreeStyle 293-F cells (Invitrogen, Grand Island, NY) were
cultured in suspension in FreeStyle 293 Expression Medium
(Gibco) shaking at 125 rpm at 37°C in a humidified atmo-
sphere of 8% CO2.

Small-Scale Expression of Antibody Fragments
in HEK293T Cells

HEK293T cells were seeded in 24-well plates at a density of
5×104 cells/ well, and cultured at 37°C in 5% CO2 over-
night. On the next day, 0.5 μg of DNA and 5 μl of PolyFect
reagent (Qiagen, Valencia, CA) were suspended in serum-
free, antibiotic-free DMEM to give a final volume of 30 μl,
which was allowed to stand at room temperature for 10 min.
Then, the mixture was introduced to the wells containing
cultured cells and 375 μl of fresh medium. At 48 h post-trans-
fection, supernatant containing the secreted antibody frag-
ments was collected for subsequent experiments.

Assessment of the Binding Ability and Specificity
of Antibody Fragments

To assess the ability of the 36 selected clones of antibody
fragments to bind to purified matrilin-3, 100 μl of human or
mouse matrilin-3 protein (2 μg/ml) was coated onto 96-well
plates at 4°C overnight. To assess binding to cartilage and
non-cartilaginous tissues, heart, liver, lung, kidney, spleen,
small intestine, muscle, and distal femoral and proximal tibial
growth plate were dissected from 4-day-old C57BL/6 mice
and homogenized in protein lysis buffer (150 mM NaCl,
10 mM Tris–HCl, 5 mM EDTA (pH 8.0), 1% Triton
X-100, 0.1% SDS) at 4°C. Tissue debris was removed by
centrifugation. 100 μl (30 μg) of tissue lysate was coated onto

96-well plates at 4°C overnight. Each antibody clone was
tested in triplicate wells. After blocking with 3% non-fat milk
(200 μl/ well), 50 μl of the culture supernatant was introduced
to each well and incubated at room temperature for 2 h.
Supernatant from cells transfected with a non-specific anti-
body fragment (selected for binding to a protein of Dengue
virus, an irrelevant protein target) was included as a negative
control, while a commercial anti-matrilin-3 polyclonal anti-
body recognizing a 13-amino acid peptide from near the cen-
ter of human matrilin-3 (Thermo Scientific, Rockford, IL)
served as a positive control. The wells were then washed with
0.05% Tween-phosphate-buffered saline (PBST) four times
and incubated with 50 μl of horseradish peroxidase (HRP)-
conjugated anti-Fc antibody (Millipore, Temecula, CA) (dilut-
ed 1:5000 in 3% non-fat milk) at room temperature for 1 h.
Finally, tetramethybezidine (TMB) substrate reagent
(eBioscience, San Diego, CA) was added and the reaction
was stopped by adding H2S04 before absorbance was read
at 450 nm.

Examination of Binding of Selected Antibody
Fragments in Mouse Embryo Sections

Ten micrometers cryosections of frozen E15 mouse embryos
were equilibrated to room temperature for 30 min, fixed in
acetone for 15 min, air-dried for 30 min, and then blocked
with 1% FCS in PBS at room temperature for 1 h. The sec-
tions were then incubated for 1 h with 100 μl of the superna-
tant from transfected HEK293T cells expressing antibody
fragments, washed with PBS for 5 min three times, incubated
for 1 h with 100 μl of HRP-conjugated anti-Fc antibody
(1:2000 dilution in PBS containing 1%FCS), and washed with
PBS for 5 min three times, all at room temperature. Binding
of the selected antibody fragments to sections was detected
using DAB substrate kit (Abcam, Cambridge, MA). An anti-
body fragment selected for binding to a protein of Dengue
virus served as a negative control.

Large-Scale Expression of Selected Antibody
Fragments in 293 FreeStyle-F Cells

For production and purification, antibody fragments were
expressed in 293 FreeStyle-F, a suspension cell line which is
adapted to serum-free medium and thus avoids serum IgG
which may interfere with antibody fragment purification.

Twenty four hours before transfection, 3×107 293
FreeStyle-F cells were resuspended in 28 ml of FreeStyle 293
Expression Medium in a 250 ml Erlenmeyer flask on an or-
bital shaker rotating at 125 rpm, at 37°C in 8% CO2. On the
day of transfection, 30 μg of DNA and 60 μl of 293fectin
reagent (Qiagen) were diluted in 2 ml of Opti-MEM, and
the mixture was incubated at room temperature for 20 min.
Afterward, the mixture was introduced to a flask containing
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the 293 FreeStyle-F cells in 28 ml medium and shaken for
3 days to express soluble protein fragments. The supernatant
was subsequently collected for antibody purification using
protein A columns.

Purification of Antibody Fragments by Protein A
Column

Protein A resin (GenScript, Piscataway, NJ) slurry (2 ml) was
packed into a glass column, and equilibrated with 50 ml of
binding/ washing buffer (0.15 M NaCl, 20 mM Na2HPO4,
pH 8.0). Culture supernatant was loaded onto the column.
Unbound proteins were washed away with 100 ml of
binding/ washing buffer. Bound antibodies were then eluted
with 8 ml of elution buffer (100 mM acetic acid, pH 3.0). The
eluate was neutralized by 1/10 volume of neutralization buff-
er (1 M Tris–HCl, pH 9.0) and dialyzed against 100 volumes
of PBS at 4°C overnight. The purity of the antibodies was
checked by SDS-PAGE (Figure S1).

Measurement of the Binding Affinity of Antibody
Fragments

To assess the binding affinity of the purified antibody frag-
ments, 100 μl of human or mouse matrilin-3 protein
(2 μg/ml) was coated onto 96-well plates at 4°C overnight.
Then, the wells were blocked with 200 μl of 3% non-fat milk
in PBS at room temperature for 2 h. 50 μl of different con-
centrations of antibody fragments 13, 22, and 26 (230 nM,
57.5 nM, 14.375 nM, 3.594 nM, 0.899 nM, 0.225 nM, 0.056
nM, 0.014 nM) was added to incubate with the target at room
temperature for 2 h. Duplicates were performed for each con-
centration of the selected antibody fragments. After binding,
the wells were washed with 0.05% PBST four times and in-
cubated with 50 μl of HRP-conjugated anti-Fc antibody (di-
luted 1:5000 in 3% non-fat milk) at room temperature for 1 h.
Lastly, TMB substrate reagent was introduced and reaction
was stopped by H2S04 before absorbance was read at 450 nm.

Investigation of the In Vivo Homing Ability of Antibody
Fragments

In order to evaluate whether the selected antibodies were able
to home to growth plate cartilage, 50 μg of purified antibody
fragments, diluted in 100 μl of sterile saline, was injected in 3-
week-old C57BL/6 male mice intravenously. As control ex-
periments, two groups of mice were injected with 100 μl of
sterile saline or 50 μg (in 100 μl of sterile saline) of purified
non-specific antibody fragment (selected for binding to a pro-
tein of Dengue virus). After 24 h, tissues were harvested and
homogenized in protein lysis buffer. Tissue debris was re-
moved by centrifugation, and supernatant was collected for
ELISA to check for the localization of the antibody fragments.

Briefly, 100 μl (30 μg) of tissue lysate was coated in triplicate
wells in 96-well plates at 4°C overnight. Subsequent to
blocking with 200 μl of 3% non-fat milk per well, 50 μl of
HRP-conjugated anti-Fc antibody (diluted 1:5000 in 3% non-
fat milk) was added to each well and incubated at room tem-
perature for 1 h. TMB substrate reagent was then introduced
and the reaction was stopped by adding H2S04 before the
absorbance was read at 450 nm. The detection limit of the
ELISA (mean+3 SD of growth plate lysate without antibody
fragments) was 0.13, 0.22, 0.11 ng for antibody fragment
13, 22, and 26 respectively, which corresponded to an
OD405 of 0.057. For each organ or tissue in a particular
group, statistical significance was assessed by ANOVA, follow-
ed by pairwise comparison of the growth plate signal to other
tissues, with Holm-Sidak correction for multiple comparisons.
Comparison of the growth plate signal between different
groups were done by Student t-test.

Quantitative Histology of 6-week Old Mouse Growth
Plate

Quantative histology was performed as previously described
(32) with minor modifications. Formalin-fixed proximal tibiae
were decalcified in 0.5 M EDTA, and embedded in paraffin.
For each animal, 6 longitudinal sections (10-μm thickness,
separated by at least 50 μm) were stained with Masson
Trichrome and scanned with an Aperio ScanScope CS digital
scanner. In each of the 6 sections, we measured proliferative
and hypertrophic zone height (parallel to the chondrocyte
columns) at 5 locations within the central two-thirds of the
growth plate and averaged the 30 measurements.

RESULTS

Selection of Extracellular Matrix Protein-Specific
Antibody Fragments

Antibody fragments were selected from a large yeast display
single-chain variable fragment (scFv) library for binding to
matrilin-3, an extracellular matrix protein specifically
expressed in cartilage (29–31). The sorting was carried out
against human recombinant matrilin-3 protein in the first
two rounds and mouse recombinant matrilin-3 protein in
the third round of panning to increase the likelihood that the
resulting antibody fragments would bind both to mouse car-
tilage matrix for preclinical safety and efficacy evaluations and
human cartilage matrix, for clinical applications. After three
rounds of selection, the enriched library exhibited a striking
increase in binding to matrilin-3 of both species by flow cyto-
metric analysis (Fig. 1a).
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Fig. 1 Selection of matrilin-3-binding antibody fragments and assessment of their binding characteristics. (a) A yeast display antibody library was panned against
human (first and second rounds of panning) and mouse (third round) matrilin-3 protein. Fluorescence-activated cell sorting showed that the binding affinity of the
enriched pool of yeast display antibody fragments toward matrilin-3 dramatically increased after three rounds of selection, when compared to the naïve library. (b)
The binding abilities of 36 clones of antibody fragments to human ormouse recombinant matrilin-3 protein were evaluated by ELISA. Plastic wells were coated with
matrilin-3 protein or bovine serum albumin (BSA) and then incubated with antibody fragments, washed and detected using a HRP-conjugated anti-Fc antibody.
Absorbance was normalized to background signal of 3% non-fat milk. (c) The tissue binding specificity of 15 selected clones of antibody fragments were assessed by
ELISA. Tissue lysates from a panel of organs from 4-day old mice were used to coat plastic wells. Individual antibody fragments were incubated in the wells, then
washed and detected using HRP-conjugated anti-Fc antibody. A non-specific antibody fragment directed against an irrelevant protein served as a negative control and
a commercial antibody against matrilin-3 served as a positive control. For panels (b–c), data represent mean±SEM from three independent experiments (n=9).
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Binding of Antibody Fragments to Cartilage Matrix
In Vitro

Following the final round of selection, 36 yeast clones
were randomly selected and the expression plasmids
were isolated. The DNA sequences encoding the scFvs
were then excised and subcloned into a mammalian
expression vector pSecTagB, which was previously
engineered to include a human Fc fragment-coding
DNA sequence. The resulting construct consisted of a
scFv antibody fragment fused with a human IgG1 Fc
fragment. This construct was subsequently transfected
into HEK293T cells for 48 h to express scFv-Fc pro-
teins, and the ability of these 36 proteins to bind both
human and mouse recombinant matrilin-3 was assessed
by ELISA. Of these, 21 bound to human recombinant
matrilin-3 (Fig. 1b, upper panel), and 17 bound to mouse
recombinant matrilin-3 (Fig. 1b, lower panel), compared to
bovine serum albumin and to a non-specific antibody
fragment.

Binding of Antibody Fragments to Cartilage Extracts
In Vitro

To examine the tissue specificity of the antibody fragments,
we used homogenized tissue from the growth plate cartilage,
brain, heart, liver, lung, kidney, spleen, small intestine, and
muscle from 4-day old mice to coat plastic wells and
then assessed binding of the selected antibody fragments
by ELISA. Fifteen antibody fragments that previously
showed increased binding to both human and mouse
matrilin-3 were examined for their specificity toward
cartilage tissue. While most antibody fragments demon-
strated poor tissue binding specificity, antibody frag-
ments 13, 22, and 26 were found to preferentially bind
to growth plate cartilage over other tissues (Fig. 1c), and
thus were chosen for further studies. A non-specific an-
tibody fragment showed little binding to cartilage or
other tissues.

Immunohistochemical Localization
of Matrilin-3-Binding Antibody Fragments

To further characterize the ability and specificity of the
antibody fragments to bind to cartilage tissue, we used the
three antibody fragments (13,22,26) for immunohistochemical
staining on frozen sections of C57BL/6 mouse embryos at
embryonic day (E) 15. All three antibody fragments stained
cartilage structures, such as the cartilaginous anlagen of the
bones of the forelimb, rib cages, and vertebra, but there was
no significant staining in non-cartilaginous tissues (Fig. 2). In
contrast, a non-specific antibody fragment failed to show any
staining in the cartilage tissues (data not shown).

Assessment of the Binding Affinity of Purified
Matrilin-3-Binding Antibody Fragments

To quantitatively assess binding affinity, we incubated
either immobilized human or mouse matrilin-3 protein
with different concentrations of purified antibody frag-
ments 13, 22, and 26 and measured binding by ELISA.
All three antibody fragments possessed high affinity to-
wards both human and mouse matrilin-3 with EC50
values less than 1 nM (Fig. 3a, b).

Homing of Matrilin-3-Binding Antibody Fragments
to Cartilage In Vivo

Purified antibody fragments were injected into mice via a tail
vein. After 24 h, distal femoral and proximal tibial growth
plate cartilage and various non-cartilaginous organs were iso-
lated, homogenized and used to coat plastic wells. ELISA was
performed using anti-human Fc antibody to detect the pres-
ence of antibody fragments delivered in vivo. For both the
saline-injected and the non-specific antibody fragment-
injected controls, the signals in the growth plate and other
non-cartilaginous organs were similar and below the ELISA
detection limit. In contrast, for the three antibody fragments
tested (13,22,26), the signals obtained in growth plate cartilage
were significantly greater than the signals for saline or for non-
specific antibody fragments (Fig. 4). Furthermore, for these
three antibody fragments, the signals were significantly greater
in cartilage than in non-cartilaginous organs (Fig. 4), suggest-
ing that the selected antibody fragments homed to cartilage
in vivo with high specificity.

Matrilin-3-Binding Antibody Fragment Administration
In Vivo Showed No Evidence of Adverse Effects
on Growth Plate

To assess possible toxicity of the cartilage-binding antibody
fragments to growth plate function in vivo, we injected anti-
body fragment 13, which showed the strongest binding, or
non-targeting antibody fragment in 4-week old mice
(n=3 per group) every other day for 2 weeks (total of
6 injections, 30 ug each). Body weight, tibia length,
proliferative zone height, and hypertrophic zone height
at the end of the treatment period did not differ be-
tween mice that received antibody fragment 13 and
those that received non-targeting antibody fragments
(Fig. 5). However, preclinical assessment of the long-
term safety of the antibody fragments would require
extensive additional testing, including both growth plate-
specific and systemic endpoints before clinical applications
could be considered.
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DISCUSSION

We sought to identify antibody fragments that bind to carti-
lage with high affinity and specificity which could be used to
target therapeutic molecules to growth plate cartilage. A naïve
human scFv yeast display library was employed for selection of
binders to matrilin-3, an extracellular matrix protein primar-
ily expressed in growth plate cartilage. A sequential antigen
panning approach was used (33), with the first two rounds of
panning against human matrilin-3 and the last round against
mouse matrilin-3. The resulting pool of clones was significant-
ly enriched for binders to both human and mouse matrilin-3
proteins, compared to the naïve library. We identified indi-
vidual clones that expressed antibody fragments that bound to
both human and mouse matrilin-3. Of these, three antibody
fragments showed specific binding in vitro to homogenates of
cartilage tissue, but not homogenates of brain, heart, liver,
lung, kidney, spleen, small intestine or muscle. These three
fragments also showed tissue-specific binding to cartilage
structures in sections of mouse embryos. Binding affinities of
the selected antibody fragments 13, 22, and 26 were then
assessed, demonstrating that all three purified antibody frag-
ments exhibited high affinity for both human and mouse
matrilin-3. Most importantly, after these antibody fragments
were injected intravenously in mice, we found that they were
specifically localized in cartilage and were not detectable in
other tissues, including brain, heart, liver, lung, kidney, spleen,
small intestine or muscle, indicating that the antibody

fragments were capable of specifically targeting cartilage tissue
in vivo.

The development of cartilage-targeting proteins opens up
new potential approaches to treat growth plate disorders, in-
cluding skeletal dysplasias, severe short stature due to systemic
disease, and severe idiopathic short stature, by targeting
growth-regulating endocrine factors specifically to the growth
plate. Current growth plate therapy generally involves the
manipulation of systemic hormone levels, such as GH, IGF-
I, estrogens, and androgens. However, these approaches have
limited therapeutic efficacy for the more severe growth plate
disorders, including many skeletal dysplasias, and exhibit un-
desirable effects due to actions on sites other than the growth
plate. For instance, in achondroplasia, the most common type
of skeletal dysplasia, growth hormone increases bone length,
and therefore height, only modestly, and the dose is limited by
adverse effects on other tissues (34). Coupling growth-
regulating endocrine factors to cartilage-binding antibody
fragments has the potential to direct endocrine therapeutic
agents to cartilage. Our findings suggest that when adminis-
tered systemically, the targeting antibody fragment-endocrine
factor conjugates would be preferentially taken up by the
growth plate cartilage, thereby creating a local depot which
might allow sustained high local concentrations of molecules
to improve efficacy at the growth plate and decrease adverse
effects on other tissues.

In addition to endocrine factors, paracrine factors that
stimulate growth plate chondrogenesis, including Indian

Fig. 2 Binding of antibody
fragments to tissues in frozen
mouse embryo sections. Antibody
fragments 13, 22, and 26 were
incubated with frozen E15 mouse
embryo sections, then detected
with HRP-conjugated anti-Fc
antibody and stained with DAB
substrate to produce a brown color.
Immunostaining was observed in
cartilage tissues, including digits of
forepaw (first row) and rib cages
(second row), but not in non-
cartilaginous structures.
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Hedgehog (IHH) (10–14), bone morphogenetic proteins
(BMPs) (15–19), and C-type natriuretic peptide (CNP)
(20–24), could also be coupled to these antibody fragments.
Because these paracrine factors are normally expressed and
exert their action in the growth plate, targeted therapy would
serve to localize these factors to their physiological site of ac-
tion. For example, CNP is an important positive regulator of
growth plate chondrogenesis (20–24). In mice, overexpression
of CNP in growth plate compensates for mutations that cause
achondroplasia (35). However, systemic administration of
CNP in humans leads to natriuresis (36). CNP linked to a
cartilage-targeting antibody fragments might increase the
skeletal growth-promoting effect and reduce the effect
on renal sodium handling, and so might emerge as an
effective therapeutic approach to treat human achondro-
plasia. Similarly, targeting IHH or BMPs to growth plate car-
tilage might provide novel treatments for skeletal dysplasias or
other causes of growth plate failure, such as systemic inflam-
matory diseases, renal failure, glucocorticoid therapy or radi-
ation damage. Because matrillin-3 is expressed not only in
growth plate cartilage but also in articular cartilage, this ap-
proach might also be used for targeted treatment of osteoar-
thritis and other articular disorders.

Targeting other tissues with peptides or antibody fragments
have demonstrated promising results. Yokogawa and col-
leagues reported a short peptide of six aspartate residues that,
upon conjugation to estradiol, was capable of localizing to
bone in mice when administered systemically (37). Moreover,
the peptide-estradiol complex could be retained in bone for an
extended period of time, producing its biological effects

Fig. 4 Homing of selected
matrilin-3-binding antibody
fragments to cartilage in vivo. Saline,
non-specific antibody fragment, or
purified antibody fragments 13, 22,
and 26 was injected intravenously in
3-week old mice. After 24 h,
various organs were collected and
homogenized, and tissue lysates
were used to coat plastic wells. The
presence of antibody fragments was
detected by ELISA with an anti-Fc
antibody. All three antibody
fragments were detected in
cartilage, but not in non-
cartilaginous organs. Saline and non-
specific antibody served as negative
controls. Data represent mean±
SEM from five independent
experiments (n=5).

Fig. 3 Assessment of the binding affinity of purified martilin-3-binding
antibody fragments. The three selected antibody fragments, 13, 22
and 26, were expressed and purified using protein A columns. Var-
ious concentrations of each antibody fragment were incubated with
recombinant human (a) and mouse (b) matrilin-3 proteins, and bind-
ing was measured by ELISA. The negative control (background) lacked
an antibody fragment.
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primarily on bone tissue andminimizing effects on non-skeletal
tissues (37). In addition, a ten-aspartate peptide was successful-
ly utilized to direct alkaline phosphatase enzyme to bone ma-
trix to treat hypophosphatasia in mice (38). This strategy was
then applied successfully to treat children with severe
hyphophosphatasia in a recent clinical trial (39). Similarly,
conjugation to a bisphosphonate has been used to target calci-
tonin analogues and osteoprotegerin successfully to bone ma-
trix (40–43).

There have also been some prior attempts to develop
cartilage-binding peptides or polypeptides with the specific
goal of treating articular cartilage disorders. A linear peptide
of six amino acids was reported to bind to collagen IIαI and
direct nanoparticles to articular cartilage (44), when given
locally by intraarticular injection. A scFv antibody fragment
was identified that recognized reactive oxygen species-
modified type II collagen, which is specifically present in in-
flamed joints (45). This scFv was then coupled to soluble

tumor necrosis factor receptor II and administered systemical-
ly to reduce inflammation of articular cartilage in a murine
arthritis model. We previously used 12-amino acid peptides to
target growth plate cartilage (46) but were unable to demon-
strate a high affinity and specificity for cartilage comparable to
that achieved in the current study using antibody fragments.

CONCLUSION

In conclusion, we have identified antibody fragments that
bind to cartilage matrix with high affinity and specificity
and, when administered systemically in vivo, home specifically
to cartilage structures. To our knowledge, ours is the first study
to propose the concept of targeting growth plate for the treat-
ment of linear growth disorders and the first study to produce
an antibody capable of targeting normal cartilage after sys-
temic administration. Coupling these cartilage-binding

Fig. 5 No evident toxicity after
injection of antibody fragments.
Representative sections showing
the histology of 6-week old mouse
tibial growth plate after injection of
non-targeting antibody fragment (a)
or antibody fragment 13 (b) every
other day for 2 weeks starting at
4 weeks of age. At the end of the
treatment period, injection of
antibody fragment 13 did not affect
the overall histology of the growth
plate (a, b), body weight (c), tibia
length (d), height of the proliferative
zone (e) or height of the
hypertrophic zone (f). Statistical
significance were defined as
P<0.05 by t-test. RZ resting zone,
PZ proliferative zone, HZ
hypertrophic zone. The
superimposed dotted curves
represent the boundaries of the
proliferative and hypertrophic
zones.
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polypeptides to endocrine and paracrine signaling molecules
that promote chondrogenesis could allow therapy targeted
specifically to growth plate and articular cartilage, and
thus open up broad new pharmacological approaches
to treat skeletal dysplasias and other severe forms of
linear growth failure.
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