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ABSTRACT: Targeted drug-delivery methods are crucial for effective treatment of degenerative joint diseases such as
osteoarthritis (OA). Toward this goal, we developed a small multivalent structure as a model drug for the attenuation of cartilage
degradation. The DOTAM (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid amide)-based model structure is equipped
with the cathepsin D protease inhibitor pepstatin A, a fluorophore, and peptide moieties targeting collagen II. In vivo injection of
these soluble probes into the knee joints of mice resulted in 7-day-long local retention, while the drug carrier equipped with a
scrambled peptide sequence was washed away within 6—8 h. The model drug conjugate successfully reduced the cathepsin D
protease activity as measured by release of GAG peptide. Therefore, these conjugates represent a promising first drug conjugate
for the targeted treatment of degenerative joint diseases.

B INTRODUCTION example is osteoarthritis (OA), a major degenerative joint disease
caused by the breakdown of cartilage, in which only one or a
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represents a very challenging tissue for systemic drug delivery,
as the presence of highly charged oligosaccharides introduces
an effective polar barrier for penetration of lipophilic drug
molecules. Another intrinsic challenge results from the fact that
low-molecular-weight solutes in the joint compartment experi-
ence short residence times between 1 and 2 h due to convective
transport and lymphatic uptake.”> As a result, while local
administration via intra-articular (i. art.) injections remains the
only effective method to date for delivering drugs into the joint,
the rapid clearance from this compartment prevents therapeutic
agents from reaching effective concentrations and residence
times.”~ Additionally, each i. art. injection bears a considerable
risk of serious infection, thus limiting the number and frequency
of therapeutic administrations. In attempts to address these
issues, drug delivery strategies based on liposomes, nanoparticles,
and dendrimers have been reported.**> A novel, highly attrac-
tive approach to overcome these problems is to use an active
cartilage-targeting, small-molecule drug carrier platform to
deliver the drug to the diseased cartilaginous tissue.” Similar
strategies employing a targeted drug depot have been based on
formulations with polymer carriers.”” However, small-molecule-
based carriers offer significant advantages over polymer-based
carriers, including a well-defined size and molecular structure, a
more precise and much higher drug loading ratio, a decreased risk
of immunogenicity, better shelf stability, and batch-to-batch
compositional consistency, thus eliminating the need for strictly
regulated manufacturing processes. To the best of our knowledge,
no actively targeting, small-molecule drug carrier that increases the
residence time in the joint has thus far been reported. Herein, we
present the development of a novel DOTAM:-based drug-carrier
platform as a first small-molecule active cartilage-targeting drug-
carrier platform and demonstrate the efficacy of retention in the
cartilage of joints both in vitro and in vivo. Furthermore, we
validate the ability of this platform to function as an active drug
carrier by conjugating the molecule to the cathepsin D inhibitor
pepstatin A as a model and showing the increased retention of the
conjugate in an ex vivo cartilage model of joint destruction.

Articular cartilage is a highly complex functional tissue com-
prising of chondrocytes, which are the cells responsible for the
generation and homeostasis of cartilage, type II collagen, and
proteoglycans, which are composed of glycosaminoglycan (GAG)
subunits.’ To achieve active retention of a small molecule template
within cartilage, we reasoned that a multivalent presentation of
components that bind either one or both extracellular cartilage
constituents would be required. Recently, Hubbell et al. reported
pluronic-based nanoparticles functionalized with a specific
collagen type II al-binding peptide sequence WYRGRL which
resulted in effective targeting of the nanoparticles to articular
cartilage.**” We reasoned that further addition of cationic moieties
like basic amines would simultaneously target the negatively
charged sulfated GAGs of the cartilaginous proteoglycans through
electrostatic interactions, thereby providing a dual targeting
strategy.® We selected DOTAM as a tetrapodal template because
the molecule is simple to synthesize, highly soluble, nontoxic, and
biocompatible, as well as easily functionalized with arm moieties of
high conformational flexibility.” These features allow variable
yet compact multivalent decoration with collagen II-targeting
WYRGRL peptides and GAG-targeting amine groups together
with the therapeutic agent.

B METHODS, RESULTS, AND DISCUSSION

To investigate whether the WYRGRL-DOTAM conjugates
display affinity for collagen and cartilage and to optimize the ratio
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of proteoglycan-to-collagen II binding moieties, we synthesized a
series of targeting and control probes labeled with the near-
infrared dye Cy 5.5. We used these probes to compare the levels
of active targeting of collagen and cartilage in vitro, ex vivo, and in
vivo. Scheme 1 shows the synthesis of DOTAM based probes.

Scheme 1. Structures of CyS.5 Labeled Cartilage Targeting/
Control Probes and Inhibitors and General Synthetic Strategy
Exemplified by the Synthesis of the Cartilage Targeting
DOTAM Cys.5 Conjugate 3TP
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Compounds 1—3 derived from DOTA (1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid) served as platforms for the
synthesis of cartilage-binding and control conjugates and were
prepared from triprotected, diprotected, or monoprotected
cyclen-derivative compounds 4—6 (Supporting Information
Scheme S1). The probe CP with three capped amine groups
was synthesized as a nonbinding control. The terminally acety-
lated collagen II-binding peptide ACWYRGRL and a scrambled
nonbinding peptide ACYRLGRW were synthesized by solid-
phase peptide synthesis, and attached to DOTAM template 1. In
ashort and efficient sequence of 3 to 4 steps, the probes 1TP with
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one collagen II targeting peptide and two positively charged amine
groups, 1SP with one scrambled peptide and two positively charged
amine groups, 3TP with three collagen II targeting peptides, and
3SP with three scrambled peptides were synthesized in good yields
(see Supporting Information for detailed procedure).

We performed ex vivo binding experiments using pig cartilage
explants to evaluate and compare the overall cartilage-targeting
affinities and tissue-penetrating characteristics of the five
DOTAM-derived compounds. Whole-depth pig articular
cartilage blocks were incubated with 1 mL of S uM of each
probe for 24 h at 37 °C; the blocks were then washed extensively
with PBS buffer to remove the nonbinding fraction of the
respective probe, followed by imaging using fluorescent
microscopy. The probes that entered the cartilage were observed
both in the matrix compartment and within the chondrocytes
(Figure 1). The intensity of the near-infrared fluorescent signal

no charge, no peptide 42 uM 2 charges, 1 peptide
CcP

AcNH-DOTAM-Cy 5.5

1TP
AcWYRGRL-DOTAM-Cy 5.5

2 charges, 1 scrambled peptide 3 peptides

3TP
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200

150
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Figure 1. Fluorescent images of pig cartilage explants incubated with (a)
nontargeting probe CP; (b) probe 1TP with one collagen II a1-targeted
peptide and two basic amine groups; (c) probe 1SP with one scrambled
peptide and two basic amine groups; (d) probe 3TP with three collagen
11 al-targeted peptides; () probe 3SP with three scrambled peptides, all
captured at the same settings; (f) quantification of probe content in the
pig cartilage. Bars represent mean values + s.d. (n = 3, **¥¥ p < 0.0001).

from CyS.5 indicated the relevant amount of probe remaining
in the cartilage after washing. Interestingly, both the pericellular
matrix and the cell nuclei were virtually free from any probe
(Supporting Information, Figure S4). Comparison of the
targeting probes showed that increasing the number of posi-
tive charges and collagen II-targeting peptides attached to the

385

DOTAM template resulted in greater retention of the probe in
cartilage. Quantification of probe accumulation by integration of
fluorescence intensities in the cartilage revealed a dramatically
increased content of targeted probes over their nontargeted
controls (Figure 1f). Probe 1TP (one targeting peptide and two
terminal charges) showed an 11.2-fold mean increase over the
nontargeting CP and a 6.0-fold increase over the nonbinding,
scrambled 1SP, which contained the same net charge but lacked
the specific collagen-targeting properties. Probe 3TP (three
targeting peptides) showed a mean 36.6-fold increase over the
nontargeting, capped derivative CP, a 3.1-fold increase over 1TP,
and a 1.8-fold increase over 3SP (three scrambled peptides).
The binding capacity of the probes to the knee joint cartilage in
mice was evaluated in vivo using optical imaging (OI). Fusion
imaging with OI and X-rays allowed colocalization of OI signals
with anatomical structures. Intra-articular administration to
wild-type mice of the cartilage-targeting probes 1TP and 3TP
resulted in much longer residence times than observed for the
nontargeting control probes 1SP and 3SP. As shown in Figure 2a
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Figure 2. (a,b) In vivo pharmacokinetics of the i. art-administered
DOTAM:-based probes in mice knee joints. All data were normalized in
individual mice to the intensity at day 0 (100%). The decay in signal was
fitted to a two-phase exponential decay model to describe the rapid
clearance of unbound probe from the joint and the slower clearance of
bound probe from the cartilage (n = S); (c) representative merged
fluorescent and X-ray images showing probe remaining in the knee
joints 48 h after i. art. delivery; (d,e) histological studies of nontargeting
control probe CP (D) and targeting probe 1TP (E). Merged images of
probe distribution (CyS.S, red) with perlecan (Alexa-488, green) in
articular cartilage after 24 h. Images were taken using the same settings.

and b, the probes showed a biphasic clearance pattern: rapid
initial clearance of unbound probes from the intra-articular joint
space was followed by a slower, second clearance phase of
cartilage-bound probe. The probe with the highest retention in
cartilage, 3TP, retained 40% of the initial signal 8 days after
injection, whereas the nontargeted CP was rapidly cleared to
values <20% of the initial signal.'® The fitted second phase half-
lives (t,,5) of the targeting probes 1TP and 3TP were much
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Bioconjugate Chem. 2015, 26, 383388



Bioconjugate Chemistry

Communication

Table 1. Structural Features and in Vitro Cathepsin D Inhibitory Activity (ICs, nM values) of DOTAM-Conjugated Compounds

Compared to Free Pepstatin A"

Compound
Pepstatin A CI 1P1I 3P1I 1P3I
IC4* 1.43 + 0.04 8.55 £0.27 6.24 + 040 3.3 £ 042 ndt
R! Pepstatin Pepstatin Pepstatin Pepstatin
R? H H AcWYRGRL Pepstatin
R’ H AcWYRGRL AcWYRGRL Pepstatin
R* H H AcWYRGRL H

“Cathepsin D ICs, values were averaged from triplicate measurements and the standard deviation of the positive control was <15% of the mean.

¥Not soluble in buffer.

longer than those observed for the scrambled control probes 1SP
and 3SP. Figure 2c shows the remaining fluorescence signal for
each probe after 48 h, illustrating the increased retention times
of 1TP and 3TP relative to control probes CP, 1SP, and 3TP.
The probes were also well-tolerated in mice, with no adverse
effects observed during the 7 days following administration.
These results confirmed that an equal cartilage retention can be
achieved in vivo by the ACWYRGRL DOTAM conjugate without
using pluronic-based nanoparticles.*

The retention and localization of the probes in the mouse
cartilaginous compartments was further verified by histological
studies (Figure 2d,e). Mice knee joints were harvested 24 h after
probe administration and cut into 10 pm sections. A confocal
laser microscope was used to visualize the probes by Cy 5.5
fluorescence. Additionally, the extracellular matrix directly
surrounding the chondrocyte was visualized by an antibody
against perlecan followed by an Alexa-488 secondary antibody. In
the 1TP-treated knee, a strong Cy 5.5 signal was detected
specifically in the collagenous areas of the cartilage, whereas
noncartilaginous compartments of the joint like the meniscus,
synovium, fat tissues, muscles, and bones were free from any Cy
5.5 signal (Supporting Information Figure $3). In the control
CP-treated knee, only minimal Cy S.5 fluorescence was detected
in the cartilage. When the same settings were used to visualize Cy
5.5 in the CP- and 1TP-treated samples, the 1TP signal was close
to saturation.

The cartilage-targeting results in conjunction with the
observed in vivo biocompatibility of the DOTAM-based Cy
5.5 conjugates prompted us to further investigate the suitability
of these DOTAM-based derivatives as targeting drug carrier
platforms. The loss of proteoglycans, mainly aggrecan, from
articular cartilage is one of the hallmarks of the osteoarthritic
pathogenesis, which is associated with acidic episodes of the
diseased cartilage.'' When cartilage is maintained at an acidic pH
it has been shown that there is a rapid loss of aggrecan from the
tissue and it has been suggested that the pH-dependent acti-
vation of cathepsin D is responsible for this loss.'> By inhibition
of cathepsin D with pepstatin A, the proteoglycan and cartilage
degradation at pH 5.0 is attenuated."* Therefore, as a therapeutic
model drug we chose pepstatin A, which is particularly challeng-
ing due to its inherently low solubility in water. We synthesized a
set of DOTAM-based carrier conjugates with one or three
pepstatin A ligands. One pepstatin A ligand was conjugated to
compound CI (zero collagen II al-targeted peptides and three
positively charged amine groups), compound 1P1I (one collagen
II a1-targeted peptide and two positively charged amine groups),
and compound 3P1I (three collagen II al-targeted peptides).
Three pepstatin A ligands were conjugated to compound 1P3I
(one collagen II al-targeted peptide).
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Since most drugs exert very weak or no affinity for the protein
target when conjugated to a carrier and therefore require a release
mechanism, it was important to determine whether pepstatin A
would retain cathepsin D inhibitory activity when covalently
linked to the targeting DOTAM conjugate. The inhibitory
potency of pepstatin A and four conjugated compounds against
cathepsin D was determined in vitro. The conjugation of
DOTAM:-based carriers caused only minor decreases in inhibitory
activity for all three conjugates compared to free pepstatin A.
(Detailed procedures are provided in the Supporting Informa-
tion.) The resulting ICs, values are reported in Table 1. In
addition, the conjugation of pepstatin A to the polar DOTAM and
targeting peptide moieties resulted in a compound with signi-
ficantly higher solubility than that of free pepstatin A (solubility of
pepstatin A = 0.82 mg/mL; 1P1I > 5.92 mg/mL in phosphate
buffer at pH 7.4).

In order to explore the cartilage-targeting affinities of conju-
gates 1P1I and 3P1I relative to free pepstatin A and to determine
the effects on osteoarthritis-associated aggrecan degradation, an
ex vivo GAG-release experiment with pig articular cartilage
explants was carried out.'* For this study, the explants were
preincubated with pepstatin A-DOTAM conjugate 1P1I, 3P1I,
or free pepstatin A for 24 h and then washed extensively with
DMEM buffer to remove unbound inhibitor. Subsequently, the
cartilage explants were stimulated by lowering the pH to 5.0 for
48 h. As shown in Figure 3, at 24 h after stimulation, the negative
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Figure 3. Inhibition of GAG release from cartilage stimulated with
pH 5.0 buffer. Cartilage was preincubated with conjugate 1P1I, 3P1I or
pepstatin A and then stimulated with pH 5.0 buffer. (standard error,
*P < 0.05; **##P < 0.001) .
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control explants lacking preincubated cathepsin D inhibitor
showed an approximately 40-fold increase in GAG release at
pH 5.0 over controls (pH 7.4 buffer). Despite the low solubility
and therefore suspected partial deposition by precipitation,
the free pepstatin A preincubation was not effective in blocking
aggrecan breakdown after the washing step, represented by the
unaffected level of GAG release. This result indicates that
pepstatin A is unable to adhere to the cartilage explants through-
out the convective washing step. In contrast, the acid-stimulated
GAG release was significantly inhibited by the cartilage-targeting
conjugates. Probe 1P1I, carrying one collagen II targeting
moiety, showed 41% inhibition of GAG release at 24 h, but no
significant inhibition could be observed at 48 h after stimulation.
In contrast, the derivative with the inhibitor conjugated to three
targeting peptides (3P1I) showed 34% inhibition at 24 h and
astill robust 18% at 48 h. The ex vivo experiments clearly demon-
strate that the DOTAM-based conjugate enables the inhibitor
to localize to and be retained in cartilage tissue much more
efficiently than the nonconjugated inhibitor. The impact of
collagen-targeting moieties proved to be superior to that of
purely charge-dependent effects. This feature is of particular im-
portance, as GAG loss is pronounced even at early to moderate
stages of OA, thereby resulting in an overall reduction of negative
charges in cartilage layers and reducing the ability to target this
component. The active cartilage-targeting properties and the
resulting inhibitory effect can thus be prolonged by increasing the
targeting peptide number from one to three on the respective
adaptor.

B CONCLUSION

A general synthetic methodology for the preparation of
DOTAM-derived cartilage-targeting carriers has been developed.
Ex vivo and in vivo experiments demonstrated that the local
exposure and retention time of a DOTAM-conjugated drug can
be strongly enhanced by decoration of the DOTAM core with
the collagen-binding WYRGRL peptide sequence and basic
amines. Conjugation of the core structure to the cathepsin D
inhibitor pepstatin A yielded carriers 1P1I and 3P1I, which
maintained pepstatin A inhibitory activity against cathepsin D in
the conjugated state. Notably, in contrast to pepstatin A alone,
the conjugates display a very high solubility, underscoring the
fact that the described DOTAM platform has the potential to
significantly improve physicochemical properties of a parent
drug compound. The cartilage-targeting DOTAM-pepstatin
A conjugates 1P1I and 3P1I were effective over 24 h in the
ex vivo GAG release assay in pig cartilage explants, whereas free
pepstatin A showed no effect. These findings demonstrate the
potential of the DOTAM-based cartilage-targeting drug carrier
system to significantly prolong the drug’s duration of action by
extending the residence time in articular cartilage. Thus, this
DOTAM-based carrier can be conveniently conjugated to drugs
to allow addition and fine-tuning of biochemical properties. The
ability of these conjugates to target, be retained, and act on
cartilage is particularly significant for advancing OA treatment.

B ASSOCIATED CONTENT

© Supporting Information

Supplemental figures, synthetic schemes, experimental proce-
dures, characterization of all new compounds, immunofluor-
escence staining for Perlecan, experimental procedures of
binding affinities of Cy 5.5 labeled compounds and inhibition
studies of DOTAM conjugates. This material is available free of
charge via the Internet at http://pubs.acs.org.
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