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Abstract

Diseases of the joints affect over 10% of the world’s population, resulting in significant morbidity.
There is an unmet need in strategies for specific delivery of therapeutics to the joints. Collagen
type Il is synthesized by chondrocytes and is mainly restricted to the cartilage and tendons.
Arthrogen-CIA is a commercially available anti-collagen 11 antibody cocktail that reacts with 5
different epitopes on human, bovine, and mouse collagen Il. Arthrogen has been used for
induction of experimental rheumatoid arthritis (RA) in mice because of high complement
activation on the cartilage surface. Native collagen Il might serve as a useful target for potential
delivery of therapeutics to the joint. To evaluate the efficiency and specificity of targeting collagen
I1, Arthrogen was labeled with near-infrared (NIR) dye IRDye 800 or IRDye 680. Using ex vivo
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NIR imaging, we demonstrate that Arthrogen efficiently and specifically accumulated in the limb
joints regardless of the label dye or injection route (intravenous and subcutaneous). After
subcutaneous injection, the mean fluorescence of the hind limb joints was 19 times higher than
that of the heart, 8.7 times higher than that of the liver, and 3.7 times higher than that of the
kidney. Control mouse IgG did not show appreciable accumulation. Microscopically, the antibody
accumulated on the cartilage surface of joints and on endosteal surfaces. A monoclonal antibody
against a single epitope of collagen Il showed similar binding affinity and elimination half-life, but
about three times lower targeting efficiency than Arthrogen in vitro and ex vivo, and about two
times lower targeting efficiency in vivo. We suggest that an antibody against multiple epitopes of
collagen 11 could be developed into a highly effective and specific targeting strategy for diseases of
the joints or spine.
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INTRODUCTION

Joint disease is a common affliction. Studies of rheumatic disease prevalence have found
that the numbers of affected individuals in the US have increased from an estimated 21
million in 1995 to 27 million in 2007.1 This correlates with the aging of the population and
with the increase in obesity. For the majority of joint diseases, localized treatments [e.g.,
intraarticular (1A) and tendon injections] are not always feasible because of limited
accessibility, cost, and complication.23 At the same time, some systemic therapies (e.g.,
glucocorticoids, TNF-a inhibitors, B-cell depletion, and methotrexate) cause substantial
immunosuppression and morbidity.#-® Therefore, there is a substantial effort directed toward
the development of specific, targeted therapies of the joints.

Collagen type 1l is composed of fibrils of the COL2A1 gene product. It is primarily found in
the extracellular matrix of articular collagen and is also found in intervertebral discs, the
vitreous humor of the eye,” and tendons.® Several groups reported development of single-
chain antibodies (scFv) and peptides targeting modified collagen 11.%-12 Some of these
reagents showed modest binding affinity of low pAZto high nM.11 Although the presence of
degraded and denatured collagen Il in the diseased and aged joints has been demonstrated,
13-15 jt is not very abundant in the joints with mild disease; therefore, native collagen
presents an attractive target for drug delivery. Arthrogen-CIA contains a mixture of five
IgG2 antibody clones raised against different collagen Il epitopes and selected for the
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optimal induction of experimental rheumatoid arthritis (RA) in mice.18 Upon injection of
very large doses of Arthrogen (6 mg/mouse) followed by booster lipopolysaccharide, there is
a highly efficient development of RA with a characteristic clinical presentation quite similar
to that seen in human RA.16 The main trigger of disease requires two events: binding of IgG
to the cartilage and efficient complement fixation via the alternative and the lectin pathways.
17.18 Complement plays an important role in the initiation and evolution of both RA1% and
osteoarthritis (OA).20 Downstream complement cleavage products C3a and C5a trigger
chemotaxis and activation of neutrophils and monocytes, whereas membrane attack complex
C5b-C9 causes cell damage. Consistent with this, the 1gG2 antibody isotype is one of the
most efficient at fixing complement.

Several lines of evidence suggest a better targeting efficiency of antibody cocktails versus
single clone antibodies for variety of applications.2122 Here, ignoring the complement
fixation properties of Arthrogen and focusing instead on its binding properties, we sought to
comprehensively characterize the body distribution and targeting efficiency of Arthrogen
after systemic and subcutaneous injection using near infrared (NIR) imaging. The results
demonstrate a highly efficient and rapid accumulation in the joints in mice, which was
superior to a single clone anticollagen Il antibody. This opens up possibilities for specific
imaging and therapeutic delivery targeted to collagen 11 with nonpathogenic antibodies.

MATERIALS AND METHODS

Materials

Arthrogen-CIA 5-clone cocktail (catalog number 53040) and single clone antibody against
CBL11 epitope of collagen type 11 (clone 35, catalog number 7048) were obtained from
Chondrex, Inc. (Redmond, WA, USA) and stored in aliquots at =20 °C before use. The goat
anti-C3 antibody (horseradish peroxidase conjugated) was from MP Biomedicals (Solon,
OH, USA). IRDye 800CW-NHS ester and IRDye 680RD-NHS ester were from Li-COR
(Lincoln, NB, USA). Purified mouse IgG was from Jackson ImmunoResearch (West Grove,
PA, USA). Proteinase K solution was from Qiagen. A bovine type Il collagen from newborn
calves (cat # CJ385) was obtained from Elastin Products Company, Inc. (Owensville, MO,
USA). Antibodies were labeled by incubation with a 10-fold excess of dye for 5hat 4 °C in
phosphate-buffered saline (PBS). Unbound dye was removed with a 7 kDa Zeba desalting
column (Thermo Fisher). Antibodies were resuspended in sterile PBS and stored at 4 °C
before use.

Mouse Experiments

The University of Colorado Institutional Animal Care and Use Committee (IACUC)
approved all animal experiments (protocol 103913(11)1D). Mice were treated according to
regulations provided by the Office of Laboratory Animal Resources at the UC. Wild-type
BALB/c mice were bred in house.

In order to determine the circulation half-life of NIR-labeled antibodies, 2 s of plasma
collected at different time points was applied in triplicates on a 0.22 xm nitrocellulose
membrane and scanned at 800 and 700 nm using Li-COR Odyssey. The spot-integrated
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density of a 16-bit TIFF image was measured with ImageJ, expressed as a percentage of 1
min time point, and plotted as a function of time using Prism (GraphPad, San Diego CA).
The plasma terminal (slow phase) half-life was calculated by fitting into a two-compartment
decay curve.

For organ distribution, Ab-injected and control mice were sacrificed and the organs were
placed in wells of a 24-well plate (transparent bottom). Bones were cleaned of muscle and
sandwiched between two glass slides. Organs and bones were scanned with a Li-COR
Odyssey at both wavelengths (700 nm channel for autofluorescence or IRDye 680 and 800
nm channel for IRDye 800). Mean fluorescence was determined from 16-bit images using
ImageJ software by subtracting the background, drawing an region of interest around the
organs, and using a measure function to determine the mean gray value. When only IRDye
800 was used, the 700 nm channel intensity (red) was artificially enhanced in order to
provide an autofluorescent background (outline) of the organs in the images.

Bone Digestion

After scanning, all of the limbs were cleaned of residual muscle. The knee and elbow joints,
including about 2 mm of the bone above and below the joint, were cut out with a scalpel.
The individual joints were placed in separate 2 mL tubes with screw-on caps, and 400 z1L of
100 mM ethylenediaminetetraacetic acid (EDTA) (pH 7.5) plus 2-3 zirconium beads was
added. The bones were homogenized with a Mini-BeadBeater tissue disruptor (BioSpec
Products, Bartlesville, OK) for 3 cycles of 2 min each. After homogenization, 20 /L of
proteinase K solution (Qiagen) was added and samples were mixed at maximum speed at
55 °C using a ThermoMixer (Eppendorf) for 3 h or until the liquid was clear. The dilutions
of antibody used for standards were generated in the lysate of control non-injected joints.
The samples and the standard dilutions were dotted (2 £ in triplicates on a nitrocellulose
membrane (Bio-Rad), and the dots were scanned with a Li-COR Odyssey at 800 nm. The
dots’ integrated densities in the TIFF image were measured with ImageJ software, and the
amount of 1gG in the joints was calculated.

NIR Microscopy

After the antibody cleared from circulation, bones were harvested and the muscle tissue was
removed. Bones were placed in 4% formalin solution for 2 days, followed by 2 mM EDTA
solution for 1 week. This procedure softens the bone for subsequent microtome cutting. The
bones were placed in optical coherence tomography, frozen at =80 °C, and cut with a Leica
cryostat at 10 gm thickness in longitudinal sections. At least 10 slides per each bone were
prepared. Slides were washed briefly with PBS, the Hoechst solution was added, and bones
were imaged with a Zeiss Axio Observer 5 epifluorescent microscope equipped with X-Cite
200DC light source and Axiocam 506 monochromatic camera. NIR fluorescence was
imaged with a Cy7 filter set, catalog number 49007, Chroma Corporation (McHenry, IL,
USA).

Collagen Il Binding Assay

A stock solution of bovine collagen type 11 was prepared by diluting 100 mg of collagen in
25 mL of cold 0.01 M acetic acid and stored at —70 °C prior to use as previously described.
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23 A transparent bottomed, black 96-well plate (Greiner) was coated with 50 1 of collagen
Il solution diluted to a concentration of 50 g/mL in 0.1 M sodium bicarbonate buffer pH
9.3 and incubated overnight at 4 °C. Control plates were coated with 1% bovine serum
albumin (BSA). The next day, plates were washed four times with 50 L of 0.05%
Dulbecco’s PBS-Tween 20 and blocked with 1% BSA at room temperature for 1 h and
washed. Plates were stored at 4 °C before use. The NIR dye-labeled antibody was added at
different concentrations and incubated at room temperature for 2 h. The plate fluorescence
was read with a Li-COR Odyssey scanner at 800 nm, and the integrated density of gray 8-bit
images (TIFF) of the wells was determined with ImageJ software. The intensities were
plotted against log-transformed concentrations, and the data were fitted into a dose-response
curve in order to calculate ECsp with Prism 6.0.

Ex Vivo Binding Assay

Femurs, tibia, and fibula were harvested from three 6-week-old male BALB/c mice and were
cleaned of muscle tissue. Bones were placed in a solution of either 1 tg/mL Arthrogen-800
or 1 xg/mL CB11-800 in 1x PBS/1% BSA and shaken at 350 rpm for 1 h at room
temperature in a ThermoMixer (Eppendorf). Bones were then removed from the antibody
solutions and washed five times with 1x PBS/0.1% Tween 20. Bones were then placed
between glass slides, and near-infrared fluorescence images were taken with a Li-COR
Odyssey. The relative fluorescence intensity was quantified with ImageJ.

RESULTS

Arthrogen CIA has been developed for induction of collagen antibody-induced arthritis,16:19
It contains 4 clones of IgG2a and 1 clone of 1gG2b, all of them directed against the CB11
fragment (CI1 124-402) of type 1l collagen (Figure 1A). In order to enable imaging of the
antibody targeting in vivo, we labeled Arthrogen with IRDye 800 (Figure 1B), which is a
popular fluorophore for NIR imaging and currently in clinical development.24 The
fluorophore per antibody ratio was kept between 2 and 4 throughout this study, and the label
did not affect the running pattern on sodium dodecy! sulfatepolyacrylamide gel
electrophoresis (SDS-PAGE) (Figure 1C).

We injected iv 50 ug of Arthrogen-IRDye 800 (Arthrogen-800) or 50 g of mouse IgG
(polyclonal antibody labeled with ~6 IRDye 680/1gG) into separate mice, or equimolar
mixture of 25 g Arthrogen-800 and migG-680 into the same BALB/c mouse. Plasma levels
of both antibodies were measured with a fluorescent dot blot assay, which is highly linear as
demonstrated in Figure S1 and in our previous publications.2>-27 According to Figure 2A,
Arthrogen had a shorter half-life than 1gG (36 and 101 h, respectively). At day 22 post-
injection (less than 0.1% of the injected antibodies remained in the circulation), mice were
dissected and the organs and bones were scanned with a Li-COR Odyssey. As shown in
Figure 2B, Arthrogen localized to the joints in the hind limbs, forelimbs, and the spine.
Control IgG did not show any evidence of localization in the joints, and the IRDye 680
signal was very low (Figure 2B, upper right). In mice injected with both antibodies, the
difference in biodistribution was even more obvious with joint regions highlighted in green
(Figure 2B, lower left).
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In order to exclude the role of dye in the observed targeting efficiency, the dyes were
swapped: Arthrogen was labeled with IRDye 680, and mouse IgG was labeled with IRDye
800. BALB/c mice were injected iv with 40 pg of antibody, and the accumulation in the
main organs and joints was studied at 24 h and 22 days post-injection. This time, Arthrogen
showed longer half-life than IgG (64 vs 37 h, respectively Figure 2C), strongly suggesting
that the type of the label influences the pharmacokinetics of the antibody. Arthrogen-680,
but not 1gG-800, showed efficient and specific accumulation in the joints and the spine, with
almost no accumulation in skin and major organs at both early and late time points (Figures
2D and S2). Thus, although the label affects the pharmacokinetics of the antibodies, it does
not affect the targeting specificity.

For the majority of chronically administered therapeutic antibodies, subcutaneous injection
is the preferred administration route because it can typically be self-administered.28:2% \We
labeled both Arthrogen and mouse 1gG with IRDye 800 and injected subcutaneously (40 (g
in 40 4L of PBS) into separate BALB/c mice. The use of the same dye allowed for direct
comparison of accumulation of targeted and control antibodies without the confounding
effect of the dye chemistry. According to the fluorescent images of bones and main organs
(Figure 3A,B) and mean fluorescence quantification (Figure 3C) 21 days post-injection,
there was on average 4.7 times higher mean fluorescence in the joints of the Arthrogen-800
injected mouse than the mlgG-800 injected mouse. Arthrogen mean fluorescence in other
organs was much less (Figure 3B). As shown in Figure 3C, the mean fluorescence of control
organs was higher for 1gG-800 than that for Arthrogen-800. Additionally, mean fluorescence
of the joints in Arthrogen-800 injected mice was much higher than that of other organs. The
mean fluorescence in the hind limbs was 19 times higher than that in the heart, 8.7 times
higher than that in the liver, and 3.7 times higher than that in the kidney. These data suggest
that following subcutaneous injection Arthrogen preferentially targets the joints with
minimal deposition in other organs.

In order to quantify the absolute amount of antibody in the joints, we injected BALB/c mice
iv with 40 wg of Arthrogen-800, and 21 days post-injection digested the main joints in the
hind paws and forepaws (Figure 4A) as described in Materials and Methods and quantified
the amount of fluorescent antibody in the digests. In order to account for the effect of tissue
lysate on fluorescence, we prepared a standard curve of the antibody in digests of control
joints. Arthrogen showed accumulation levels ranging from 5.2 to 16.5 ng per joint (Figure
4B), with hind limb knee showing the highest accumulation, consistent with the NIR images
(Figure 4A). Control mouse 1gG showed no increase in fluorescence compared to
background.

In order to study the microscopical distribution of the antibody in the joints, we scanned the
forelimb of a mouse injected with 40 wg of Arthrogen-800 (Figure 3A) with Li-COR
Odyssey at the highest resolution (24 tm) and imaged histological sections with a NIR
fluorescence microscope. As shown in Figure 5A, there was intense deposition of
fluorescence in the joints, including the interphalangeal joints in the paw. In addition, there
was some fluorescence in the tendons and in the diaphysis of the bones, consistent with the
known collagen type 11 expression pattern.8 At the microscopic level (Figure 5B), NIR
fluorescence could be detected on the surface of the cartilage and on the endosteal surface
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facing the bone marrow. In addition, NIR fluorescence was observed inside chondrocytes
(Figure 5B, bottom panel).

Arthrogen is a combination of 5 clones that independently target different epitopes of the
CB11 fragment of collagen Il. In order to determine the targeting efficiency of Arthrogen
compared to a monoclonal antibody, we used a single clone that targets CB11 (hereafter
CBL11, Figure 6A). CB11 was labeled with IRDye 800, and the labeling efficiency was
matched to Arthrogen-800 (Figure 6B).

First, we measured the ECsq of binding of both antibodies to a collagen Il-coated plate. As
shown in Figure 6C, both antibodies bound to collagen Il with similar affinity (ECgg 4.9 and
3.7 ng/mL for Arthrogen and CB11, respectively), but the monoclonal CB11 antibody
showed ~threefold less binding than Arthrogen. Accumulation of antibodies tested ex vivo
in the joints of bones taken from the hind limbs (Figure 6D) again showed a ~threefold
lower accumulation of CB11. Following intravenous injection of 40 wg/mouse,
Arthrogen-800 and CB11-800 showed similar elimination profiles (Figure 6E). Twelve days
post-injection, both antibodies showed specific accumulation in the joints (Figure 6F).
However, the targeting with CB11 was less efficient; in the joints of greater surface area
such as the knee and the shoulder, the accumulation was ~twofold lower than Arthrogen
(Figure 6G).

DISCUSSION

In this work, we examined the pharmacokinetics, targeting efficiency, and specificity of a
pentaclonal anti-collagen 11 antibody cocktail and compared it to a monoclonal anticollagen
Il antibody targeted to the same region of collagen. Many strategies other than collagen Il
targeting have been explored to target bone, joint tissue, or cells associated with RA. These
strategies include complement C2 receptors that bind to complement C3d fragments
deposited on the synovial surface,3 poly-Asp peptide that binds to hydroxyapatite in the
bones,37 PEGylated carbon nanotubes that target monocytes,38 anti-CD1633940 and anti-
complement C5aR*! antibodies that target inflammatory macrophages, anti-CD44 antibody
that targets cell adhesion receptors,*2 phage display peptide that binds sinoviocytes,*344 and
the arginylglycylaspartic acid peptide that targets angiogenic neovasculature in inflamed
joints.4> Although some of these approaches showed efficacy when coupled with
therapeutics delivery, to our knowledge, none of these strategies achieved the same level of
targeting specificity as Arthrogen. Our data demonstrate highly specific and efficient
accumulation of the polyclonal anti-collagen Il antibody in the joints of the limbs and spine.
Although the pharmacokinetics of the monoclonal antibody was similar to Arthrogen, its
targeting efficiency was much lower than Arthrogen. Binding of pentaclonal Arthrogen to
multiple epitopes can result in higher target occupancy, which could theoretically explain the
observed difference in accumulation, but needs to be investigated further with additional
clones of anticollagen antibodies. Although the percentage of bound IgG is lower than
reported for tumor-targeted antibodies, 30 it must be kept in mind that we measured the
antibody accumulation 3 weeks after the injection, and by that time, some of the antibody
and/or dye could already be degraded and excreted. From a therapeutic standpoint, antibody
cocktails targeted to multiple epitopes on collagen 1l could be a promising carrier for
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systemically or subcutaneously injected targeted therapeutics to treat rheumatic diseases
such as OA and RA. It is generally accepted that nontargeted arthritis therapy causes
systemic toxicities.* For instance, in OA, which lacks disease-modifying therapeutics,
anti-inflammatory glucocorticoids and nonsteroidal antiinflammatory drugs (NSAIDSs) are in
prevalent use along with hyaluronic acid and chondroitin sulfate.3! Systemic glucocorticoid
administration leads to Cushing’s syndrome, whereas NSAIDs commonly irritate the
gastrointestinal tract, leading to ulceration. Direct IA injection avoids initial systemic
exposure, but the dwell time of therapeutics in the articular space is not long32 and systemic
exposure still occurs. Constructs such as hanoencapsulation and hydrogels have been
utilized in attempt to maximize drug effects after injection by controlling the rate of release.
33.34 However, A injections are only feasible when one or two large joints are affected.3°
Therefore, both OA and RA may benefit from improved targeting strategies.

In conclusion, our work suggests that multiclonal anti-collagen antibody cocktails should be
explored for targeting of the joints in disease models including RA and eventually for
therapeutic delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fluorescent labeling of Arthrogen: (A) CB11 fragment of collagen type |1 targeted by
Arthrogen (5 different epitopes); (B) labeling with IRDye 800 on the lysine groups of

Page 12

Arthrogen. The actual labeling was 2 dye molecules per IgG for this experiment; and (C)

reducing SDS-PAGE shows labeling of both heavy and light chains of the antibody.
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Figure 2.
Accumulation of Arthrogen in joints of healthy BALB/c mice after iv injection: (A)
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circulation profile and pharmacokinetic data (slow phase) of Arthrogen-800 and control

mouse 1gG-680. The experiment was repeated twice; (B) images of dissected bones of
Arthrogen-injected (green) and mlgG-injected (red) mice. Arthrogen clearly localized in the
joints. In each panel, from top to bottom: spine, hind limb, and forelimb. Contrast in 700 and

800 nm channels was adjusted to the same extent for all mice; (C) circulation profile and

pharmacokinetic data (slow phase) of Arthrogen-680 and control mouse 1gG-800; (D)

images at 24 h (perfused mouse) and 3 weeks post-injection show fast and specific
accumulation of Arthrogen in the joints and the spine. In this experiment, the labeling dyes

were swapped, mlgG (green) and Arthrogen (red). Dots show 100x dilution of each

antibody applied on nitrocellulose membrane and scanned together with the organs. The

photographs and scans of all bones and major organs are in Figure S2.
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Figure 3.
Specificity of Arthrogen accumulation in joints of healthy BALB/c mice following

subcutaneous injection: (A) images of dissected bones of Arthrogen-800-injected and
control mlgG-800-injected mice. Auto fluorescence was scanned at 700 nm. FL = forelimb,
HL = hind limb; (B) images of control organs (N = non-injected, 1gG = control migG-800,
and Arth = Arthrogen-800); (C) mean fluorescence of organs as determined from grayscale
images. Contrast in 700 and 800 nm channels was adjusted to the same extent for all mice
and for all organs and bones. The experiment was repeated twice.
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Figure 4.
Distribution of Arthrogen in different joints: joints were dissected, homogenized, digested

with proteinase K, and the amount of fluorescence was quantified as described in Materials
and Methods (7= 2 BALB/c mice, 2 joints per group). (A) Limbs of mice 3 weeks after
injection. S = shoulder, E = elbow, K = knee, and A = ankle; (B) quantification in the
dissected joints.
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A Arthrogen

Cartilage

Arthrogen Hoechst Tissue autofluorescence

Figureb.
High-resolution NIR imaging of the bones after Arthrogen injection: (A) forelimb from

Arthrogen-injected mouse (Figure 3) scanned at 24 m resolution with Li-COR. The high-
resolution image shows accumulation in the joints, tendons, and to some extent in the
diaphysis of the bone; (B) histological sections of knee and elbow joints of Arthrogen-
injected mouse imaged with a NIR microscope. The antibody not only accumulated in the
cartilage (C) but also was observed on the endosteal surface (E). B = bone, BM = bone
marrow, and M = for muscle. High magnification (bottom) shows accumulation in
chondrocytes in the cartilage. Red autofluorescence (rhodamine filter) highlights muscle and
bone marrow.
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Figure 6.
Accumulation of monoclonal Ab vs Ab cocktail in the joints of BALB/c mice after iv

injection: (A) epitope of CB11 domain of collagen Il targeted by the CB11 monoclonal
antibody; (B) NIR image of SDS-PAGE gel of both CB11-800 and Arthrogen-800 showing
similar labeling efficiency (100 ng of each Ab was loaded); (C) collagen binding assay
shows binding to collagen with similar affinity but lower efficiency for CB11-800; (D)
images of bones exposed to CB11-800 and Arthrogen-800 ex vivo and quantification of
mean fluorescence of joints at 800 nm; (E) CB11 and Arthrogen show similar rates of
clearance determined by plasma fluorescence at 800 nm; (F) images of dissected bones of
CB11-800 and Arthrogen-800 iv-injected mice. HL = hind limb, FL = forelimb, and S =
spine. The signal in 700 nm (autofluorescence) was enhanced to make the bones visible; (G)
quantification of total fluorescence of joints in (F) shows higher accumulation of
Arthrogen-800 in most joints.
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