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Abstract

Objectives: To assess the ability of monoclonal antibodies (mAbs) specific for fibronectin extra-domain A (FNEDA) to
target diseased tissues of mouse collagen induced arthritis (mCIA) models. To explore the parameters of the targeting
exhibited by anti-FnEDA mAbs including timing and location.

Methods: Targeting capabilities of anti-FnEDA mAbs were demonstrated by biodistribution study where i.v. injected
antibodies were detected by conjugated near-infrared (NIR) fluorophore, 125 |abel and immunohistochemistry (IHC)
of the injected antibody. Location of FNEDA expression in both mCIA and human RA tissue were mapped by IHC.
Quantification of anti-FnEDA mAbs targeted to disease tissue was measured by whole-body autoradiography (WBA).
Timing of the targeting was interrogated with fluorescent and confocal microscopy using anti-FnEDA mAbs labeled
with different fluorophores and injected at different times.

Results: Anti-FnEDA mAbs show specific targeting to diseased paws of mCIA animal. The targeting was focused on
inflamed synovium which is consistent with FnEDA expression profile in both mCIA and human RA tissues. Anti-
FREDA mAbs accumulated in diseased tissue at pharmacologically relevant concentrations, the targeting was sus-
tained for up to 14 days and FnEDA was able to support targeting of multiple doses of anti-FnEDA mAbs given 5 days
apart.

Conclusion: FnEDA is specifically upregulated in the inflamed tissues of mCIA. Antibodies specific for FNEDA can be
useful as molecular delivery vehicles for disease specific targeting of payloads to inflamed joint tissue.

Introduction significant unmet clinical needs. The advent of bispe-
Treatment of rheumatoid arthritis (RA) has greatly cific engineering of biologics has presented an oppor-
improved in recent decades driven in large part by tunity to further develop improved therapeutics
biologics, most notably, biologics antagonizing TNFa. through targeted delivery [1, 2]. Selectively delivering
However, many treated patients only partially respond  drugs to areas affected by disease ensures optimal and
to therapy or response decreases over time leaving prolonged exposure at the relevant site [3-5]. Com-

bined with engineering to decrease systematic circula-

tion, this technology platform could increase efficacy,

*Correspondence: victorsun@abbvie.com improve dosing frequency, decrease side effects, and
! Drug Discovery Science and Technology, Abbvie Bioresearch Center, potentially enable delivery of payloads that might oth-
Worcester, MA, USA erwise not be tolerated. Cytokines are an attractive

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0001-6279-6866
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42358-022-00247-2&domain=pdf

Sun et al. Advances in Rheumatology (2022) 62:17

class of therapeutic agents that can benefit from the
targeted approach in the form of immunocytokines.
Although the antibody targeted delivery of cytokines is
still in relative early stage of research and development,
there is emerging clinical validation of this approach
in oncology and more recently in autoimmune disease
[6-8].

To achieve antibody targeted delivery of biologics, a
disease specific epitope is needed. Ideally, a targeting
epitope for drug delivery should have minimal expres-
sion in normal tissue, be accessible by large biologics and
expressed in sufficient quantity at the diseased site to
allow delivery of payloads at pharmacologically relevant
concentrations. Fibronectin is a widely expressed extra-
cellular matrix protein with important roles in cell adhe-
sion through its interaction with integrins. Fibronectin
extra-domain A (FnEDA) is a fibronectin type III repeat
module that is included in the fibronectin sequence
through alternative splicing in a number of disease cir-
cumstances, examples include growing tumors, devel-
opment of fibrotic pathology as well as in autoimmune
disease such as rheumatoid arthritis and IBD [8-10]. In
human RA samples, FnEDA expression is predominantly
associated with the proliferating synovial inflamed pan-
nus tissue [11, 12], offering an excellent expression profile
to support targeted immunocytokine therapy.

Antibodies targeting FnEDA, in small immunoprotein
and diabody IL10 fusion formats, have been evaluated
previously as vehicles for targeted delivery of biologics
for the treatment of RA in the mouse collagen induced
arthritis model [13]. This prior report elegantly dem-
onstrates that the FnEDA targeted diabody is enriched
in the inflamed joints of mCIA animal relative to non-
inflamed paws and negative control constructs. High
resolution immunostaining of the diabody showed the
distribution pattern to be predominantly perivascu-
lar in nature, consistent with observations of targeting
in tumor neovasculature with similar constructs [7, 14,
15]. In addition, recent publication used PET imaging
to show similar FnEDA targeted immunocytokine was
able to concentrate in the inflamed joints of RA patients
which demonstrates a successful translation from rodent
to human [16]. In order to further characterize the tar-
geting of FnEDA specific antibodies in mCIA models,
we undertook biodistribution studies of anti-FnEDA
antibodies and characterized targeting at the organ level
with ex vivo imaging, at tissue level with high resolution
immunohistochemistry and using quantitative detection
methods. Having established that FnEDA targeted anti-
bodies directly accumulate in the inflamed synovium,
consistent with the human immunoreactivity profile,
we proceeded to characterize other properties impor-
tant to the therapeutic deployment of FnEDA targeting,
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including tissue retention time, dose-dependence and
repeat dosing properties.

Materials and methods

Anti-FREDA mAb generation, fluorescent labeling,

and characterization

The anti-FnEDA mAbs used in this manuscript were gen-
erated at Abbvie and described previously [6]. Antibody
used in human IHC were purchased (Abcam). Consist-
ent with previous reports, the anti-FnEDA antibodies
were able to specifically bind to fibronectin containing
the splice insertion of EDA with no binding to plasma
fibronectin that does not contain the FnEDA. To enable
biodistribution studies, anti-FnEDA mAb and non-
specific control anti-Tetanus Toxoid (TeTx) mAb was
conjugated to Alexa Fluor 488 (AF488), Alexa Fluor 647
(AF647) (ThermoFisher) and IRDye® 800CW (LiCor)
through N-Hydroxysuccinimide ester chemistry follow-
ing a modified protocol based on manufacture supplied
instructions. Briefly, the antibody was buffer exchanged
into PBS pH 8.0 and threefold molar excess of amine-
reactive fluorescent dye was added to the antibody solu-
tion. The mixture was incubated at room temperature
with gentle shaking for 2 h. Buffer exchange to PBS pH
7.4 and removal of free dye was accomplished using PD
10 desalting columns (GE Life Science). ELISA binding
assay was used to evaluate specific binding to FnEDA and
whether the fluorescent labeling of the mAbs affected
the binding behavior. In this assay, 96-well EIA/RIA
clear flat-bottom microplate (Corning) was coated with
recombinant fibronectin containing EDA and plasma FN
that does not contain EDA (R&D Systems) at 1 pg/mL.
Next, the anti-FnEDA and anti-TeTx mAbs were serial
diluted from 10 pug/mL down to 0.0006 ug/mL onto the
ELISA plate. After washing, HRP-conjugated goat anti-
human secondary antibody (Thermo Fisher Scientific)
were added. Finally, the plate was washed again and
detected with 1-step TMB substrate and quenched with
equal volume of 2 N sulfuric acid (Invitrogen). The sta-
bility of labeled antibodies, and sufficient removal of free
dye was checked with analytical size-exclusion chroma-
tography (AnSEC) using Superdex 200 increase 5/150
gl column (GE Life Science). The degree of label was
calculated using absorbance values of protein and dye.
Uniform fluorescent intensity at same concentration was
also confirmed using Odyssey CLx NIR Imaging System
(LiCor).

Collagen-induced arthritis mouse model

Male DBA/1 ] mice (The Jackson Laboratory) were used
at 6—8 weeks of age. Mice utilized in these studies were
conducted at AbbVie to the standards of the Associa-
tion for the Assessment and Accreditation of Laboratory
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Animal Care Standards. All studies with mice were per-
formed according to approved protocols by AbbVie’s
Institutional Animal Care and Use Committee (IACUC).
Arthritis was induced with an intradermal injection
at the base of the tail with 100 ul emulsion containing
100 pg type II bovine collagen in 0.1 N acetic acid and
100 pl complete Freund’s adjuvant containing 100 pg
Mycobacterium tuberculosis H37Ra (BD Difco). A boost
of 1.0 mg zymosan A in 200 pl phosphate-buffered saline
(Life Technologies, Grand Island, NY) was given 21 days
later via an i.p injection. Disease onset occurred within
3-7 days following the boost, and mice were monitored
daily for a change in paw swelling with a caliper thickness
gauge (Dyer).

Immunohistochemical analysis of mouse and human tissue
All immunohistochemistry (IHC) was performed on the
Leica Bond RX. Human RA synovium samples were eval-
uated for fibronectin EDA expression with a mouse anti-
FnEDA monoclonal antibody (Abcam). Formalin-fixed,
paraffin-embedded (FFPE) tissue was obtained from
Folio Biosciences (Discovery Life Sciences Huntsville,
AL, samples provided under agreement 00007398.0). Fol-
lowing baking and deparaffinization, tissue sections were
blocked with both dual endogenous block (Agilent) and
protein block (Agilent). The epitope was unmasked enzy-
matically with proteinase K (Agilent) prior to a 30-min
incubation with the primary antibody at 7.5 ug/ml,
detected with Leica’s HRP polymer, and visualized with
DAB (Leica’s Bond Polymer Refine Detection kit) with a
hematoxylin counterstain.

FFPE Mouse CIA paws, decalcified with either EDTA
or Calrite, were stained with biotin-labeled human mon-
oclonal FnEDA. Tissue sections were baked at 60 °C,
deparaffinized and rehydrated through graded alcohols.
The epitope was unmasked using overnight heat pre-
treatment at 60 °C with Leica’s citrate buffer; enzymatic
pretreatment with protease 1 (Roche) was also used while
running IHC on the Bond platform. Tissue sections were
blocked with dual endogenous block, streptavidin/biotin
blocking kit (Vector Labs), and protein block prior to a
60-min incubation with the primary antibody, human
FnEDA-biotin labeled at 10 pg/ml. The FnEDA was
detected with Vectastain elite ABC-HRP reagent (Vector
Labs) or donkey anti-human HRP conjugated secondary
(Thermo) and visualized with DAB (Leica Bond Polymer
Refine Detection kit) with a hematoxylin counterstain.
All slides were scanned on a Pannoramic 250 Slide Scan-
ner (3D Histech).

800CW-NIR fluorescence biodistribution
To compare the targeting of anti-FnEDA mAbs in disease
vs. normal tissues, mCIA animals were enrolled between
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days 24 and 28 at the first clinical signs of disease and
were used for imaging at peak inflammation on day 7
post-enrollment.

Conjugation of anti-FnEDA antibody with IRDye
800CW-NHS ester (Li-COR) was performed accord-
ing to methods described in a previous section. For
organ distribution, 5 mg/kg of labeled anti-FnEDA and
anti-TeTx were administered through an i.v. injection to
mCIA and naive mice, 3 mice per group. Injected mice
were euthanized at 72 h post-administration, perfused
with saline and the organs were excised to acquire fluo-
rescence images across different tissues using a LiCOR
Pearl imaging system. Mean fluorescence was deter-
mined from using ImageStudio software (Li-COR) by
subtracting the background, drawing a region of inter-
est around the organs, and using a measure function to
determine the mean value.

Targeting of a single-dose anti-FNEDA mAb to inflamed
joints

To assess the ability of anti-FnEDA mAb to target and
be retained in the inflamed joints, naive and mCIA
mice received 5 mg/kg of anti-FnEDA or anti-TeTx mAb
through i.v. injections on day 31 after disease induction.
Animals were euthanized 48 h after administration of the
antibodies and tissues were harvested and processed by
FFPE and sectioned to 5 um, followed by immunohisto-
chemical detection of the injected human antibody.

To investigate antibody retention in the diseased tis-
sues, 9 naive and 9 mCIA mice received 5 mg/kg of
anti-FnEDA mAb iv. injections on day 31 after disease
induction. Three animals were euthanized at each time
point 48 h, 6 days or 13 days following administration of
the mAD. Tissues were processed by FFPE and sectioned,
followed by immunohistochemistry to detect the human
mAb.

To understand the targeting performance of the anti-
FnEDA antibody at different doses, 3 mCIA mice each
group were administered through i.v. injections with 3,
1, 0.3 and 0.1 mg/kg of anti-FnEDA antibody on day 31
after disease induction. Animals were euthanized after
48 h, and FFPE sections of collected tissue were analyzed
with anti-human IHC detection.

Whole-body autoradiography (WBA)
Reagents
The Anti-FnEDA mAb and anti-TeTx Antibodies were
labeled with '*I through PerkinElmer Life and Analytical
Sciences via a modified lactoperoxidase procedure with
BSA carrier was added to retard radiolysis. The iodinated
antibodies were to be more than 95% pure with specific
activity of 10.1uCi/ug.

Whole-body tissue preparation study 1.
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Ten CIA mice each group were dosed iv. with 5mpk
cold Anti-FnEDA or anti-TeTx and (80uCi/Kg) '*I
labeled Anti-FnEDA or anti-TeTx and euthanized 48 h.
after injection. Mice were frozen over hexane/dry ice for
30 min, dried off and placed in — 80 °C overnight. The
frozen mice were casted in blocks of 3% carboxymeth-
licellulose (CMC). Cryosectioning was performed with
a Leica CM 3600 to collected 40 yum sections at 3 levels
of interest in the sagittal plane so that all major tissues,
organs, and biological fluids were included. Representa-
tive sections were freeze-dried at —20 °C and mounted
onto cardboard wrapped with Mylar film and exposed on
phosphorimaging screens along with autoradiographic
standards. The autoradiographic standards and image
data were sampled using MCID software to create a
calibrated standard curve to convert nanocuries/g to ng
equivalents/g.

Mouse paw autoradiography study 2

CIA mice were dosed IV with 5mpk cold anti-FnEDA
or anti-TeTx and (80uCi/Kg) '*I labeled Anti-FnEDA
or anti-TeTx. Based on blood radioactive levels, 14-day
time point was chosen to allow the systemic clearance of
dosed antibodies. All mice were euthanized by asphyxi-
ation on day 14 after injection. The paws were dissected
and fixed in formalin for 24 h, decalcified, infiltrated with
sucrose, and embedded in OCT, sectioned at 40 pm and
mounted onto glass slides.

The radioactive blood standards were prepared by spik-
ing radiolabeled antibodies into blood and serially diluted
over the desired concentration range of 0.0024 to 5 uCi/
ml. Multiple holes were drilled into a CMC block which
was filled with standards processed similarly to CMC
blocks with paws.

Dual injection study

The anti-FnEDA mAb labeled with AF488 or AF594
were tested to ensure binding was not affected by the
attached fluorophore (data not shown). The mCIA mice
31 days after disease induction were first injected 5 mg/
kg of Anti-FnEDA-AF488, and a second dose of anti-
FnEDA-AF594 was administered also at 5 mg/kg 5 days
later to simulate 2x/week dosing regimen. On the 7th
day after first injection, animals were euthanized, and
inflamed joints were harvested and embedded into fresh
frozen OCT blocks. Sections of the inflamed joints were
imaged using a Nuance Spectral imaging camera (Per-
kin Elmer). SP5 Laser Scanning Confocal Microscope
(Leica) was used as orthogonal confirmation of florescent
signal from dual injections. Sequential scans were per-
formed with excitation with 405 nm and 594 nm lasers
for the first scan and 488 nm laser in second scan. Emis-
sion spectrum collection was done with hybrid detector,
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bandwidths were adjusted with Acousto Optic Tunable
Filters to avoid signal bleed through of different channels.

Results

Evaluation of disease specific tissue targeting using
NIR-labeled anti-FNEDA antibody

To evaluate the disease tissue-targeting ability of anti-
FnEDA mADb in vivo and assess nonspecific tissue bind-
ing, tissue biodistribution studies were conducted using
NIR optical imaging with 800CW-labeled antibodies in
whole mount organ samples. The labeled antibodies were
extensively characterized and found to have a degree of
labeled between 1.5 to 2 dye molecules per antibody, no
aggregation detected by AnSEC (data not shown), and no
change in binding capability to FnEDA (Fig. 1A). Figure 1
summarizes the imaging data obtained using anti-FnEDA
and the anti-TeTx control antibody after a single 5 mg/kg
i.v. injection. As shown, analysis of tissues collected from
naive and CIA animals dosed with anti-FnEDA mAb
revealed that the 800CW mean signals in paws of CIA
mice (0.3£0.1) were markedly higher (p<0.001) than
those in naive paws (0.08£0.01) (Fig. 1B). The biodis-
tribution profiles (Fig. 1C) showed that when compared
with anti-TeTx control, significantly more anti-FnEDA
mAb was retained in the inflamed paw (p <0.01), indicat-
ing epitope-specific targeting. All the other organs dis-
played comparable uptake for both the antibodies. The
data for kidney and liver were not enumerated as they are
the clearance organs with very high non-specific signals.
Representative fluorescent images of the organs from the
study are shown (Fig. 1D-F).

Anti-human IHC detection after single dose i.v. injection

of anti-FnEDA antibody

In addition to NIR imaging, which quantitates relative
levels of injected antibody in different organs, IHC was
also used to provide high resolution insight into the loca-
tion of antibody distribution within a tissue. Looking at
the distribution of unlabeled antibodies is also a check
to ensure fluorescent labeling did not alter the distribu-
tion behavior of antibody within the body. Imaging of
inflamed knee joints showed that systemically admin-
istered anti-FnEDA antibody associated with disease-
related tissue features with high levels of specificity.
Intense immunoreactivity is observed in the inflamed
synovium (Fig. 2A, C) and focal erosion pits in the knee
(Fig. 2B). Levels of anti-FnEDA in representative soft tis-
sue organs of mCIA animal was much lower (Fig. 2D-F).
The non-specific anti-TeTx mAb showed minimal lev-
els in the inflamed knee joint of mCIA animal (Fig. 2G).
While biodistribution studies were generally conducted
at 2- or 3-day time points, single injection of anti-FnEDA
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Fig. 1 (A) Biodistribution of anti-FnEDA-IR800 in mice. Binding analysis of anti-FnEDA mAb (blue triangle), IR800 labeled anti-FnEDA mAb

(green circle) and isotype control anti-TeTx mAb (red square), (N =3 for each data point, with standard deviation bars). (B) MFI plots of
anti-FNEDA-IR800 in organs of naive versus CIA mice, showing significant difference between MFI values between naive paws and mCIA paws
(N=3, p<0.001). (C) Comparison between non-specific anti-TeTx-IR800 and anti-FNEDA-IR800, showing significant difference between MFI values
of anti-FNEDA-IR800 and non-specific anti-Tetx-IR800 in mCIA paws (N=3, p<0.01). (D) Representative ex vivo images of organs from mCIA animals
dosed with anti-FnEDA-IR800, (F) naive animals dosed with anti-FnEDA-IR800 (E), and mCIA animals dosed with anti-TeTx-IR800 (F)

mAD at 5 mg/kg was still detectable in the inflamed knee
joints after 6 days and 13 days (Fig. 3C, D).

In a parallel experiment, the dose-response of anti-
FnEDA antibody in tissue targeting was evaluated. The
anti-FnNEDA mAb was administered at concentrations
of 3, 1, 0.3 or 0.1 mg/kg into mCIA animals and the
inflamed knee joints were analyzed by anti-human IHC
detection. As shown, the labeling intensity of anti-FnEDA
mAb administered at 3 mg/kg (Fig. 3E) was nearly equal
to that seen in previous studies at 5 mg/kg (Fig. 3B).
Lower doses showed less intense tissue targeting by the
anti-FnEDA antibody (Fig. 3F-H). The two lowest doses
also showed less comprehensive targeting to the inflamed
areas within the joint. Anti-FnEDA mAb dosed into naive
mice did not show any detectable distribution into the
joints (Fig. 3A).

FnEDA expression in human and mouse inflamed joints

The biodistribution data show that anti-FnEDA mAb
was able to target the inflamed synovium in mCIA
knee joints. However, contrary to previous literature
reports, very little retention in the perivascular space
was observed. To ascertain the biodistribution data

matches the FnEDA expression profile in RA, IHC anal-
ysis was performed on both mCIA and human RA tis-
sues. In mCIA ankles, IHC confirmed robust expression
of FnEDA in the inflamed synovium (Fig. 4A, C), while
higher resolution images show staining around vessels is
less consistent and slightly less pronounced (Fig. 4B, D).
FnEDA was detected in human RA tissue primarily in the
lining synovial fibroblasts with little to no staining in sub-
lining fibroblasts or around vessels (Fig. 4E, F). The IHC
expression data therefore suggests that the lack of obser-
vation of perivascular uptake with dosed anti-FnEDA
mAD in the biodistribution studies is either due to the
signal sensitivity from antibody associated with the vas-
cular regions or clearance of the antibody at time-points
of 48 h or later.

Whole-body autoradiography

Thus far, NIR biodistribution and IHC images show
systemically administered anti-FnEDA antibody was
able to concentrate in the disease area more than con-
trol tissue, which is an important characteristic for an
antibody to be used as a drug delivery vehicle. Another
important characteristic is the sustained level of antibody
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Fig. 2 Anti-FnEDA mAb biodistribution detected by anti-human IHC. Biodistribution into inflamed knee joints (A-C), contrasts with non-specific
organs shown in spleen (D), kidney (E) and liver (F); inflamed joints from animal treated with isotype control anti-TeTx antibody (G). Arrows point to
disease specific structures (N=3, Arrows in A and C point to inflamed synovium, arrows in B indicates focal erosion pits, magnification level is noted
in each picture)

) h ¢ : i 0l e A
Fig. 3 Duration and dose-down of anti-FnEDA biodistribution in mCIA joint tissue. Dosed anti-FnEDA mAb detected by IHC in joints of naive animal

(A) and mCIA animal after 48 h (B), 6 days (C) and 13 days (D). For dose-down study, i.v. injection was administered to mCIA animals at: 3 mg/kg (E),
1 mg/kg (F), 0.3 mg/kg (G) and 0.1 mg/kg (H). (N=3, Arrows point to disease specific structures, magnification level is noted in each picture)
.
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picture)

Fig. 4 Immunohistochemistry detection for FnEDA epitope. mCIA ankle(A-D) and human RA tissue (E, F) sections were labeled with anti-FnEDA
mAb and detected with HRP-labeled secondary mAb (brown). (N =3, Arrows points to areas of inflammation, magnification level is noted in each

that reached the diseased area, as this parameter will
be helpful in choosing viable payload pairings. In order
to quantify the levels of targeted antibody, whole body
autoradiography (WBA) experiments were performed
to quantify the concentration of '’I-anti-FnEDA and
125]_anti-TeTx antibodies in the inflamed paw. Consistent
with NIR biodistribution and IHC data, the whole-body
image (Fig. 5A) showed much higher levels anti-FnEDA
antibody in the inflamed knee and paw compared with
anti-TeTx antibody. To confirm the radioactive signal did
not come from free isotope that has become detached
from labeled antibody or from degraded antibody frag-
ments, serial sections of a mCIA knee joint were col-
lected and analyzed by IHC to compare with the WBA
image (Fig. 5B). Overlay of the IHC and WBA images
showed consistent co-localization of anti-FnEDA anti-
body and the radioactive signal, which suggests that the
radiolabel was still attached to functional antibodies. The
125I_anti-FnEDA consistently showed higher level of dis-
tribution into inflamed knee joints and paw compared
with 12°I-anti-TeTx (Fig. 5C, two representative images
from ten animals). The radioactive signal from selected
regions (Fig. 5D) were quantified and converted to ng
of antibody/g of tissue using a standard curve (Fig. 5E).
This quantitative methodology demonstrates significantly
greater enrichment of anti-FnEDA mADb relative to con-
trol antibody in the selected regions analyzed (p <0.001).
The observed concentration equates to around 0.1 nM at
14 days after a single dose of anti-FnEDA mAb which is
more than sevenfold higher than observed concentration
of anti-TeTx control antibody under similar conditions.

Dual injection study

In addition to specificity and bioavailability, an ideal
epitope for targeted drug delivery should also be present
in relative abundance. Abundant expression ensures that
the targeting epitope will not be saturated too quickly to
allow accumulation of therapeutically relevant concentra-
tion at the diseased site; it can also help sustain multiple
dosing which is critical for effective treatment of chronic
diseases. To check the durability of FnEDA as a targeting
epitope, an experiment was performed where the same
group of mCIA animals were dosed with a 5mpk dose
of AF-488 labeled anti-FnEDA antibody on day 1, then
a second dose of AF-594 labeled anti-FnEDA antibody
was given on day 5 (Fig. 6). The day 5 time point for the
second dose was chosen to simulate twice a week dos-
ing regimen with the imaging time point at 7 days from
first dose, which is well within the retention time win-
dow of anti-FnEDA mAbs in inflamed joints as suggested
by the WBA study. Microscopy images clearly show
significant labeling of the inflamed pannus tissue with
both fluorophores, indicating that the first dose of anti-
FnEDA-AF488 at 5 mg/kg did not stop the second dose
of anti-FnEDA-AF594 from targeting similar regions in
the inflamed joint. In some sections, the fluorescent pat-
tern of the two doses was significantly overlapping, giving
a yellow appearance to the image (Fig. 6C, D). In other
sections, more separated labeling patterns were observed
(Fig. 6A, B), and most of the anti-FnEDA mAb distrib-
uted to areas with structural features of pannus, consist-
ent with [HC, WBA and NIR imaging methodologies.
Although there are signals associated with blood vessels
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Fig. 5 Whole body autoradiography in mCIA model. Comparison of mCIA mice dosed with '%| labeled anti-FnEDA (left) and control '°l labeled
anti-TeTx mAD (right) (A). IHC detection of anti-FnEDA mAbs overlaid with the radio signal (B). Representative paws from animals dosed with
Anti-FnEDA or Anti-TeTx (C). For each paw, 3 circles with identical area were drawn over high intensity areas (D), and the radioactive signal from
these circles were converted to amount of antibody based on a standard curve and plotted (E). (Red bar represents the average amount of antibody
extrapolated from such areas in joints of mice treated with anti-FnEDA mAb with standard deviation, N=9. Blue bar represents the average amount
of antibody extrapolated from such areas in joints of mice treated with anti-TeTx mAb with standard deviation, N=9.)

(Fig. 6C), it is worth noting that these signals are pre-
dominantly from the second dose of anti-FnEDA-AF594.
This could be due to the fact that 48 h between the sec-
ond dose and imaging time was insufficient for blood
clearance.

Discussion

In this study, we have confirmed and demonstrated with
four different detection methods that the anti-FnEDA
antibodies are able to target and concentrate in the
inflamed joints of diseased animals in the CIA model
significantly better than a non-specific control antibody.
Using radiolabeled antibody, we have observed a close
correspondence with inflamed pathology and at high
resolution have observed targeting of the synovial pan-
nus, a major site of inflammation and mediator of dis-
ease mechanisms. This observation is consistent with
the expression pattern of fibronectin detected in human
rheumatoid arthritis tissue and thus validates the mouse
CIA model as a translationally relevant model to charac-
terize the targeting properties of therapeutics intended
for human use [11, 12]. Although the upregulation of
FnEDA in the inflamed synovium has been indirectly
suggested in previous studies[17], current study offer

histological proof that this upregulation is specifically
associated with areas of tissue that demonstrate disease
pathology. The efficient targeting of anti-FnEDA antibody
to the pannus and other disease-associated inflamed
structures in Fig. 2 helps explain the observed efficacy
of FnEDA targeted anti-inflammatory immunocytokines
such as IL10 [13] and IL4 [18]. In contrast to these pre-
vious studies, we only observed occasional targeting to
perivascular tissue. The reason for such differences is
unclear but could include differences in the timing of
dosing, timing of tissue harvesting, methodological dif-
ferences in antibody detection and/or format/epitope dif-
ferences in the FnEDA test articles deployed.

In addition to confirming distribution of anti-FnEDA
antibody to the arthritic joints, the current study also
evaluated various parameters that would be important in
designing effective targeted delivery strategies. We find
that a single dose of anti-FnEDA antibody was observable
in the disease tissue for up to two weeks (Fig. 3D). This is
likely a product of high tissue retention rather than sus-
tained targeting by circulating antibodies since the meas-
ured half-life of the anti-FnEDA antibody was 5-6 days
(data not shown). Targeting to inflamed pannus was
observed at doses between 0.1 and 5 mg/kg, a dose range
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Collagen Zymosan A
injection Boost

5 mg/kg dose
of anti-
FnEDA-AF488

5 mg/kg dose
of anti-
FnEDA-AF594

Fig. 6 FnEDA epitope can sustain targeting by anti-FnEDA mAbs over multiple 5 mg/kg injections. Imaged by a Perkin Elmer spectral imaging
system (A-B) and Leica SP5 confocal microscope (C-D). Blue: DAPI, Green: anti-FNnEDA-AF488 (Day 0), Red: anti-FNnEDA-AF594 (Day 5)

that is highly relevant to human therapy. We also find
that the FnEDA in the inflamed joints could sustain mul-
tiple doses of the targeting antibody, another important
feature of a targeting epitope for human therapy. While
both doses targeted inflamed synovial tissue, there was
some diversity observed in the relative distribution of the
two doses in this study, ranging from complete overlap
of the two dosed antibodies to separate patches of labe-
ling. Further investigations will be needed to determine
whether this is due to sub-saturating dose of the anti-
body, dissociation of first dose bound antibody or due to
synthesis and deposition of new FnEDA between doses.
FnEDA targeting of therapeutics has been exten-
sively studied in the context of cancer therapeutic

immunocytokines [19]. In in vivo animal studies, there
is strong evidence for the FNEDA epitope to be predomi-
nantly perivascular in nature [15, 18]. Our observations
confirm the existence of targeting of FnEDA antibodies to
the perivascular space of some blood vessels in inflamed
tissue. However, the signal is weak compared with the
labeling of the inflamed pannus tissue. Thus, induction of
FnEDA expression is not just associated with new blood
vessels but is directly associated with the inflamma-
tory tissue itself, consistent with reports of synthesis by
inflammatory synoviocytes in the diseased joints [12, 20].

In this study, we have focused on the targeting of
anti-FnEDA antibodies to the inflamed synovium in the
mouse CIA model with a pattern that is consistent with
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the observed expression of FnEDA protein in human
rheumatoid arthritis [12]. This phenomenon may also
have relevance more broadly as FnEDA expression has
also been observed in human osteoarthritis samples
[20]. Kragstrup et al. elegantly demonstrate the associa-
tion of FnEDA staining with inflamed tissue in OA joints
by immunohistochemistry and immunofluorescence
methods. Thus, FnEDA targeted therapeutics with anti-
inflammatory payloads may also be suitable for treating
osteoarthritis patients. The elevated FnEDA expression
in the inflamed synovium and focal erosion pits also
makes it attractive for delivering anti-inflammatory and
regenerative payloads in RA.

Conclusion

In summary, in this study we have performed a detailed
characterization of the targeting performance of FnEDA
specific antibodies and demonstrated the suitability of
the FnEDA epitope to support targeted therapeutics in
rheumatoid arthritis. FNEDA antibodies target selectively
to the disease tissue, they bind immediately proximal to
the pannus, the site of active inflammatory disease mech-
anisms, targeting is dose dependent and is sustained over
multiple weeks. These studies, together with the compa-
rable tissue expression pattern observed in human RA
tissue, support the use of the mCIA model to character-
ize FnEDA targeted therapeutics and support their trans-
lation in the treatment of rheumatoid arthritis patients.
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