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Target-Specific Delivery of an Antibody That Blocks
the Formation of Collagen Deposits in Skin and Lung

Jolanta Fertala,1 Freddy Romero,2 Ross Summer,2 and Andrzej Fertala1

Regardless of the cause of organ fibrosis, its main unwanted consequence is the formation of collagen fibril-rich
deposits that hamper the structure and function of affected tissues. Although many strategies have been
proposed for the treatment of fibrotic diseases, no therapy has been developed, which can effectively block the
formation of collagen fibril deposits. With this in mind, we recently developed an antibody-based therapy to
block key interactions that drive collagen molecules into fibrils. In this study, we analyzed target specificity,
which is a main parameter that defines the safe use of all antibody-based therapies in humans. We hypothesized
that, regardless of the route of administration, our antibody would preferentially bind to free collagen molecules
synthesized at the sites of fibrosis and have minimal off-target interactions when applied in various tissues. To
test this hypothesis, we used two experimental models of organ fibrosis: (1) a keloid model, in which antibody
constructs were directly implanted under the skin of nude mice and (2) an experimental model of pulmonary
fibrosis, in which our antibody was administered systemically by intravenous injection. Following adminis-
tration, we studied the distribution of our antibody within target and off-target sites as well as analyzed its
effects on fibrotic tissue formation. We found that local and systemic application of our antibody had high
specificity for targeting collagen fibrillogenesis and also appeared safe and therapeutically effective. In sum-
mary, this study provides the basis for further testing our antifibrotic antibody in a broad range of disease
conditions and suggests that this treatment approach will be effective if delivered by local or systemic
administration.
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Introduction

F ibrosis is a serious clinical problem that affects
various tissues and organs, including skin, lung, liver,

kidney, cornea, joint capsule, fascia, and others.(1) A com-
mon feature of organ fibrosis is the accumulation of deposits
that damage the structure and alter the function of involved
tissues. These deposits consist primarily of collagen fibrils
that form a resilient structure stabilized by the presence of
chemical cross-links.

Given that collagen deposits are a universal feature of all
fibrotic tissues, it has long been speculated that treatments
which block their formation might be effective in amelio-
rating pathological tissue scarring.(2) Since collagen I com-
prises almost the entirety of established tissue scars, scientists
have gone to great lengths to block various steps in collagen I
biosynthesis, including at the gene transcription level and at
various levels of intracellular posttranslational modification.(3,4)

However, despite demonstrating efficacy in cell culture sys-
tems, the feasibility of applying many of these approaches in
human disease remains unclear.

In addition to aforementioned approaches, scientists have
also targeted extracellular steps of collagen modifications,
including where procollagen N proteinase (PNP) and pro-
collagen C proteinase (PCP) cleave propeptides of collagen
to expose the telopeptides triggering collagen fibril forma-
tion.(5,6) Several inhibitors of PCP, including acidic dipeptide
hydroxamate, have been applied to block PCP in vitro, but
PCP knockout experiments have demonstrated that normal
collagen fibrils still exist in various tissues, indicating that
PCP alone is not responsible for processing procollagen
in vivo.(7,8) Similarly, PNP knockout experiments have also
demonstrated that fully processed collagen I and collagen III
can be found in PNP-deficient tissues, indicating that thera-
peutic approaches targeting this enzyme are unlikely to be
highly effective.(9)
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Finally, because extracellular cross-linking of collagen
molecules stabilizes the collagen fibrils, scientists have re-
cently tested whether fibrotic deposits could be reduced by
blocking the enzymes that catalyze the cross-link formation.
Initially, it was determined that blocking lysyl oxidase (LOX)
activity reduced pulmonary fibrosis in animal models.(10–13)

However, subsequent clinical trials using an anti-LOX2 an-
tibody, also known as simtuzumab, were terminated early
due to lack of efficacy in idiopathic pulmonary fibrosis.(14)

These results, and the approaches mentioned above, illustrate
that targeting the intracellular and extracellular processing of
collagen molecules remains a challenging problem.

In hopes of developing a novel therapy for organ fibrosis,
our group postulated that directly inhibiting the self-assembly
of collagen molecules into fibrils might be a more effective
approach for reducing pathological organ fibrosis.(2) Speci-
fically, our strategy was to block the assembly of individual
collagen molecules into newly formed fibrils, knowing that
this interaction depends on site-specific binding between the
telopeptide region of one collagen molecule and the telo-
peptide binding region of an interacting partner.(15) To this
end, we developed a recombinant antibody that specifically
binds to the C-terminal telopeptide of the a2 chain (a2Ct) of
collagen I.(2,16,17) Furthermore, we demonstrated that this
recombinant antibody, referred to as the antifibrotic antibody
(AFA), has antifibrotic properties in various in vitro and
in vivo model systems.(2,16,18–20) For example, we showed the
ability of our AFA to limit fibrosis in a rabbit-model of
posttraumatic arthrofibrosis.(20)

To date, our studies suggest that treatment with AFA is
safe and that our antibody binds to its intended target. For
instance, this antibody lacked any cell toxicity when applied
to a number of primary cells in culture.(16,17) Moreover, we
demonstrated that our AFA binds specifically to individual
collagen molecules before they are incorporated into fibrils
in vitro. While our published in vivo studies in mice and in
rabbits also suggest our AFA has no unwanted side effects,
we have yet to determine whether our AFA has significant
off-target binding in vivo.(2,21) Our present study analyzed
potential off-target binding of the AFA in mouse models of
keloid and pulmonary fibrosis. Our findings provide a basis
for further preclinical testing of our AFA to determine its
efficacy in limiting the consequences of organ fibrosis in a
wide range of tissues and in vivo model systems.

Materials and Methods

Production of the AFA

We used CHO cells to produce the recombinant human IgG
form of the AFA, as we have described elsewhere.(17,20) The
antibody was isolated from cell culture media, concentrated,
and then sterilized according to methods we described.(2,17,20)

Keloid-like constructs

All mice received humane care according to the guidelines
in the Guide for the Care and Use of Laboratory Animals.
Procedures performed on animals were approved by the
Thomas Jefferson University’s Institutional Animal Care and
Use Committee.

We used keloid-like constructs prepared according to
our earlier protocols (Fig. 1).(2) In brief, we generated the

organotypic constructs using three-dimensional open-cell
poly-lactic acid scaffolds (OPLA; BD Biosciences). Keloid-
derived fibroblasts were seeded dynamically into the scaf-
folds using a bioreactor (Sythecon, Inc., Houston, TX).
Subsequently, these constructs were implanted subcutane-
ously into nude mice (Nude-Foxn1nu; HARLAN Labora-
tories, Inc., Indianapolis, IN). Next, those constructs received
a 100-mL dose of the AFA present at a concentration of
1.5 mg/mL; similar doses of the AFA were injected every
3 days directly into the scaffolds and into surrounding areas.
After 1 month, the mice were sacrificed, and the scaffolds
were prepared for biochemical and morphological analyses,
as described.(2) In parallel experiments, control mice re-
ceived nonspecific human IgG (hIgG, Thermo Fisher Scien-
tific, Waltham, MA). For each group, 4 keloid-like constructs
were implanted under the skin of mice.

Systemic delivery of the AFA

Before applying the AFA in an organ fibrosis model, we
analyzed the time-dependent concentration of this antibody
in the bloodstream following intravenous (i.v.) injection. In
brief, n = 5 healthy mice received a single injection of this

FIG. 1. A keloid-like model of subcutaneous skin fibrosis.
(A) Nude mouse with four subcutaneous keloid-like inserts
(asterisks). (B) Keloid construct collected from a mouse. (C)
H&E staining of the cross section of the construct seen in
(B). (D) H&E staining of cells present in the cavities of the
keloid-like constructs. (E) Picrosirius red-stained collagen
fibrils deposited within cavities of the keloid-like constructs.
(D, E) Present cavities from the central region of a scaffold,
similar to that in (C) (asterisk). Scale bars = 100mm.
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antibody at 30 mg/kg. A separate group of mice, n = 3, re-
ceived the same amount of control hIgG. Subsequently,
we analyzed antibody concentration in plasma at selected
time points with the use of the human IgG-specific ELISA
kit (Abcam, Cambridge, MA). Each sample was diluted to
three different concentrations, each prepared in duplicate.
Subsequently, the amount of IgG was calculated based on
the standard curve prepared according to a manufacturer’s
protocol.

Lung fibrosis model

We used a model of bleomycin (BL)-induced pulmonary
fibrosis. Specifically, we generated acute lung injury with a
single intratracheal dose of BL. This model aims to recapit-
ulate the fibrotic remodeling that develops in response to the
acute pulmonary insult caused, for example, by inhalation of
toxic gases, severe pulmonary or systemic infections, or by
inhalation of massive quantities of organic or inorganic dust
particles, but is also used as a model of idiopathic pulmonary
fibrosis, the most common chronic fibrotic lung disease in
older adults.

Two days after BL treatment, the mice received 20 mg/kg
of the AFA via i.v. injection. The injection of the AFA was
repeated every 3 days. Subsequently, the mice were sacrificed
18 days after BL injury. In parallel experiments a group of
control mice was treated with nonspecific hIgG.

Collection of keloid-like constructs
and assays of collagen content

Following the sacrifice of mice, the keloid-like constructs
were collected. Each construct was divided into two samples;
one of them was used for microscopy while the other one for
chemical assays of collagen content.(2) After determining the
concentration of collagen-specific hydroxyproline, the col-
lagen content was calculated and then normalized with re-
spect to DNA present within the keloid-like constructs, as
described.(22)

Values for the collagen content in individual scaffolds
were then used to calculate the means. Next, we reported
individual data points and the means with 95% confidence
intervals (CIs) for the AFA-treated and hIgG-treated groups
(GraphPad Prism v. 5.03, GraphPad Software, Inc., La Jolla,
CA).

Microscopic assays of the distribution of the AFA
in mice harboring keloid-like constructs

In addition to harvesting the scaffolds, selected tissues and
organs were also collected for immunohistology-based as-
says to determine the tissue distribution of applied antibodies.
For these assays, we used the VECTASTAIN Elite ABC kit
that includes biotinylated anti-human IgG antibody, avidin,
and biotinylated horseradish peroxidase (HRP; Vector La-
boratories, Inc., Burlingame, CA). Utilizing this kit, tissue-
located AFA or control hIgG were ultimately detected using
Vector NovaRED HRP substrate.

In all assays, histological specimens were counterstained
with Methyl Green (Vector Laboratories, Inc.). Moreover,
negative controls, in which the biotinylated anti-human IgG
antibody was omitted, were also prepared.

Quantitative microscopy of collagen fibrils in lungs

In the lung fibrosis model, mice were sacrificed and the
lungs were inflated with 4% paraformaldehyde. Subse-
quently, the lungs were processed for histology. In addition to
the lungs, selected tissues and organs were also collected for
immunohistology to detect the AFA and hIgG, as described
above.

All collagen fibrils present in keloid-like constructs were
formed de novo by the cells seeded into scaffolds. In contrast,
in addition to collagen fibrils formed de novo in the BL-treated
lungs, native collagen fibrils were also present in blood vessels
and airways. The presence of these native collagen fibrils
causes a problem for chemical measurements of novel colla-
gen deposits formed in the lung tissue.(23) To circumvent this
problem, instead of using the hydroxyproline-based assays of
the collagen content in lungs, we used quantitative micros-
copy. This method allows direct measurement of the colla-
gen fibrils present only in well-defined fibrotic lesions. For
these direct assays, we used picrosirius red-stained samples
according to described protocols.(20,21) In brief, picrosirius-
stained sections were photographed first in normal light and
then in polarized light (Eclipse LV100POL; Nikon, Inc.,
Melville, NY). For assays of the density of fibrils, the regions
of interest (ROIs), corresponding to the areas of the lesions,
were delineated in the normal-light images. Then, these ROIs
were automatically copied to the corresponding areas of im-
ages taken in polarized light. Subsequently, the fibrils within
the ROIs were automatically detected by the NIS-Elements
software (Nikon, Inc.). Finally, we calculated the total area
of each ROI and the percent area occupied by fibrils within
each ROI.

For quantitative microscopy assays, we used n = 5 BL-
injured AFA-treated mice, n = 7 BL-injured hIgG-treated
mice, and n = 3 BL-injured nontreated mice. On average, we
analyzed five ROIs per mouse. Subsequently, we calculated
the mean percent area for each analyzed group. Next, we
compared the statistical significance of the differences be-
tween the means of the following group pairs: (1) BL-treated
mice that received the AFA and BL-treated mice that re-
ceived hIgG, (2) BL-treated mice that received the AFA and
BL-treated mice that did not receive any antibody, and (3)
BL-treated mice that received hIgG and BL-treated mice that

FIG. 2. Graphic representation of the collagen content in
the keloid-like constructs treated with the AFA or hIgG. The
amount of collagen content is expressed with respect to a
unit mass of DNA. The individual data points and the means
with 95% CI are presented. AFA, antifibrotic antibody; CI,
confidence interval.
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did not receive any antibody. The Student’s t-test was used to
determine the statistical significance of these differences
(GraphPad Prism v. 5.03, GraphPad Software, Inc.). We also
plotted graphs relating the density of collagen fibrils to the
size of lesions defined as the ROI.

Picrosirius red staining of selected tissues and organs

In addition to immunohistology to detect the AFA or hIgG,
collected specimens were stained with picrosirius red to

visualize collagen fibrils. The picrosirius red-stained samples
were observed under polarized light.

Results

Distribution of the AFA after local administration
in a keloid-like model

Our earlier studies demonstrated that the anti-a2Ct anti-
body significantly reduces collagen accumulation in the

FIG. 3. Immunohistology of keloid-like constructs and selected tissues to detect potential accumulation of the AFA or
hIgG. Note that readily visible staining is only observed in the AFA-treated keloid-like construct. Positive staining is absent
in distant organs of both AFA-treated and hIgG-treated mice and is absent from keloid-like constructs when exposed to
hIgG control antibody. Scale bars = 100mm.
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cavities of subcutaneous keloid-like constructs.(2) As ex-
pected, results presented in this study show a similar trend,
thereby validating the used experimental system (Fig. 2).

In this study, we focused on determining off-target effects
of our AFA by analyzing its cross-reactivity within tissues
juxtaposed to collagenous matrices. Immunohistology to
detect the AFA demonstrated strong staining in the cavities
of subcutaneous scaffolds (Fig. 3). In contrast, only a weak
AFA-positive signal was detected in the dermis collected
from the area where we injected the antibody. Moreover,
after injecting our antibody into subcutaneous keloid-like

constructs, we did not observe any accumulation of the AFA
in distant organs (Fig. 3). In contrast to the AFA-treated mice,
samples from the hIgG-treated mice showed no readily de-
tectable staining (Fig. 3). We confirmed the specificity of
AFA detection by using assays that showed no staining in
negative controls, in which only the secondary antibody was
applied (data not shown).

Systemic administration of the AFA
in a lung fibrosis model

When the AFA was injected intravenously into healthy
mice, about 65% of the initial amount persisted in the
bloodstream 48 hours after injection, according to enzyme-
linked immunosorbent assay. The AFA clearance from the
bloodstream was kinetically similar to that that of the hIgG
control (Fig. 4).

Measurements of collagen fibrils
in fibrotic lesions of the lungs

Quantitative histology of the picrosirius red-stained lungs
demonstrated that the amount of collagen fibrils in the fibrotic
lesions was significantly reduced in the presence of the AFA.
In contrast, the amount of collagen fibrils present in mice
treated with hIgG did not change significantly in comparison
with nontreated mice with the BL-induced lung injury
(Fig. 5). We also analyzed the relationship between the
density of fibrils and the size of the area of the lesions to
determine the reliability of the applied method. The graphs
presented in Figure 5E show that, essentially, the lesion area
did not have any significant effect on fibril density, thereby
indicating a uniform sampling procedure across ROIs.

FIG. 4. Plasma concentration of the AFA (black line) and
hIgG (red line). The lines represent time-dependent changes
in plasma antibody concentration after i.v. injection of
30 mg/kg into healthy mice.

FIG. 5. Quantitation of picrosirius red-stained collagen fibrils present in the ROIs corresponding to the fibrotic lesions of
the lungs from BL-treated mice. (A, B) Representative images of a readily visible FL (delineated) observed in normal light
(A) and polarized light (B). (C) High-magnification view of collagen fibrils seen in the corresponding region (asterisk) in
(B). (D) Graphic representation of the area occupied by collagen fibrils present in the lesions of the hIgG-treated mice,
AFA-treated mice, and nontreated mice (Ctrl). (E) A graphic illustration of the relationship between the size of lesions and
the density of collagen fibrils. Asterisks indicate statistically significant differences between analyzed groups: **p < 0.01,
****p < 0.0001. Scale bars = 50 mm. BL, bleomycin; FL, fibrotic lesion; ROI, region of interest.
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Distribution of the AFA after systemic administration
in a lung fibrosis model

When we carried out immunohistological assays with tis-
sue sections from injured lungs and uninjured organs to detect
the accumulation of i.v.-applied antibodies, we found readily
visible staining only in the BL-injured lungs of the AFA-
treated mice (Figs. 6 and 7). Similar staining was largely
absent in the corresponding group of mice treated with con-
trol hIgG (Fig. 6), and no staining was visible in negative
control groups of histological samples, in which the bioti-
nylated anti-human IgG antibody was not applied (not
shown). Picrosirius red staining of uninjured organs visual-
ized the presence of the collagen fibrils that form the extra-
cellular scaffolds of these organs. Despite their presence, no

AFA accumulation was observed. These results confirmed
the target specificity of the applied staining method.

Discussion

Fibrotic diseases commonly feature the accumulation of
disorganized collagen-rich deposits that alter the structure
and function of affected tissues. Our group focused on lim-
iting the deposition of collagen fibrils formed in response to
tissue injury by targeting collagen fibrillogenesis. Recently,
we validated this target in vivo in a rabbit model of post-
traumatic arthrofibrosis,(20) demonstrating that blocking
collagen fibrillogenesis with our AFA reduced collagen fibril
accumulation and thereby improved joint motion.(20)

FIG. 6. Immunohistology assays of exogenous IgG in the lungs of the BL-treated mice that received the AFA or hIgG.
The readily visible signal from the deposited antibody is only seen in the fibrotic lesions of AFA-treated mice (arrows).
Scale bars = 50 mm.

FIG. 7. Immunohistology assays of exogenous IgG in selected tissues of the BL-treated mice that received the AFA.
Corresponding areas stained with H&E or picrosirius red are also shown. Picrosirius red-stained samples were observed
under a polarizing microscope to visualize the presence of various collagenous structures. Scale bars = 50mm.
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Because our group has already demonstrated the validity
of targeting collagen fibrillogenesis in a number of studies,
the primary objective of this study was to verify in vivo target
specificity of our antifibrotic approach before moving onto
larger preclinical testing in various animal models.(2,16,17,20)

Antibody-based therapeutics are generally highly specific,
but off-target binding can sometimes present a significant
concern.(24,25) Because of this issue, the Food and Drug
Administration (FDA) recommends analyzing the specificity
of all antibodies as a critical parameter in defining its safe-
ty.(26) One method for testing antibody specificity is to ex-
amine its reactivity within a wide range of tissues. By
performing these types of analyses, we have now verified that
our AFA has virtually no interactions with tissues that do not
include our collagen I target.(17)

Our earlier AFA cross-reactivity studies have some limi-
tations. For instance, we do not know from these studies if
relevant epitopes in used arrays of tissues were intact and
accessible for interactions with the AFA. We also cannot
exclude the possibility that some epitopes, fully masked in
their native form, were partially exposed during tissue
array preparation. Based on these considerations, we can-
not exclude some false-negative or false-positive results
obtained with the tissue arrays-based assays of the AFA
cross-reactivity.(17)

The potential cross-reactivity of the AFA in vivo is a valid
initial concern due to ubiquitous presence of collagen I-based
fibrils in the body. Our study presented here, however,
demonstrated a lack of binding of this antibody to established
fibrils. Regardless of the route of administration, the AFA
was only detected in areas with active production of collagen
I monomers. In the keloid model, the AFA was primarily
detected in cavities of the subcutaneous scaffolds and stain-
ing was only visible at sites of lung injury in our pulmonary
fibrosis model. The observation that AFA treatment signifi-
cantly reduced collagen-rich deposits in both models not only
corroborates the efficacy of our antibody in vivo but also
further documents its target specificity.

Active production of collagen I molecules is a common
characteristic of the target sites in keloid and lung fibrosis
models. In the keloid model, this production results from
inherent properties of keloid-derived fibroblasts to exces-
sively produce collagen I molecules that assemble into fibrils,
while in the lung fibrosis model, collagen I molecules result
from a fibrotic response to the BL-mediated lung injury.

The absence of AFA-specific immunostaining of uninjured
organs and tissues indicates that the AFA does not accumu-
late in sites with existing mature collagen I-rich fibrils. This
result supports our earlier observation that the accessibil-
ity of the a2Ct epitope in mature fibrils is limited.(16) This
was confirmed by using an electron microscopy to analyze
the interaction of the AFA with established fibrils formed
in vitro by de novo self-assembly of collagen I molecules.
The electron microscopy analysis showed a paucity of AFA
molecules bound to these fibrils, and those AFA molecules
appeared only in the gap regions of collagen fibrils, in which
the a2Ct target sites are present (Fig. 8).(16) We expect that
the accessibility of the AFA to the a2Ct target sites is even
more limited in native fibrils than in those formed in vitro.
Specifically, in contrast to the homotypic fibrils formed
in vitro by assembly of collagen I molecules, the native col-
lagen fibrils formed in vivo are heterotypic due to coassembly

with collagen III and collagen V.(27,28) Moreover, proteogly-
cans and fibril-associated collagen types frequently decorate
the surface of native collagen fibrils, which limits the binding
of other molecules, including the AFA. Because of this char-
acteristic, Sweeney et al. suggested that the gap zone serves
as a ‘‘matrix interaction domain’’ to which matrix molecules
bind and connect the fibril with other extracellular matrix
elements.(29)

These considerations may explain why the AFA rarely
binds to established fibrils in vivo. Other possible reason,
based on our research, may be due to steric hindrance im-
posed by the overlap of collagen molecules that form a fibril.
Moreover, we cannot exclude the possibility that cross-links
in native fibrils in regions adjacent to the a2Ct epitope may
further hamper AFA binding to the established fibrillar ma-
trices (Fig. 8).

Our research shows that the AFA preferentially binds to
the individual collagen I molecules rather than to mature
fibrils, indicating that this antibody targets sites of active
fibrillogenesis. Because of this characteristic of the AFA,
the technology we propose to reduce the production of
collagen-rich deposits formed in response to tissue injury
opens new, site-specific approaches to develop effective and
safe therapies to limit fibrosis. Ongoing research aims to
determine the effects of this technology on processes of
biosynthesis and degradation of collagen-rich matrices that
are a natural part of the tissue turnover that is constantly

FIG. 8. A schematic of the a2Ct region recognized by the
AFA. The a2Ct region is presented in the context of col-
lagen molecules that form a fibril. (A) Collagen fibrils ob-
served in an electron microscope. (B) Simplified model of
a collagen microfibril, with each collagen molecule depicted
to show specific regions that correspond to the D-periods.
Each D-period is indicated by unique color. Collagen telo-
peptides, indicated as black bars, flank each collagen mol-
ecule. A gap zone with the AFA (asterisk) bound to the a2Ct
region is also shown. The position of cross-links is also
indicated (X). (C) Preserving colors of specific D-periods,
the arrangement of multiple microfibrils, each highlighted
by a yellow oval, in a cross section of a fibril (based on
Hulmes et al.(30)). This arrangement depicts masking of
the a2Ct region, (indicated in black) present at the C ter-
minus of the D0.4 period (green), by interacting collagen
molecules.
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taking place in physiological conditions, which will be im-
portant before advancing this technology to the clinic.
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