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B I O C H E M I S T R Y

Targeting inflammatory sites through collagen  
affinity enhances the therapeutic efficacy of  
anti-inflammatory antibodies
Kiyomitsu Katsumata1, Jun Ishihara1, Aslan Mansurov1, Ako Ishihara1, Michal M. Raczy1, 
Eiji Yuba1,2, Jeffrey A. Hubbell1,3*

Enhancing the therapeutic efficacy of drugs for inflammatory diseases is of high demand. One possible approach 
is targeting drugs to the extracellular matrix of the inflamed area. Here, we target collagens in the matrix, which 
are inaccessible in most tissues yet are exposed to the bloodstream in the inflamed area because of vascular hy-
perpermeability. We conferred collagen affinity to anti–tumor necrosis factor- (-TNF) antibody by conjugating 
a collagen-binding peptide (CBP) derived from the sequence of decorin. CBP–-TNF accumulated in the inflamed paw 
of the arthritis model, and arthritis development was significantly suppressed by treatment with CBP–-TNF compared 
with the unmodified antibody. Similarly, CBP–anti-transforming growth factor- (–TGF-) accumulated in the inflamed 
lung of pulmonary fibrosis model and significantly suppressed pulmonary fibrosis compared with the unmodified 
antibody. Together, collagen affinity enables the anticytokine antibodies to target arthritis and pulmonary fibrosis 
accompanied by inflammation, demonstrating a clinically translational approach to treat inflammatory diseases.

INTRODUCTION
Biological therapies to block cytokine signals in the human body 
are a powerful approach for treating inflammatory and autoimmune 
diseases. Therapeutic benefit has been shown for anti–tumor necrosis 
factor- (–TNF) therapy for rheumatoid arthritis (RA), which is an 
autoimmune inflammatory disorder that mainly damages joints (1). 
However, currently approved medications do not completely cure 
most patients and have the possibility of significant side effects by 
suppressing systemic immunity (2–4). Transforming growth factor- 
(TGF-) is a key inducer of collagen expression from mesenchymal cells 
such as fibroblasts and thus of fibrosis (5, 6). Fibrosis is a pathological 
condition characterized by excess deposition of extracellular matrix 
(ECM) components, mainly collagen, accompanied by inflammatory 
reactions (7). Although therapeutic interventions that block TGF- 
action including anti–TGF- (–TGF-) antibody have been reported 
to suppress fibrosis progression in multiple organs and tissues of animals 
(8), clinical trials have thus far been unsuccessful because of insufficient 
efficacy (9, 10). Thus, improving the efficacy of anti-inflammatory 
antibodies including -TNF and –TGF- is a crucial challenge.

Inflammatory tissues release a range of mediators that induce the 
enhanced permeability and retention (EPR) effect (11, 12). The EPR 
effect results from loose endothelial junctions allowing extravasation of 
macromolecules and nonfunctional lymphatics, resulting in prolonged 
retention of macromolecules within the solid tumors and inflamed 
tissues (11, 12). Unlike tumor tissue, inflammatory tissue has a func-
tional lymphatic system that drains agents from the inflamed site (13). 
Although the strategy of exploiting the abnormal vasculature of a 
diseased organ as a therapeutic target is currently being tested (14), 
rapid clearance of molecules from the inflamed tissues makes targeting 
inflamed tissues difficult (15). In addition, fibrosis that is often ac-
companied by inflammation may make drug penetration into the 

inflamed tissues more difficult because of the development of a dense 
ECM network (16). Therefore, active retention within the inflammatory 
site may be a promising approach, rather than a simple EPR effect– 
dependent passive targeting based on molecular size control.

Collagen is the most abundant protein in the mammalian body 
and exists in almost all tissues (17). While collagen is richly present 
in the blood vessel subendothelial space, it barely exists within the 
blood because of its insolubility under physiological conditions 
(18, 19). Vasculature in chronically inflamed tissues is reported to 
have an abnormal structure and be hyperpermeable to supply nutrients 
to accumulations of inflammatory cells (13, 15). Thus, with its leaky 
vasculature, collagen is exposed to the soluble elements of the blood 
in the inflamed tissues. Exploiting this corresponding leaky nature 
of tumor vessels, we have recently reported that a collagen-binding 
protein domain derived from the von Willebrand factor (VWF) A3 
domain could be conjugated to checkpoint inhibitor antibodies or 
fused to cytokines to enable accumulation in the tumor (20). The 
VWF A3 domain binds to collagen types I and III, but not to type II, 
which is a major component of articular cartilage (21). Decorin is a 
small proteoglycan that interacts with collagen fibrils in all connec-
tive tissues (22) and binds to several types of collagen with strong 
affinity (23). On the basis of the analysis of decorin’s crystal struc-
ture, the peptide with the highest binding affinity for type I collagen 
has been identified (24).

Here, we have hypothesized that conjugation of the collagen-
binding peptide (CBP) derived from decorin with anti-inflammatory 
antibodies can enhance therapeutic benefit. We engineered collagen-
binding –TNF- and collagen-binding –TGF- using decorin’s 
CBP to achieve targeted therapy for arthritis and pulmonary fibrosis, 
respectively, via systemic injection.

RESULTS
CBP conjugation confers collagen affinity to -TNF
After mixing -TNF with sulfosuccinimidyl-4-(N-maleimidomethyl) 
cyclohexane-1-carboxylate (sulfo-SMCC), the CBP (LRELHLNNNC) 
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was covalently conjugated via its C-terminal cysteine residue to -TNF. 
Under the stoichiometric conditions used, the -TNF bound up to 
five CBPs per one antibody as measured by matrix-assisted laser 
desorption/ionization–time-of-flight (MALDI-TOF) mass spectrom-
etry (MS) (fig. S1). To examine the capacities of CBP-conjugated 
-TNF (CBP–-TNF) to bind collagens, the binding activities of 
CBP–-TNF and unmodified -TNF against human types I, II, and 
III collagen were determined by enzyme-linked immunosorbent assay 
(ELISA). CBP–-TNF bound to all three tested types of collagen, 
whereas binding signal of unmodified -TNF to collagens was 
undetectable (Fig. 1A). Dissociation constant (KD) values [95% con-
fidence interval (CI)] of CBP–-TNF were 4.5 × 10−7 (3.8 × 10−7 
to 5.3 × 10−7) M for human type I collagen, 7.7 × 10−7 (5.9 × 10−7 to 
10 × 10−7) M for human type II collagen, and 11 × 10−7 (7.5 × 10−7 to 
18 × 10−7) M for human type III collagen. To examine the target 
specificity of CBP–-TNF, the binding activities of CBP–-TNF 
were determined against other ECM proteins, such as mouse types I 
and III collagen, bovine serum albumin (BSA), fibronectin, fibrinogen, 
elastin, and human type IV collagen (fig. S2A). CBP–-TNF strongly 
bound mouse collagens, while the binding signals against BSA, fib
ronectin, fibrinogen, elastin, and human type IV collagen were limited. 
To examine the amino acid sequence specificity of CBP for collagen 
binding, we conjugated -TNF with scrambled sequence peptides 
(fig. S2, B and C). The binding activities of all the tested scrambled 
peptide–conjugated -TNF were much less than CBP–-TNF against 
types I and III mouse collagens, demonstrating that CBP–-TNF 
binds to collagen in an amino acid sequence–specific manner (fig. 
S2D). CBP–-TNF also neutralized its target antigen with similar 
activity to unmodified -TNF (Fig. 1B). The 50% inhibitory concen-
trations against binding between TNF- and TNF receptor 2 (95% CI) 
of unmodified -TNF and CBP–-TNF were 3.2 × 10−6 (2.8 × 10−6 
to 3.6 × 10−6) M and 3.9 × 10−6 (3.1 × 10−6 to 4.9 × 10−6) M, respec-
tively. In addition, CBP–-TNF bound to collagen in human tendon 
specimens from a patient with RA. The specimen was probed with 
either unmodified -TNF or CBP–-TNF, together with anti–type I 
collagen antibody and anti-CD31 antibody. CBP–-TNF bound 
intensely around blood vessels, where type I collagen is enriched, in 
the human specimen, whereas unmodified -TNF was not detected 
(Fig. 1C). Similarly, CBP–-TNF binding to cartilage in human os-
teoarthritis specimens was evaluated, showing binding to regions that 
are rich in type II collagen (Fig. 1D); unmodified -TNF was not 
detected. These data indicate that CBP conjugation provided -TNF 
with affinity against types I, II, and III collagen, without impairment 
of its neutralizing activity against target antigen.

CBP conjugation enabled -TNF to localize in the inflamed 
paw of the arthritis model
Localization of CBP–-TNF in the inflamed paw of the collagen 
antibody–induced arthritis (CAIA) model through binding to en-
dogenous collagen was determined by in vivo biodistribution anal-
ysis. Arthritis was selectively induced in the right hind paw by 
systemic passive immunization with anticollagen antibodies, followed 
by subcutaneous injection of lipopolysaccharide (LPS) at the right 
hind footpad. The local LPS injection induced severe arthritis at the 
right hind paw compared with the other paws. On the day following 
LPS injection, fluorescently labeled CBP–-TNF or unmodified 
-TNF was intravenously injected into the CAIA and naïve mice. 
One hour after the injection, major organs and tissues including 
paws were collected, and their fluorescence levels were measured. 

The fluorescence level of CBP–-TNF in the arthritic paw was 
markedly increased compared with the nonarthritic paw, and there 
was no significant difference in distribution to nonpathogenic organs, 
such as the liver and kidney, between CBP–-TNF and unmodified 
-TNF (fig. S3). To examine the accumulation of CBP–-TNF in 
the arthritic paw over time, the whole-body fluorescence level was 
measured before the antibody injection and at 0.5, 1, 2, 4, 6, 24, 
and 48 hours after the injection. The fluorescence level in the right 
hind arthritic paw of the CAIA mice injected with CBP–-TNF 
and unmodified -TNF increased immediately after the injection, 
whereas that of naïve mice was almost the same in both hind paws 
(Fig. 2, A and B). The ratio of the level in the arthritic paw to the 
nonarthritic paw was significantly higher in mice injected with 
CBP–-TNF than with unmodified -TNF (Fig. 2C). The injected 
CBP–-TNF was distributed in the synovium and pannus, the 
principal inflamed areas of arthritis, as determined by immuno-
histochemistry (Fig. 2D). These data indicate that CBD–-TNF 
preferentially localizes to the inflamed tissue (i.e., the arthritic paw) 
after systemic injection more than its unmodified form.

CBP conjugation enhances the efficacy of -TNF in the  
CAIA model
We next examined the anti-inflammatory efficacy of CBP–-TNF 
in the CAIA model. Arthritis was induced in all paws by passive 
immunization of anticollagen antibodies, followed by intraperitoneal 
injection of LPS. On the day of LPS injection, control immunoglobulin 
G (IgG), unmodified -TNF, or CBP–-TNF was intravenously in-
jected. The arthritis score was increased in control mice, and the 
score was reduced by unmodified -TNF and CBP–-TNF (Fig. 3A). 
The score reduction in CBP–-TNF–treated mice was significantly 
greater than in unmodified -TNF–treated mice. Histological ob-
servation revealed that joint destruction was significantly suppressed 
by CBP–-TNF (Fig. 3B). The joint condition in CBP–-TNF–treated 
mice was comparable to that in naïve mice. Unmodified -TNF did 
not significantly suppress the histological score compared to control 
IgG–treated mice, since -TNF–treated mice showed wide variability 
in pathology scores (e.g., two of six mice showed score 4, the severest 
score, while four of six mice showed score 2 or less). On the con-
trary, CBP–-TNF treatment showed small variability in pathology 
scores (e.g., six of six mice showed either score 0 or 1). The injected 
CBP–-TNF was detected in synovium and pannus by immuno-
histochemistry (Fig. 2D). CBP–-TNF effectively suppressed infil-
tration of proinflammatory cells into the paws. CBP–-TNF reduced 
neutrophils and macrophages within the paws, whereas unmodified 
-TNF did not (fig. S4). These data demonstrate that effective delivery 
of CBP–-TNF to the arthritic paws suppressed joint destruction. 
Furthermore, a similar tendency in the accumulation and the inhib-
itory efficacy was observed even with subcutaneous injection of 
CBP–-TNF (fig. S5). To investigate whether the CBP conjugate 
showed toxicity, blood cell counts and histological examination of 
the major organs were assessed after injection of control IgG, un-
modified -TNF, or CBP–-TNF into CAIA mice. Although re-
duction of cell counts in white blood cells and platelets by arthritis 
induction was observed, there was no significant difference in 
the tested blood parameters and histology between the groups 
(fig. S6). These data indicate that CBP modification of -TNF 
provides superior anti-inflammatory efficacy in the CAIA model 
of RA compared to its unmodified form without any enhancement 
in toxicity.
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CBP conjugation enhances the efficacy of –TGF- 
in a pulmonary fibrosis model
To explore whether the collagen-binding antibody engineering ap-
proach has versatile application for inflammatory diseases, we next 
conjugated CBP with –TGF-, which neutralizes all three isoforms 
of TGF-. The collagen affinity was installed to –TGF- as with 
-TNF (fig. S7). Accumulation of CBP––TGF- in the inflamed 
tissue was determined in the bleomycin (BLM)–induced pulmonary 
fibrosis model by fluorescence imaging. When the lung was inflamed, 
fluorescently labeled –TGF- and CBP––TGF- were intravenously 

injected. CBP––TGF- was detected in the lung of the fibrosis model, 
whereas –TGF- was not (Fig. 4A). To investigate the efficacy 
of CBP––TGF- in modulating fibrosis, control IgG, unmodified 
–TGF-, or CBP––TGF- was injected into mice three times a week 
from 1 week after the BLM instillation, and the histological fibrosis 
severity in the lung was determined 3 weeks after the BLM instillation. 
The lung sections were stained with hematoxylin and eosin (H&E) 
and Masson’s trichrome staining, which visualizes collagen fibers in 
blue, and then the extent of fibrosis was quantified by Ashcroft scoring 
(25). Severe fibrosis was observed in control IgG-treated mice; the 

Fig. 1. CBP conjugation provided collagen affinity to -TNF. (A) Unmodified -TNF and CBP–-TNF binding affinities to types I, II, and III human collagen are analyzed 
by ELISA (n = 3, means + SD). OD450–570, optical density at 450 nm with subtraction of optical density at 570 nm. (B) Blocking activity of unmodified -TNF and CBP–-TNF 
against the binding between TNF- and TNF receptor 2 was analyzed by ELISA (n = 3, means ± SD). (C) Representative images of human RA specimen probed with either 
unmodified -TNF or CBP–-TNF, anti-CD31 antibody, and anti–type I collagen antibody. Scale bars, 200 m. (D) Representative images of human osteoarthritis specimen 
probed with either unmodified -TNF or CBP–-TNF and anti–type II collagen antibody. Scale bars, 500 m.
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disease score was significantly reduced by CBP––TGF- but not by 
unmodified –TGF- (Fig. 4, B and C). These results suggest that 
CBP conjugation is applicable to other antibodies and that installing 
collagen affinity enables anti-inflammatory antibodies to target in-
flamed tissues and enhance its efficacy in inflammatory diseases and 
in fibrosis accompanied by inflammation.

DISCUSSION
Various drugs are in development based on passive targeting strat-
egies to noncancer diseases using accumulation of macromolecular 
prodrugs, liposomes, and nanoparticles administered through the 
systemic circulation, although they are still in preclinical stages or 

suspended in early clinical stages (26–28). While these techniques 
are useful for delivering drugs to inflammatory sites, inflammation 
site targeting is challenging because of biological barriers such as ECM 
proteins and rapid clearance from the inflamed tissues via lymphatic 
drainage (15, 29). Immunocytokines have been targeted to the ECM 
spice variants fibronectin extra domain A (EDA) and extra domain B 
(EDB), which are expressed in sites of chronic inflammation (30). 
These targets are principally present in the inflamed subendothelium. 
Here, we target a majority component, collagen, which is present 
throughout the matrix of the inflamed tissue.

In this study, we have demonstrated that installing collagen-
binding affinity to anti-inflammatory antibodies enhances their 
retention at the inflamed tissue site and thereby their therapeutic 

Fig. 2. CBP–-TNF accumulated in the inflamed paw. Arthritis (CAIA) was induced selectively in the right hind paw by passive immunization of anticollagen antibodies, 
followed by subcutaneous injection of LPS at the right hind footpad and phosphate-buffered saline at the left hind footpad. On the day following LPS injection, Cy7-labeled 
CBP–-TNF and Cy7-labeled -TNF were intravenously injected into naïve and CAIA mice. Representative images of accumulation in arthritic or nonarthritic paws of mice 
injected with CBP–-TNF (A) and -TNF (B) are shown. (C) Changes in radiant efficiency ratio of the arthritic paw (right hind) to the nonarthritic paw (left hind) in naïve 
and CAIA mice (n = 3 to 4, means ± SD). *P < 0.05 compared with the area under the radiant efficiency ratio-time curve from 0 to 72 hours of each treatment group (Tukey’s 
multiple comparison test). (D) Representative histology images of joints in CBP–-TNF–injected CAIA mouse [left, hematoxylin and eosin (H&E) staining; right, immuno-
histochemistry staining against anti-rat immunoglobulin G (IgG)]. Scale bars, 200 m.
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efficacy. CBP conjugation increased the amount of antibodies de-
tected in the inflamed tissues in the CAIA model and the BLM-
induced pulmonary fibrosis model after systemic injection. This 
demonstrates that antibodies with collagen affinity can target and 
be retained at inflamed sites and that this technology is widely ap-
plicable to various inflammatory diseases. This is because collagen 
is universally and abundantly present around the vasculature and 
within the inflamed tissue but is exposed to the soluble components 
of the bloodstream only when hyperpermeability of the vasculature 
occurs, as in inflammatory tissue. Thus, collagen affinity as a drug 
retention method is neither tissue nor molecular expression specific 
and may be applied to chronic inflammation generally.

Fibrosis is a pathological condition of inflammatory diseases where 
collagen expression is greatly up-regulated (31–34). Thus, collagen 
targeting is a reasonable approach to deliver therapeutics to sites of 
fibrosis. A number of preclinical studies indicate that TGF- inhibition 
is a promising strategy for fibrosis treatment (35–38). However, clin-
ical translation has not progressed well because of the failure of 
showing efficacy in clinical trials (9, 10). Here, we have shown that 
the disease site targeting approach markedly improved the efficacy 
of –TGF-. Considering that there are few studies focusing on im-
proving the efficacy of –TGF- itself, our molecular engineering is 
an innovative approach.

CBP-conjugated antibody reduced the arthritis score and the 
fibrosis score more effectively than unmodified antibody in the two 

models that we examined. Unmodified -TNF treatment reduced 
the arthritis score, as expected, but did not show a significant reduc-
tion in histological score. Current -TNF therapy for RA does not 
show a complete response in terms of joint damage by persistent 
synovitis even in patients in clinical remission (2–4). Similarly, 
CBP––TGF- significantly reduced the fibrosis score, whereas 
unmodified –TGF- did not. That is because increased ECM pro-
tein deposition in the lung and rapid clearance of antibody induced 
by inflammation might prevent –TGF- from blocking the up-
regulated TGF- signal that induces fibrosis in the tissue, suggesting 
that CBP conjugation to –TGF- enables the antibody to accumu-
late and be retained in the microenvironment to thoroughly block 
TGF- signal.

Biological therapies such as adalimumab are often used via a sub-
cutaneous route in clinical settings. The feasibility of targeting inflam-
matory sites using CBP antibody by subcutaneous injection could 
be a possible concern because the subcutaneous tissue contains collagens. 
Therefore, we have tested subcutaneous injection of CBP–-TNF. 
Even when injected subcutaneously, CBP–-TNF was accumulated in 
the arthritic paw and was more effective against arthritis development 
than unmodified -TNF. The avidity of the CBP conjugates to each 
type of collagen is relatively moderate (KD, approximately 0.5 to 1 M), 
which enables antibody from the subcutaneous tissue to be drained 
and enter the bloodstream presumably via the lymphatics, with sub-
sequent accumulation of CBP–-TNF at the inflammatory sites. 

Fig. 3. CBP–-TNF suppressed arthritis development more effectively than unmodified -TNF. Arthritis (CAIA) was induced by passive immunization of anticollagen 
antibodies, followed by intraperitoneal injection of LPS. On the day of LPS injection, control IgG, unmodified -TNF, or CBP–-TNF was injected intravenously into the arthritic 
mice. (A) Arthritis scores represent the means + SE from six mice. *P < 0.05, compared with control (Dunnett’s multiple comparison test). #P < 0.05 compared with the scores on 
day 8 of each treatment group (Tukey’s multiple comparison test). (B) Representative H&E image of joints on day 8 in each treatment group. Scale bars, 200 m. (C) The severity 
of synovial hyperplasia and bone resorption was scored 0 to 4 as described in Materials and Methods. *P < 0.05 compared with control (Dunnett’s multiple comparison test).
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Thus, it may be that the moderate collagen affinity of the CBP from 
decorin is advantageous when the CBP antibodies are administered 
subcutaneously.

For clinical translation of collagen-binding anti-inflammatory 
drugs, an advantage also lies in the use of a CBP that naturally exists 
in the body, limiting the possibility of immune system recognition. 
It was confirmed that the CBP-conjugated antibody was capable of 
binding with human collagens both in vitro and in human specimens. 
Also, the CBP can be conjugated to antibodies with a simple chemical 
reaction. The advantage of this feature is in the simplicity in pro-
duction, in that it is possible to work with antibodies for which pro-
duction has already been optimized. The CBP conjugation synthesis 
reaction for antibodies can be done in only 90 min using chemistry that 
is analogous to PEGylation of proteins. The same reaction is used in 
antibody-drug conjugates, such as in the production of trastuzumab 
emtansine (39, 40). These features may facilitate development of 
collagen-binding drug therapy to overcome the barriers to clinical 
translation.

In conclusion, we have found that installing collagen affinity to an 
anticytokine antibody enables it to target and be retained in inflam-
matory sites. Moreover, collagen-binding anti-inflammatory antibodies 
showed higher therapeutic efficacy than their unmodified forms. This 
simple approach of generating an engineered collagen-binding bio-

logic may hold potential for clinical translation as an inflammation-
targeted therapeutic.

MATERIALS AND METHODS
Study design
This study was designed to test the strategy of targeting anti-
inflammatory therapeutic antibodies to inflammation sites through 
engineered affinity for collagen. Specifically, we tested whether 
inflammatory site-targeted delivery of anti-inflammatory thera-
peutic antibodies by CBP conjugation is superior to current non-
targeted delivery using two examples: -TNF in the model of RA 
and –TGF- in the model of pulmonary fibrosis. To evaluate the 
efficacy of -TNF, –TGF-, and their CBP-conjugated forms, 
we scored arthritic symptom and joint histology in a CAIA model 
and fibrosis development in a BLM-induced pulmonary fibrosis 
model. Statistical methods were not used to predetermine neces-
sary sample size, but sample sizes were chosen on the basis of esti-
mates from pilot experiments so that appropriate statistical tests 
could yield statistically significant results. Production of CBP––
TNF and CBP––TGF- was performed by multiple individuals to 
ensure reproducibility. All experiments were replicated at least 
twice. For animal studies, mice were randomized into treatment 

Fig. 4. Localization in lung and efficacy of CBP––TGF- in the BLM-induced pulmonary fibrosis model. Mice were intranasally instilled with 50 g of BLM sulfate on 
day 0. (A) Cy7-labeled CBP––TGF- or Cy7-labeled –TGF- was intravenously injected into naïve mice or BLM-injected mice on day 7. The lung was harvested 4 hours 
after the fluorescence injection, and fluorescence intensity was measured. (B and C) Control IgG, unmodified –TGF-, or CBP––TGF- at a dose of 50 g per mouse three times 
a week from day 7. On day 21, the left lung lobe was fixed and provided to histological analysis. (B) Representative image of Masson’s trichrome staining of the lung on 
day 21 in each treatment group. Scale bars, 200 m (C) Lung fibrosis was scored 0 to 8 by Ashcroft scoring as described in Materials and Methods. *P < 0.05 compared with 
the scores of each treatment group (Tukey’s multiple comparison test).
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groups within a cage immediately before the first drug injection 
and treated in the same manner. The n values used to calculate 
statistics are indicated in the figure legends. Drug administration 
and pathological analyses were performed in a blinded fashion. 
Statistical methods are described in the “Statistical analysis” section. 
Original data are located in data file S1.

Synthesis of peptide-conjugated antibody
Rat anti-mouse TNF- antibody (clone XT3.11, Bio X Cell) or 
mouse anti-mouse TGF- antibody (clone 1D11.16.8, Bio X Cell) 
was incubated with 30-fold molar excess of sulfo-SMCC cross-linker 
(Thermo Fisher Scientific) for 30 min at room temperature. Un
reacted cross-linker was removed using a Zeba spin desalting column 
(Thermo Fisher Scientific), and then 30-fold molar excess of CBP 
(LRELHLNNNC) or CBP sequence scrambled peptide [scramble 1 
(LNNLRLHENC), scramble 2 (LEHNNRLLNC), or scramble 3 
(RNNLHENLLC)] was added and reacted for 1 hour at room tem-
perature for conjugation to the thiol moiety on the C residue. The 
peptide had been synthesized with >95% purity by GenScript.

Matrix-assisted laser desorption/ionization–time-of-flight 
mass spectroscopy
Antibodies were analyzed by MALDI-TOF MS using a Bruker 
UltrafleXtreme MALDI TOF/TOF instrument. All spectra were 
collected with acquisition software Bruker flexControl and processed 
with analysis software Bruker flexAnalysis. First, a saturated solution 
of the matrix, -cyano-4-hydroxycinnamic acid (Sigma-Aldrich), 
was prepared in 50:50 (v/v) acetonitrile:(1% trifluoroacetic acid in 
water) as a solvent. The analyte in phosphate-buffered saline (PBS) 
(5 l, 0.1 mg/ml) and the matrix solution (25 l) were then mixed, 
and 1 l of that mixture was deposited on the MTP 384 ground steel 
target plate. The drop was allowed to dry in a nitrogen gas flow, which 
resulted in the formation of uniform sample/matrix coprecipitate. 
All samples were analyzed using the high mass linear positive mode 
method with 5000 laser shots at a laser intensity of 75%. The mea-
surements were externally calibrated at three points with a mix of 
carbonic anhydrase, phosphorylase B, and BSA.

Detection of CBP antibody binding to collagens and  
ECM proteins
Ninety-six–well ELISA plates (Greiner Bio-One) were coated with 
recombinant human type I, type II, type III, or type IV collagen 
(Millipore, Sigma); mouse types I and III collagen mixed (Bio-Rad 
Laboratories); BSA (Sigma-Aldrich), fibronectin (Sigma-Aldrich), 
fibrinogen (VWF- and fibronectin-depleted; Enzyme Research Lab-
oratories), or elastin (Millipore, Sigma) at 10 g/ml in PBS overnight 
at 37°C, then blocked with 2% BSA in 0.05% Tween 20 containing 
PBS (PBS-T) for 1 hour at room temperature. Then, wells were 
washed with PBS-T and further incubated with 15.6 to 1000 nM 
CBP-conjugated, sequence-scrambled CBP-conjugated, or unmodified 
antibody for 1 hour at room temperature. After three washes with 
PBS-T, antibody was detected by horseradish peroxidase (HRP)–
conjugated antibody against rat IgG or mouse IgG and incubated 
1 hour at room temperature (Jackson ImmunoResearch). After 
washes, bound proteins were detected with tetramethylbenzidine 
substrate by measurement of the absorbance at 450 nm with sub-
traction of the absorbance at 570 nm. The apparent KD values were ob-
tained by nonlinear regression analysis in Prism software (GraphPad 
Software v8), assuming one site-specific binding.

CBP antibody binding to human specimens
Frozen sections of tendon from a patient with RA and cartilage from a 
patient with osteoarthritis were purchased from OriGene Technologies. 
The sections were blocked with 2% fetal bovine serum (FBS) in PBS 
for overnight at room temperature. The sections were incubated with 
primary antibodies for 3 hours at room temperature. For tendon 
sections, either rat -TNF (50 g/ml) or equimolar CBP–-TNF, 
mouse anti-human CD31 antibody (5 g/ml; Abcam), and rabbit 
anti-human type I collagen antibody (5 g/ml; Abcam) were used 
as primary antibodies. For cartilage sections, either rat -TNF or 
equimolar CBP–-TNF (50 g/ml) and rabbit anti-human type II 
collagen antibody (5 g/ml; Abcam) were used as primary antibodies. 
After incubating with the fluorescently tagged secondary antibodies, 
slides were covered with ProLong Gold Antifade Mountant with 
4′,6-diamidino-2-phenylindole (Thermo Fisher Scientific). The images 
were scanned with a Pannoramic Digital Slide Scanner (3DHISTECH) 
and analyzed using Pannoramic Viewer software (3DHISTECH).

Mice
Balb/c mice at 7 to 8 weeks of age were obtained from the Jackson 
laboratory. C57BL/6 mice at 7 to 12 weeks of age were obtained 
from Charles River Laboratories. Experiments were performed with 
approval from the Institutional Animal Care and Use Committee of 
the University of Chicago.

In vivo biodistribution study
To make fluorescently labeled CBP antibody, -TNF and –TGF- 
were incubated with eightfold molar excess of SM(PEG)24 cross-
linker (Thermo Fisher Scientific) for 30 min at room temperature. 
Unreacted cross-linker was removed using a Zeba spin desalting 
column, and then 30-fold molar excess of Cy7-labeled CBP ([Cy7]
LRELHLNNNC[COOH]) was added and reacted for 30 min at room 
temperature for conjugation to the thiol moiety on the C residue. 
The peptide had been synthesized with >95% purity by GenScript. 
Unreacted dye was removed by dialysis against PBS. As to CBP-
unconjugated antibodies, -TNF and –TGF- were labeled using 
sulfo-Cy7 N-hydroxysuccinimide ester (Lumiprobe) according to 
the manufacturer’s instruction. When the target tissue of the mouse 
was inflamed, Cy7-labeled antibody at 50 g/ml was intravenously 
injected. Mice and organs harvested from the disease model were 
imaged with the Xenogen IVIS Imaging System 100 (Xenogen) under 
the following conditions: f/stop, 2; optical filter excitation, 745 nm; 
excitation, 800 nm; exposure time, 5 s; small binning.

CAIA model
Arthritis was induced in female Balb/c mice by intraperitoneal injection 
of anticollagen antibody cocktail (1.5 mg per mouse; Chondrex) on 
day −3, followed by intraperitoneal injection of LPS (50 g per mouse; 
Chondrex) on day 0. On the day of LPS injection, mice were intra-
venously or subcutaneously injected with control IgG (rat IgG1 
isotype control, Bio X Cell), unmodified -TNF, or CBP–-TNF 
at a dose of 200 g per mouse. Joint swelling was scored every day 
according to the manufacturer’s protocol (Chondrex). On day 8, 
hind paws were fixed in 10% neutral formalin (Sigma-Aldrich), 
decalcified in Decalcifier II (Leica), and then provided to histologi-
cal analysis. Paraffin-embedded paws were sliced at 5-m thickness 
and stained with H&E. The images were scanned with a Pannoramic 
Digital Slide Scanner and analyzed using Pannoramic Viewer software. 
The severity of synovial hyperplasia and bone resorption for the 
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arthritis model was scored by three-grade evaluation (0 to 2) ac-
cording to the previously reported criteria with slight modifica-
tions as follows: 0, normal to minimal infiltration of pannus in 
cartilage and subchondral bone of marginal zone; 1, mild to mod-
erate infiltration of marginal zone with minor cortical and med-
ullary bone destruction; 2, severe infiltration associated with total 
or near total destruction of joint architecture. The scores in both 
hind paws were summed for each mouse (score per mouse total, 
0 to 4). Immunohistostaining was performed according to standard 
procedures. Briefly, the sections were incubated in 0.3% H2O2 for 
20 min, blocked with PBS-buffered 1% BSA for 1 hour, and incu-
bated overnight at 4°C with HRP-conjugated anti-rat IgG (Jackson 
ImmunoResearch) for 1 hour at room temperature and visualized 
with diaminobenzidine. The histopathological analyses were per-
formed in a blinded fashion.

Flow cytometry
CAIA mice were intravenously injected with control IgG, un-
modified -TNF, or CBP–-TNF at a dose of 200 g per mouse. 
On day 5, hind paws were harvested and digested in Dulbecco’s 
modified eagle medium supplemented with 2% FBS, collagenase D 
(2 mg/ml) and deoxyribonuclease I (40 g/ml; Roche) for 30 min at 
37°C. Single-cell suspensions were obtained by gently disrupting 
through a 70-m cell strainer. Antibodies against the following 
molecules were used: anti-mouse CD45 (30-F11, BD Biosciences), 
F4/80 (T45-2342, BD Biosciences), Ly6G (1A8, BioLegend), Ly6C 
(HK1.4, BioLegend), and CD11b (M1/70, BioLegend). Fixable live/
dead cell discrimination was performed using Fixable Viability Dye 
eFluor 455 (eBioscience) according to the manufacturer’s instruc-
tions. Following a washing step, cells were stained with specific 
antibodies for 20 min on ice. Flow cytometric analyses were done 
using a Fortessa (BD Biosciences) flow cytometer and analyzed 
using FlowJo software (Tree Star).

BLM-induced pulmonary fibrosis model
Mice (C57BL/6, female) were intranasally instilled with 50 g of 
BLM sulfate (Cayman Chemical) under isoflurane anesthesia on 
day 0 and were intravenously injected with control IgG (mouse 
IgG1 isotype control, Bio X Cell), unmodified –TGF-, or CBP––
TGF- at a dose of 50 g per mouse three times a week from day 7. 
On day 21, left lung lobe was fixed with 10% neutral formalin and 
then provided to histological analysis. Paraffin-embedded lungs 
were sliced at 5 m thickness and stained with H&E and Masson’s 
trichrome. The images were scanned with a Pannoramic Digital 
Slide Scanner and analyzed using Pannoramic Viewer software. 
Lung fibrosis was scored 0 to 8 by Ashcroft scoring described previ-
ously (25).

Statistical analysis
Statistical analyses were performed using GraphPad Prism software, 
and P < 0.05 was considered statistically significant. To compare the 
ratio of fluorescence level in an arthritic paw to a nonarthritic paw in 
each treatment group, the area under the radiant efficiency ratio-time 
curve from 0 to 72 hours of each treatment group was assessed by 
Tukey’s multiple comparison test. Changes in arthritis scores over 
time were assessed by repeated measurement two-way analysis of 
variance (ANOVA), and when interactions were considered signif-
icant, data were assessed using Dunnett’s multiple comparison test 
at each time point of measurement. To compare the efficacy of 

CBP–-TNF with unmodified -TNF, the data on day 8 were an-
alyzed again via Tukey’s multiple comparison test. For histological 
scores in the CAIA model, Dunnett’s multiple comparison test was 
used to compare the difference between the control IgG–injected  
group and the treatment groups. The Ashcroft scores in BLM-
induced pulmonary fibrosis model were assessed by Tukey’s multiple 
comparison test to compare each treatment group.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/11/eaay1971/DC1
Fig. S1. The molecular weight of -TNF was increased by CBP conjugation.
Fig. S2. The target and sequence specificity of CBP.
Fig. S3. Distribution of CBP–-TNF to organs and tissues in the arthritis model.
Fig. S4. CBP–-TNF reduces macrophages and neutrophils within the paws.
Fig. S5. Effect of subcutaneous injection of CBP–-TNF in the arthritis model.
Fig. S6. Short-term safety study of CBP–-TNF in the arthritis model.
Fig. S7. CBP conjugation provided collagen affinity to –TGF-.
Data file S1. Original data.
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