
Citation: Mlakar, L.; Garrett, S.M.;

Watanabe, T.; Sanderson, M.;

Nishimoto, T.; Heywood, J.; Helke,

K.L.; Pilewski, J.M.; Herzog, E.L.;

Feghali-Bostwick, C. Ameliorating

Fibrosis in Murine and Human

Tissues with END55, an

Endostatin-Derived Fusion Protein

Made in Plants. Biomedicines 2022, 10,

2861. https://doi.org/10.3390/

biomedicines10112861

Academic Editor: Henricus

A.M. Mutsaers

Received: 1 September 2022

Accepted: 4 November 2022

Published: 9 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Ameliorating Fibrosis in Murine and Human Tissues with
END55, an Endostatin-Derived Fusion Protein Made in Plants
Logan Mlakar 1, Sara M. Garrett 1 , Tomoya Watanabe 1, Matthew Sanderson 1, Tetsuya Nishimoto 1,†,
Jonathan Heywood 1, Kristi L. Helke 2 , Joseph M. Pilewski 3, Erica L. Herzog 4 and Carol Feghali-Bostwick 1,*

1 Division of Rheumatology, Department of Medicine, Medical University of South Carolina,
Charleston, SC 29425, USA

2 Department of Comparative Medicine, Medical University of South Carolina, Charleston, SC 29425, USA
3 Division of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, University of Pittsburgh,

Pittsburgh, PA 15261, USA
4 Yale ILD Center of Excellence, Department of Medicine, Yale School of Medicine, New Haven, CT 06519, USA
* Correspondence: feghalib@musc.edu; Tel.: +1-843-876-2315; Fax: +1-843-792-7121
† Deceased.

Abstract: Organ fibrosis, particularly of the lungs, causes significant morbidity and mortality. Effec-
tive treatments are needed to reduce the health burden. A fragment of the carboxyl-terminal end of
collagen XVIII/endostatin reduces skin and lung fibrosis. This fragment was modified to facilitate
its production in plants, which resulted in the recombinant fusion protein, END55. We found that
expression of END55 had significant anti-fibrotic effects on the treatment and prevention of skin and
lung fibrosis in a bleomycin mouse model. We validated these effects in a second mouse model of
pulmonary fibrosis involving inducible, lung-targeted expression of transforming growth factor β1.
END55 also exerted anti-fibrotic effects in human lung and skin tissues maintained in organ culture
in which fibrosis was experimentally induced. The anti-fibrotic effect of END55 was mediated by
a decrease in the expression of extracellular matrix genes and an increase in the levels of matrix-
degrading enzymes. Finally, END55 reduced fibrosis in the lungs of patients with systemic sclerosis
(SSc) and idiopathic pulmonary fibrosis (IPF) who underwent lung transplantation due to the severity
of their lung disease, displaying efficacy in human tissues directly relevant to human disease. These
findings demonstrate that END55 is an effective anti-fibrotic therapy in different organs.

Keywords: endostatin; peptides; bleomycin; fibrosis; idiopathic pulmonary fibrosis; systemic
sclerosis; extracellular matrix

1. Introduction

Chronic fibrosing lung and skin diseases, such as idiopathic pulmonary fibrosis (IPF)
and systemic sclerosis (SSc; scleroderma), affect millions of people and account for nearly
45% of deaths in the industrialized world [1–3]. IPF typically affects older men, result-
ing in progressive declines in lung function that reduce life expectancy. Conversely, SSc
predominantly affects women, with primary deaths involving compromised pulmonary
involvement [4–6]. Despite these divergent clinical phenotypes, convergent fibrotic mecha-
nisms may be involved. Therefore, we need to identify therapies with efficacy in both IPF
and SSc.

A hallmark of fibrosis shared by different organs is the excess accumulation of extra-
cellular matrix (ECM) proteins, such as collagen types I and III and fibronectin. This excess
accumulation alters the normal architecture of the organ, often impairing function and
contributing to morbidity and mortality [7,8]. Secretion of ECM proteins is mediated, in
part, by fibroblasts differentiating into myofibroblasts. This differentiation can be stimu-
lated by exogenous factors, such as transforming growth factor β1 (TGFβ1) [9]. However,
interventions targeting this pathway have had mixed results clinically [10,11]. The U.S.
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Food and Drug Administration (FDA) has approved two treatments for pulmonary fibrosis,
including pirfenidone for IPF [12] and nintedanib for IPF [13,14] and SSc [15]). These
treatments may slow disease progression, but neither halts the progression nor reverses
established disease. Therefore, we critically need to develop more effective therapies for
these and related diseases.

Plant production of recombinant biotherapeutic proteins has emerged as a rapid,
efficient, and cost-effective strategy. Plants are used to efficiently produce vaccine antigens,
enzymes, monoclonal antibodies, and biologically active hormones for scientific research
and clinical products. Plant-based recombinant expression methods for creating and screen-
ing libraries of proteins to optimize functional properties have several advantages [16–18].
These advantages include low cost, safe profiles, proper protein folding and posttransla-
tional modifications, and the absence of potential contaminating animal pathogens. In 2012,
the FDA-approved the first plant-manufactured therapeutic protein for human use [18];
however, this powerful technology has not yet been used to develop antifibrotic therapies.

We and others have described the anti-fibrotic effects of full-length endostatin in vitro,
ex vivo, and in vivo [19,20]. Endostatin is a 20-kDa fragment cleaved from the carboxyl-
terminal domain of the non-collagenous NC1 domain of collagen XVIII, a multiplexin
located in the perivascular space [21,22]. Endostatin specifically inhibits endothelial prolif-
eration, exhibits anti-tumor activity, and has potent anti-angiogenic activity via its amino-
terminal end [21,23], but not its carboxyl-terminal region [20]. We found that the carboxyl-
terminal region (E3) abolishes TGFβ1-induced fibrosis in human skin explants and reduces
skin and lung fibrosis in murine models of fibrosis [20].

In this study, a modified fusion protein, deemed END55, engineered for production in
plants and with improved formulation properties, is assessed for anti-fibrotic capabilities
in two mouse models and two human organ models of fibrosis.

2. Results
2.1. Measurement of END55 Targets to Develop a Potency Assay

The E3 region of endostatin reduces lung fibrosis induced by bleomycin and skin
fibrosis induced by bleomycin and TGFβ1 in vivo [20,24]. A modified fusion protein
homologous to this E3 region, END55, was engineered in order to improve manufacturing.
END55 contains proprietary modifications, including a leader peptide, an internal amino
acid substitution, and fusion to the Fc region of human IgG1. These modifications increase
the solubility and stability of the molecule, confer protease resistance (to retain biological
activity), and enhance its anti-fibrotic activity. To identify proteins regulated by END55
that could serve to compare the activity of different peptide preparations (i.e., cell-based
potency assays), we measured several markers in fibroblasts and mouse serum. These
markers included connective tissue growth factor (CTGF), matrix metalloproteinases 1
(MMP1), and lysyl oxidase (LOX).

CTGF is a gene highly regulated by TGFβ, and it has been implicated in fibroblast
activation and correlated with the severity of pulmonary fibrosis [4,11,25]. END55 signif-
icantly reduced TGFβ-stimulated secretion of the CTGF protein from human fibroblasts
(Figure 1A).

Remodeling of the ECM architecture is mediated, in part, by proteases, including the
prototypic collagenase MMP1 [26]. END55 rescued the TGFβ-driven decrease in secreted
MMP1 (Figure 1B) and MMP1 gene expression (Figure 1C) in fibroblasts.

Crosslinking of matrix components, such as collagen and elastin, through the conver-
sion of lysine moieties to aldehydes by the enzyme LOX, reduces matrix proteolysis in
skin and lung fibrosis [27–29]. Circulating LOX levels are higher in patients with SSc and
correlate with the severity and extent of skin involvement [29]. LOX levels are also higher in
the lung tissues of SSc patients, and they can directly promote a fibrotic phenotype in vivo
and ex vivo in human lung and skin tissues [30]. In a murine model of bleomycin lung
fibrosis, serum LOX levels were used as a biomarker of response to therapy. Circulating
LOX levels were significantly higher with bleomycin, which was reduced by treatment with
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END55 at multiple doses (Figure 1D). These results support our recent findings that LOX is
a circulating biomarker of the response to the free peptide, E4, in the bleomycin-induced
murine model of lung fibrosis [30]. These results show the feasibility of a cell-based assay
to monitor the response to END55. The results also validate using circulating LOX levels to
monitor the response to treatment with END55. Because END55 regulated select fibrotic
markers from TGFβ- and bleomycin-mediated fibrosis, we further assessed its efficacy in
two murine fibrosis models and two human tissue models.
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Figure 1. Development of a potency assay for END55. (A) Secreted CTGF protein from human fetal 
fibroblasts (MRC5) was measured by ELISA following 24 h culture with PBS (vehicle), TGFβ (5 
ng/mL), or TGFβ+END55 (200 µg/mL). N = 3. (B) MMP1 protein measured in MRC5 supernatants 
after incubation with PBS (vehicle), TGFβ (5 ng/mL), or TGFβ+END55 (200 µg/mL) for 24 h. N = 3. 
(C) Relative gene expression of MMP1 (normalized to B2M) in fibroblasts treated with PBS (vehicle), 
TGFβ (5 ng/mL), or TGFβ+END55 (100 µg/mL) for 1 h. N = 4. (D) Mouse LOX levels measured in 
21-day serum by ELISA. N = 5–10. Data are represented as mean ± SD. * p < 0.05; ** p < 0.01. Bleo, 
bleomycin. 
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Figure 1. Development of a potency assay for END55. (A) Secreted CTGF protein from human
fetal fibroblasts (MRC5) was measured by ELISA following 24 h culture with PBS (vehicle), TGFβ
(5 ng/mL), or TGFβ+END55 (200 µg/mL). N = 3. (B) MMP1 protein measured in MRC5 supernatants
after incubation with PBS (vehicle), TGFβ (5 ng/mL), or TGFβ+END55 (200 µg/mL) for 24 h. N = 3.
(C) Relative gene expression of MMP1 (normalized to B2M) in fibroblasts treated with PBS (vehicle),
TGFβ (5 ng/mL), or TGFβ+END55 (100 µg/mL) for 1 h. N = 4. (D) Mouse LOX levels measured
in 21-day serum by ELISA. N = 5–10. Data are represented as mean ± SD. * p < 0.05; ** p < 0.01.
Bleo, bleomycin.

2.2. END55 Ameliorates Bleomycin-Induced Lung Fibrosis

In order to assess the biological effectiveness of END55, we tested the fusion protein in
a bleomycin lung fibrosis model in vivo. Mice receiving bleomycin via the oropharyngeal
route had significantly more hydroxyproline content in their lungs after 21 days compared
to mice treated with phosphate-buffered saline (PBS) (Figure 2A). Concurrent administra-
tion of bleomycin with intraperitoneal injections of END55 (five equally spaced doses of
100 µg each) yielded reduced hydroxyproline content and histological evidence of lung
fibrosis, as assessed using Ashcroft scoring [31] (Supplementary Figure S1). Two additional
routes of administration for END55 were also tested: oral gavage and intravenous (IV)
injection. Bleomycin-treated mice were given END55 via oral gavage (50 µg) or IV injection
(100 µg and 200 µg) every other day for seven treatments, starting on day zero. Lung
tissues were harvested after 14 days (Figure 2B). Hydroxyproline content was significantly
higher with bleomycin treatment after 14 days, as can also be seen histologically with
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representative hematoxylin and eosin staining of lung tissues. All three dosing schema of
END55 significantly reduced hydroxyproline content of lung tissues (Figure 2B). Decreases
in hydroxyproline levels were paralleled by significant decreases in the gene expression
levels of Col1a1, Col1a2, and FN1 in mouse lungs (Supplementary Figure S2).
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Figure 2. END55 reduces bleomycin-induced pulmonary fibrosis. (A) Oropharyngeal bleomycin
was delivered on day zero along with END55 delivered by IP injection (100 µg every 4 days for
5 doses). Hydroxyproline was measured in left-lung tissues on day 21. N = 6–9. (B) Oropharyngeal
bleomycin was delivered on day zero along with END55 delivered by oral gavage (50 µg) or IV
injection (100 µg or 200 µg) every other day for 7 doses. Hydroxyproline was measured in left-lung
tissues on day 14. Representative hematoxylin and eosin (H&E) staining is shown for comparison
(scale bar, 300 µm; 2.5× magnification). N = 4–8. (C) Oropharyngeal bleomycin was delivered on
day zero, along with END55 delivered by oral gavage in 5 doses (30 µg every 3 or 4 days) or 2 doses
(either 60 or 100 µg on day 0 and day 5). Hydroxyproline was measured in left-lung tissues on day 21.
N = 4–19. (D) Oropharyngeal bleomycin was delivered on day zero along with END55 delivered by
oral gavage in 5 doses (12.5, 25, 50, and 100 µg). Hydroxyproline was measured in left-lung tissues
on day 21. N = 8–16. Data are represented as mean ± SD. * p < 0.05, *** p < 0.001.

We next tested the effect of END55 administered by oral gavage and less frequent
dosing. Oral END55 at 30 µg every 3 to 4 days significantly reduced lung hydroxyproline
levels induced by bleomycin (Figure 2C). Higher doses of END55 at less frequent treatment
modalities (one dose along with bleomycin, followed by another dose after 5 days) modestly
reduced lung hydroxyproline levels compared to bleomycin treatment alone.

In a dose-escalation study, we administered END55 via oral gavage every 4 days at
doses between 12.5 µg and 100 µg along with bleomycin (Figure 2D). Lung tissues were
harvested 21 days later. The three lowest concentrations of END55 (12.5 µg, 25 µg, and
50 µg) significantly reduced the effects of bleomycin on hydroxyproline content in the lungs
of mice. Thus, END55 reduces the effects of bleomycin lung fibrosis in vivo via different
timing, doses, and routes of administration.
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2.3. END55 Reverses Bleomycin-Induced Lung Fibrosis

Because we found that END55 prevented fibrosis, we examined its ability to reverse
bleomycin-induced lung fibrosis in vivo. We tested the ability of various routes of END55
administration to ameliorate ongoing lung fibrosis after delivering bleomycin with an
oropharyngeal dose or dorsomedial mini-osmotic pump (Figure 3). Beginning 4 days
after administration of bleomycin, intraperitoneal (IP) injection of END55 (100 µg every
3 days for a total of four doses) significantly reduced hydroxyproline content in day 17 lung
tissues in vivo (Figure 3A). END55 (50 µg), delivered by oral gavage starting 7 days after
bleomycin, trended toward reduced hydroxyproline after four doses and significantly
reduced hydroxyproline after seven doses in day 21 lung tissues (Figure 3B). END55 was
also administered by IV in another group of mice. Three different IV dosing schema were
analyzed: four doses of 200 µg, seven doses of 200 µg, and four doses of 500 µg END55
starting 7 days after bleomycin. IV END55 reduced hydroxyproline in the lungs of mice
treated with all concentrations and doses (Figure 3C). These findings support the notion
that END55 reverses ongoing lung fibrosis via different administration routes.
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Figure 3. END55 reverses bleomycin-induced pulmonary fibrosis. (A) Four days after oropha-
ryngeal bleomycin, END55 (100 µg) was delivered intraperitoneally and every 3 days for 4 doses.
Hydroxyproline was measured in left-lung tissues on day 17. N = 5–7. (B) Bleomycin was delivered
oropharyngeally on day zero, and END55 was delivered by oral gavage starting on day 7 (50 µg in
4 or 7 doses). Hydroxyproline was measured in left-lung tissues on day 21. N = 9–23. (C) Oropha-
ryngeal bleomycin was delivered on day zero, and END55 was delivered by IV injection starting on
day 7 (200 µg or 500 µg in 4 or 7 doses). Hydroxyproline was measured in left-lung tissues on day
21. N = 6–23. (D) Mice were implanted with dorsomedial pumps containing bleomycin (low-dose,
0.33 mU; high-dose, 15 mU) for 1 week, followed by END55 delivery via pump. Hydroxyproline
was measured in left lung tissues treated with low-dose bleomycin on day 35 and with high-dose
bleomycin on day 28. N = 8–14. Data are represented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. END55 Reverses Established Bleomycin Lung Fibrosis

In order to determine the extent to which END55 can reverse established fibrosis, we
mimicked different levels of fibrosis by using mini-osmotic pumps implanted dorsome-
dially to deliver low-dose (0.33 mU) and high-dose (15 mU) bleomycin. Bleomycin was
delivered via pump for 7 days, followed by pump-delivered vehicle or END55 (2.59 mg
in 100 µL) for the next 7 days. Hydroxyproline content of lung tissues was examined at
35 days for the lower bleomycin dose and at 28 days for the higher bleomycin dose. Both
low-dose and high-dose bleomycin increased the hydroxyproline content in lung tissues
of mice (Figure 3D). Treatment with END55 significantly reduced hydroxyproline content
in both low-dose and high-dose bleomycin groups, suggesting that END55 can reverse
established mild and severe fibrosis.

2.5. END55 Reduces Skin Thickness in Mice with Established Fibrosis

As a secondary measure of fibrosis resolution by END55, we examined skin thickness
pericentral to the implantation site in mice receiving bleomycin for 1 week followed by
END55 for 1 week via dorsomedial pumps (Figure 4). Hematoxylin and eosin staining
revealed that dermal skin was significantly thicker with bleomycin compared to vehicle
(PBS). END55 administered for 1 week after bleomycin significantly reduced skin thickness,
comparable to the dermal thickness of PBS-treated mice. These findings demonstrate the
therapeutic efficacy of END55 and the complete resolution of fibrosis in another tissue.
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pump. N = 4–7. Data are represented as mean ± SD. *** p < 0.001.

2.6. END55 Prevents and Ameliorates TGFβ-Induced Fibrosis In Vivo

Next, we validated END55 in a second mouse model of pulmonary fibrosis involving
doxycycline-inducible expression of bioactive human TGFβ1 in lung tissues [32]. TGFβ1
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triple–transgenic mice received END55 (12.5–75 µg) via oral gavage biweekly for 21 days,
either with doxycycline (prophylactic approach; Figure 5A,B) or starting 5 days after doxy-
cycline (therapeutic approach; Figure 5C,D). In this model, we examined fibrosis via soluble
and insoluble collagen content. Soluble collagen indicates the rate of newly synthesized
material, whereas insoluble collagen indicates newly deposited material (comparable to
hydroxyproline). Doxycycline administration significantly increased the amount of soluble
and insoluble collagen in all experimental groups (Figure 5). Concurrent administration of
doxycycline and END55 led to a significant reduction in both soluble collagen (12.5–50 µg
END55, Figure 5A) and insoluble collagen (50 µg END55, Figure 5B), demonstrating the
ability of END55 to reduce the fibrotic burden in these mice. In the therapeutic modality,
END55 (75 µg) reduced soluble (Figure 5C) and insoluble (Figure 5D) collagen and reduced
the expression of Col1a1, Col1a2, and Fn1 (Supplementary Figure S3), even when admin-
istered after the induction of TGFβ. Taken together, our data establish the therapeutic
efficacy of END55 in a second murine model of pulmonary fibrosis.

Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 18 
 

Figure 4. END55 reduces skin thickness induced by bleomycin in mice. (A) Representative hema-
toxylin and eosin staining (scale bar, 500 µm; 2.5× magnification) and quantification of thickness 
(B) of skin sections in day 35 tissues from mice treated with PBS (vehicle) or bleomycin for 7 days 
via dorsomedial pump, followed by treatment with PBS (vehicle) or END55 for 7 days via dorsome-
dial pump. N = 4–7. Data are represented as mean ± SD. *** p < 0.001. 

2.6. END55 Prevents and Ameliorates TGFβ-Induced Fibrosis In Vivo 
Next, we validated END55 in a second mouse model of pulmonary fibrosis involving 

doxycycline-inducible expression of bioactive human TGFβ1 in lung tissues [32]. TGFβ1 
triple–transgenic mice received END55 (12.5–75 µg) via oral gavage biweekly for 21 days, 
either with doxycycline (prophylactic approach; Figure 5A,B) or starting 5 days after 
doxycycline (therapeutic approach; Figure 5C,D). In this model, we examined fibrosis via 
soluble and insoluble collagen content. Soluble collagen indicates the rate of newly syn-
thesized material, whereas insoluble collagen indicates newly deposited material (com-
parable to hydroxyproline). Doxycycline administration significantly increased the 
amount of soluble and insoluble collagen in all experimental groups (Figure 5). Concur-
rent administration of doxycycline and END55 led to a significant reduction in both solu-
ble collagen (12.5–50 μg END55, Figure 5A) and insoluble collagen (50 μg END55, Figure 
5B), demonstrating the ability of END55 to reduce the fibrotic burden in these mice. In the 
therapeutic modality, END55 (75 μg) reduced soluble (Figure 5C) and insoluble (Figure 
5D) collagen and reduced the expression of Col1a1, Col1a2, and Fn1 (Supplementary Fig-
ure S3), even when administered after the induction of TGFβ. Taken together, our data 
establish the therapeutic efficacy of END55 in a second murine model of pulmonary fi-
brosis. 

 
Figure 5. Prophylactic and therapeutic effects of END55 in TGFβ1 transgenic mice. Soluble (A,C) 
and insoluble (B,D) collagen was measured in tissues of mice receiving concurrent (prophylactic; 

Figure 5. Prophylactic and therapeutic effects of END55 in TGFβ1 transgenic mice. Soluble (A,C)
and insoluble (B,D) collagen was measured in tissues of mice receiving concurrent (prophylactic;
(A,B)) and staggered (therapeutic; (C,D)) END55. N = 8. Data are represented as mean ± SD.
* p < 0.05, ** p < 0.01, *** p < 0.001. Dox, doxycycline.

2.7. END55 Reduces Markers of Fibrosis in Human Lung Tissue

Normal and fibrotic lung tissues were used to test the efficacy of END55 in human
organ models (Figure 6). Cores were generated from lung tissues and maintained in organ
culture as we have previously described [30,33,34]. In the ex vivo organ model utilizing
normal lung tissue, the pro-fibrotic agent TGFβ1 increased the hydroxyproline content of
tissues maintained in organ culture for 72 h (Figure 6A). Concurrent treatment with END55
reduced the TGFβ1-mediated increase in hydroxyproline (Figure 6A), demonstrating that
END55 can reduce TGFβ1-induced fibrosis in human lung tissues. Since an overabun-
dance of ECM proteins, such as collagen and fibronectin, are a hallmark of fibrosis, the
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gene expression of these components was measured in lung fibroblasts outgrown from
normal lung tissues (Figure 6B). In vitro, END55 abrogated the TGFβ1-mediated increase
in fibronectin (FN) and collagen 1A1 (Col1A1) gene expression in normal lung fibroblasts
from different donors.
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Figure 6. END55 reduces fibrosis in human lung tissues and pulmonary fibroblasts. (A) Hydrox-
yproline (HyP) in ex vivo normal lung tissues treated with TGFβ1 (10 ng/mL) ± END55 (122 µg/mL)
for 72 h. N = 3. (B) Fibronectin (FN) and Collagen (Col1A1) gene expression normalized to B2M after
treating normal lung fibroblasts with TGFβ1 ± END55 or PBS (vehicle) for 72 h. N = 3 donors.
(C) HyP in IPF and SSc lung tissues treated with PBS (vehicle) or END55 (122 µg/mL) for 96 h.
N = 15 donors. (D) Genes reduced by END55 (122 µg/mL) in IPF and SSc ex vivo organ culture after
48 h, normalized to housekeeping gene GAPDH. N = 6–9 donors. (E) Collagen zymography of 1 h
supernatants from normal fibroblasts treated with TGFβ1 (10 ng/mL) ± END55 (concentrations indi-
cated in µg/mL). N = 1. (F) MMP1 protein expression in normal lung tissue supernatants treated with
PBS (vehicle), TGFβ1 (10 ng/mL), or TGFβ1+END55 (122 µg/mL) for 72 h. N = 2. (G) MMP1 and
MMP3 gene expression (normalized to GAPDH) in IPF and SSc tissues treated with PBS (vehicle) or
END55 (122 µg/mL) for 48 h. N = 8–9 donors. (H) MMP9 protein expression in ex vivo supernatants
of SSc lung treated with PBS (vehicle) or END55 (122 µg/mL) for 144 h. N = 3. Data are represented
as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

Since therapies tested in animal models often fail in human clinical trials, we sought
to examine the effect of END55 on established human pulmonary fibrosis. Therefore,
END55 was tested in fibrotic human lung cores derived from patients with IPF and SSc
who underwent lung transplantation. These lungs represent severe end-stage disease
requiring transplantation. END55 treatment of human fibrotic lung cores significantly
reduced the hydroxyproline content of IPF and SSc lung tissues (Figure 6C), as well as the
gene expression of fibronectin, collagen 1A1, and collagen 1A2 (Figure 6D). These findings
demonstrate that END55 can ameliorate fibrosis in human lung tissues from patients
with end-stage fibrosis and is able to reverse established fibrosis in human tissues, thus
providing direct relevance to the human disease.
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2.8. END55 Increases Levels of Matrix Metalloproteases

Another aspect of the fibrotic process involves the remodeling of the ECM architecture,
which is mediated in part by proteases, including MMPs [26]. MMP1, MMP3, and MMP9
have been reported to be elevated in the bronchoalveolar lavage fluid of IPF patients [35,36],
and they contributed to fibrosis reversal in mouse livers [37]. MMP3 accelerated the degra-
dation of cutaneous collagen in ex vivo murine skin models [38]. END55 was tested for its
effect on select members of this family of proteases, including collagenases, gelatinases,
and stromelysins [36].

We examined collagenases, specific mediators of the enzymatic cleavage of triple-
helical collagen, using collagen zymography (Figure 6E). One-hour supernatants of nor-
mal lung fibroblasts treated with END55 fusion protein (50–150 µg/mL) showed a dose-
dependent increase in band intensity at all END55 concentrations compared to vehicle or
TGFβ1 alone (Figure 6E). Further, END55 increased secreted expression of MMP1, a typical
collagenase, in the supernatants of lung tissue cores from normal human tissue in organ
culture (Figure 6F).

Stromelysins are another type of MMP that can cleave proteins in the ECM. They differ
from collagenases because they cannot cleave triple-helical collagens. The gene expression
of both MMP1 (a collagenase) and MMP3 (a stromelysin) were significantly higher with
END55 treatment after 48 h in ex vivo organ culture of IPF and SSc lung tissues (Figure 6G).

Gelatinases can cleave gelatin and some types of collagen. Secreted expression of
MMP9, or gelatinase B, was significantly increased in the supernatants of ex vivo SSc
lung tissues following a 144-h treatment with END55 (Figure 6H). Thus, END55 reduces
hydroxyproline content and pro-fibrotic gene expression, and upregulates MMP-family pro-
teases in normal and fibrotic human lung tissues, thereby reducing fibrosis and promoting
ECM degradation.

2.9. END55 Decreases Fibrosis in Human Skin

To extend our findings with END55 to another human tissue, we tested the anti-
fibrotic capacity of END55 in normal skin with fibrosis induced by TGFβ1, as previously
described [20]. This model was optimized for testing the effects of pro- and anti-fibrotic
factors in human tissue to show direct relevance to human disease. Human skin was
injected with 10 ng/mL TGFβ1 and 100 µg END55. Skin punches were harvested from the
injected area after 7 days. END55 reduced TGFβ1-stimulated hydroxyproline in normal
skin in organ culture (Figure 7), demonstrating that END55 can ameliorate fibrosis in yet
another human tissue.
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maintained in organ culture and injected with PBS, TGFβ1 (10 ng/mL), or END55 (100 µg/mL) for
7 days. N = 3. Data are represented as mean ± SD. * p < 0.05.

3. Discussion

Fibrosis is a complication of several diseases that can affect nearly any organ and results
in organ failure. We previously reported that endostatin and a peptide from its carboxyl-
terminal region decrease skin thickness in TGFβ1-treated skin as well as in bleomycin
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mouse models [20]. We also reported that the peptide is orally available and activates the
urokinase pathway [24,39]. The peptide was modified and manufactured in plants as an
Fc-fusion protein. We show that the END55 fusion protein decreased fibrosis caused by
bleomycin and TGFβ1 in two different mouse models. END55 also reduced established
fibrosis in two separate human tissues: skin and lung. Additionally, END55 decreased
gene expression of pro-fibrotic markers while stimulating the secretion of matrix metal-
loproteases known to break down ECM components. The efficacy of END55 in reducing
fibrosis is likely due to its multi-pronged effect targeting several different key pathways in
fibrosis [20,39].

Though circulating serum endostatin is increased in both IPF [40] and SSc [41–43],
these levels are within the physiological range found in healthy people [44–46]. These find-
ings suggest that endostatin levels in fibrosis cannot effectively reduce fibrosis, suggesting
a “blunted” anti-fibrotic response. Full-length recombinant endostatin, with or without
an amino-terminal nonamer, has been studied in the clinical setting for anti-angiogenic
properties against various cancers, including gastric, nasopharyngeal, glioblastoma mul-
tiforme, lung–brain metastases, and two different lung cancers [47–52]. Endostatin has
also ameliorated bleomycin-induced fibrosis in rats, CCl4-induced liver fibrosis in mice,
hypertrophic scar formation in rabbit ears, and renal injury in streptozotocin diabetic
rats [53–57]. We showed that endostatin also reduces TGFβ-induced fibrosis in human
skin maintained in organ culture [22]. This study extends the functional properties of an
endostatin fusion protein in the realm of anti-fibrosis therapeutics by testing the efficacy of
a plant-manufactured fusion protein in response to different triggers of fibrosis.

From oxytocin to insulin, synthetic peptides have been used therapeutically for a vari-
ety of conditions. Peptides exhibit desirable attributes compared to small molecules based
on their biological activity, specificity, membrane permeability, manufacturing cost, and en-
hanced delivery methods [58,59]. Over 60 therapeutic peptides have been approved for use,
with hundreds more in clinical trials [59,60]. Peptides are being developed to treat a variety
of human conditions, often for multiple implications, such as for neuroprotection [61–65],
mitochondrial diseases [66,67], constipation [68], cancer [69–73], antimicrobials [74–77],
and diabetes [78–80].

END55 was effective when administered orally. This effectiveness may be related to
the large complexes that END55 forms (data not shown), which could protect against prote-
olytic degradation in the digestive tract. Alternatively, the fusion protein may be broken
down to release a smaller active domain that may be more readily absorbed. Oral delivery
of peptides is desirable and more practical than parenteral administration. Oral delivery is
convenient, lacks discomfort, and has greater patient acceptance and adherence. Further,
sterile conditions during manufacturing are not required for orally administered drugs,
making oral formulations more cost-effective. Several approaches have been developed to
facilitate oral delivery of peptides and proteins (reviewed in [81,82]). These approaches
have supported successful oral delivery of several peptides/proteins, including semaglu-
tide (a glucagon-like peptide 1 receptor agonist) for treating type 2 diabetes [78,79,81],
desmopressin (an analog of vasopressin) for treating diabetes insipidus [60,81], and lina-
clotide for treating irritable bowel syndrome and constipation [60].

We describe the anti-fibrotic effects of an endostatin-derived fusion peptide produced
in plants. Compared to the potentially difficult and costly prospect of manufacturing
peptides by solid phase synthesis, recombinant expression in plants can provide a relatively
inexpensive approach to producing high-quality material on a large scale. Although the
manufacturing capacity and regulatory environment of recombinant protein production
using microbial or animal cell expression systems are well established, they have several
limitations, including impractically high costs or incomplete protein folding. In addition,
animal cell systems require extensive lead time to develop production lines and rigor-
ously clear potentially contaminating viruses. In contrast, transient expression systems in
plants support rapid and inexpensive production of recombinant protein products. With
the Launch approach we used to manufacture END55 in Nicotiana benthamiana, yields of
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purified protein can range from 200 to 1000 mg/kg of fresh plant biomass. A variety of
recombinant protein targets, including molecules that require complex posttranslational
modifications, have been produced in plants using this system. These targets include
vaccine antigens, human biotherapeutic proteins, enzymes, monoclonal antibodies, and
biologically active hormones. In addition, plants produce proteins and peptides that are
appropriately folded without requiring the development of a refolding protocol. Such a pro-
tocol is often required for proteins expressed in bacteria and purified from inclusion bodies.
Plant expression also produces the same range of co-translational and posttranslational
modifications seen in other eukaryotic systems. In addition, plant expression of proteins
and peptides is rapid and cost-effective. Further, a recombinant human glucocerebrosidase
produced in carrot cells was approved by the FDA for enzyme replacement therapy of
Gaucher’s disease in 2012. This approval confirmed the regulatory acceptance of using
plant systems to create and produce biopharmaceuticals [17,18].

In summary, we have expanded our previous studies and identified a role for END55,
a modified form of the E3 carboxyl-terminal region of endostatin, in modulating fibrosis.
Overall, END55, when delivered by various routes, showed robust efficacy in ameliorating
fibrosis in multiple murine models in which fibrosis was induced by different triggers.
END55 also showed potency in human lung and skin tissues, reducing fibrosis and revers-
ing ongoing mild and severe fibrosis. The initial mechanisms underlying END55 action
include reducing pro-fibrotic gene expression and secretion of proteases that degrade ECM
components. Thus, END55 is an attractive strategy for treating fibrosis due to its oral effi-
cacy and its ability to ameliorate fibrosis in human tissues, thus providing direct relevance
to human disease. Importantly, the use of endostatin peptides is attractive because the
parent molecule endostatin, which has been used in clinical trials for cancer, has no toxicity
and no drug resistance [83], and its production in plants offers a cost-effective strategy for
the treatment of organ fibrosis.

4. Materials and Methods
4.1. Peptide

END55 peptide is an E3 Fc-fusion protein synthesized by Novici Biotech (Vacaville,
CA, USA) using the LaunchTM transient plant expression system [84]. Briefly, the E3-Fc
expression vector was transformed into Agrobacterium tumefaciens and then introduced via
vacuum-infiltration into the leaves of Nicotiana benthamiana. After 5 days, infected tissues
were harvested, homogenized in ice-cold buffer (50 mM Tris pH 8, 500 mM NaCl, 200 mM
sucrose, 40 mM ascorbic acid, 5 mM EDTA, 2 mM PMSF), clarified by polypropylene/paper
filter, and centrifuged at 20,000–30,000 rcf for 10 min. Protein was precipitated with sodium
acetate (to pH 4.5) and neutralized with Tris pH 9, centrifuging after each step, and then
sterile-filtered. E3-Fc was precipitated from the filtrate, mixed, cooled, centrifuged, and
washed twice with 125 mM NaCl/1% PEG-8000. The pellet was solubilized and dialyzed
in PBS with a Spectrum™ Spectra/Por™ Float-A Lyzer™ G2 (300 kDa cutoff), centrifuged,
concentrated in a 10-kDa spin column (Millipore Amicon Ultra-15), and filter-sterilized.
Purity was confirmed by SDS-PAGE. Purified E3-Fc is referred to as END55.

4.2. Animal Studies

Male mice aged 6–8 weeks were used for in vivo experiments following a protocol
approved by the Institutional Animal Care and Use Committee of the Medical University
of South Carolina or Yale University.

4.3. Bleomycin-Fibrosis Model

Bleomycin (Enzo Life Sciences, Teva Generics, or Hospira/Pfizer) was administered
to C57BL/6J mice (The Jackson Laboratory) via the oropharyngeal route (1.2 mU/g
body weight in ~50 µL) or by a dorsomedial osmotic pump for 7 days (0.33–15 mU/µL,
100 µL/week) as previously reported [85]. END55 was administered via oral gavage
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(30–60 µg/dose in ~50 µL), IV injection (100–500 µg/dose in 100 µL), intraperitoneal (IP) in-
jection (100 µg/dose in 100 µL), or by dorsomedial osmotic pump for 7 days (100 µL/week).

TGFβ-fibrosis model: Expression of biologically active TGFβ in CC10-rtTA-tTS-TGF-
β1 Mice was induced using doxycycline, as previously described [32]. Sex-matched mice on
a C57BL/6 background were treated with 0–75 µg fusion protein (via oral gavage) biweekly
for 21 days either with doxycycline to induce TGFβ1 production (prophylactic) or starting
at day 5 following induction of TGFβ1 (therapeutic).

4.4. Collagen Assays

Collagen was measured using the hydroxyproline assay as previously described [24].
For murine tissues, the left lung was used to measure hydroxyproline. Sircol assay kits (Bio-
Color Ltd., Carrickfergus, UK) were used per manufacturer instructions to assess the rates
of newly synthesized (soluble) and deposited collagen (insoluble). Collagen concentrations
were measured on a BioTek Synergy H1 plate reader or Bio-RAD SmartSpecTM 3000.

4.5. Histology

Skin harvested pericentral to the injection or implant site of the mini-osmotic pump
was fixed in 10% buffered formalin and embedded in paraffin. Sections (6 µM) of skin and
lung tissues were stained with hematoxylin and eosin.

4.6. In Vitro and Ex Vivo Assays

Experiments involving skin and lungs from human donors were performed according
to a protocol approved by the Institutional Review Board at the Medical University of
South Carolina. Primary fibroblasts were isolated from normal organ donor lungs via
the outgrowth method and maintained in Dulbecco’s Modified Eagle Medium (Corning
Life Sciences, Corning, NY, USA), 10% fetal bovine serum (Sigma-Aldrich, Burlington,
VT, USA), and 1% antibiotic/antimycotic (penicillin, streptomycin, and amphotericin B;
ThermoFisher Scientific, Waltham, MA, USA) [7]. Lung tissues were cut into 5-mm diameter
punches or cores and maintained in organ culture as previously described [34]. Skin tissues
from normal donors undergoing abdominoplasty were maintained in organ culture in
serum-free media as previously described [9,20], injected with treatments in a volume of
100 µL, cultured for 7 days, then harvested for analysis using 3-mm punches. Treatments
were TGFβ1 (5–10 ng/mL; R&D Systems, Minneapolis, MN, USA) or vehicle (4 mM HCl +
0.1% bovine serum albumin; ThermoFisher Scientific, Waltham, MA, USA), and END55 or
1X PBS (Corning Life Sciences, Corning, NY, USA) as vehicle.

4.7. RNA Extraction and Real Time Polymerase Chain Reaction

Samples were homogenized with a BeadRuptor24 Homogenizer (Omni International,
Kennesaw, GA, USA). RNA was extracted using an RNeasy Mini Kit (Qiagen, Germantown,
TN, USA) per manufacturer instructions. Expression of genes was measured in cDNA
prepared with the SuperScript™ IV first-strand synthesis system using TaqMan™ gene
expression master mix (ThermoFisher Scientific, Waltham, MA, USA) and the following
primers: B2M (Hs00187842_m1), collagen 1A1 (Hs00164004_m1), Col1A2 (Hs01028970_m1),
FN (Hs00365052_m1), GAPDH (Hs02758991_g1), MMP1 (Hs00899658_m1), and MMP3
(Hs00968305_m1), mouse Col1a1 (Mm00801666_g1), Col1a2 (Mm00483888_m1), Fn1
(Mm01256744_m1), gapdh (Mm99999915_g1), and b2m (Mm00437762_m1). PCR was per-
formed on a StepOne Plus instrument (Applied Biosystems, Waltham, MA, USA). Data
was analyzed using the delta–delta Ct method and normalized to the housekeeping gene
B2M or GAPDH, as indicated.

4.8. Potency Assays

CTGF (Cloud Clone Corporation, Wuhan, PRC) and MMP1 (RayBiotech Life, Peachtree
Corners, GA, USA) proteins were measured using enzyme-linked immunosorbent assay
(ELISA) in supernatants of fetal lung fibroblasts (MRC5). LOX (Cloud Clone Corporation,
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Wuhan, China) was measured in mouse serum harvested 21 days after bleomycin treatment.
Protein levels were measured on a BioTek Synergy H1 (BioTek, plate reader using commer-
cially available sandwich ELISA kits per the manufacturer’s instructions. Supernatants
were diluted 1:2 for the MMP1 assay. Concentrations were calculated from log-log standard
curves generated with Gen5 2.09 software (Agilent, Santa Clara, CA, USA).

4.9. Zymography

Samples diluted in non-reducing sample buffer (1.0 M Tris, 80% glycerol, 0.6 g SDS, 1%
bromophenol blue, pH 6.8) were resolved on 10% acrylamide gels containing 0.5 mg/mL
rat tail collagen type I (Corning Life Sciences, Corning, NY, USA). Gels were washed twice
with washing buffer (0.25% Triton X-100 in 50 mM Tris, pH 7.6), then once with incubation
buffer (1% Triton X-100, 10 mM CaCl2, 0.2% sodium azide in 50 mM Tris, pH 7.6) for
15 min. Gels were then incubated overnight in fresh incubation buffer at 37 ◦C, stained
with Coomassie blue (5% brilliant blue, 40% methanol, and 10% glacial acetic acid) at
room temperature for 1 h, then destained (10% acetate, 40% methanol) with agitation and
observed with transillumination.

4.10. Immunoblotting

Protein samples were run on SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat dry milk for 1 h at room temperature, and
then incubated with primary rabbit monoclonal anti-MMP1 (Ab134184, AbCam, Waltham,
MA, USA) or mouse monoclonal anti-MMP9 (MAB911; R&D Systems, Minneapolis, MN,
USA) antibody (1:1000) at 4 ◦C overnight. Membranes were then washed three times in
TBS-Tween and incubated with HRP-conjugated anti-mouse (W4021; Cytiva, Marlborough,
MA, USA) or anti-rabbit (NA934V, Cytiva, Marlborough, MA, USA) secondary antibody
(1:5000–1:10,000) for 1 h at room temperature. Membranes were then washed three times
and imaged on a FluorChemR Imager (ProteinSimple, Minneapolis, MN, USA) using
Western Lightning™ ECL solution (PerkinElmer, Akron, OH, USA). Images were semi-
quantified using ImageJ (NIH).

4.11. Statistical Analysis

Data were analyzed for statistical significance using a Student’s t-test test or one-way
analysis of variance with an appropriate post-hoc test. Parametric tests were used since
we did not observe large departures from normality in our data. A value of less than 0.05
was considered statistically significant, such that * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10112861/s1. Figure S1: Intraperitoneal injections
of END55 reduce Ashcroft scores in C57BL/6J mice treated with Bleomycin. Figure S2: Oral END55
reduces mRNA expression of fibrotic markers induced by bleomycin in C57BL/6J mouse lungs.
Figure S3: END55 administered therapeutically reduces mRNA expression of fibrotic markers in
TGFβ 1 transgenic mouse lungs.
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