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Allosteric inhibition of lysyl oxidase–like-2 impedes the
development of a pathologic microenvironment

© 2010 Nature America, Inc. All rights reserved.
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We have identified a new role for the matrix enzyme lysyl oxidase–like-2 (LOXL2) in the creation and maintenance of the
pathologic microenvironment of cancer and fibrotic disease. Our analysis of biopsies from human tumors and fibrotic lung and
liver tissues revealed an increase in LOXL2 in disease-associated stroma and limited expression in healthy tissues. Targeting
LOXL2 with an inhibitory monoclonal antibody (AB0023) was efficacious in both primary and metastatic xenograft models of
cancer, as well as in liver and lung fibrosis models. Inhibition of LOXL2 resulted in a marked reduction in activated fibroblasts,
desmoplasia and endothelial cells, decreased production of growth factors and cytokines and decreased transforming growth
factor- (TGF-) pathway signaling. AB0023 outperformed the small-molecule lysyl oxidase inhibitor -aminoproprionitrile.
The efficacy and safety of LOXL2-specific AB0023 represents a new therapeutic approach with broad applicability in oncologic
and fibrotic diseases.
Extensive clinical evidence and mouse models of tumorigenesis
support the crucial role of the microenvironment in promoting tumor
growth and metastasis1–7. Tumor-associated fibroblasts constitute the
major cell type of the stromal compartment7–13. These cells show
myofibroblast-like contractile properties and contribute to tumor
growth and angiogenesis or fibrotic disease through production
of growth factors and collagenous matrix as well as through paracrine signaling10,14–17. Furthermore, remodeling of the extracellular
matrix by activated fibroblasts results in changes in mechanical
tension that support the activation of pathogenic signaling pathways
and tissue remodeling18–22.
Enzymes that modify the extracellular matrix include lysyl oxidases,
a family of five enzymes sharing a conserved enzymatic domain with
divergent N termini23,24. Lysyl oxidase (LOX) and LOXL2 promote
cross-linking of fibrillar collagen I23,25, a major component of desmoplastic stroma and fibrosis. LOX expression has been implicated in the
development of the metastatic niche26, and LOXL2 expression has also
been described in tumors and liver fibrosis, with a possible role in promoting invasion24,27–31. We describe a new and essential role for LOXL2
in creation of pathologic stroma and a LOXL2 inhibitory antibody that
might provide therapeutic benefits in a diverse range of diseases.
RESULTS
LOXL2 localization is associated with tumor stroma
We analyzed the lysyl oxidase family to identify possible therapeutic
targets. We selected LOXL2 as the most compelling target for an

antibody therapeutic on the basis of its elevated transcript and protein
amounts in diseased tissues as compared to healthy tissues and its
extracellular localization (Fig. 1 and Supplementary Fig. 1). Analysis
of LOXL2 mRNA abundance in human tumor biopsies by quantitative real-time PCR revealed elevated expression in most solid tumors
when compared to non-neoplastic tissues (Fig. 1a). In several tumor
types, upregulation of LOXL2 mRNA was correlated with increasing
tumor grade (Supplementary Fig. 1a).
We investigated LOXL2 protein expression in human tumor
biopsies by immunohistochemistry with a LOXL2-specific polyclonal
antibody (Supplementary Fig. 1b). We observed a stromal localization across diverse solid tumor types. LOXL2 signal was associated
with regions of collagenous matrix, α-smooth muscle actin (α-SMA)positive stromal fibroblasts, and enriched at active disease interfaces
such as the tumor-stroma boundary and tumor-associated vasculature
(Fig. 1b–g and Supplementary Fig. 1c–e). In comparison, we detected
little LOXL2 in most non-neoplastic tissues (Fig. 1h,i, Supplementary
Fig. 1f–i and Supplementary Table 1).
LOXL2-specific inhibitory monoclonal antibody AB0023
LOXL2-specific monoclonal antibody AB0023 was generated by
immunization of mice using LOXL2 protein32. Immunofluorescence
studies confirmed binding of AB0023 to LOXL2 localized in the
extracellular matrix (Fig. 2a,b). AB0023 bound both human and
mouse LOXL2 and was characterized using enzymatic assays
in vitro as a specific, noncompetitive allosteric inhibitor of LOXL2
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(Supplementary Fig. 2a–c)32. We evaluated the inhibitory activity of
AB0023 further in cell-based assays using human tumor cell lines, or
cocultures of fibroblasts and endothelial cells. In the tumor cell line
assay, we investigated the ability of AB0023 to inhibit morphological
changes induced by application of LOXL2-containing conditioned
media collected from the human breast tumor cell line MDA-MB-231.
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We found that epithelial-mesenchymal transition (EMT)-like remodeling of the actin cytoskeleton33 was modulated by enzymatically
active, extracellular LOXL2 (Supplementary Fig. 2d,e). AB0023
inhibited the morphological change induced by LOXL2-containing
conditioned medium on the human breast tumor cell line MCF-7
(Fig. 2c). The inhibitory activity of AB0023 was also assessed in a
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by endothelial cells at concentrations of 0.1, 10 and 50 μg ml−1. (e) Quantitative analysis of triplicate wells for each of six concentrations of AB0023,
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Figure 1 LOXL2 localization in the stroma of diverse tumor types.
LOXL2
CD31
LOXL2
CD31
(a) Quantitative real-time-PCR analysis of LOXL2 transcript in solid
tumors compared to non-neoplastic tissues. GIST, gastrointestinal stromal
tumor; adeno., adenocarcinoma; serous, serous adenocarcinoma; ovarian
endom., ovarian endometrioid carcinoma; sem., seminoma; squam.,
squamous cell carcinoma; carc., carcinoma; islet, islet cell tumor.
(b) Immunohistochemistry (IHC) analysis showing LOXL2, α-SMA as a
marker of activated fibroblasts and collagen I (COL1A) in matched breast adenocarcinoma tumor sections. Tissues were stained with 3,3′diaminobenzidine (brown) and counterstained with hematoxylin (blue). (c) Immunofluorescence double staining (yellow) of LOXL2 and α-SMA in colon
adenocarcinoma. (d−g) LOXL2 IHC in lung squamous cell carcinoma (d), pancreatic adenocarcinoma (e) and colon adenocarcinoma (f) and IHC for
LOXL2 and CD31 (g), as a marker of vasculature, in renal clear cell carcinoma. (h,i) LOXL2 IHC in healthy lung (h) and heart tissue (i) compared to
a CD31 control for matched sections. Scale bars, 50 μm.
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(M64) targeting LOX using the same peptide sequence26, and evaluated its efficacy alongside AB0023 (Supplementary Fig. 2h).

c oculture assay in which tube formation by human umbilical vein endo
thelial cells34 was supported by a fibroblast-generated extracellular
matrix (both cell types express LOXL2; data not shown). AB0023
inhibited vessel branching, number and length in a dose-dependent
manner, with complete inhibition at the highest concentration
(Fig. 2d,e; half-maximal inhibitory concentration (IC50) 22.2 nM,
19.9 nM and 33.2 nM for each measurement, respectively).
Both AB0023 and the humanized variant AB0024 were well tole
rated in a variety of safety studies, which included repeat-dose studies
conducted from 4 to 14 weeks in mice, rats and cynomolgus monkeys
with doses as high as 100 mg per kg per week. No effects associated
with AB0023 treatment were observed in a normal cutaneous wound
healing model (Supplementary Data and Supplementary Fig. 2f).
Given the reported efficacy of a LOX polyclonal antiserum in tumor
models of metastasis26, we also generated a monoclonal antibody
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AB0023 inhibits formation of the tumor microenvironment
Our immunohistochemical analysis of human tumors revealed an
association of LOXL2 with desmoplastic stroma across different
cancers (Fig. 1 and Supplementary Fig. 1). Although our analysis of
different xenograft tumor models typically revealed a comparatively
poor desmoplastic response, we identified the aggressive breast cancer
cell line MDA-MB-435 (ref. 35) as generating a desmoplastic reaction
with LOXL2 (and LOX) positivity that was reasonably reflective of
that observed in human tumors (Fig. 3a and Supplementary Fig. 3j).
Tumors were generated using MDA-MB-435 cells, propagated in the
flank and then established in the mammary fat pad (~100 mm3) of
female nude mice, and mice were treated with either AB0023, M64

Figure 3 Effects of AB0023 on fibroblast activation and growth factor abundance in the tumor microenvironment. (a) Immunohistochemistry (IHC)
analysis of MDA-MB-435 primary tumor model showing LoxL2 expression and α-Sma–positive fibroblasts. Scale bar, 50 μm. (b) Effects on MDA-MB-435
primary tumor volume by treatment with M64, AB0023 (*P = 0.022) and docetaxel (**P < 0.001). (c) Quantitative analysis of cross-linked collagen by
Sirius red staining and IHC data for the MDA-MB-435 efficacy study from independent tumors and sections showing significant reductions for tumors in
the AB0023-treated animals in cross-linked collagen (*P = < 0.001), activated fibroblasts as assessed by α-Sma signal (*P < 0.001), tumor-associated
endothelial cells as assessed by CD31 signal (*P < 0.001), and VegfA (*P < 0.001), Cxcl12 (*P = 0.002), Ctgf (*P = 0.003) and Loxl2 (*P < 0.001).
Significant reductions were also observed for the number of CD31 + cells in the docetaxel treatment group (**P = 0.005) and for VegfA amounts in
the M64 and docetaxel treatment groups (**P < 0.001, ***P = 0.001). Supplementary Data contains details on statistical analyses. (d,e) Examples
of Sirius red staining for cross-linked collagen (d) and α-Sma signal (e) of tumors from the vehicle and AB0023 treatment groups. Scale bars, 50 μm.
(f,g) Reduction of Tgf-β1 amounts (*P < 0.001) (f) and Tgf-β signaling, as assessed by the ratio of p-Smad2 to total Smad-2 amounts (g, *P = 0.049),
by ELISA of lysates generated from tumors from the AB0023-treated mice compared to vehicle controls. (h) Quantitative analysis of p-Smad2 by IHC,
showing significant reduction of p-Smad2 signal in tumors from AB0023-treated mice compared to other treatment groups (*P = 0.005). (i) Autophagy
marker beclin-1 signal in tumors from different treatment groups in the MDA-MB-435 primary tumor model (*P = 0.014, **P < 0.001).
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or the antiproliferative drug docetaxel (Taxotere; 30 mg per kg body
weight twice weekly for antibodies and 10 mg kg −1 per week for
docetaxel). Treatment with AB0023 resulted in significant decrease
in tumor volume (day 21, P = 0.001; day 35, P = 0.022; Fig. 3b) as
did treatment with docetaxel (Fig. 3b; P < 0.001). A smaller reduction in tumor volume associated with M64 treatment did not meet
statistical significance.
The stroma of tumors from AB0023-treated mice was different
from that of all other groups. There was a considerable reduction in
the production of cross-linked collagenous matrix (P < 0.001), which
was associated with an 88% reduction (P < 0.001) of activated fibro
blasts, as assessed by α-SMA signal (Fig. 3c–e). We observed no significant differences for either of these markers in the tumors isolated
from M64- or docetaxel-treated mice (Fig. 3c and Supplementary
Fig. 3a,b). The number of tumor-associated endothelial cells (CD31+)
was also significantly lower in AB0023-treated mice, as was microvessel
density (P < 0.001 for each; Fig. 3c and Supplementary Fig. 3c,d).
We also observed a significant reduction in the number of tumorassociated endothelial cells in docetaxel-treated mice as compared to
controls (P = 0.005; Fig. 3c). These results indicate that inhibition of
LOXL2 substantially impedes the formation of the pathologic stroma
that constitutes the tumor microenvironment.
AB0023 reduces growth factor amounts and TGF- signaling
Given the association of LOXL2 with the growth factor–rich stromal compartment in human tumors (Supplementary Fig. 3e), we
investigated the consequences of AB0023 treatment on growth factor production (Fig. 3c and Supplementary Fig. 3f–i). Analysis of
MDA-MB-435 tumors revealed a 76% reduction in vascular endo
thelial growth factor (VegfA) signal in the AB0023 treatment group
compared to vehicle controls (P < 0.001; Fig. 3c). Similarly, the
abundance of chemokine ligand-12 (CXCL12) 17 and connective tissue growth factor (Ctgf )36 was significantly reduced by treatment
with AB0023 (P = 0.002 and P = 0.003, respectively; Fig. 3c). Loxl2
protein was significantly reduced in tumors from AB0023-treated
mice (P < 0.001; Fig. 3c). A reduction in the amount of VegfA was
also apparent upon treatment with docetaxel and M64 (Fig. 3c).
Treatment with M64 did not result in statistically significant reductions in other growth factors or Loxl2 (Fig. 3c). AB0023 treatment did not affect the amounts of Lox in MDA-MB-435 tumors
(Supplementary Fig. 3j,k), further supporting that our observed
changes resulted from direct inhibition of Loxl2 rather than an indirect effect on Lox production.
Fibroblast activation from progenitor cells can be promoted by
TGF-β1 and mechanical tension15, and increases in matrix tension
can activate latent TGF-β1 (ref. 21). As cross-linking of fibrillar
collagen by extracellular LOXL2 would further increase matrix
tension, this process could contribute to a cumulative ongoing cycle
of disease progression21. Tissue-based ELISA analysis of tumors from
the AB0023 treatment group in the MDA-MB-435 study revealed
a significant decrease in total Tgf-β1 amounts compared to that in
controls (P < 0.001; Fig. 3f). In addition, a tissue-based ELISA ana
lysis showed a reduction in the abundance of phosphorylated Smad2
(p-Smad2), a TGF-β-associated transcription factor, indicating that
treatment with AB0023 reduced activation of Tgf-β signaling in vivo
(Fig. 3g). Immunohistochemical analysis confirmed the finding
that p-Smad2 amounts were significantly lower in tumors from
AB0023-treated mice, in both fibroblasts and tumor cells, unlike
tumors from either M64- or docetaxel-treated mice (P = 0.005;
Fig. 3h and Supplementary Fig. 3l,m). Consistent with these
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findings, experiments in vitro using different concentrations of
cross-linked acrylamide or collagen to simulate different degrees
of mechanical tension suggested that increased LOXL2 secretion by
cultured human foreskin fibroblasts was associated with increased
mechanical tension (Supplementary Fig. 3n–p). These data support
a role for LOXL2 in driving fibroblast activation in part through
promotion of TGF-β signaling, and demonstrate the effectiveness
of AB0023 in inhibiting TGF-β signaling in both fibroblasts and
tumor cells in vivo.
We next investigated the consequences to tumor cells of reduced
growth factor availability that resulted from inhibition of fibroblast
activation and the desmoplastic reaction by AB0023 treatment.
Tumors from AB0023-treated animals contained large regions of
necrosis and morphologically altered cells with pyknotic nuclei
(Supplementary Fig. 3q,r). Analysis of caspases yielded no positive
signal in tumors from AB0023-treated mice (unlike docetaxel-treated
tumors, which were positive; data not shown). However, we detected
significantly higher amounts of the autophagy-associated protein
beclin-1 (ref. 37) in tumor cells from AB0023-treated mice compared
to vehicle controls (P = 0.014; Fig. 3i and Supplementary Fig. 3s,t).
We also observed increased beclin-1 signal in tumors from the
docetaxel-treated group, but not from the M64-treated mice (Fig. 3i).
Unlike upon treatment with antiproliferative agents such as docetaxel,
we observed no significant effect on proliferation of tumor cells
in vitro with AB0023 treatment (data not shown). These results suggest
that tumor cells in AB0023-treated mice were undergoing necrotic
and type II autophagic cell death, consistent with deprivation of
necessary growth factors through suppression of fibroblast activation
and desmoplastic reaction by AB0023.
AB0023 outperforms -aminoproprionitrile
β-aminoproprionitrile (β-APN) is a widely used small-molecule inhibitor of LOX26,38,39. β-APN is also an efficient competitive inhibitor of
LOXL2 in vitro, with a comparable IC50 of ~6 μM (Supplementary
Fig. 4a)32. We compared the effects of both treatments on tumor
volume in the MDA-MB-435 established primary tumor model after
treatment with AB0023 (5 mg kg−1 twice weekly; 5, 15, and 30 mg kg−1
gave similar efficacy in this model (data not shown)) or β-APN (100
mg kg−1 daily)26. We observed a significant reduction in tumor volume
for AB0023-treated mice after 35 d (Fig. 4a, P = 0.018), whereas the
more modest reduction in tumor volume observed for β-APN–treated
mice was not statistically significant.
Analysis of the stroma and matrix in these tumors revealed that
AB0023 inhibited generation of the tumor microenvironment,
with significant reductions in cross-linked fibrillar collagen, fibro
blast activation and endothelial cell recruitment (Fig. 4b; P = 0.023,
P = 0.016 and P = 0.014, respectively), to a similar degree as was
observed in our MDA-MB-435 study (Fig. 3c). No such benefit was
apparent for tumors treated with β-APN, suggesting that allosteric,
noncompetitive inhibition of LOXL232 is more effective than competitive inhibition in vivo.
AB0023 reduces metastatic tumor burden in xenograft models
We assessed the efficacy of AB0023 and M64 (and docetaxel as a
proxy for standard of care) in a model of disseminated bone meta
stasis in the MDA-MB-231 cell line, which expresses all five LOX/Ls
(Supplementary Fig. 4b). We injected mice with approximately
1 million labeled cells into the left ventricle40 and concurrently
treated them with antibodies (30 mg kg−1, twice weekly) or docetaxel
(20 mg kg−1, weekly). After 24 d, we observed a significant reduction
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Figure 4 Comparison of AB0023 and β-APN and effects of AB0023 on metastatic burden in xenograft models. (a) Effects on MDA-MB-435 primary
tumor volume by treatment with AB0023 and β-APN (*P = 0.018). (b) A quantitative analysis of cross-linked collagen (*P = 0.023), α-Sma
(*P = 0.016) and CD31 signal (*P = 0.014) from tumors in this study. (c,d) Day 24 MDA-MB-231 tumor cell burden, assessed by bioluminescent
signal in the femur (c, *P = 0.008, **P = 0.032) and total ventral bone (d, *P = 0.034, **P = 0.036). (e) Bioluminescence measurements of tumer
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in tumor cell burden in the femurs, total ventral bone and soft tissues for the AB0023-treated mice and the docetaxel-treated mice,
but not in the M64-treated mice (P = 0.008, P = 0.034 and P = 0.043
for AB0023  treatment and P = 0.0316, P = 0.0359 and P = 0.001
for docetaxel treatment; Fig. 4c,d and Supplementary Fig. 4c). In
an independent study, we observed a significant survival benefit
(P = 0.025) for mice treated with AB0023 in combination with
paclitaxel (30 mg kg−1 twice weekly AB0023 and 5 mg kg−1 weekly
paclitaxel; Supplementary Fig. 4d).
We conducted an additional study to assess the effectiveness of
AB0023 in inhibiting metastasis to soft tissues using a tumor cell
line–based model that metastasizes in vivo. A luciferase-expressing
ovarian human tumor cell line, SKOV3, was used to generate tumors
orthotopically in female nude mice. Treatment with AB0023 was
undertaken from day 28 until day 63 (15 mg kg−1, twice weekly, dose
chosen on the previous efficacy studies and pharmacokinetic analysis,
data not shown). Ex vivo imaging of organs revealed a  significant
reduction of tumor cell burden in the lung, pancreas and liver associated with AB0023 treatment (P = 0.027, P = 0.031 and P = 0.039,
respectively; Fig. 4e). We excised the pancreas from each mouse
and analyzed serial sections by immunohistochemistry to confirm
Loxl2 expression in metastatic tumor nodules. Loxl2 was detected
in tumor nodules, and associated with infiltrating α-Sma+ and glial
fibrillary acidic protein–positive stromal cells (as a marker of activated
pancreatic stellate cells) (Fig. 4f). Consistent with previous studies,
these data suggest that activation of fibroblastic precursors and production of fibrillar collagen was associated with Loxl2 positivity in the
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stroma of the tumar (tumor cells identified by Ki-67). We observed
no obvious histological differences between treatment groups in the
metastatic tumor nodules.
AB0023 inhibits liver fibrosis
We detected LOXL2 and LOX at the fibrotic disease interface composed of fibroblasts, hepatocytes and neovasculature in human fibrotic
liver diseases associated with active hepatitis C infection or steatohepatitis (Fig. 5a,b and Supplementary Fig. 5a). We assessed the
effectiveness of AB0023 or M64 treatment with carbon tetrachloride–
induced liver fibrosis in BALB/c mice (1.0 U kg−1 and concurrent
treatment with 30 mg kg−1 AB0023 or M64, twice weekly until
day 22). Loxl2 expression was associated with activated fibroblasts
along fibrotic tracts (Supplementary Fig. 5b). There were no significant differences in amounts of liver enzymes or inflammation between
treatment groups (Supplementary Tables 2 and 3).
Treatment with AB0023, but not M64, increased survival
(P = 0.006; Fig. 5c). AB0023 treatment significantly reduced porto
portal and portocentral bridging fibrosis (F3, scored as METAVIR41
(F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis
with few septa; F3, numerous septa without cirrhosis; F4, cirrhosis);
P = 0.013) and limited the overall degree of fibrosis to a predominantly METAVIR F1 state (P = 0.011 compared to vehicle-treated
mice; Fig. 5d and Supplementary Fig. 5c). M64 treatment did not
differ significantly from vehicle treatment in METAVIR fibrosis
score (Fig. 5d). A substantial reduction in α-Sma+ myofibroblasts
was apparent in the portoportal septa of livers from AB0023-treated
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Figure 5 Effects of AB0023 in a liver fibrosis model. (a,b) LOXL2 expression in human hepatitis
0
C–associated liver fibrosis (a), and LOXL2 and LOX in steatohepatitic liver (b). Scale bars, 50 μm.
CCl4 + CCl4 + CCl4 +
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(c) Kaplan-Meier survival curve showing survival benefit of AB0023 treatment in a CCl 4-induced model
of liver fibrosis (100% survival, *P = 0.006). (d–f) Percentage fibrotic area determined by METAVIR scoring, reflecting the number of portal triads for
each METAVIR score divided by the total number of portal triads in the region analyzed in each treatment group, showing effects of AB0023 on bridging
fibrosis (portoportal or portocentral) (d, *P = 0.011 or **P = 0.013). Examples of α-Sma signal in livers from vehicle and AB0023 treatment groups (e).
Scale bars, 50 μm. Analysis of α-Sma signal showing decrease of myofibroblast activation in the portoportal regions of the liver in vehicle and AB0023
treatment groups (f, *P = 0.008). (g) Quantitative analysis of p-Smad3 signal by immunohistochemistry showing significant reduction of p-Smad3
signal in livers from AB0023-treated mice (*P < 0.001) versus livers from vehicle-treated mice, compared to increased p-Smad3 levels in livers from
M64-treated mice (**P < 0.001). Data are represented as means ± s.e.m.

mice (Fig. 5e,f and Supplementary Fig. 5c). Tgf-β signal induction
in the hepatic stellate cells associated with bridging fibrosis has been
characterized as a p-Smad3–dependent process42, and constitutive
p-Smad3 activity, independent of exogenous Tgf-β stimulation, is
apparent in chronic liver injury43. Although we observed no differences in total Tgf-β1 abundance, p-Smad3 signal was significantly
lower in AB0023-treated mice (P < 0.001), whereas both total Tgf-β1
and p-Smad3 amounts were higher in livers from M64-treated mice
(Fig. 5g and Supplementary Fig. 5d,e).
AB0023 inhibits lung fibrosis
We detected LOXL2 in fibrotic lung tissue from people with idio
pathic pulmonary fibrosis (IPF) and pneumofibrosis, associated
with activated fibroblasts, reactive pneumocytes and vasculature in
fibrotic foci (Fig. 6a and Supplementary Fig. 6a). Whereas bleomycin exposure in C57BL/6 mice more accurately models hypersensiti
vity pneumonitis, owing to an inflammatory component less evident
in IPF44, this model is also used to evaluate potential therapies for
pulmonary fibrosis45. We found that Loxl2 protein was induced
upon exposure to bleomycin and associated with regions of fibrosis
(Fig. 6b and Supplementary Fig. 6r). Therefore, we evaluated the
effectiveness of AB0023 in a 14-d study following pretreatment with
antibody (15 mg kg−1 twice weekly) and oropharyngeal administration of bleomycin (1 U kg−1).
Treatment with AB0023 resulted in an improved body weight
gain compared to that in vehicle-treated mice (Supplementary
Fig. 6b), suggestive of improved health. Histologically, AB0023
treatment resulted in a significant reduction in both fibrosis and
alveolar thickening, as assessed by detection of fibrillar collagen and
by Ashcroft score46 (P < 0.001 and P = 0.003, respectively; Fig. 6c–e
and Supplementary Fig. 6c,d). This was associated with a substantial
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decrease in the number of activated fibroblasts in the lungs of mice
treated with AB0023 (P = 0.009, Fig. 6f and Supplementary Fig. 6e).
We also investigated the amounts of other disease mediators such
as Tgf-β1, endothelin-1 and Cxcl12 (refs. 47–50). AB0023 treatment resulted in a significant reduction in the amounts of Tgf-β1,
endothelin-1, Cxcl12 and Loxl2, as well as Tgf-β signaling as measured by immunohistochemistry or tissue-based ELISA (P < 0.001,
P = 0.005, P < 0.001, P < 0.001 and P = 0.004, respectively; Fig. 6f and
Supplementary Fig. 6f–j). Consistent with the reduction in Cxcl12
(ref. 50), we observed fewer candidate fibrocytes in the lungs of
AB0023-treated mice (Supplementary Fig. 6k). We also observed a
substantial reduction in leukocytes upon analysis of bronchoalveolar
lavage fluid with AB0023 treatment (Supplementary Fig. 6l).
Reversal of established lung fibrosis by AB0023
We established a more aggressive lung fibrosis model with higher
doses of bleomycin (2.5 U kg−1) (Supplementary Fig. 6m) and
assessed the effectiveness of AB0023 upon treatment (15 mg kg−1
twice weekly) from day 6 after bleomycin exposure until day 22.
The lungs of mice treated with an irrelevant IgG1 antibody (AC-1)
were significantly heavier than lungs from AB0023-treated mice
(P = 0.008; Fig. 6g), suggestive of reduced fibrotic disease, and body
weight gain was observed with AB0023 treatment (Supplementary
Fig. 6n) suggestive of improved health. Lungs from AC-1–treated
mice contained regions of severe fibrotic damage, including honey
comb lung, extensive alveolar thickening and deposition of colla
genous matrix (Fig. 6h). In comparison, lungs from AB0023-treated
mice showed significant improvement in Ashcroft score (P = 0.027,
Fig. 6i and Supplementary Fig. 6p) and near-normalization
of cross-linked fibrillar collagen amounts (P < 0.001, Fig. 6j and
Supplementary Fig. 6q,r).
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Figure 6 Effects of AB0023 in bleomycin-induced lung fibrosis. (a) Immunohistochemistry (IHC) analysis showing LOXL2 and α-SMA (as a marker of
activated fibroblasts) in fibroblastic foci in serial human IPF sections. (b) IHC analysis showing Loxl2 expression associated with fibroblasts and reactive
pneumocytes in lungs of vehicle-treated mice. Scale bars, 50 μm. (c) (*P < 0.001). (d) H&E stainings of lungs from vehicle-treated and AB0023treated mice exposed to bleomycin. Scale bar, 50 μm. (e) Ashcroft scores representing the fibrotic changes in the lungs of saline-exposed control mice,
and vehicle and AB0023 treatment groups for bleomycin-exposed mice (*P = 0.003). (f) Quantitative analysis of α-Sma (*P = 0.009), Tgf-β1
(*P < 0.001), endothelin-1 (*P = 0.005), Loxl2 (*P < 0.001) and Cxcl12 (*P < 0.001) signal after AB0023 treatment versus vehicle treatment.
(g) Lung weights from mice exposed to saline (Saline, collected at day 22), or mice exposed to bleomycin and analyzed at initiation of antibody
treatment (day 6, Collect Rx) or after antibody treatment from day 6 to day 22 (Bleo + AB0023 or Bleo + AC1) (*P = 0.008). (h) H&E and Masson’s
trichrome stainings showing honeycomb lung in the AC1-treated mice compared to the less fibrotic lungs from AB0023-treated mice. Scale bars,
50 μm. (i) Average Ashcroft score with AB0023 treatment versus AC1 treatment (*P = 0.027). (j) Quantitative analysis of cross-linked collagen
(*P < 0.001, **P < 0.001), α-Sma (*P < 0.001, **P < 0.001) and Loxl2 (*P < 0.001, **P < 0.001) in lungs from saline-exposed, Collect Rx, AC1
and AB0023 treatment groups. Data are represented as means ± s.e.m.

Notably, AB0023 treatment resulted in considerable improvement
in cross-linked fibrillar collagen abundance (P < 0.001) and Ashcroft
score when compared to lungs of bleomycin-exposed mice collected
at treatment initiation, indicating that AB0023 reversed existing
fibrosis and promoted lung repair (Fig. 6i,j and Supplementary
Fig. 6o,p,r). A significant reduction in fibroblast recruitment and
activation was apparent with AB0023 treatment, achieving nearnormal levels by day 22, despite the presence of numerous activated
fibroblasts at treatment initiation (α-Sma signal P < 0.001; Fig. 6j
and Supplementary Fig. 6r). These data suggest that LOXL2 is
required for sustained pathologic fibroblast activation. Loxl2 abundance was also reduced as a result of AB0023 treatment (P < 0.001;
Fig. 6j and Supplementary Fig. 6r).
DISCUSSION
We describe a previously unknown role for LOXL2 in establishing and
maintaining the pathologic microenvironment of tumors and fibrotic
disease. LOXL2-specific monoclonal antibody AB0023 was efficacious in reducing disease in different models of cancer and fibrosis,

nature medicine

VOLUME 16 | NUMBER 9 | SEPTEMBER 2010

and our immunohistochemical and histological analysis revealed
that AB0023 treatment consistently reduced the number of diseaseassociated fibroblasts. We were not able to detect robust direct effects
of LOXL2 or AB0023 on proliferation, viability or TGF-β signaling
or collagen expression through a variety of in vitro assays using cell
culture (not shown). However, in diseased tissues in vivo, AB0023
inhibited the production of growth factors and of cross-linked collagenous matrix, and TGF-β signaling. LOXL2 could potentially mediate fibroblast activation in vivo through its enzymatically catalyzed
cross-linking of fibrillar collagen and corresponding increase in local
matrix tension21, resulting in activation of TGF-β1 signaling from the
latent complex15,21.
The reduction of several different disease-associated growth factors
by AB0023 treatment, and effectiveness in reversing established
fibrosis in the bleomycin model, distinguish it from other therapies45.
In comparison to the effects observed with AB0023 treatment, other
stroma-associated and antiangiogenic treatments that target VEGF
signaling, placental growth factor, CXCL12 or CTGF have not been
reported to affect activation of stromal fibroblasts17,36,51,52. Whereas
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a reduction in α-SMA+ fibroblasts has been observed with the use
of a Sonic hedgehog–inhibitory antibody53, we found that AB0023
effectively inhibited fibroblast activation despite Sonic hedgehog
production in the tumor model used in our study (Supplementary
Fig. 3u), and furthermore inhibited. TGF-β signaling and the production of a variety of growth factors. Previous reports describing
the targeting of TGF-β signaling have assigned different primary
mechanisms for reduction in tumor volume, such as immunomodulatory or anti-angiogenic effects or inhibition of TGF-β signaling in
tumor cells, other than effects on stromal collagen or the number
of α-SMA+ cells54–56. In comparison, inhibition of LOXL2 using
AB0023 impairs activation of disease-associated fibroblasts in vivo,
along with reductions in TGF-β1 amount and TGF-β signaling, in
models of cancer and fibrosis.
Compared to LOXL2, the more extensive LOX expression in
healthy tissues and lack of effectiveness of LOX-specific M64 render
LOX a less appealing therapeutic target (Supplementary Fig. 7 and
Supplementary Data). Whether pathologic fibroblasts originate from
local residents, circulating progenitors, EMT of epithelia or some
combination of these phenomena15, our data suggest that LOXL2 is
required for maintenance of their activated state in tissues. Inhibition
of LOXL2 using a monoclonal antibody offers several benefits: a
functional therapeutic window resulting from high LOXL2 expression in diseased tissues compared to limited expression in healthy
tissues, targeting of a pathologic stromal compartment that is common
to different diseases, targeting of a genetically more stable cell-type
(stromal fibroblasts) provides less opportunity for drug resistance57,
reduction of several disease-associated growth factors offers greater
disease-modifying potential, and a mode of inhibition32 that is
both more specific and more effective in vivo compared to a smallmolecule inhibitor.
Methods
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Tissues and cell lines. Human tumor, fibrosis and non-neoplastic tissues were
obtained from Cureline, Asterand, Proteogenex, Cooperative Human Tissue
Network (Vanderbilt University), US Biomax and University of Massachusetts
Cancer Center Tumor Bank. Each institution is ensured informed consent as
dictated by their appropriate institutional review board or equivalent committee.
Cell lines were obtained from American Type Culture Collection and cultured
in recommended growth medium.
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Induction of epithelial-mesenchymal transition–like phenotype by LOXL2containing medium. We added 48–72-h conditioned media from MDA-MB231 cells to MCF7 cells seeded 24 h beforehand in eight-well culture slides. After
48–96 h incubation with conditioned media, cells were fixed and stained with
rhodamine phalloidin (Invitrogen).
In vitro human umbilical vein endothelial cell assay. The study was performed
at Epistem. Briefly, human umbilical vein endothelial cells were plated on a feeder
layer of fibroblasts and cultured in endothelial growth medium (in triplicate)
until the early stages of tube formation when fresh AB0023-containing medium
was added. Medium alone was the baseline control for endothelial growth.
On days 4, 7 and 9, the medium for each condition was replaced with 0.5 ml
of fresh medium. On day 11, the plates were fixed with 70% ethanol, stained
with an antibody to human CD31 (TCS Cellworks) followed by a goat antibody
against mouse IgG conjugated to alkaline phosphatase (both in PBS containing
1% BSA) (Sigma) and 5-bromo-4-chloro-3-indolyl-phosphate (Sigma) and nitro
blue tetrazolium (Sigma) substrates. We imaged four random fields per well with
a Nikon Coolpix camera and a Leica inverted microscope, and measured the
number of vessels, branches and total vessel lengths.
MDA-MB-435 xenograft model. The in vivo studies were performed at
AntiCancer. MDA-MB-435-GFP tumor pieces (1 mm3) were implanted in the
breast of NCr nu/nu mice (Charles River Laboratories). When the average primary
tumor volume reached ~100 mm3, treatment was administered intraperitoneally
(AB0023, M64 or vehicle) at 30 mg kg−1 or 5 mg kg−1 twice a week for 35 d.
MDA-MB-231 disseminated metastasis mouse xenograft model and
SKOV3 metastasis mouse xenograft model. In-life studies were performed
at Caliper Life Sciences, using a similar imaging and quantification procedure
as described previously40. Antibodies to LOXL2 (AB0023) or LOX (M64),
and a vehicle control, were administered intraperitoneally twice weekly at the
concentrations noted.
CCl4-induced liver fibrosis disease model. In-life portion of study was
performed at Aragen Biosciences. CCl4 1 ml kg−1 (1:1 ratio, CCl4:mineral oil)
was intraperitoneally administered to male BALB/c mice (10–12 weeks old,
Simonsen Laboratory) two times a week for 3 weeks. In the control group, 0.9%
saline (1:1 ratio saline:mineral oil) was administered intraperitoneally with the
same dosing regimen. CCl4 groups were treated intraperitoneally with AB0023,
M64 or PBS vehicle at 30 mg kg−1 twice a week, with treatment starting a day
before CCl4 administration and continuing through the study end. Mice were
killed after 22 d58.
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Bleomycin-induced lung fibrosis prevention model. In-life portion of study
was performed at Aragen Biosciences. C57BL/6 mice (7–8 weeks old) were
exposed to 1 U kg−1 of bleomycin via oropharyngeal route. Mice (n = 8 per
group) were pretreated with PBS vehicle or AB0023 (15 mg kg−1) intraperitoneally at 4 and 1 d before bleomycin exposure and twice weekly thereafter. In the
control group, saline was administered via the same route and dosing regimen.
Mice were killed 14 d after bleomycin administration.
Bleomycin-induced lung fibrosis treatment model. In-life portion of study
was performed at Aragen Biosciences. C57BL/6 mice (7–8 weeks old) were
exposed to 2.5 U kg−1 of bleomycin via the oropharyngeal route. Mice (n = 15 per
group) were treated with control antibody (AC-1) or AB0023 (15 mg kg−1)
intraperitoneally 6 d after bleomycin exposure and twice weekly thereafter. In
the no-bleomycin control group, saline was administered via the same route.
Mice were killed 22 d after bleomycin administration.
Analysis of protein by ELISA. MDA-MB-435 tumors, CCl4-treated livers and
bleomycin-treated lungs were homogenized into cell lysis buffer (Cell Signaling
Technologies) with 1 mM phenylmethanesulfonylfluoride (Amresco) and concentrations of SMAD2, p-SMAD2 and TGF-β1 determined with commercial
ELISA kits (Cell Signaling Technologies; R&D Systems) per the manufacturer’s
protocols. Total TGF-β1 protein concentration was obtained by acidifying samples to measure both latent and active TGF-β1.
Immunohistochemical staining of tissues. Briefly, normal and diseased
tissues or tumors were preserved as fresh-frozen or paraffin-embedded samples
and fixed accordingly. Protein expression within the samples was visualized by
staining the tissues with antibodies specific to various target proteins and their
appropriately conjugated secondary antibodies, followed by microscopic imaging and analysis. For xenograft models, reagents that detect both mouse and
human proteins were used. Specific protocols for various tissues are contained
in the Supplementary Methods.
Use of mice. All contract research groups followed established guidelines and
their applicable standard operating procedures for animal handling, including killing when necessary to alleviate suffering. Specifically, studies in mice
were conducted at Aragen Bioscience in accordance with standard operating
procedures approved by their Institutional Animal Care and Use Committee
(IACUC), studies at AntiCancer were approved by its IACUC, studies at Caliper
were approved by the Xenogen Biosciences or Iconic IACUC and studies at SNBL
USA were approved by its IACUC.
Statistical analyses. Quantitative analysis of protein expression in immunohisto
chemically stained tissues was done with MetaMorph, IC50 determinations were
calculated by using a four-parameter fit, Ashcroft46 scoring was used to assess
lung fibrosis and METAVIR41 scoring was used to assess liver fibrosis. Specific
details of the statistical methodology used in relevant experiments are detailed
in the Supplementary Data.
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