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Idiopathic pulmonary fibrosis is a progressive fibrotic disease characterized by excessive deposition of (myo)fi-
broblast produced collagen fibrils in alveolar areas of the lung. Lysyl oxidases (LOXs) have been proposed to be
the central enzymes that catalyze the cross-linking of collagen fibers. Here, we report that, while its expression is
increased in fibrotic lungs, genetic ablation of LOXL2 only leads to a modest reduction of pathological collagen
cross-linking but not fibrosis in the lung. On the other hand, loss of another LOX family member, LOXL4, mark-
edly disrupts pathological collagen cross-linking and fibrosis in the lung. Furthermore, knockout of both Lox/2
and Lox/4 does not offer any additive antifibrotic effects when compared to Lox/4 deletion only, as LOXL4 de-
ficiency decreases the expression of other LOX family members including Lox/2. On the basis of these results, we
propose that LOXL4 is the main LOX activity underlying pathological collagen cross-linking and lung fibrosis.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease
that is associated with high morbidity and mortality (1). With
limited treatment options and a median survival of less than 3
years from diagnosis and rising prevalence due to coronavirus
disease 2019 pandemic (2-5), IPF represents a huge unmet
medical need for the global public health system. Triggered by mi-
croinjuries to lung airway and alveolar epithelium, IPF is proposed
to be the pathological manifestation of the aberrant accumulation of
myofibroblasts and the deposition of collagen fibrils in the intersti-
tial regions (6, 7). Persistent and excessive collagen fibril formation
and deposition eventually destroy normal alveolar architecture and
lead to loss of lung function and, ultimately, death (8, 9).

As the common and final step of most fibrotic diseases, collagen
fibril formation is a complex process involving multiple posttrans-
lational modifications (10, 11). Once synthesized in the endoplas-
mic reticulum, fibrillar collagen molecules are first produced as
monomeric procollagen chains with hydroxylation of a variety of
prolines and lysines. These monomeric molecules are then pack-
aged and secreted in a format of triple-helix procollagen into extra-
cellular space where both ends of these triple-helix molecules are
cleaved to enable collagen maturation. Subsequently, oxidative de-
amination of lysine or hydroxylysine within these mature collagen
molecules initiates intra- and intermolecular cross-linking to form
supramolecular collagen fibril structures (12-15), a key biochemical
reaction to trigger collagen fibrillogenesis (16—19).
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The main enzymes that catalyze collagen cross-linking are be-
lieved to be the lysyl oxidases (LOXs), a family of five extracellular
copper-dependent amine oxidases [LOX and LOX-like 1 (LOXL1)
to LOXL4] (15, 20). The importance of LOXs in homeostatic colla-
gen cross-linking was exemplified by several genetic studies. For
example, when Lox was deleted, the mice die perinatally with pro-
found connective tissue defects and decreased elastin and collagen
cross-linking (21-23). On the other hand, Lox/1 knockout mice are
viable, and loss of this gene leads to marked reduction of elastin
cross-linking and abnormal elastic fiber homeostasis (24-29).
However, its contribution to collagen cross-linking appears to be
context dependent (24-29). More recently, LoxI3 deletion in mice
has only led to a minor reduction of collagen cross-linking (30,
31). The status of collagen cross-links was not reported in LoxI2
or Loxl4 knockout mice (32, 33). Overall, homeostatic collagen
cross-links appear to be still largely formed in these LOX-deficient
animals, indicating some functional compensatory mechanisms
between LOX family members.

Given their central role in collagen cross-linking, LOXs have
been perceived as potential therapeutic targets for fibrosis and
cancer (34). A LOX family member, LOXL2, has attracted a great
deal of attention and enthusiasm within the biomedical community
on its role as the main driver of pathological collagen cross-linking
in preclinical models due to the marked antifibrotic effects of anti-
body-based inhibition of its LOX activity (35). However, simtuzu-
mab, a humanized LOXL2-specific blocking monoclonal antibody,
has not shown any clinical benefits in several fibrotic indications
including IPF (36—-41). While the futility of these clinical trials
has been largely attributed to the imperfect pharmacological
profile of simtuzumab (20, 42), the functional role and importance
of LOXs to pathological collagen cross-linking remain unresolved,
and the genetic evidence to establish the causal relationship among
LOXs, pathological collagen cross-linking, and lung fibrosis is
lacking. To address these questions and reconcile the conflicting

10f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

findings regarding the biology of collagen cross-linking, we there-
fore developed conditional knockout (cKO) mouse models, where
Lox genes can be deleted in adulthood, to dissect the role of LOXL2
and another LOX family member, LOXL4, in pathological collagen
cross-linking and lung fibrosis.

RESULTS

Expression of LOX family members in human IPF lungs

We first evaluated the expression of all five LOX family members in
human IPF lungs by querying their expression in a previously re-
ported IPF lung transcriptome dataset from human patients
(GSE31962) (43). The result shows that the expression of LOX,
LOXL1, LOXL2, and LOXL4 is increased in IPF lungs (Fig. 1A).
LOXL3 expression appears to be only slightly increased while the
trend is statistically significant (Fig. 1A). In addition, we determined
the cellular source of LOXs in IPF lungs by analyzing their expres-
sion in a published single-cell transcriptome dataset (44). The result
showed that the transcripts of all five LOX family members can be
found in multiple cell types (Fig. 1B), suggesting that a ubiquitous
promoter activity such as Rosa26 may be needed to genetically
dissect the role of LOXL2, as well as other LOXs, in pathological
collagen cross-linking and lung fibrosis in a mouse model.

Characterization of collagen cross-linking in the bleomycin
model of lung fibrosis

A prerequisite of genetic dissection of the role of LOXs in patholog-
ical collagen cross-linking and lung fibrosis is a preclinical animal
model that can recapitulate the increased LOX expression and col-
lagen cross-links observed in human patients with IPF (Fig. 1A)
(42). In this regard, we chose to characterize the bleomycin model
as it is the most widely used mouse model for lung fibrosis (45).
Specifically, we challenged the mice hemizygous for a Cre-ERT2
fusion transgene driven by the Rosa26 promoter (Rosa26°" X%
with the treatment of tamoxifen and intratracheally administered
bleomycin in a sequential order (Fig. 2A) because this strain will
be used to generate Lox! cKO mice. In agreement with our findings
in human IPF lungs (Fig. 1A), we observed that the expression of
Lox, Loxl1, LoxI2, and LoxI4, but not LoxI3, was elevated in the bleo-
mycin-challenged mouse lungs (Fig. 2, B to F). Furthermore, we
quantified collagen deposition and cross-links in the Rosa26“"
FRT2 mice treated with tamoxifen and saline or bleomycin
(Fig. 2A). As expected, we found that total lung collagen content,
measured by hydroxyproline (OHP), was increased remarkably in
the bleomycin group (Fig. 2G). In addition, we found that total
and normalized (ratio of total cross-links to total collagen) divalent
[dihydroxylysinonorleucine (DHLNL)] collagen cross-links were
increased in mouse lungs challenged by bleomycin compared to
saline group (Fig. 2, H and I). Notably, these observations are con-
sistent with a previous report of collagen cross-linking in human
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Fig. 1. Expression of LOX family members in human IPF lungs. (A) Expression of LOX, LOXL1, LOXL2, LOXL3, and LOXL4 in healthy and IPF human lungs. (B) Expression of
LOX, LOXL1,LOXL2, LOXL3, and LOXL4 in individual cell type in human IPF lungs. SM, smooth muscle cells. Data represent means + SD. **P < 0.01 and ****P < 0.0001. P value

is calculated using one-way ANOVA.
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Fig. 2. Collagen cross-linking and Lox/LoxI expression in the bleomycin model. (A) Schematic regime of Rosa26

CreERT2 mice under intratracheal (IT) bleomycin

challenge. Lungs were harvested for terminal analyses on day 24 after bleomycin challenge. (B to F) mRNA expression of Lox family members from lung tissue. (G)
Lung total OHP. (H to K) Quantification of lung collagen cross-linking by (H) total DHLNL, (I) DHLNL normalized by collagen, (J) total PYD, and (K) PYD normalized by
collagen. Saline, n = 6; bleomycin, n = 16. Data represent means + SD. *P < 0.05, **P < 0.01, and ****P < 0.0001. P value is calculated using unpaired, two-tailed t test (B)

to (K).

fibrotic lungs (42). On the other hand, total and normalized triva-
lent [pyridionoline (PYD)] collagen cross-links appeared to be
either slightly increased (total) (Fig. 2J) or unchanged (normalized)
(Fig. 2K), which is a previously documented phenomenon in the
bleomycin model (46). Nevertheless, these results support the bleo-
mycin model as an appropriate model to investigate the role of
LOXL2, as well as other LOXs, in pathological collagen cross-
linking and lung fibrosis.

Modest contribution of LOXL2 to pathological collagen
cross-linking in the lung

To bypass postnatal lethality reported in LoxI2-deficient mice (32),
we generated mice homozygous for the floxed (cKO) or wild-type
(WT) LoxI2 alleles and hemizygous for a Cre-ERT2 fusion trans-
gene driven by the Rosa26 promoter. In these cKO mice, both
LoxI2 alleles can be deleted when tamoxifen is administered
(Fig. 3A). Thus, we investigated whether inducible deletion of

Ma et al., Sci. Adv. 9, eadf0133 (2023) 26 May 2023

LoxI2 affects pathological collagen cross-linking and lung fibrosis
in the bleomycin model (Fig. 3B).

We first confirmed that tamoxifen induced substantial loss of
LoxI2 transcript in the lungs in the presence or absence of bleomy-
cin when compared to WT controls (Fig. 3C). Next, we measured
collagen cross-links and total OHP and found that LoxI2 deletion
only results in a modest but statistically significant reduction of
total DHLNL in the bleomycin-challenged mouse lungs (Fig. 3D).
The other readouts including normalized DHLNL and total OHP
levels are numerically lower in the bleomycin-treated LoxI2 cKO
lungs, while this trend is not statistically significant (Fig. 3, E and
F). In addition, we observed that total and normalized PYD level,
histology score, and the expression of profibrotic genes such as
Collal, Colla2, Fnl, and Tnc were not affected by LoxI2 deletion
(Fig. 3, G to K, and fig. S1). We also found that LoxI2 deletion
does not affect the expression of other Lox family members in the
lungs (Fig. 3, L to O), ruling out the possibility that the expression of
other Lox family members may be increased to compensate for the
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Fig. 3. LOXL2 modestly contributes to pathological collagen cross-linking but not fibrosis in the bleomycin model. (A) Schematic conditional Lox/2 targeting. The
exon 3 of LoxI2 gene has been flanked by loxP site. The Lox/2°* mice breed with Rosa26"ER™ mice to generate Lox/2 cKO mice (Lox/2°/9% Rosa26 < ERT2) where Cre
promoted recombination can be induced by tamoxifen. (B) Schematic regime of tamoxifen-induced Lox/2 deletion followed by intratracheal bleomycin challenge. Lungs
were harvested for terminal analyses on day 24 after bleomycin challenge. (C) mRNA expression shows the efficient deletion of Lox/2 in the lungs from cKO mice. (D and E)
Quantification of lung collagen cross-linking by (D) total DHLNL and (E) DHLNL normalized by collagen. (F and G) Quantification of lung fibrosis by (F) total OHP and (G)
histology score. (H to K) mRNA expression of selective profibrotic genes from lung tissue. (L to 0) mRNA expression of Lox family members from lung tissue. WT: saline, n =
6; bleomycin, n = 15; LoxI2 cKO: saline, n = 8; bleomycin, n = 17. Data represent means + SD. *P < 0.05, **P < 0.01, and ****P < 0.0001. P value is calculated using one-way
analysis of variance (ANOVA). ns, not significant.
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loss of LOXL2. Overall, these data strongly argue against the pro-
posed important role of LOXL2 in lung fibrosis (35) and suggest
that other Lox family members should be explored for their contri-
bution to this pathological process.

LOXL4 is the main LOX underlying pathological collagen
cross-linking and lung fibrosis

To identify the main LOX underlying pathological collagen cross-
linking and lung fibrosis, we switched our focus to LOXL4 due to
the following two reasons: (i) LOXL4 expression is highly increased
in both human IPF lungs and the bleomycin-challenged fibrotic
mouse lungs (Figs. 1A and 2F); and (ii) unlike LOX and LOXLI,
LOXL4 appears not to contribute to normal homeostasis of connec-
tive tissues (33). We first investigated upstream regulatory mecha-
nisms underlying LOXL4 induction, as this may be relevant to its
potential role in lung fibrosis. Through a screen of a variety of pro-
fibrotic and proinflammatory cytokines and stimuli, we found that
LOXL4 expression can be induced in lung epithelial cells by trans-
forming growth factor f (TGFp) ligands such as TGFp1, TGFp2,
and TGF3, and in lung fibroblasts by TGFf1/2/3 and interleu-
kin-1p (IL-1B) (fig. S2), which is consistent with a previous report
(47) and suggests that LOXL4 expression could be induced by both
proinflammatory and profibrotic signals. Next, we explored
whether LOXL4 affects several profibrotic processes including fi-
broblast activation, proliferation, collagen production, and epitheli-
al-mesenchymal transition (EMT) in vitro. We did not observe that
either treatment of recombinant LOXL4 protein or overexpression
of LOXL4 affects these processes in vitro (figs. S3 and S4). Comple-
mentarily, we did not find that genetic or pharmacological inhibi-
tion of LOXL2 or LOXL4 affects EMT and lung fibroblast activation
in vitro (fig. S5). Collectively, these results argue against a direct role
of LOXL4 in these profibrotic processes, which have been suggested
for other LOX family members (32, 48, 49).

To assess its in vivo role in lung fibrosis, we therefore generated
Loxl4 cKO mice (LoxI41¥1°%; Rosa26C7FRT2) ag depicted (Fig. 4A)
and investigated whether inducible deletion of Lox/4 affects patho-
logical collagen cross-linking and lung fibrosis in the bleomycin
model (Fig. 4A and fig. S6A). The data showed a markedly reduc-
tion of total and normalized DHLNL by more than 70% (Fig. 4, C
and D) in bleomycin-challenged lungs from Loxl4 cKO mice.
Notably, LoxI4 deletion appears to decrease total and normalized
PYD in bleomycin-treated fibrotic lungs as well (fig. S6, B and C).
Lung fibrosis quantified by total OHP, newly synthesized OHP, and
histology score was also greatly decreased in Lox/4 cKO mice chal-
lenged with bleomycin (Fig. 4, E to H). We also observed that the
bleomycin-induced expression of profibrotic genes was almost nor-
malized in the lungs from LoxI4 ¢cKO mice (Fig. 4, I to L). In addi-
tion, we confirmed the decrease in type I collagen and fibronectin
protein levels in LoxI4 cKO mouse fibrotic lungs through immuno-
fluorescent analysis (Fig. 4, M to P). These results, therefore, not
only suggest a requirement of collagen cross-linking for lung fibro-
sis but also support LOXL4 as the main LOX-mediating pathologi-
cal collagen cross-linking and fibrosis in the lung.

LOXL4 deficiency disrupts profibrotic YAP/TAZ and TGFf}
signaling in myofibroblasts during lung fibrosis

The notable antifibrotic phenotype of LoxI4 cKO mice prompts us
to investigate the mechanism underlying LOXL4's central role in
lung fibrosis. In this regard, we noticed that a—smooth muscle

Ma et al., Sci. Adv. 9, eadf0133 (2023) 26 May 2023

actin (ACTA2)-positive myofibroblasts were markedly reduced in
the fibrotic lungs from bleomycin-challenged LoxI4 cKO mice
(Fig. 5, A and B), and this phenomenon cannot be attributed to de-
creased proliferation or increased apoptosis of lung myofibroblasts
in the absence of LOXL4 (fig. S7). As LOXL4 appears not to contrib-
ute to lung fibroblast activation directly (figs. S3 to S5), we speculate
that LOXL4 and its dependent pathological collagen cross-linking
may promote myofibroblast activation via indirect stimulation of
profibrotic signaling pathways such as yes-associated protein
(YAP)/transcriptional coactivator with PDZ-binding motif (TAZ)
and TGF signaling in vivo (50-55).

This hypothesis was initially supported by gene expression pro-
filing, as we found the YAP/TAZ and TGEFp target gene expression
sharply declined in the fibrotic lungs from LoxI4 cKO mice (Fig. 5, C
and D). Immunofluorescent analysis further confirmed that nuclear
signal of YAP and TAZ, a hallmark of YAP/TAZ activation, de-
creased in the myofibroblasts of fibrotic lungs from Loxl4 cKO
mice (Fig. 5, E to H). In addition, we examined the abundance of
phosphorylated SMAD3 (pSMAD?3), a hallmark of TGFp activa-
tion, in the lungs from WT or LoxI4 cKO mice challenged with bleo-
mycin and found lower pPSMAD?3 signal in the myofibroblasts of
fibrotic lungs from LoxI4 ¢cKO mice (Fig. 5, I and J). We also ob-
served decreased expression of TGFp ligands such as Tgfb2 and
Tgfb3 but not Tgfbl in the lungs from bleomycin-challenged
LoxI4 cKO mice (fig. S8). Hence, our results support an indirect
role of LOXL4 in YAP/TAZ and TGF activation during lung fibro-
sis and implicate that pathological collagen cross-linking may be
important in amplification of these key profibrotic signaling path-
ways, myofibroblast activation, and ultimate formation of a profi-
brotic microenvironment in the lung.

LOXL2 deficiency does not further decrease pathological
collagen cross-linking and lung fibrosis in the absence

of LOXL4

As both LOXL2 and LOXL4 contribute to pathological collagen
cross-linking, we asked whether LOXL2 and LOXL4 may
synergistically mediate lung fibrosis. To address this question, we
crossed LoxI2 c¢KO and Loxl4 cKO mice to generate
LoxI2/4 cKO(LoxI21°¥/10%, [ ox4f1ox/ox, Rosq26Cm¢ ERT2) mjce,
which were then tested along with LoxI4 cKO mice in the same
bleomycin-challenged experiment (fig. S6A). We found that
simultaneous deletion of LoxI2 and Lox/4 did not further reduce
pathological collagen cross-linking (DHLNL and PYD) when
compared to single deletion of Loxl4 (Fig. 6, A and B, and fig. S6,
D and E). Similarly, lung fibrosis measured by total OHP, newly
synthesized OHP, and histology score was comparable between
LoxI2/4 cKO and LoxI4 ¢KO mice (Fig. 6, C to E). We observed
little difference in the expression of profibrotic genes including
Collal, Colla2, Fnl, TnC, and Serpinel either (Fig. 6, F to J). In
this regard, we noticed that LoxI4 deletion decreases the expression
of all the other LOX family members including Lox, LoxI2, and
LoxI3 but not Lox!1 in the bleomycin-challenged fibrotic mouse
lungs (Fig. 6, K to O). This finding may help explain little add-on
or synergistic effect of LOXL2 deficiency on top of LOXL4
deficiency with respect to pathological collagen cross-linking and
lung fibrosis and further support a critical role of LOXL4 in
perpetuating a profibrotic microenvironment.
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Fig. 4. LoxI4 cKO mice are protective against bleomycin-induced lung fibrosis. (A) Schematic conditional Lox/4 targeting. The exon 3 of Lox/4 gene has been flanked
by loxP site. The Lox/419/M°% mice breed with Rosa26"ER™? mice to generate Lox/4 cKO mice (Lox/41°/19% Rosa26 "¢ ERT2) \here Cre promoted recombination can be
induced by tamoxifen. (B) mRNA expression shows the efficient deletion of Lox/4 in the lungs from cKO mice. (C and D) Quantification of lung collagen cross-linking by (C)
total DHLNL and (D) DHLNL normalized by collagen. (E and F) Quantification of lung fibrosis by (E) total OHP and (F) newly synthesized OHP. (G) Histology score of lung
fibrosis lesion. (H) Representative images of trichrome staining of lung fibrosis. (I to L) mRNA expression of selective profibrotic genes from lung tissue. (M and N) (M)
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represent means * SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. P value is calculated using one-way ANOVA. DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 5. LOXL4 deficiency disrupts TGFp signaling and inactivates myofibroblasts
in the bleomycin injured lungs. (A and B) (A) Representative immunofluorescent
images of ACTA2 in lung tissue with quantification of (B) percentage of ACTA2" area.
(Cand D) mRNA expression of selective (C) YAP/TAZ target genes and (D) TGF{ target
genes from lung tissue. (E and F) (E) Representative immunofluorescent images of TAZ
and ACTA2 in lung tissue with quantification of (F) number of TAZ" nuclei/ACTA2" cells
per field. (G and H) (G) Representative immunofluorescent images of YAP and ACTA2
in lung tissue with quantification of (H) number of YAP* nuclei/ACTA2" cells per field.
Arrowheads present (E) TAZ" nuclei/ACTA2" cells and (G) YAP* nuclei/ACTA2" cells. (1
and J) (1) Representative immunofluorescent images of pSMAD3 and ACTA2 in lung
tissue with quantification of (J) number of pPSMAD3*/ACTA2" cells per field. Data in (B),
(F), (H), and (J) represent mean value of five random fields per image. Data represent
means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. P value is calculated
using one-way ANOVA.

DISCUSSION

Since its mouse surrogate exhibited impressive antifibrotic effects in
preclinical models (35), simtuzumab had garnered considerable en-
thusiasm from the entire biomedical community as it was regarded
as a breakthrough to directly target collagen fibrillogenesis.
However, the initial excitement of this molecule abated with a
series of setback in clinical trials. Several reasons have been

Ma et al., Sci. Adv. 9, eadf0133 (2023) 26 May 2023
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proposed to explain the futility of simtuzumab in human patients
who include, but not limited to, potential intracellular activity of
LOXL2, the poor potency of simtuzumab, and the insufficient capa-
bility of antibody-based therapeutics to penetrate fibrotic milieu.
Our data presented in this study, however, argue that LOXL2 may
not be a suitable target for fibrotic diseases such as IPF at all as the
LOXL2 contribution to pathological collagen cross-linking and lung
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Fig. 6. LOXL2 deficiency has no extra protective effects against bleomycin-induced pathological collagen cross-linking and lung fibrosis in the absence of

LOXLA4. (A and B) Quantification of lung collagen cross-linking by (A) total DHLN

L and (B) DHLNL normalized by collagen. (C to E) Quantification of lung fibrosis by

(C) total OHP, (D) newly synthesized OHP, and (E) histology score of fibrosis lesion. (F to J) mRNA expression of selective profibrotic genes from lung tissue. (K to O)
MRNA expression of Lox family members from lung tissue. WT: saline, n = 5; bleomycin, n = 24; LoxI2/4 cKO: saline, n = 5; bleomycin, n = 15; Lox/4 cKO: saline, n = 5;

bleomycin, n = 17. Data represent means + SD. *P < 0.05, **P < 0.01, ***P < 0.001,

fibrosis in the bleomycin model appears to be either marginal or
null, which is conceivably not translatable to human patients. Al-
though the limitations of simtuzumab’s molecular profile may
still account for its poor performance in human trials, our study ex-
emplifies the utmost necessity of genetic validation of drug targets
when possible.

So, which LOX could be the culprit of pathological collagen
cross-linking and lung fibrosis if there was any? Genetic dissection
helped us find LOXL4 as a previously underappreciated LOX family
member that functions as a master regulator of pathological colla-
gen cross-linking underlying lung fibrogenesis. While LOXL4

Ma et al., Sci. Adv. 9, eadf0133 (2023) 26 May 2023

and ****P < 0.0001. P value is calculated using one-way ANOVA.

deficiency leads to a marked decrease in pathological collagen
cross-link underlying lung fibrosis, we did not observe any disturb-
ance of homeostatic collagen cross-linking and deposition in the
lung in the absence of LOXL4. Furthermore, we did not notice
any overtly adverse phenotypes in Lox/4 cKO mice either. Consis-
tent to these observations, Lox/4 knockout mice appear to be largely
normal as well (33). These findings, thus, position LOXL4 in a
“sweet” spot for pharmacological manipulation of pathological col-
lagen cross-linking driving lung fibrosis progression without per-
turbing normal homeostasis of connective tissues, which is a
serious safety concern of targeting this biology.
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Another surprising but not unexpected finding from our study is
that LOXL4-mediated pathological collagen cross-linking appears
to be the main driver of profibrotic microenvironment in the
lung. On the basis of a series of elegant in vitro studies (51, 53,
56-60), it has long been proposed that fibrosis and fibrosis-trig-
gered tissue stiffening can induce a self-sustaining fibroblast activa-
tion to nucleate a highly fibrotic microenvironment that forms a
vicious feedback loop to perpetuate the disease progression. So, to
the best of our knowledge, Lox/4 cKO mouse model provides the
first evidence to establish a direct causal relationship between fibro-
sis and fibroblast activation by genetic manipulation of collagen
matrix. Furthermore, the indispensability of LOXL4 in pathological
collagen cross-linking and lung fibrosis supports the concept that
the matrix-fibroblast cross-talk driving the progression of lung fi-
brosis and suggests that this mechanism may be druggable by
LOXL4 inhibition.

Last, we propose that the Lox/4 cKO mouse model may represent
a unique opportunity to delineate the reciprocal relationship
between fibrosis and other pathophysiological processes. Fibrosis
has long been viewed as the chronic consequence or outcome of
other pathophysiological processes such as inflammation, autoim-
munity, metabolic imbalance, and cancer, in that these abnormali-
ties usually precede fibrosis and selective modulation of these
processes can prevent fibrosis (6, 8, 9). However, whether fibrosis
can perpetuate the progression of these pathological processes
remains largely unknown probably because of the lack of the
genetic means to manipulate fibrosis in a specific manner. Hence,
the LoxI4 cKO mouse model may be an invaluable genetic tool to
overcome this technical barrier by providing an effective means to
manipulate pathological collagen cross-linking and fibrosis directly.
Additional studies are therefore warranted to test this mouse model
in a wide spectrum of disease settings where pathological collagen
cross-linking occurs.

In sum, our data provide the genetic evidence that LOXL4, but
not LOXL2, is required for pathological collagen cross-linking and
lung fibrosis. This discovery not only establishes the causal relation-
ship between pathological collagen cross-linking and lung fibrosis
but also supports LOXL4 as a previously unrecognized therapeutic
target for fibrotic lung diseases such as IPF.

MATERIALS AND METHODS
Generation of inducible Lox/2 and Lox/4 knockout mouse
Homologous recombination and mouse embryonic stem (ES) cell
technology (61-63) was used to generate a genetically modified
mouse strain with LoxI2 and Loxl4 cKO alleles. To generate
LoxI2-flox/flox alleles, a gene-targeting vector constructed with a
2020-base pair (bp) arm of 5 homology corresponds to
GRCm38/mm10 chrl4: 69,642,553 to 69,644,572 and a 2006-bp
arm of 3' homology corresponds to chrl4: 69,644,987 to
69,646,992. The 414-bp region flanked by loxP sites (exon 3) corre-
sponds to chrl4: 69,644,573 to 69,644,986. To generate Lox/4-flox/
flox alleles, a gene-targeting vector constructed with a 1354-bp arm
of 5" homology corresponds to GRCm38/mm10 chr19: 42,607,859
to 42,609,212 and a 2154-bp arm of 3’ homology corresponds to
chr19: 42,605,266 to 42,607,422. The 436-bp region flanked by
loxP sites (exon 3) corresponds to chr19: 42,607,423 to 42,607,858.
The final vector was confirmed by DNA sequencing, linearized,
and used to target C57BL/6] ES cells by standard methods (G418-
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positive and ganciclovir-negative selection) (64). C57BL/6] ES cells
(65) were electroporated with 20 ug of linearized targeting vector
DNA and cultured under drug selection. Positive clones were iden-
tified by long-range polymerase chain reaction (PCR), followed by
sequence confirmation. Correctly targeted ES cells were subjected to
karyotyping. Euploid gene-targeted ES cell clones were treated with
adeno-FLP to remove glycolytic enzyme phosphoglycerate kinase
(PGK) neomycin, ES cell clones were tested to identify clones
with no copies of the PGK neomycin cassette, and the correct se-
quence of the targeted allele was verified. The presence of the Y
chromosome was verified before microinjection into albino
C57BL/6] embryos. Germline transmission was obtained after
crossing resulting chimeras with C57BL/6] females. Genomic
DNA from pups born was screened by long-range PCR to verify
the desired gene-targeted structure before mouse colony expansion.
Genotyping primers used to identify Lox[2 germline transmission
were the following: primer 1, ATCCCTTTGTAAACCGTCAG;
primer 2, AGTAGATATTGTCCAACCAGATG; primer 3,
ATCCTTCAACTTGCCTGTG; expected WT 382 bp, conditional
416 bp, and knockout 359 bp. Genotyping primers used to identify
LoxI4 germline transmission were the following: primer 1, GCAGA
CACTCAGAAGATGTT; primer 2, CTTAGGAAGTAACTGATG
GACA; primer 3, TGCTGTTGTTTGGCTTGA; expected WT 363
bp, conditional 449 bp, and knockout 298 bp.

Induced excision of LoxI2 and LoxI4 in adult mice

All animal studies were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals, published by the National
Institutes of Health (NIH) (NIH Publication 8523, revised 1985).
The Institutional Animal Care and Use Committee at Genentech
reviewed and approved all animal protocols. To generate LoxI2
and Loxl4 cKO mice, LoxI2-flox/flox and LoxI4-flox/flox mice
were bred to the Rosa26-Cre-ERT2 mouse strain (66) to produce
LoxI2-flox/flox;Rosa26-Cre-ERT2 (LoxI2 cKO), Loxl4-flox/flox;Ro-
sa26-Cre-ERT2(Loxl4 cKO), LoxI2-flox/flox; Loxl4-flox/flox;Ro-
sa26-Cre-ERT2 (LoxI2/4 cKO) mice. LoxI2-WT/WT; LoxI4-WT/
WT; Rosa26-Cre-ERT2 (WT) mice were used as controls in this
study. Mice from all groups were injected intraperitoneally daily
for five consecutive days with tamoxifen (T5648, Sigma-Aldrich)
in sunflower oil (S5007-1L, Sigma-Aldrich) at 80 mg/kg. Animals
then rest for 2 days and received second dose of tamoxifen again
for five consecutive days. Subsequent studies were initiated at
least 1 week after the completion of tamoxifen treatment.

Bleomycin model of lung fibrosis

The study was carried out in compliance with the Animal Research:
Reporting of in vivo Experiments (ARRIVE) guidelines. Adult mice
(>12 weeks) were randomized on the basis of prestudy weights to
minimize variance between experimental and control groups. For
intratracheal dosing, all mice were lightly anesthetized with isoflur-
ane in an induction chamber. Once anesthetized, the animals were
removed from the chamber and manually restrained, the mouth of
the animal was opened, and the tongue was set aside. A 1-ml syringe
with 50 pl of sterile injectable isotonic saline or bleomycin [0.72 U/
kg (0703-3155-01, Teva) in 50 pl sterile isotonic saline] was con-
nected to a 24-gauge gavage needle. The gavage needle was inserted
into the trachea, and a dose of either vehicle or bleomycin was de-
livered intratracheally. After delivery, animals were monitored con-
tinuously until fully awake and ambulatory. Mouse whole lungs
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were harvested at day 24 after bleomycin administration. In saline
group, 1 =5 to 6 in each genotyping. In bleomycin group, n = 16 in
LoxI2 cKO, n = 17 in Loxl4 cKO, n = 15 in LoxI2/4 cKO, and n = 24
in WT control littermates.

Histology analysis

Formalin-fixed samples of mouse lungs were embedded as a whole,
processed to one slide per animal, and stained with Masson's tri-
chrome. The extent of pulmonary fibrosis was scored according
to the following criteria:

1) Interstitial fibrosis pattern—number of foci: 0, none detected;
1, <105 2, <15; 3, >15/all sections, but distinct; 4, multifocally coa-
lescent or locally extensive; 5, diffuse;

2) Interstitial fibrosis—size of foci: 0, none detected; 1, largest
focus < area of ~2 alveolar spaces; 2, largest focus < area of ~4 al-
veolar spaces; 3, coalescent (>4 patent alveolar spaces); 4, locally ex-
tensive (60 to 90% of an entire lobe); 5, diffuse (>90% of an
entire lobe);

3) Total scores: number of foci x size of foci.

Immunofluorescence staining

Four-micrometer sections of formalin-fixed and paraffin-embed-
ded specimens were deparaffinated, followed by antigen retrieval
using Target Retrieval (S1700, Dako). The sections were subse-
quently blocked with phosphate-buffered saline plus 10% donkey
serum and 3% bovine serum albumin and stained with anti—-AC-
TA2-Cy3(1:400; C6198, Sigma-Aldrich), anti-collagen 1 alpha 1
(COL1A1) (1:200; ab279711, Abcam), anti-fibronectin 1 (FN1)
(1:200; SAB5700724, Sigma-Aldrich), anti-pSMAD3 (0.5 pug/ml;
LS-B64-50, LifeSpan BioSciences), anti-TAZ (1:400; ZRB1260,
Sigma-Aldrich), anti-YAP (1:200; 4912, Cell Signaling Technology),
anti-Ki67 (1:200; 14-5698-82, eBioscience), or anti-yH2AX (1:200;
MABI15111, Abnova).

Collagen cross-linking and OHP measurement

The right lung lobes were weighted after harvested and snap-frozen
in liquid nitrogen. Lung lobes were then reduced using 0.4 M
sodium borohydride (MP Biomedicals, CA) in 10 uM NaOH
(Sigma-Aldrich, MO) and washed by 0.2 M acetic acid (Thermo
Fisher Scientific, IL) and high-performance liquid chromatography
(HPLC) grade water (Thermo Fisher Scientific, MA) until the pH
value was neutral. Lung lobes were freeze-dried and hydrolyzed in
6 N HCI (Thermo Fisher Scientific, IL) at 110°C overnight. After
cooled to room temperature, the hydrolysates were then dried
using vacuum concentrator.

For analysis of collagen cross-links, the dried hydrolysates were
reconstituted with 7% heptafluorobutyric acid (HFBA) (Thermo
Fisher Scientific, IL) and centrifuge. Clean supernatants were trans-
ferred to HPLC vial for LC~tandem mass spectrometry analysis.
Chromatographic separation of OHP, PYD, and DHLNL were per-
formed on a reverse-phase column (Zorbax SB-Aq 5 pm, 3.0 mm X
150 mm) using Sciex ExionLC system (Sciex, CA). The tempera-
tures of the column oven and autosampler were set at 40° and
15°C, respectively. The LC flow rate was 0.2 ml/min. Mobile
phase A is 0.1% HFBA in water, and mobile phase B is 0.1%
HFBA in acetonitrile. For OHP analysis, the extracts were diluted
with internal standard D3-OHP (1 pg/ml) (Quidel, CA). The
HPLC was coupled to a 6500+ QTRAP mass spectrometer (Sciex,
CA) operated under positive ionization mode with the following

Ma et al., Sci. Adv. 9, eadf0133 (2023) 26 May 2023

source settings: turbo ion spray source at 350°C under N2 nebuliza-
tion at 20 psi, N, heater gas at 10 psi, curtain gas at 30 psi, collision-
activated dissociation gas pressure was held at medium, turbo ion
spray voltage at 5500 V, declustering potential (DP) at 20 V, en-
trance potential at 10 V. Collision energy (CE) at 25 V for OHP,
40 V for PYD, 28 V for DHLNL, and collision cell exit potential
at 10 V. Sample analysis was performed in multiple reaction mon-
itoring mode. The transitions for OHP, PYD, and DHLNL were 132
> 68, 429 > 267, and 308 > 128, respectively. All cross-links were
quantified using linear calibration curve of standards [OHP
(Sigma-Aldrich, MO), DHLNL (Santa Cruz Biotechnology, CA),
PYD (Quidel, CA)]. For collagen cross-link normalization, total
DHLNL and PYD levels were divided by the amount of collagen
in lung tissue. The collagen amount is calculated from OHP, assum-
ing that it comprises ~14% of the total amino and imino acid
content of fibrillar collagen (67).

Reverse transcription quantitative PCR

Total RNA was purified using RNeasy kit (74004, QIAGEN) and
treated with deoxyribonuclease I (18047019, Life Technologies).
Complementary DNA synthesis was carried out with iScript RT
Supermix (1708841, Bio-Rad). Quantitative PCR was performed
in technical triplicates using TaqgMan assays (4304437, Thermo
Fisher Scientific) for examining human gene expression and
SYBR Green assays (1725124, Bio-Rad) for examining mouse
gene expression. The relative standard curve method was used for
quantitation, and expression levels were calculated by normaliza-
tion to Hprt. Sequences of primers were provided in table S1.

Western blot

Western blot was carried out in total protein extracts as previously
described (68). Equal amounts of protein lysates were separated by
SDS—polyacrylamide gel electrophoresis, transferred to a nitrocellu-
lose membrane, and subjected to immunoblotting analysis using
following primary antibodies: anti-FLAG (1:1000; F3165, Sigma-
Aldrich) and anti—glyceraldehyde-3-phosphate dehydrogenase
(1:1000; 5174, Cell Signaling Technology).

Cell-based assays

Human lung epithelial cell line A549 (CCL-185, American Type
Culture Collection) was cultured in RPMI 1640 medium supple-
mented with r-glutamine and 10% fetal bovine serum (FBS)
(SH30070.01, Cytiva). Primary human lung fibroblasts (HLFs)
were isolated from crude whole lung single-cell suspension and cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with L-
glutamine and 10% FBS.

For upstream inducer screen, cells (A549 or HLF) were grown in
desired culture medium until reaching 70 to 80% confluency and
starved in serum-free medium overnight. Cells were then stimulated
with tumor necrosis factor—a (10 ng/ml; 210-TA-020/CF, R&D
Systems), IL-1f (10 ng/ml; 201-LB-005/CF, R&D Systems), IL-6
(10 ng/ml; 7270-IL-010/CF, R&D Systems), IL-13 (10 ng/ml; 213-
ILB-025/CF, R&D Systems), TGFB1 (10 ng/ml; 240-B-002/CF, R&D
Systems), TGFP2 (10 ng/ml; 302-B2-002/CF, R&D Systems), TGF33
(10 ng/ml; 243-B3-002/CF, R&D Systems), Wnt family member 3a
(WNT3A) (500 ng/ml; 5036-WN-010/CF, R&D Systems), lipopoly-
saccharide (100 ng/ml; 82857-67-8, Sigma-Aldrich), or 20% FBS for
24 hours, followed by gene expression analysis using reverse tran-
scription quantitative PCR (RT-qPCR).
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For EMT and fibroblast activation assays, recombinant LOXL4
protein and FLAG-tagged LOXL4 expression plasmid were synthe-
sized internally. Cells (A549 or HLFs) were treated with recombi-
nant LOXL4 protein (5 pug/ml) or transfected with plasmids
expressing FLAG-tagged LOXL4 by Lipofectamine 3000 (A549)
(L3000001, Invitrogen) or electroporation (HLFs) using P3
primary cell 4D-Nucleofector (V4XP-3024, Lonza). Treated or
transfected cells were cultured without perturbation for 48 hours,
followed by cell viability analysis using CellTiter-Glo assay
(G7570, Promega) and gene expression analysis using RT-qPCR.

For LOXL2/4 loss-of-function assays, small interfering RNA
(siRNAs) were purchased from PerkinElmer (Dharmacon), and
B-aminopropionitrile (BAPN) was synthesized internally. Transfec-
tion of siRNA as indicated was carried out at a concentration of 20
nM using RNAIMAX transfection reagent (13778075, Invitrogen).
Cells (A549 or HLFs) were seeded and grown in desired culture
medium for 24 hours before transfection. Transfected cells were
then cultured with or without TGFB1 (10 ng/ml) for 24 hours
before 72-hour termination point. Pan-LOX activity inhibition
was performed using BAPN at concentrations of 100 and 5 pM,
for A549 and HLFs, respectively, with or without TGFp1 (10 ng/
ml). Treated cells were cultured without perturbation till the end
of termination point that was 96 hours for A549 and 16 hours for
HLFs. Harvested cells were further analyzed for gene expression
using RT-qPCR.

Quantification and statistical analysis

ImageJ] was used for immunofluorescent quantification of five
random fields per image. GraphPad Prism was used for statistical
analysis. Statistical details of experiments can be found in figure
legends, including the statistical tests used and value and definition
of n. Differences are considered to be statistically significant when P
< 0.05.

Supplementary Materials
This PDF file includes:

Figs. S1 to S8

Table S1
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