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Orchestration of inflammation and tissue repair processes is critical to maintaining homeostasis upon
tissue injury. Tissue fibrosis is a pathological process characterized by aberrant accumulation of
extracellular matrix proteins, such as collagen, upon injury. Dickkopf1 (DKK1) is a quintessential Wnt
antagonist. The role of DKK1 in bleomycin (BLM)-induced lung injury and fibrosis model remains
elusive. This study shows that BLM-induced lung injury markedly elevated DKK1 protein expressions in
the lungs in mice, consistent with human pulmonary fibrosis patient lung tissues. The elevated DKK1
levels coincided with immune cell infiltration and collagen deposition. Notably, the reduced expression
of DKK1 in Dkk1 hypomorphic doubleridge (Dkk1d/d) mice abrogated BLM-induced lung inflammation and
fibrosis. Immune cell infiltration, collagen deposition, expression of profibrotic cytokine transforming
growth factor b1 (TGF-b1), and extracellular matrix proteineproducing myofibroblast marker a-smooth
muscle actin (a-SMA) were reduced in Dkk1d/d mice. Consistent with these results, local DKK1 antibody
administration after BLM-induced lung injury substantially decreased lung inflammation and fibrosis
phenotypes. Taken together, these results demonstrate that DKK1 is a proinflammatory and profibrotic
ligand that promotes inflammation and fibrosis upon BLM-induced lung injury, placing it as an
attractive molecular target for dysregulated pulmonary inflammation and tissue repair. (Am J Pathol
2023, 193: 1130e1142; https://doi.org/10.1016/j.ajpath.2023.05.009)
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The human body encounters a myriad of environmental
challenges, including infection and sterile injuries.1 Main-
taining tissue homeostasis upon these injuries requires
orchestrating multistep processes that consist of inflammation,
fibroproliferation, and tissue remodeling and regeneration.2

The Wnt signaling regulates cell proliferation and dif-
ferentiation and is important for tissue repair and remodel-
ing.3 Dysregulation of the canonical Wnt pathway mediators
and ligands has been reported in various diseases such as
cancer.4 Dickkopf1 (DKK1) is a Wnt antagonistic ligand
that binds to its receptor, low-density lipoprotein receptor-
related protein 6 (LRP6). Although the role of DKK1 as a
Wnt antagonist has been well-established, recent studies
have revealed that DKK1 expression is elevated at local and
systemic levels in mice and humans in pathological and
chronic inflammatory diseases.5e7 Additionally, DKK1’s
function as a proinflammatory immunomodulator in type 2
and type 17 inflammation has been demonstrated.8,9
stigative Pathology. Published by Elsevier Inc
The lungs are uniquely positioned to meet myriad envi-
ronmental challenges, and thus require fine-tuning of immune
responses and tissue repair processes.10 Pulmonary fibrosis
(PF) is a progressive fibroproliferative disease caused by
uncontrolled injuryeinflammationerepair processes with the
excessive deposition of an extracellular matrix protein, such
as collagen. After PF diagnosis, the median survival time is
. All rights reserved.
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DKK1 Promotes Lung Fibrosis
approximately 3 years.11 Effective therapeutic methods
remain an urgent and unmet medical need.12 Thus, a better
understanding of the molecular and cellular mechanisms of
PF is crucial for the therapeutic approach.

The bleomycin (BLM)-induced lung injury model is
one of the most widely used mouse models for PF.
BLM-mediated lung injury promotes lung inflammation
and fibrosis.13,14 BLM is a profibrotic agent causing PF
when intravenously administered for lymphoma treat-
ment.15 The BLM-induced lung fibrosis in mice is
similar to the accelerated acute phase of PF in humans.16

The elevated levels of DKK1 in human PF patients and
Wnt3a in BLM-induced lung fibrosis in mice have been
reported.17,18 Whether the elevated DKK1 protein levels
cause PF pathology remains elusive.

Transforming growth factor b1 (TGF-b1) plays an essen-
tial role as a key profibrotic cytokine to promote pulmonary
fibrosis.2,19 TGF-b1 induces a-smooth muscle actin (a-
SMA)þ myofibroblast differentiation and activation, pro-
ducing extracellular matrix proteins to provide the necessary
mechanical properties to facilitate the particular function of
the organ.20 Several studies demonstrated that the excessive
profibrotic cytokine TGF-b1 and dysregulated inflammation
promote PF.21e23 PF is characterized by excessive prolifer-
ation ofmyofibroblasts by increased profibrotic cytokines and
accumulation of extracellular matrix components. This dis-
order causes disrupted tissue architecture and leads to major
impairments in organ function.24,25

This study addressed the role of DKK1 using the BLM-
induced lung inflammation and fibrosis model. DKK1 pro-
tein levels substantially increased in both human PF lung
tissues and the lungs from the BLM-induced lung injury
model in mouse. Dkk1 hypomorphic doubleridge mice
markedly reduced BLM-induced lung inflammation and
fibrosis. Local DKK1 antibody treatment after BLM chal-
lenge showed that DKK1 neutralization can be an effective
therapeutic target in PF.

Materials and Methods

Mice

C57Bl/6J mice (#000664) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and have been bred in the
authors’ mouse facility. Dkk1 hypomorphic doubleridge
(Dkk1d/d) mice were kindly provided by Dr. Asma Nusrat
(Emory University) and described previously.8 All mouse
protocols were approved by the VCU Animal Care and Use
Committee approval in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care
International.

The Bleomycin-Induced Lung Injury Model

BLM (bleomycin sulfate, S121415; Selleckchem, Houston,
TX), 4 U/kg, was dissolved in 40 mL of PBS for each mouse
The American Journal of Pathology - ajp.amjpathol.org
per intranasal challenge. Eight- to 10-weekeold Dkk1d/d mice
and their littermate controls were challenged with BLM
intranasally on day 0. Mice were sacrificed, and lungs were
harvested on day 14. DKK1 antibody (DKK1 Ab) (Amgen,
Thousand Oaks, CA) and isotype rat IgG (Sigma-Aldrich,
Saint Louis, MO) were used. After lung perfusion, lungs
were fixed with 10% formalin (23-245685; Fisher Scientific,
Waltham, MA) for at least 48 hours and embedded in paraffin
for histological analysis and formalin-fixed paraffin-
embedded (FFPE) quantitative PCR (qPCR). Paraffin sec-
tions were prepared by microtome (HM355S1; Microm,
Hessen, Germany).

Immunohistochemistry

Lung tissue sections (5 mm thick) were deparaffinized with
Histoclear (H2779; Sigma-Aldrich) and then dehydrated.
Sodium citrate buffer (10 mmol/L, pH 6.0) was used for
antigen retrieval. Endogenous peroxidases were blocked
using 3% H2O2. The sections were incubated with 5%
bovine serum albumin and subsequently stained with pri-
mary antibodies. The sections were stained with 5 mg/mL of
the secondary antibody. For DKK1, the ABC reagent (PK-
7100; Vector Laboratories, Newark, CA) was added. Sec-
tions were developed using a DAB substrate kit (SK-4100;
Vector Laboratories). Counterstaining was performed using
Mayer’s hematoxylin (MHS32; Sigma-Aldrich). The sec-
tions were mounted with a mounting solution (H-5000;
Vector Laboratories). Images were acquired using the
Vectra Polaris system (Akoya Biosciences, Marlborough,
MA).

A human lung tissue array (pulmonary interstitial fibrosis
tissue array, LC561; Biomax, Derwood, MD) was pur-
chased. The sections were prepared with the same methods
as mouse lung tissue sections. Images were acquired using
the Vectra Polaris. Primary and secondary antibody details
are shown in Table 1.

Masson’s Trichrome Staining

Lung tissue sections (5 mm thick) were deparaffinized with
Histoclear and dehydrated using ethanol. The sections were
post-fixed in Bouin’s Solution (11750-32; IHC World,
Woodstock, MD). They were stained with Masson Tri-
chrome Stain Kit (IW-3006; IHC World) according to the
manufacturer’s protocol. The sections were mounted with
the mounting solution (H-5000; Vector Laboratories). Im-
ages were acquired using the Vectra Polaris (Akoya
Biosciences).

Hematoxylin and Eosin Staining

For histological analysis, lung tissue sections (5 mm thick)
were used. The nuclei were stained by hematoxylin for 3
minutes at room temperature. The cytoplasm was stained by
eosin (HT110132; Sigma-Aldrich). The sections were
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mounted with the mounting solution (H-5000; Vector
Laboratories), and images were acquired using the Vectra
Polaris (Akoya Biosciences).

Quantification of Immunohistochemistry Images

Images were saved as TIFF files using Phenochart, a slider
viewer software (version 1.1.0, Akoya Biosciences). Images
were processed using the Color Deconvolution plugin with
a specific type of staining selection in Fiji software version
2.9.0/1.53t (https://imagej.net/software/fiji) (H DAB stain
for DKK1, a-SMA and TGF-b1 IHC, Masson trichrome
for Masson’s trichrome staining). Images were
deconvoluted in their color components. The brown
component of H DAB and the green component of
Masson trichrome was measured using the Threshold tool.
The threshold value of the deconvoluted images was
adjusted, and the same value of the threshold was applied to
all processed images. The selected area of the image was
analyzed using the Measure tool. Total DKK1, a-SMA, and
TGF-b1 protein expressions and total collagen deposition
were quantified from the entire tissue section. For
parenchyma collagen deposition, pictures from 10 fields
were randomly taken in the alveolar region of the lungs to
exclude big bronchi/arterial structures and then quantified.

RNA Isolation from FFPE Tissue

From FFPE lung tissues, 20-mm-thick lung tissue sections
were used. Two lung tissue sections per paraffin block were
deparaffinized by adding Histoclear and used for the
RNeasy FFPE kit (73504; QIAGEN, Germantown, MD).
After deparaffinization, RNA was extracted by RNeasy
FFPE kit according to the manufacturer’s protocol.

Real-Time qPCR

Reverse transcription of total RNA was performed using
RNA to cDNA EcoDry Premix kit (639548; Takara Bio,
Table 1 Information on Primary and Secondary Antibodies

Antibody Manufacturer Catalog no.

Goat polyclonal
anti-m/hDKK1

R&D Systems AF1096

Rabbit polyclonal
antiea-SMA

Thermo Fisher Scientific PA5-16697

Rabbit polyclonal
antieTGF-b1

Proteintech 21898-1-AP

Normal goat IgG R&D Systems AB-108-C
Biotinylated rabbit
anti-goat IgG

Vector Laboratories BA-5000

HRP-conjugated
mouse anti-goat
IgG

Santa Cruz Biotechnology sc-2354

HRP-conjugated
mouse anti-rabbit
IgG

Santa Cruz Biotechnology sc-2357
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San Jose, CA). qPCR was performed using PowerUp SYBR
Green Master Mix (A25742; Thermo Fisher Scientific,
Waltham, MA). The reaction was detected on a QuantStudio
3 or 5 Flex Real-Time PCR system (Thermo Fisher Scien-
tific). The mRNA levels of target genes were normalized by
comparing them to the mRNA level of b-actin or Gapdh
controls using the 2�DDCT method.
Flow Cytometry

After mouse lung perfusion, single-cell lung homogenates
were prepared by collagenase digestion (280 U/mL colla-
genase type IV; Worthington Biochemicals, Lakewood, NJ),
2% (v/v) fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA), and 40 mg/mL DNase I (Roche, Indian-
apolis, IN) in sterile PBS using the gentleMACS Octo
Dissociator (Miltenyi Biotec, Auburn, CA).
After blocking Fc receptor, cells were stained with

Zombie Aqua Fixable Viability Kit (423102; BioLegend,
San Diego, CA). Subsequently, the cells were stained with
fluorescent-conjugated antibodies against different cell sur-
face antigens or isotype control. Following surface staining,
cells were fixed with IC Fixation Buffer (00-8333; Thermo
Fisher Scientific). Detailed information on the used anti-
bodies is described in Table 2. The FACSCanto system (BD
Biosciences, Franklin Lakes, NJ) was used for flow
cytometry, and data were analyzed by FlowJo software
version 10.7 (Ashland, OR).
Western Blot

Lung homogenate lysates were separated by SDS-PAGE
and transferred onto a polyvinylidene difluoride membrane.
The membrane was blocked and immunoblotted with pri-
mary antibodies against DKK1 (AF1096; R&D systems,
Minneapolis, MN) at 1:1500 dilution and b-actin (3700;
Cell Signaling, Danvers, MA) at 1:5000 dilution. After
washing with TBS-T, the membrane was incubated with
horseradish peroxidaseeconjugated secondary antibodies
for 1 hour at room temperature. The membrane was devel-
oped using a WesternBright Sirius kit (K-12043-D10;
Advansta, San Jose, CA). Bands were detected and quan-
tified using the Chemidoc and ImageJ software version
1.52t (NIH, Bethesda, MD; http://imagej.nih.gov/ij) and
normalized to b-actin protein levels.
Enzyme-Linked Immunosorbent Assay

The mouse DKK1 enzyme-linked immunosorbent assay kit
was purchased from R&D systems (MKK100). Concentra-
tions of circulating DKK1 in plasma samples were
measured by enzyme-linked immunosorbent assay accord-
ing to the manufacturer’s protocol.
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Information on Antibodies

Antibody Manufacturer Catalog no.

APC/Fire 750 anti-mouse CD45, clone 30-F11 BioLegend 103154
APC mouse IgG1 kappa isotype ctrl antibody, clone MOPC-21 BD Biosciences 550854
Biotin anti-mouse Ly-6G, clone 1A8 BioLegend 127603
eFluor 660 anti-mouse CD170 (Siglec F), clone 1RNM44N eBioscience 50-1702-80
eFluor 450 streptavidin eBioscience 48-4317-82
FITC anti-mouse CD4, clone RM4-5 BioLegend 100510
FITC mouse IgG1 kappa isotype ctrl antibody, clone MOPC-21 BioLegend 400107
Pacific Blue anti-mouse TCR beta chain, clone H57-597 BioLegend 109226
Pacific Blue rat IgG2a kappa isotype ctrl antibody, clone RTK2758 BioLegend 400527
PE mouse IgG1 kappa isotype ctrl antibody, clone P3.6.2.8.1 eBioscience 12-4714-82
PE streptavidin BioLegend 405204
PerCP/Cyanine5.5 anti-mouse CD64 (FcgRI), clone X54-5/7.1 BioLegend 139308
PerCP/Cyanine5.5 anti-mouse CD8b.2, clone 53-5.8 BioLegend 140417
PerCP/Cyanine5.5 rat IgG2a kappa isotype ctrl antibody, clone RTK2758 BioLegend 400531
PE/Cyanine7 anti-mouse CD11c, clone N418 BioLegend 117317
PE/Cyanine7 anti-mouse NK1.1, clone PK136 BioLegend 108714
PE/Cyanine7 mouse IgG1 kappa isotype ctrl antibody, clone MOPC-21 BioLegend 400125
Ultra-LEAF purified anti-mouse CD16/32 antibody BioLegend 101330

DKK1 Promotes Lung Fibrosis
Hydroxyproline Quantitation Assay

Lungs were harvested and processed for quantitation of
hydroxyproline using a hydroxyproline assay kit (MAK008;
Sigma-Aldrich). Hydroxyproline concentration was
measured by colorimetric assay (560 nm) based on the
manufacturer’s protocol.

Statistical Analysis

Statistically significant differences were analyzed by t-test,
one-way analysis of variance analysis with Bonferroni’s
post hoc test with GraphPad Prism software version 9.4.1
(GraphPad Software Inc., San Diego, CA).

Results

DKK1 Protein Levels Are Increased in the Murine
Bleomycin-Induced Lung Injury Model and Human
Pulmonary Fibrosis Tissues

The study tested whether DKK1 protein levels are elevated
in various PF patient lung tissues. The lung tissue micro-
array from human PF patients was used for DKK1 immu-
nohistochemistry (IHC) staining. Lung tissues from PF
patients (n Z 9) showed markedly increased DKK1 protein
levels (2.9-fold) compared with those from healthy controls
(n Z 7) (Figure 1A and Supplemental Table S1). This
prompted investigation into whether DKK1 promotes lung
fibrosis phenotype in the BLM-induced lung injury model in
mice.

Two weeks after a BLM challenge, local DKK1 protein
levels in the lung were elevated about 2.5-fold (Figure 1B),
as indicated by Western blot. The systemic levels of circu-
lating DKK1 in plasma were also elevated, suggesting that
The American Journal of Pathology - ajp.amjpathol.org
the BLM challenge induced a systemic increase in DKK1
levels (Figure 1C). The increase of DKK1 protein levels in
the lung upon BLM challenge was quantitated using DKK1
IHC images (Figure 1D). DKK1 IHC showed that DKK1
protein levels in the right lung lobe were increased by
1.85-fold in BLM-treated mice compared with control mice.
Time kinetics of DKK1 in the lung were investigated upon
BLM challenge. DKK1 protein levels in the lung were
steadily elevated till day 14 after a single BLM challenge
(Supplemental Figure S1). The results demonstrated that
DKK1 protein levels are elevated in both PF patients and
BLM-challenged mice.

Reduced Expression of DKK1 in Doubleridge Mice
Abrogates BLM-Induced Lung Inflammation

To explore whether the reduced DKK1 expression protects
mice from BLM-induced lung inflammation, Dkk1 hypo-
morphic doubleridge (Dkk1d/d) mice were used. Dkk1d/d mice
have 90% reduced DKK1 expression with normal immuno-
logical phenotypes in the spleen and peripheral blood.8,26

Previously, doubleridge mice and their littermate control
(LC) mice showed little difference in immune cell pop-
ulations in the spleen. Consistently, no notable differences
were observed in immune cell infiltration and populations
between vehicle-treated Dkk1d/d mice and LC mice lungs.
These results indicated that the reduced DKK1 protein
expression did not alter baseline immune cell profiles in the
lung (Figure 2).

Hematoxylin & eosin (H&E) staining using the lungs from
LCmice that were challenged with BLM intranasally showed
increased inflammation and leukocyte infiltration
(Figure 2A). Inflammation and leukocyte infiltration were
substantially reduced in BLM-treated Dkk1d/d mice
compared with BLM-treated LC mice by H&E staining
1133
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Figure 1 Human PF patient lung tissues and mouse lungs from the bleomycin (BLM)-induced lung fibrosis model show elevated DKK1 protein levels.
A: Human lung tissue microarrays from healthy donors (Healthy) and pulmonary fibrosis patients (PF) were analyzed for human DKK1 (hDKK1) by immu-
nohistochemistry (IHC) and quantified using ImageJ software version 1.52t (left). Representative images of IHC are shown (right). BeD: C57Bl/6J mice were
challenged with BLM intranasally on day 0. Controls were challenged with PBS (vehicle). On day 14, the lungs and peripheral blood were collected. B: The ratio
of DKK1 to b-actin was quantified by Western blot and ImageJ. C: Circulating DKK1 protein levels were determined by DKK1 ELISA enzyme-linked immuno-
sorbent assay. D: Total DKK1 protein levels were analyzed by IHC and ImageJ software (left). Representative images of IHC are shown (right). The boxed areas
are shown in higher magnification below. DKK1-positive cells are indicated by arrowheads. A representative of two independent experiments is shown. Data
are expressed as means � SD. nZ 7 healthy donors (A); nZ 9 PF patients (A); nZ 3 per group (B); n Z 5 per group (C and D). **P < 0.005 ***P < 0.001,
and ****P < 0.0001 (t-test). Scale bars: 300 mm (A); 20 mm (D, top and middle panels); 5 mm (D, bottom panels). Original magnification: �60 (D, top and
middle panels); �80 (D, bottom panels).

Sung et al
(Figure 2A). Total leukocytes (CD45þ), macrophages,
neutrophils, eosinophils, CD4þ T cells, CD8þ T cells, and
natural killer (NK) cells from lung tissue homogenates were
quantitated by flow cytometry (Supplemental Figure S2).
Consistent with the result from H&E staining, leukocyte
(CD45þ) infiltration was substantially decreased in
Dkk1d/d mice compared with LC mice upon BLM challenge
(a 46% decrease) (Figure 2B). The increased numbers of
myeloid lineage cells (eg, macrophages, neutrophils, and
eosinophils), T cells, and NK cells upon BLM injury were
significantly abolished in Dkk1d/d mice compared with LC
1134
mice in the lung (Figure 2B). These results demonstrated that
the reduced expression of DKK1 protein in Dkk1d/d mice
abrogated lung inflammation upon BLM challenge.

Reduced Expression of DKK1 in Doubleridge Mice
Abolishes BLM-Induced Lung Fibrosis Phenotypes

Whether BLM-induced lung fibrosis phenotypes were
decreased in Dkk1d/d mice was investigated next. Dkk1d/d and
LC mice were examined for DKK1 protein levels in the lung
upon BLM challenge. BLM-treated Dkk1d/d mice showed
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Doubleridge mice show reduced bleomycin (BLM)-induced lung inflammation. A and B: Dkk1d/d mice and their wild-type littermate controls (LC)
were challenged with BLM. On day 14, the lungs were harvested. A: Representative images of hematoxylin & eosin (H&E) staining are shown. The boxed areas
are shown in higher magnification below. B: Total leukocytes (CD45þ), macrophages, neutrophils, eosinophils, CD4þ T cells, CD8þ T cells, and NK cells from
lung tissue homogenates were quantitated by flow cytometry. A representative of two independent experiments is shown. Data are expressed as means � SD.
nZ 10 per LC þ BLM, Dkk1d/d þ BLM, and LC group (B); nZ 4 per Dkk1d/d group (B). *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001 (one-way
analysis of variance analyses with Bonferroni’s post hoc test). Scale bars: 800 mm (A, top panels); 50 mm (A, middle and bottom panels). Original
magnification: �1 (A, top panels); �10 (A, middle and bottom panels). ns, not significant.

DKK1 Promotes Lung Fibrosis
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minimal DKK1 protein levels, close to the levels of vehicle-
treated LC and Dkk1d/d mice (Figure 3A).

Dkk1d/d mice showed a significant decrease in Col1a1
mRNA expression compared with LC mice 2 weeks after a
BLM challenge (a 36% decrease) (Figure 3B). Masson’s
trichrome staining of lung tissues was used to detect collagen
deposition. Consistent with the Col1a1 mRNA result, BLM-
treated LC mice showed a marked increase in collagen
deposition at the sites surrounding vascular vessels or
bronchioles and in the parenchyma area compared with
vehicle-treated LC mice (a 60% increase) (Figure 3, C and
D). Notably, Dkk1d/d mice had very little collagen deposition
upon BLM-induced lung injury compared with LC mice,
indicating that DKK1 is required for collagen deposition
(Figure 3, C and D). The whole lung area of Masson’s
trichromeestained images was quantified. The collagen-
positive areas in the whole lung were decreased by 30% in
Dkk1d/d mice compared with LC mice (Figure 3, C and D).
Consistent with these findings, hydroxyproline concentration
A

D

B C
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in the Dkk1d/d mice lungs was decreased compared with LC
mice upon BLM challenge (Supplemental Figure S3). In PF,
excessive collagen deposition in the lung parenchyma area
causes the destruction of normal lung physiology.27 Herein,
parenchyma collagen deposition was examined using Mas-
son’s trichromeestained images. Ten fields were randomly
selected in the parenchyma region of the lungs, excluding
big bronchiole and arterial structures, to detect
parenchyma collagen deposition.28 The decrease of collagen-
positive areas became more prominent (a 70% decrease) in
Dkk1d/d mice in the lung parenchyma (Figure 3, C and D) as
compared to those in LC lungs. There were no significant
differences in Col1a1 mRNA expression and collagen
deposition between vehicle-treated Dkk1d/d mice and LC
mice lungs (Figure 3, B, C, and D).
Next, myofibroblast marker a-SMA and profibrotic

cytokine TGF-b1 protein levels were determined in Dkk1d/d

and LC mice after the BLM challenge. The a-SMA and
TGF-b1 protein levels in the lung upon BLM challenge
Figure 3 Doubleridge mice show reduced
collagen deposition upon bleomycin (BLM) chal-
lenge. AeC: Dkk1d/d mice and littermate control
(LC) mice were challenged with BLM. On day 14,
the lungs were harvested. A: DKK1 protein levels
were analyzed by immunohistochemistry, and
ImageJ software version 1.52t (left). Represen-
tative images of immunohistochemistry are shown
(right). DKK1-positive cells are indicated by ar-
rowheads. B: Lung tissue sections were analyzed
by formalin-fixed paraffin-embedded quantitative
PCR. Relative Col1a1 gene expression levels were
quantitated. C: Total collagen and parenchyma
collagen depositions were determined by Masson
staining and ImageJ software. D: Representative
images of Masson staining are shown. The boxed
areas are shown in higher magnification below. A
representative of two independent experiments is
shown. Data are expressed as means � SD. n Z 9
per LC þ BLM group (AeC); n Z 7 per Dkk1d/
d þ BLM group (AeC); n Z 5 per LC group (AeC);
n Z 4 per Dkk1d/d group (AeC). **P < 0.005,
***P < 0.001, and ****P < 0.0001 (one-way
analysis of variance analyses with Bonferroni’s
post hoc test). Scale bars: 5 mm (A); 800 mm (D,
top panels); 100 mm, (D, middle panels); 20 mm
(D, bottom panels). Original magnification: �80
(A);�1 (D, top panels); �10 (D, middle panels);
�40 (D, bottom panels). ns, not significant.
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were quantitated using IHC images of lung tissues. BLM-
treated LC mice showed increased a-SMA protein levels
(Figure 4, A and C). IHC image quantification showed
marked decreases in a-SMA protein levels in Dkk1d/d mice
lungs compared with LC mice upon BLM-induced lung
injury (a 48% decrease) (Figure 4, A and C). Consistent
with these findings, TGF-b1 protein levels were markedly
decreased in the BLM-treated Dkk1d/d mice lungs compared
with BLM-treated LC mice (a 34% decrease) (Figure 4, B,
and C). Vehicle-treated Dkk1d/d mice and LC mice did not
show any significant differences in a-SMA and TGF-b1
protein levels (Figure 4, A-C). The results suggest that the
reduced expression of DKK1 in Dkk1d/d mice abrogates key
fibrotic cellular events such as collagen deposition, myofi-
broblast activation, and increased profibrotic cytokine TGF-
A

C

-

-

-

Figure 4 Doubleridge mice show reduced bleomycin (BLM)-induced lung fibros
challenged with BLM. On day 14, the lungs were harvested. a-SMA (A) and TGF-
software version 1.52t. C: Representative images of immunohistochemistry are sh
expressed as means � SD. n Z 9 per LC þ BLM group (A and B); n Z 7 per Dkk1d
d group (A and B). ****P < 0.0001 (one-way analysis of variance analyses with
20 mm (C, bottom two panel rows). Original magnification: �20 (C, top three

The American Journal of Pathology - ajp.amjpathol.org
b1 expression, protecting mice from lung fibrosis phenotype
upon BLM injury.

Neutralization of DKK1 in BLM-Induced Lung Injury
Inhibits Pulmonary Fibrosis Phenotypes

Given that Dkk1d/d mice showed reduced lung fibrosis
phenotypes, DKK1 neutralization as a therapeutic approach
was tested in the BLM-induced lung inflammation and
fibrosis. It has been suggested that the fibrotic phase of
BLM-induced fibrosis starts 1 week after the initial injury.29

Anti-DKK1 Ab or isotype Ab was treated intranasally either
through full treatment (week 1 and 2) or late treatment
protocol (week 2 only) (Figure 5A). In the full treatment
protocol, DKK1 Ab or isotype Ab was treated 1 day before
B -

is phenotypes. A and B: Dkk1d/d mice and littermate control (LC) mice were
b1 (B) protein levels were analyzed by immunohistochemistry and ImageJ
own. A representative of two independent experiments is shown. Data are
/d þ BLM group (A and B); n Z 5 per LC group (A and B); n Z 4 per Dkk1d/

Bonferroni’s post hoc test). Scale bars: 100 mm (C, top three panel rows);
panel rows); �40 (C, bottom two panel rows). ns, not significant.
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the BLM treatment (day �1) and on days 1, 3, 7, 9, and 11,
followed by BLM treatment. In the delayed treatment pro-
tocol, DKK1 Ab was treated on days 7, 9, and 11 after BLM
administration on day 0.

To examine whether neutralization of DKK1 reduces
immune cell infiltration in the lung followed by BLM
injury, total leukocytes (CD45þ) were quantitated by flow
cytometry. CD45þ leukocytes were markedly decreased by
both treatment protocols (43% and 38% decreases, respec-
tively) (Figure 5B). Consistent with these data, H&E
staining showed that both the full treatment and delayed
treatment protocols markedly decreased inflammation
compared with a positive control group (Figure 5C). An
A

C

D

B

Figure 5 Neutralization of DKK1 reduces bleomycin (BLM)-induced lung infl
challenged with an isotype control antibody (Iso Ab) or anti-DKK1 antibody (a-DK
full treatment, DT, delayed treatment) (A). B: Total leukocytes (CD45þ) from lung
images of hematoxylin & eosin (H&E) are shown. The boxed areas are shown
immunohistochemistry and ImageJ software version 1.52t (left). Representative i
indicated by arrowheads. A representative of two independent experiments is
*P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001 (one-way analysis o
top panels); 100 mm (C, bottom panels); 5 mm (D). Original magnification: �1
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increase in DKK1 protein level was abrogated by both the
full treatment and delayed treatment, showing similar basal
DKK1 protein levels to the control group (Figure 5D).
Whether neutralization of DKK1 reduces BLM-induced

lung fibrosis phenotypes was investigated next. Whether
collagen mRNA expression levels and collagen deposition
were decreased in the DKK1 Abetreated group after BLM
treatment was examined. Col1a1 mRNA expression levels
were decreased in the full treatment group compared with
the BLM-treated group (a 68% decrease) (Figure 6A). The
delayed treatment groups showed a marked decrease in
Col1a1 mRNA expression compared with those receiving
BLM treatment alone (a 52% decrease) (Figure 6A).
ammation in mice. AeD: Upon BLM administration, C57Bl/6J mice were
K1 Ab) intranasally. a-DKK1 Ab was treated at the indicated time point (FT,
tissue homogenates were quantitated by flow cytometry. C: Representative
in higher magnification below. D: DKK1 protein levels were analyzed by
mages of immunohistochemistry are shown (right). DKK1-positive cells are
shown. Data are expressed as means � SD. n Z 4 per group (B and D).
f variance analyses with Bonferroni’s post hoc test). Scale bars: 800 mm (C,
(C, top panels); �10 (C, bottom panels); �80 (D). ns, not significant.
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Figure 6 Neutralization of DKK1 reduces collagen deposition upon bleomycin (BLM) challenge. AeC: Upon BLM administration, C57Bl/6J mice were
challenged with anti-DKK1 antibody (a-DKK1 Ab) intranasally (FT, full treatment, DT, delayed treatment). A: Lung tissue sections were analyzed by formalin-
fixed paraffin-embedded quantitative PCR. Relative Col1a1 gene expression levels were quantitated. B: Total collagen and parenchyma collagen deposition
were determined by Masson staining and ImageJ software version 1.52t. C: Representative images of Masson staining are shown. The boxed areas are shown in
higher magnification below. A representative of two independent experiments is shown. Data are expressed as means � SD. n Z 4 per group (A and B).
*P < 0.05, ***P < 0.001, and ****P < 0.0001 (one-way analysis of variance analyses with Bonferroni’s post hoc test). Scale bars: 800 mm (C, top panels);
100 mm (C, middle panels); 20 mm (C, bottom panels). Original magnification: �1 (C, top panels); �10 (C, middle panels); �40 (C, bottom panels). Iso,
isotype; ns, not significant.

DKK1 Promotes Lung Fibrosis
Notably, the collagen-positive area in the entire lung tissue
sections was decreased by neutralizing DKK1 utilizing
either the full treatment (a 35% decrease) or the delayed
treatment protocol (a 37% decrease) (Figure 6, B and C).
The full treatment and delayed treatment groups showed a
more prominent decrease in collagen deposition in the lung
parenchyma areas (75% and 72% decreases, respectively)
(Figure 6, B and C).

The increased a-SMA mRNA and protein levels were
decreased by both the full treatment (49% and 57% de-
creases, respectively) and delayed treatment protocols (48%
and 30% decreases, respectively) compared with the control
group (Figure 7, A and C). TGF-b1 mRNA and protein
levels were decreased in both Ab treatment protocols [43%
and 32% decreases (full treatment) and 50% and 42% de-
creases (delayed treatment), respectively] (Figure 7, B and
D). This indicates that the delayed functional inhibition of
DKK1 is comparable to the full treatment protocol to inhibit
The American Journal of Pathology - ajp.amjpathol.org
inflammation and profibrotic phenotypes. These results
suggest that DKK1 neutralization can be used as a thera-
peutic approach in the BLM-induced lung injury and
fibrosis model.
Discussion

This study showed that DKK1 promotes lung inflammation
and fibrosis phenotypes in the BLM mouse model. The
marked decrease in inflammation and fibrosis phenotypes of
doubleridge mice using the BLM model suggests a proin-
flammatory role of DKK1 in PF. Neutralization of DKK1
resulted in a substantial decrease in BLM-induced lung
fibrosis phenotypes.

The increased DKK1 protein expression of PF patients
has been reported.18 An earlier review and a previous study
suggested that DKK1 could play a role as an immune
1139
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Figure 7 Neutralization of DKK1 reduces bleomycin (BLM)-induced lung fibrosis phenotypes in mice. AeC: Upon BLM administration, C57Bl/6J mice were
challenged with intranasally anti-DKK1 antibody (a-DKK1 Ab) (FT, full treatment, DT, delayed treatment). A and B: Lung tissue sections were analyzed by formalin-
fixed paraffin-embedded quantitative PCR. Relative Acta2 (A) and Tgfb1 (B) gene expression levels were quantitated. a-SMA (A) and TGF-b1 (B) protein levels were
analyzed by immunohistochemistry and ImageJ software version 1.52t. C: Representative images of a-SMA and TGF-b1 immunohistochemistry are shown.
A representative of two independent experiments is shown. Data are expressed as means � SD. n Z 4 per group (A and B). *P < 0.05, **P < 0.005,
***P < 0.001, and ****P < 0.0001 (one-way analysis of variance analyses with Bonferroni’s post hoc test). Scale bars: 100 mm (C, top three panel rows); 20 mm
(C, bottom two panel rows). Original magnification: �20 (C, top three panel rows); �40 (C, bottom two panel rows). ns, not significant.
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modulator.8,30 Yet, the role of DKK1 in PF has remained
elusive. This study is the first to demonstrate that reduced
expression of DKK1 in doubleridge mice protected the host
from BLM-induced lung injury with reduced inflammation
and fibrosis phenotypes. The little difference between dou-
bleridge mice and their littermate control mice in various
parameters such as lung immune cell population and his-
tological analyses at steady state suggests that elevated local
and systemic levels of DKK1 are required in the inflam-
mation process upon lung injury rather than during ho-
meostasis. Given that other DKKs were elevated in PF
patients and they share partial amino acid homology mainly
1140
in the colipase fold domain and two conserved cysteine-rich
domains, it would be worth studying the role of other DKKs
in pulmonary fibrosis.18,31

Several studies demonstrated that DKK1 is employed as
an important pathological immunomodulator in various in-
flammatory disease models caused by allergens, infectious
pathogens, stromal cells, or tumors cells in cancer.8,9,32e34

The current study suggests that sterile injury-mediated
inflammation such as that caused by bleomycin can also
be promoted by DKK1. Notably, the BLM lung injury and
fibrosis model showed collagen deposition, revealing that
high levels of DKK1 coincided with collagen deposition.
ajp.amjpathol.org - The American Journal of Pathology
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DKK1 Promotes Lung Fibrosis
Thus, the proinflammatory and profibrotic role of DKK1 in
this study warrants further questions regarding how DKK1-
mediated inflammation can be regulated in the BLM-injury
model. Further investigation on other murine pulmonary
fibrosis models is warranted, given that the BLM model
resembles human PF partially. The reduced collagen depo-
sition, along with the reduction of myofibroblast marker a-
SMA and profibrotic cytokine TGF-b1, raises interesting
questions about whether DKK1 is involved in TGF-
bedriven lung fibrosis, given that the role of DKK1 in
tissue repair and fibrosis process remained largely
unanswered.

The current study results with DKK1 Ab treatment
from day �1 (full treatment) were consistent with the
BLM-injury model using doubleridge mice in that both
inflammation and fibrosis phenotypes were reduced by
DKK1 Ab treatment. Interestingly, DKK1 Ab adminis-
tration in ongoing BLM-mediated lung inflammation and
fibrosis starting at day 7 showed a comparable inhibition
effect to the full treatment from day �1 in the BLM
model. This suggests that DKK1 Ab can be used to target
PF, indicating that inflammation-induced fibrosis can be
inhibited during the BLM model. Two drugs, pirfenidone
and nintedanib, have been approved by the US Food and
Drug Administration to delay PF. The current results
suggest the possibility of using DKK1 Ab with pirfeni-
done or nintedanib as a combination therapeutic strategy
to treat a bigger pool of PF patients. Further studies are
warranted to test this combination therapeutic potential.
The current study provides a potential inhibition of pro-
gressive PF with using DKK1 neutralization in the BLM
model. Whether DKK1 Ab treatment will benefit PF pa-
tients with established PF without inflammation remains
to be investigated.

Taken together, the current study identifies DKK1 as a
proinflammatory ligand to promote the BLM-induced lung
fibrosis model, placing DKK1 as an attractive molecular
target to regulate inflammation-induced fibrosis.
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