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PURPOSE. To investigate the associations of the Wnt modulators Wnt inhibitory factor 1 (WIF1) and Dickkopf 3 (DKK-3) in the aqueous humor with neovascular age-related macular
degeneration (nAMD) and to determine their clinical implications.
METHODS. Seventy-four nAMD patients initially treated with an intravitreal injection of
ranibizumab (IVR) and 74 age- and sex-matched controls were studied. Aqueous humor WIF-1
and DKK-3 levels were measured by Western blotting and an ELISA before and 1 month after
two consecutive IVRs (pre- and post-IVR). Visual acuity assessments and spectral domain
optical coherence tomography were performed pre- and post-IVR.
RESULTS. Western blotting showed increased WIF-1 and DKK-3 in 12 nAMD patients compared
with 12 controls. The ELISA analysis demonstrated elevated WIF-1 (pre) and DKK-3 (pre) in
62 patients compared with 62 controls (54.7 vs. 23.0 and 114.3 vs. 93.0 ng/mL, respectively).
In multivariate analyses, high WIF-1 (pre) levels were associated with increased disruption in
the photoreceptor junction’s inner and outer segments (IS/OS) (pre and post) and high WIF-1
(post) levels. Interestingly, WIF-1 (pre) levels were significantly higher in type 3
neovascularization (NV) patients than in type 1 or 2 NV (90.5 6 36.7 vs. 48.3 6 22.5 and
41.3 6 28.8 ng/mL, respectively). However, choroidal thickness was not correlated with WIF1 levels.
CONCLUSIONS. We report, for the first time, the possibility of phenotypic, anatomic, and ocular
proteomic correlations, demonstrating correlated WIF-1 and DKK-3 upregulation in nAMD
patients’ aqueous humor. Secreted WIF-1, reflecting the degree of retinal structure damage,
may be a new biomarker for the retina’s healthy and disease states.
Keywords: age-related macular degeneration, Wnt, aqueous humor, optical coherence
tomography, CNV

ge-related macular degeneration (AMD) is a disease of
unknown etiology characterized by the progressive degeneration of the RPE, retina, and choriocapillaris and is the leading
cause of blindness in people older than 50 years in developed
countries. Extensive basic and clinical research, including
studies of AMD risk genotypes,1–4 has been performed to
elucidate the causes of this disease. The associated underlying
cellular pathologies suggested to date include oxidative stress,
hypoxia, chronic inflammation, the accumulation of lipofuscin,
and the accumulation of extracellular deposits, such as drusen.
Functional abnormalities or the degeneration of the RPE are
believed to be the initiators and major pathologies of AMD, and
the pathogenic mechanistic studies of AMD conducted to date
have primarily concentrated on RPE pathology. However, the
response and pathology of the retina during AMD are largely
unknown. Few studies have identified the molecular changes of
the stressed retina in vivo. Proteins or cytokines in the aqueous
humor (AH), such as VEGF, have been used as biomarkers of
neovascular AMD (nAMD), neovascularization, and disease

activity associated with AMD.5,6 However, no proteins or
cytokines that reflect the status or function of the retina and
photoreceptors in this disease have been previously described
in the AH of AMD patients.
The Wnt signaling pathways have been linked to various
cellular processes, including inflammation, angiogenesis, and
cell survival, development, and differentiation.7–11 Recently, the
Wnt pathway has been suggested to be a pathogenic
mechanism of AMD, especially nAMD.8 The therapeutic effects
of Wnt inhibitors, such as monoclonal antibodies to Wnts, have
been demonstrated in a mouse model of wet AMD.8 However,
others reported that increased Wnt signaling in light-induced
retinal degeneration plays a role in retinal protection.7,12 They
suggested that upregulated Wnt signaling in Müller glia during
retinal degeneration could be a protective mechanism to
prevent further photoreceptor injury. These findings suggest
that increased Wnt signaling could have different effects on the
RPE, the retina, and neovascularization (NV), which is
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consistent with other studies showing that the effect of Wnt
signaling is cell- and tissue-dependent.12
In previous studies, we first identified Wnt modulator
proteins, namely, Wnt inhibitory factor 1 (WIF-1) and Dickkopf
3 (DKK-3), in the AH and in AH exosomes in patients with
nAMD.13,14 The secreted frizzled-related protein family, the
Dickkopf family, and WIF-1 have been identified as three classes
of secreted antagonists of the Wnt pathway.15–17 The DKK-3 was
reported to exist in the inner nuclear and ganglion cell layers of
the retina in normal and degenerating tissue and is expressed at
high levels in rd1 animals.18 The DKK-3 was suggested to be a
secreted prosurvival signaling protein in the retina.12
The WIF-1, a secreted glycoprotein that inhibits the activity
of Wnts, was first described in the retina by Hsieh and
associates in 1999.17 Although WIF-1 is reported to be located
throughout the retina and is concentrated in the interphotoreceptor matrix, particularly in the region surrounding the
inner segments and at the distal tips of the photoreceptors in
adult mice,19 the functional roles of WIF-1 in the retina remain
poorly investigated. The expression of WIF-1 in the retina of
AMD patients also has not been studied previously. During the
past decade, WIF-1 has been studied in various cancers,
including lung cancer, breast cancer, renal cancer, osteosarcoma, and acute myeloid leukemia.20–24 The silencing of WIF-1 by
DNA hypermethylation and subsequent Wnt activation has
been implicated in the pathogenesis of these cancers.
Considering the known role of Wnt signaling in AMD, we
speculate that the secreted Wnt modulators WIF-1 and DKK-3
may be dysregulated in AMD. In the present study, the AH
levels of these proteins were examined in patients with nAMD
who had received no previous treatment and in age- and sexmatched controls. In addition, their relationship to outer
retinal morphology and the choroid was measured by spectral
domain optical coherence tomography (SD-OCT), and the type
of NV and its prognostic value in these patients were
investigated.

METHODS
Subjects and AH Sample Collection
Samples of AH were collected at the Department of Ophthalmology, Konkuk University Medical Center, Seoul, Korea, and
the Department of Ophthalmology, Seoul National University
Bundang Hospital, Seongnam, Korea. From July 1, 2012, to
December 31, 2013, 74 patients with untreated nAMD and 74
age- and sex-matched controls undergoing cataract surgery
were enrolled in this study. The 74 sets of patient samples
consisted of samples from patients before the first intravitreal
injection of 0.5 mg ranibizumab (IVR) and samples obtained
from patients 1 month after two consecutive IVRs (pre- and
post-IVR). The 74 patients were all untreated patients (i.e., they
had not received any type of treatment for nAMD before their
inclusion in the study). Eyes with massive subretinal hemorrhaging were excluded. In addition, these patients showed no
manifestation of chronic nAMD, such as disciform scarring.
Patients with ophthalmic diseases other than AMD (e.g.,
glaucoma or progressive retinal disease), patients with uncontrolled systemic diseases (e.g., uncontrolled diabetes mellitus or
systemic hypertension), and patients who had undergone
intraocular surgery, including laser treatment, were excluded.
Samples of AH from patients undergoing cataract surgery were
used as control samples. We matched the ages and sexes of the
patients with those of the control subjects (65 years). The
control subjects did not have any ophthalmic disease other than
cataracts. Control samples were obtained immediately before
cataract surgery. Samples from nAMD patients were obtained
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TABLE 1. Baseline Characteristics of Patients With nAMD and Their
Controls

Age, y (6SD)
Sex, male:female
Diabetes
Systemic hypertension

nAMD,
n ¼ 62

Controls,
n ¼ 62

70.9 (66.7)
31:31
10
28

70.9 (68.3)
31:31
12
24

0.9811*
1.0000†
0.4882†
0.4666†

44
10
8

47
9
6

0.8036†

41 (13)
10
11
54.7 (631.0)
114.3 (646.8)

23.0 (610.5)
93.0 (647.8)

P Value

Smoking status
Never
Quit
Current
NV type (1, 2, 3)
1, sub-RPE (PCV)
2, subretina
3, RAP
WIF-1 (pre), ng/mL
DKK-3 (pre), ng/mL

<0.0001*
0.0288*

nAMD, neovascular age-related macular degeneration; SD, standard
deviation; NV, neovascularization; PCV, polypoidal choroidal vasculopathy; RAP, retinal angiomatous proliferation; WIF-1 (pre), level of Wnt
inhibitory factor 1 before treatment with ranibizumab; DKK-3 (pre),
level of Dickkopf 3 before treatment with ranibizumab.
* Student’s t-test.
† Pearson’s v2 test.

before performing the first IVR and immediately before
performing the third IVR. Twelve sets of samples (36 samples)
were used as a discovery set for the Western blot analysis of
WIF-1 and DKK-3, and 62 sets of samples were used for ELISA
analysis as a validation set. The clinical data from 62 patients
and 62 controls are summarized in Table 1.
All sample collection and intravitreal injections were
performed using standard sterile methods. Samples of AH
were obtained by anterior-chamber paracentesis using a 30gauge needle, with no complications. Samples of the AH
(approximately 100 lL) in safe-lock microcentrifuge tubes (1.5
mL) were immediately frozen at 808C and stored until
analysis. The study followed the guidelines of the Declaration
of Helsinki, and informed written consent was obtained from
all patients and control subjects. The procedure for AH
collection was approved by the institutional review boards of
the Konkuk University Medical Center, Seoul, Korea, and the
Seoul National University Bundang Hospital, Seongnam, Korea.

Western Blot Analysis of WIF-1 and DKK-3
The AH proteins were quantified using the BCA protein assay
(Thermo Scientific, Waltham, MA, USA), and equivalent
amounts of protein (10 lg) were applied to 12% acrylamide
gels. The proteins were separated by SDS-PAGE and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membranes were blocked at room
temperature with 5% bovine serum albumin in TBST (13 Trisbuffered saline with 0.1% Tween 20) for 2 hours. The
membranes were incubated with primary antibodies (WIF-1:
Abcam, Cambridge, MA, USA; DKK-3: Thermo Scientific)
overnight at 48C. The membranes were then washed four
times in TBST and incubated with the relevant horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling,
Beverly, MA, USA) for 1 hour. After washing four times in TBST,
immunoreactive proteins were visualized using a chemiluminescent substrate (ECL Prime; Amersham Biosciences, Piscataway, NJ, USA). The Luminescent Image Analyzer LAS-4000
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with Image Reader LAS-4000 software (Fuji Film Co., Ltd.,
Tokyo, Japan) was used as a digital imaging system.

TABLE 2. Changes in Clinical Parameters on SD-OCT and Wnt
Modulators in 62 nAMD Patients Pre- and Post-IVR

Measurement of WIF-1 and DKK-3 Using ELISA
The levels of WIF-1 and DKK-3 in the AH were quantitatively
assessed using a sandwich ELISA kit (Aviscera Bioscience, Inc.,
Santa Clara, CA, USA). Quantities of 100 lL of standard diluent
and 100 lL of AH diluent were added to 96-well microplates
coated with an antibody against WIF-1 or DKK-3, and
subsequent procedures were performed according to the
manufacturer’s protocol. Color intensity was determined with
a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Duplicate samples were used in all assays.

Patient Data
Baseline data (pre-IVR) were obtained for the 62 nAMD
patients whose AHs were analyzed by ELISA, including their
age and sex, the presence of diabetes or controlled systemic
hypertension, cigarette smoking status, the best corrected
visual acuity (VA, logMAR), and fluorescein angiography (FA),
indocyanine green angiography (ICGA), and SD-OCT results. A
follow-up examination, including the VA, FA, and SD-OCT, was
performed 1 month after three consecutive IVRs (post-IVR)
instead of 1 month after two consecutive IVRs, as was the case
during the collection of AH samples.
Neovascularization was subdivided into three categories
according to previous descriptions.6,25 Briefly, in type 1 NV,
new vessels are located beneath the RPE. The type 1 NV patient
group included 13 patients with polypoidal choroidal vasculopathy (PCV), which was diagnosed based on the presence of
prominent ‘‘polyps’’ and a branching of the choroidal vascular
network that was visualized by ICGA. In type 2 NV, new vessels
have penetrated the RPE layer and are localized in the subretinal
space. Type 3 NV, retinal angiomatous proliferation (RAP), was
defined as the intraretinal proliferation of new vessels, which
may originate from both retinal and choroidal circulation.25–27
The presence of a retinal-choroidal anastomosis was identified
with ICGA, and intraretinal hemorrhages and cystoid macular
edema were also found in type 3 NV.
A 9 3 6-mm area of the macular region centered on the fovea
was examined using SD-OCT (Spectralis HRAþOCT; Heidelberg
Engineering, Heidelberg, Germany). In total, 25 volume scans
(each with a length of 240 lm) were centered on the fovea,
with an average of nine replicates of the B-scan image of each
section. The eye-tracking system of the device was used to
ensure that the scanning was performed in the correct position.
For high-quality images, only images with a quality score greater
than 16 dB were selected. The SD-OCT image from the
horizontal scans of the midline was reviewed for the
measurement of foveal microstructures by two retina specialists
who were blinded to the VA and expression analysis results of
the patients. The integrity of the foveal photoreceptor layer was
evaluated using SD-OCT images of the external limiting
membrane (ELM) and the inner and outer segment of the
photoreceptor junction (IS/OS) within a 6000-lm diameter
centered on the fovea. Manual measurement of the disrupted
length of the ELM and IS/OS and of the thickness of the outer
nuclear layer (ONL) was performed pre- and post-IVR using a
caliper built into the software of the SD-OCT machine. A
disruption in the ELM and IS/OS was defined as the loss of the
hyperreflective line. The dim line was considered ‘‘visible’’ if it
was detectable. The thickness of the ONL was defined as the
distance between the internal limiting membrane and the ELM
at the center of the fovea. If there was an absence or disruption
of the ELM, the next visible reflective line was considered as the
outer border of the ONL. The central macular thickness (CMT)
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CMT, lm (SD)
Disrupted length of IS/OS,
lm (SD)
Disrupted length of ELM,
lm (SD)
ONL thickness, lm (SD)
ChT, lm (SD)
LogMAR (SD)
WIF-1, ng/mL (SD)
DKK-3, ng/mL (SD)

Pre-IVR,
n ¼ 62

Post-IVR,
n ¼ 62

P Value*

449 (170)

302 (94)

<0.0001

2526 (1761)

1900 (1701)

1615
100
227
0.68
54.7
114.3

1056
76
206
0.53
46.8
111.9

(1691)
(121)
(99)
(0.50)
(31.0)
(46.8)

(1379)
(31)
(93)
(0.39)
(31.4)
(47.5)

0.0018
0.0008
0.1252
<0.0001
0.0005
0.3535
0.5905

CMT, central macular thickness; IS/OS, junction between inner and
outer segment of the photoreceptor; ELM, external limiting membrane;
ONL, outer nuclear layer; ChT, choroidal thickness; LogMAR, logarithm
of the minimum angle of resolution.
* Paired t-test.

was automatically calculated as the average retinal thickness
within a circle with a 1000-lm diameter centered on the fovea
(the center circle of the Early Treatment Diabetic Retinopathy
Study grid) (software version 5.1.2.0; Heidelberg Engineering).
The choroidal images were obtained using enhanced-depth
imaging OCT in SD-OCT. Seven sections encompassing the
fovea were analyzed (100 averaged scans each). The choroidal
thickness (ChT) was measured under the foveal center,
vertically from the outer border of the hyperreflective line of
the RPE to the inner border of the sclera.
Two measurements performed by two people were
averaged. The intraclass correlation coefficients (ICCs) of the
measured disrupted length of the ELM and those of the IS/OS
and ONL thickness were 0.75, 0.82, and 0.70, respectively. The
ICC of the measured ChT was 0.71.
Treatment response to IVR after three monthly IVRs was
defined as follows: ‘‘no fluid’’ was defined as the presence of a
‘‘dry’’ macula that was lacking any retinal (intra- or subretinal)
fluid as detected by SD-OCT, ‘‘less fluid’’ was defined as the
decrease in but not the complete resolution of retinal fluid, and
‘‘fluid’’ was defined as minimal changes of retinal fluid.

Statistical Analysis
The statistical analysis was performed using SPSS version17.0
for Windows software (SPSS, Inc., Chicago, IL, USA). All values
are presented as the means 6 SDs. Bivariate relationships were
analyzed using the Pearson correlation coefficient. The
Kruskal-Wallis test and a post hoc multiple comparison test
were performed to examine the differences in the values of
WIF-1 and DKK-3 between different patient groups. A
multivariate analysis was performed using multiple linear
regression of the specific variables. The Mann-Whitney test
was used to compare discrete variables between groups; P
values less than 0.05 were considered statistically significant.

RESULTS
Study Group
The AH of 74 patients with nAMD was acquired pre- and postIVR for Western blot analysis (12 sets for discovery) and ELISA
(62 sets for validation). For quantification and correlation
analysis, only data from the validation set were used. Patient
ages ranged from 57 to 84 years (average 71.2 6 7.0 years).
The baseline characteristics of the 62 AMD patients (whose AH
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pre- and post-IVR was analyzed by ELISA) are listed in Table 1.
The type of NV was classified based on FA, ICGA, and SD-OCT
findings in the baseline examination, as described in the
Methods section. Forty-one eyes exhibited type 1 NV, 13 of
which were diagnosed with PCV, 10 eyes exhibited type 2 NV,
and 11 eyes exhibited type 3 NV.
The clinical data were obtained pre- and post-IVR (Table 2).
The mean CMT of these 62 eyes decreased from a pre-IVR value
of 449 lm (SD 170) to 302 lm (SD 94) post-IVR. A complete
ELM was observed in 13 eyes, whereas a complete IS/OS was
observed in 4 eyes, pre-IVR. Post-IVR, a complete ELM was
observed in 19 eyes and a complete IS/OS was observed in 10
eyes. The mean disrupted length of the ELM of 62 eyes
changed from 1615 lm (SD 1691) pre-IVR to 1056 lm (SD
1379) post-IVR. The mean disrupted length of the IS/OS of 62
eyes changed from 2526 lm (SD 1761) pre-IVR to 1900 lm (SD
1701) post-IVR. The mean ChT of these 62 eyes decreased from
a pre-IVR value of 227 lm (SD 99) to 206 lm (SD 93) post-IVR.
Regarding the response to treatment, 27 eyes (13 type 1, 9 type
2, and 5 type 3 NV) exhibited complete resolution of any
retinal fluid post-IVR (‘‘no fluid’’), 29 eyes (21 type 1, 2 type 2,
and 6 type 3) showed ‘‘less fluid,’’ and 6 (all type 1) eyes
showed ‘‘wet’’ macula (‘‘fluid’’).
The mean Snellen VA was 20/100 pre-IVR and 20/60 postIVR. The VA post-IVR improved in patients with type 1 or 2 NV;
however, in patients with type 3 NV, VA was unchanged postIVR, and the differences in VA among the three groups were
not statistically significant (P ¼ 0.0530 by ANOVA and P ¼
0.0568 by the Kruskal-Wallis test).
The CMT, disrupted lengths of the ELM and IS/OS, and ChT
pre- and post-IVR were all associated with VA post-IVR
(univariate analysis). The post-IVR VA was associated with the
pre-IVR VA and pre-IVR CMT according to the multiple linear
regression adjusted for age, sex, and the presence of diabetes
or systemic hypertension (R2 ¼ 0.8432). A color fundus
photograph, FA and ICGA results, SD-OCT image pre-IVR,
and SD-OCT image post-IVR representative of nAMD patients
are shown in Figure 1 and Supplementary Figure S1.

Western Blot Analysis and ELISA Measurement of
Wnt Modulators

FIGURE 1. Color fundus photograph (upper left), FA (upper middle),
ICGA (upper right), SD-OCT image before treatment (lower left), and
SD-OCT image after treatment with ranibizumab (lower right) in nAMD
patients. (A) A 74-year-old man with type 1 NV. His best-corrected
visual acuity (BCVA) was 20/30, and the WIF-1 level was 29.2 ng/mL.
Three months after IVR, intra- and subretinal fluid resolved, and BCVA
improved to 20/25. Intact external limiting membrane (ELM) and the
junction between the inner and outer segment of the photoreceptor
(IS/OS) on SD-OCT were observed. (B) A 70-year-old woman with PCV.
Polypoidal lesions were detected with ICGA. The BCVA was 20/40, and
her WIF-1 level was 67.1 ng/mL. Three months after IVR, subretinal
fluid resolved, with a persistent large defect in ELM and IS/OS on SDOCT. The BCVA decreased to 20/150. (C) A 58-year-old woman with
type 2 NV. The BCVA was 20/50, and her WIF-1 level was 12.3 ng/mL.
Three months after IVR, intraretinal fluid and choroidal neovascularization resolved. The BCVA improved to 20/20. Intact ELM and IS/OS
on SD-OCT were found. (D) A 77-year-old woman with type 3 NV. The
ICGA showed retinal-choroidal anastomosis. The BCVA was 20/60, and
her WIF-1 level was 125.0 ng/mL. Although cystoid edema, serous
pigment epithelial detachment, and intraretinal retinal angiomatous

Downloaded from tvst.arvojournals.org on 08/07/2022

To confirm the expression of the Wnt modulators WIF-1 and
DKK-3, which were found in the AH of nAMD patients by
proteomic analysis in our previous study,13,14 Western blot
analyses of these proteins were performed. Equivalent amounts
of proteins from the AHs of 12 nAMD patients pre- and postIVR and their age- and sex-matched controls were loaded on
the same gel. A profoundly increased expression of WIF-1 was
detected in all 12 nAMD patients compared with their controls
(Fig. 2). The level of DKK-3 also was increased in most patients
compared with their controls.
Next, for the validation and quantitative measurement of
the increased WIF-1 and DKK-3 levels in the AH of nAMD
patients, ELISA analysis was performed on the 62 sets of AH
samples. ELISA analysis demonstrated that WIF-1 (pre) and
DKK-3 (pre) were elevated in 62 nAMD patients compared
with the controls (54.7 vs. 23.0 ng/mL, P < 0.0001 for WIF-1;
114.3 vs. 93.0 ng/mL, P ¼ 0.0008 for DKK-3, Student’s t-test)
(Table 1 and Fig. 3). WIF-1 (post) and DKK-3 (post) were also
elevated in 62 nAMD patients compared with the controls
(46.8 vs. 23.0 ng/mL, P < 0.0001 for WIF-1; 111.9 vs.
93.0 ng/mL, P ¼ 0.0002 for DKK-3, Student’s t-test). There

proliferation lesions resolved 3 months after IVR, persistent large
defects in the ELM and IS/OS were found on SD-OCT. The BCVA was
20/40.
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TABLE 3. SD-OCT Parameters, NV Type, and Vision According to the
Levels of WIF-1 (Pre) in 62 nAMD Patients (Univariate Analysis)
Univariate Analysis
Variables
WIF-1 (post)
CMT (pre)
CMT (post)
Disrupted length
Disrupted length
Disrupted length
Disrupted length
ONL (pre)
ONL (post)
ChT (pre)
ChT (post)

of
of
of
of

IS/OS (pre)
IS/OS (post)
ELM (pre)
ELM (post)

Estimate

SE

P Value

0.5569
0.0233
0.0913
0.0083
0.0071
0.0033
0.0045
0.0242
0.1274
0.0054
0.0021

0.0815
0.0234
0.0362
0.0020
0.0019
0.0024
0.0026
0.0273
0.1088
0.0316
0.0333

<0.0001*
0.3235
0.0149*
0.0001*
0.0006*
0.1625
0.0884
0.3795
0.2473
0.8657
0.9492

NV type
FIGURE 2. Western blot analysis of WIF-1 and DKK-3 in 12 nAMD
patients before (P) and after (T) treatment with ranibizumab and in 12
matched control subjects (C).

1
2
3

42.201
49.291
reference

7.9960
8.9991

<0.0001*
0.0001*

were minor alterations in AH concentrations pre- and post-IVR
(P ¼ 0.3535 for WIF-1 and P ¼ 0.5905 for DKK-3; paired t-test)
(Table 2). WIF-1 (pre) and DKK-3 (pre) were positively
correlated (Pearson correlation coefficient 0.5072, P ¼
0.0002); WIF-1 (post) and DKK-3 (post) were also well
correlated (Pearson correlation coefficient 0.4529, P ¼ 0.0011).

logMAR (pre)
logMAR (post)

Association of Wnt Modulators With Clinical
Parameters

using multiple linear regression, adjusted for age, sex, and the
presence of diabetes or systemic hypertension, showed that
high WIF-1 (pre) levels were associated with a disrupted length
of IS/OS (pre), a disrupted length of IS/OS (post), and high
WIF-1 (post) levels, with a mean increase in WIF-1 (pre) of 0.44
ng/mL for every 100-lm increase in the disruption of IS/OS
(pre) and a mean increase in WIF-1 (pre) of 0.47 ng/mL for
every 100-lm increase in the disruption of IS/OS (post) (Table
4 and Fig. 4). Multivariate analysis of SD-OCT parameters
associated with the prediction of high DKK-3 (pre) levels,
adjusted for age, sex, and the presence of diabetes or systemic
hypertension, showed that a high DKK-3 level was associated
with the disruption of IS/OS (pre) and a high DKK-3 (post)
level. These data suggest that patients who have high WIF-1
and DKK-3 protein levels have a stronger damage response,

The association of clinical variables, including SD-OCT and
vision parameters, with the risk of high WIF-1 and DKK-3 levels
in the AH of nAMD patients was analyzed.
Wnt Modulators Versus Retina Microstructure and
Choroidal Thickness. High WIF-1 (pre) levels were associated with CMT (post), a disrupted length of IS/OS (pre), a
disrupted length of IS/OS (post), and the type of NV (Table 3,
Fig. 1, and Supplementary Fig. S1), whereas high WIF-1 (post)
levels were associated with CMT (post). High DKK-3 (pre)
levels were associated with a disrupted length of IS/OS (pre) in
the univariate analysis. There was no association between the
Wnt modulators and ChT. The final multivariate analysis of SDOCT parameters in the prediction of high WIF-1 (pre) levels

3.6484
5.9446

8.968
11.540

0.6498
0.5114

SE, standard error; WIF-1 (post), level of WIF-1 one month after two
consecutive intravitreal injections of ranibizumab.
* P < 0.05.

FIGURE 3. Aqueous levels of Wnt modulators ([A] the level of WIF-1 before treatment; [B] the level of DKK-3 before treatment) in 62 nAMD patients
compared with 62 controls. The data are presented using box and whisker diagrams, with the median (first and third quartiles) in the box and the
whiskers representing the minima and maxima of all data. pre, before treatment; post, after treatment. *P ¼ Student’s t-test; #P ¼ paired t-test.
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TABLE 4. Disrupted Length of IS/OS and NV Type According to the Levels of WIF-1 (Pre) in 62 nAMD Patients (Multivariate Analysis)
Multivariate Analysis I

Multivariate Analysis II

Variables

Estimate

SE

P Value

Estimate

SE

P Value

WIF-1 (post)
Disrupted length of IS/OS (pre)
Disrupted length of IS/OS (post)

0.5154
0.0044

0.0798
0.0015

<0.0001*
0.0051*

0.5313

0.0793

<0.0001*

0.0047

0.0015

0.0035*

Multivariate Analysis III
Estimate

0.0068

SE

P Value

0.0020

0.0012*

NV type
36.544
38.833
reference

1
2
3

9.061
12.183

0.0002*
0.0024*

Multivariate analysis I ¼ explanatory variables were WIF-1 (post) and the disrupted length of IS/OS (pre), adjusted for age, sex, and the presence
of diabetes or hypertension (adjusted R2: 0.5393); Multivariate analysis II ¼ explanatory variables were WIF-1 (post) and the disrupted length of IS/
OS (post), adjusted for age, sex, and the presence of diabetes or hypertension (adjusted R2: 0.5592); Multivariate analysis III ¼ explanatory variables
were the disrupted length of IS/OS (pre) and NV type, adjusted for age, sex, and the presence of diabetes or hypertension; adjusted R2: 0.3674.
* P < 0.05.

which is manifested by the substantial disorganization of the
photoreceptors and is observed as the disruption of IS/OS.
Wnt Modulators Versus Phenotypes of nAMD. Interestingly, the level of WIF-1 (pre) was significantly different among
the three NV types (48.3 6 22.5 for type 1, 41.3 6 28.8 for
type 2, and 90.5 6 36.7 ng/mL for type 3, P < 0.0001 by
ANOVA and P ¼ 0.0019 by the Kruskal-Wallis test). A post hoc
multiple comparison test confirmed that WIF-1 (pre) was
significantly higher in type 3 NV patients than in type 1 or 2
patients (Fig. 5). Among the type 1 NV patients, there was no
difference between sub-RPE CNV and PCV in the WIF-1 (pre)
level (47.8 6 20.8 for sub-RPE CNV, 49.4 6 26.7 ng/mL for
PCV, P ¼ 0.7157; Mann-Whitney U test). When we analyzed the
three NV groups using ANOVA or the Kruskal-Wallis test, no
variables other than the WIF-1 (pre) level and ChT pre- and
post-IVR were different; the value of CMT, the disrupted length
of ELM, the disrupted length of IS/OS, and the logMAR pre- and
post-IVR were not different among the groups, suggesting that
none of the above SD-OCT or vision parameters influenced the
finding that the WIF-1 (pre) level was highest in type 3 NV.
However, the ChT pre- and post-IVR was different among the
groups; ChT pre- and post-IVR was significantly lower in
patients with type 3 NV (154 and 141 lm) than in those with
type 1 or 2 NV (240 and 217 lm in type 1 NV; 265 and 243 lm
in type 2 NV). However, the ChT pre- and post-IVR was not

associated with WIF-1 (pre) in the univariate analysis.
Multivariate analysis of ChT and NV type for the prediction
of WIF-1 (pre) indicated that the effect of ChT pre- or post-IVR
on the high WIF-1 (pre) level in type 3 NV was not significant
(Table 5). Thus, the presence of RAP (type 3 NV) was
associated with a greater probability of a high WIF-1 (pre) level,
independent of ChT pre- and post-IVR, suggesting that a high
WIF-1 level in the AH of nAMD patients may reflect profound
photoreceptor damage, especially in patients with type 3 NV
(Fig. 1D, Supplementary Fig. S1D).
Wnt Modulators Versus Response to Treatment and
Vision. With respect to the response to treatment, the WIF-1
(pre) levels in 27 eyes exhibiting complete resolution of fluid
(‘‘no fluid’’) were lower (49.1 ng/mL) than those of 35 eyes
with incomplete or little decrease in fluid (59.0 ng/mL),
although this difference was not statistically significant (MannWhitney U test, P ¼ 0.0695). The association between WIF-1
and VA pre- and post-IVR was not statistically significant.

Discussion
In the present study, we demonstrated for the first time that
the levels of WIF-1 and DKK-3 were significantly elevated in
the AH of patients with nAMD compared with those of control
subjects. The association of these aqueous proteins with the

FIGURE 4. Association between WIF-1 before treatment (pre) and the IS/OS according to SD-OCT before and after treatment (pre (A) and post (B),
respectively). A linear regression analysis shows that WIF-1 (pre) is significantly associated with the disrupted length of IS/OS pre and post (R2 ¼
0.219, P ¼ 0.0001 for IS/OS pre; R2 ¼ 0.208, P ¼ 0.0006 for IS/OS post).
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FIGURE 5. Association between the level of WIF-1 (pre) and the type of
NV (1, 2, and 3). WIF-1 levels are significantly higher in type 3 NV
patients than in type 1 or 2 NV patients (90.5 6 36.7 ng/mL in type 3
vs. 48.3 6 22.5 ng/mL in type 1 and 41.3 6 28.8 ng/mL in type 2). *P
values in the figure are derived from the Kruskal-Wallis test, and the P
values derived from ANOVA are <0.0001 and 0.0002, respectively.

AMD phenotype has not been previously investigated. The
present study evaluated the association of WIF-1 and DKK-3
with the severity of retinal damage and NV type. Multivariate
analysis showed that the disruption of IS/OS (pre) and the
disruption of IS/OS (post) had strong dependent associations
with high WIF-1 (pre) levels, despite the general difficulty of
validating clinical correlations for biological markers.24 These
findings provide evidence for an association of retinal damage
with an increase in WIF-1 levels and demonstrate that WIF-1
may be an appropriate biomarker of retinal damage response in
AMD.
Although the roles of Wnt signaling in the development of
the retina, including stabilization of the rod photoreceptor
synapse, have been more extensively described, its roles in
later stages of retinal development and in the homeostasis and/
or function of the adult retina also have been documented.28 In
addition, highly activated Wnt signaling in the ciliary margin
and the ciliary epithelium of newborn murine eyes was
dramatically attenuated in adult murine eyes, as the retina is
the primary site of Wnt signaling in adult murine eyes.29
Considering its putative role in antagonizing Wnt activity, WIF1 should be expressed predominantly in the retina and
concentrated in the photoreceptors and outer plexiform layer,
with reduced expression in the inner nuclear layer and
ganglion cell layer.19 We also confirmed the increased
expression of WIF-1 in the retinas of 10-week-old C57BL/6

mice exposed to bright light, whereas WIF-1 expression in the
RPE was almost negligible (Supplementary Fig. S2). We
speculate that in nAMD, Wnt signaling is increased in response
to the retinal injury and is coordinated with the increased
secretion of WIF-1 and DKK-3 (i.e., the levels of WIF-1 and
DKK-3 in the AH reflect the degree of Wnt activation in the
retina). The WIF-1 level in the plasma of patients with nAMD or
controls appears to be negligible because we could not detect
its expression by Western blot analysis (data not shown). Thus,
the retina may be a major source of the increased WIF-1 in the
AH of nAMD patients. A known target gene of Wnt activation is
VEGF.30 Although the exact mechanism of the regulation of
Wnt signaling, including regulation by Wnt modulators, on
anti-VEGF treatment in nAMD requires further investigation;
the fact that the levels of Wnt modulators decreased after two
consecutive IVRs in this study suggests that anti-VEGF therapy
may cause some alterations of the intraocular environment that
affect the levels of Wnt modulators. Thus, the levels of WIF-1
and DKK-3, which indicate the level of Wnt activation, could
reflect the severity of AMD.
Retinal angiomatous proliferation, now described as type 3
NV,26,27 represents approximately 10% to 20% of all cases of
nAMD.31,32 In the present study, 17.7% (11 of 62) of eyes
exhibited type 3 NV. Retinal angiomatous proliferation has
been reported to follow a more aggressive natural course than
type 1 or 2 NV, despite the excellent response to anti-VEGF
therapy with a dramatic reduction in CMT and intraretinal
edema.32,33 The occurrence of high rates of RPE atrophy at
presentation and the development of new atrophy or
geographic atrophy during follow-up have also been described.32,34 Intriguingly, the WIF-1 level was by far the highest
in patients with type 3 NV in this study. This result may suggest
that the retina is markedly damaged during the course of RAP;
this assertion is supported by the disrupted IS/OS on SD-OCT,
which indicates that the retina and, particularly, the photoreceptors are damaged. A thin choroid and the possibly reduced
choroidal perfusion in the macula also may contribute to a
generally unfavorable visual recovery or functional gain35;
however, the thin choroid of the patients with RAP in this
study did not appear to influence the WIF-1 level. Additionally,
this finding reinforces the notion that WIF-1 reflects the
damage status of the retina, especially the photoreceptors.
The current study has several limitations. First, although we
took into account several SD-OCT parameters, including CMT,
IS/OS, ELM, ONL thickness, and ChT, as well as the type of NV,
in the analysis of their association with Wnt modulators, we
did not consider all the various phenotypes of AMD; for
example, the type (drusenoid, serous, or fibrovascular) and
size of pigment epithelial detachment, the size of NV, the type

TABLE 5. Choroidal Thickness and NV Type According to the Levels of WIF-1 (Pre) in 62 nAMD Patients (Multivariate Analysis)
Multivariate Analysis I
Variables
WIF-1 (post)
ChT (pre)
ChT (post)
NV Type
1
2
3

Estimate
0.5559
0.0028

1.6196
2.4602
reference

Multivariate Analysis II

SE

P Value

Estimate

0.0863
0.0313

<0.0001*
0.9282

9.5405
11.507

0.0972
0.0385*

SE

P Value

0.5541

0.0864

<0.0001*

0.0076

0.0328

0.8189

1.6433
2.4829
reference

9.529
11.521

0.0922
0.0371*

Multivariate analysis I ¼ explanatory variables were WIF-1 (post), ChT (pre), and NV type, adjusted for age, sex, and the presence of diabetes or
hypertension; Multivariate analysis II ¼ explanatory variables were WIF-1 (post), ChT (post), and NV type, adjusted for age, sex, and the presence of
diabetes or hypertension.
* P < 0.05.
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of polyp in PCV, or combined retinal hemorrhage. Because the
eyes with large subretinal or intraretinal hemorrhage were
excluded and WIF-1 is considered to be secreted in the retina
and reflect the pathology of the retina in AMD, the influences
of the above unconsidered parameters on the Wnt modulators
in this study are not likely to be significant. Second, the
disrupted length of the IS/OS or ELM line might have been
overestimated due to the still-insufficient resolution of the SDOCT device, the overlying pathological retina, or NV, especially
before treatment, although only images of the IS/OS or ELM
line with a quality score greater than 16 dB were selected for
measurement.36 However, reduced backscattering from the IS/
OS, the ELM, and the other outer layers was not regarded as the
result of disruption, but rather as the result of a shadowing
effect. The dim IS/OS line was considered to be ‘‘visible’’ if it
was still detectable; the loss of the hyperreflective line was
regarded as ‘‘disruption’’ in the IS/OS. In addition, the
assessment of IS/OS and ELM integrity after treatment was
mostly done without difficulty because most nAMD eyes (56
among 62 patients) exhibited complete resolution or a
decrease in retinal fluid or edema. Third, we did not find a
significant association between VA and Wnt modulators in the
present study, although the disruption of IS/OS was strongly
associated with both vision and Wnt modulators.
This lack of significance may be attributed to the relatively
small sample size from a heterogeneous patient population, the
varied location of NV (sub- or juxta-foveal NV), or the different
fixation points of these patients. However, we observed a trend
toward an association between the response to treatment and
the WIF-1 (pre) level. Further large-scale investigations may
reveal the association of visual prognosis and Wnt modulators
in the AH of patients with nAMD.
In conclusion, our results suggest that WIF-1 and DKK-3
levels are significantly elevated in the AH of nAMD patients and
that their levels correlate with the severity of the outer retinal
damage in nAMD. Our study, which demonstrated markedly
elevated WIF-1 levels in the AH of patients with nAMD that
were associated with the destructive response in the retina,
also adds evidence of the involvement of Wnt signaling in the
development and/or progression of AMD. Secreted WIF-1 in
patients with nAMD could be a new AH biomarker with
potential for the reflection of retinal status and, thus, the
prediction of long-term prognosis. Further extended studies
are needed to elucidate whether the modulation of WIF-1
could be a new approach for decreasing or preventing outer
retinal damage in AMD.
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