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Human complement factor H Y402H polymorphism
causes an age-related macular degeneration
phenotype and lipoprotein dysregulation in mice
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One of the strongest susceptibility genes for age-related macular
degeneration (AMD) is complement factor H (CFH); however, its
impact on AMD pathobiology remains unresolved. Here, the effect
of the principal AMD-risk-associated CFH variant (Y402H) on the
development and progression of age-dependent AMD-like pathol-
ogies was determined in vivo. Transgenic mice expressing equal
amounts of the full-length normal human CFH Y402 (CFH-Y/0) or
the AMD-risk associated CFH H402 (CFH-H/H) variant on a Cfh™"~
background were aged to 90 weeks and switched from normal
diet (ND) to a high fat, cholesterol-enriched (HFC) diet for 8 weeks.
The resulting phenotype was compared with age-matched con-
trols maintained on ND. Remarkably, an AMD-like phenotype con-
sisting of vision loss, increased retinal pigmented epithelium (RPE)
stress, and increased basal laminar deposits was detected only in
aged CFH-H/H mice following the HFC diet. These changes were
not observed in aged CFH-Y/0 mice or in younger (36- to 40-week-
old) CFH mice of both genotypes fed either diet. Biochemical anal-
yses of aged CFH mice after HFC diet revealed genotype-dependent
changes in plasma and eyecup lipoproteins, but not complement
activation, which correlated with the AMD-like phenotype in old
CFH-H/H mice. Specifically, apolipoproteins B48 and A1 are elevated
in the RPE/choroid of the aged CFH-H/H mice compared with age-
matched control CFH-Y/0 fed a HFC diet. Hence, we demonstrate a
functional consequence of the Y402H polymorphism in vivo, which
promotes AMD-like pathology development and affects lipoprotein
levels in aged mice. These findings support targeting lipoproteins as
a viable therapeutic strategy for treating AMD.

age-related macular degeneration | complement | lipoproteins | RPE |
genetic risk

Age-related macular degeneration (AMD) is the leading
cause of irreversible central blindness in elderly populations
of industrialized nations (1). Risk for AMD is conferred pre-
dominantly by advanced aging and is modulated by genetic risk
factors and environmental stresses (2-4). Notably, variants in
complement system proteins are strongly associated with risk for
AMD development and progression (5-13). Complement is a
critical component of innate immunity responsible for the
opsonization and removal of bacterial and apoptotic cell debris,
as well as recruitment of immune cells to sites of infection and
tissue damage (14, 15). The role of complement in AMD path-
ogenesis remains unclear as highlighted by the recent phase III
clinical trial failure of lampalizumab, a factor D inhibitor that
blocks activation of the alternative complement pathway.
Lampalizumab had no effect in reducing growth of geographic
atrophy lesions in patients with late dry AMD, despite promising
phase II clinical trial results (16). Understanding the role of
complement in AMD will undoubtedly lead to important insights
for novel therapeutic strategies for AMD.

One of the most published and replicated genetic variants
associated with AMD risk is the tyrosine (Y) to histidine (H)
substitution at amino acid 402 (Y402H) in complement factor H

WWww.pnas.org/cgi/doi/10,1073/pnas. 1814014116

(CFH for the human protein, Cfh for the mouse protein) (6-9).
CFH is the soluble regulator of the alternative complement
pathway and prevents formation of its C3 convertase by acting as
a cofactor for factor I-mediated proteolytic inactivation of C3b
(17) and as a decay accelerator that prevents binding of factor B
(FB) to C3b (18). The Y402H amino acid lies outside of the
complement-regulating short consensus repeats (SCRs) 1-4 of
CFH, and thus it is not surprising that no differences in regu-
lation of fluid phase complement activation between the
Y402 and H402 variants have been detected (19-22). Instead,
the Y402H polymorphism is located in SCR 7, a region that is
known to mediate CFH binding to polyanions, such as heparin,
glycosaminoglycans, and C-reactive protein (CRP) (23, 24). The
Y402H polymorphism has been shown to decrease the binding of
CFH to heparin (21, 25), M6 protein of Streptococcus pyogenes
(25, 26), CRP (21, 25-27), Bruch’s membrane (BrM) (28),
malondialdehyde (MDA) epitopes (29), and oxidized phospho-
lipids (30). The significance of these variant differences in pre-
disposing an aging eye to AMD progression can be gleaned from
the study of aged hemizygous (*'~) and knockout (7~) murine
Cfh mice exposed to an environmental stress (31). Aged Cfh*'™
mice fed an 8-wk high fat, cholesterol-enriched (HFC) diet de-
velop AMD-like pathologies, including rod-mediated visual
dysfunction, increased numbers of multinucleate retinal pigmented
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epithelium (RPE) cells, and increased basal laminar deposits
(BLamDs) while, paradoxically, aged Cfh™"~ mice only develop
increased BLamDs following HFC diet consumption (31). A
major difference between Cfh™~ and Cfh ™'~ mice is the absence
of a circulating reservoir of complement proteins in Cfh~'~ mice
due to the lack of Cfh (31, 32). This study demonstrates that the
role of the H402 CFH variant in AMD pathogenesis may lie at
the interplay between complement and consumption of a HFC
diet in aged mice (31, 33).

In the present study we test the hypothesis that the H402
polymorphism contributes to the development of AMD-like pa-
thologies in mice stressed with AMD-relevant chronic insults. We
show aged mice expressing the H402 CFH risk variant (CFH-H/H)
developed AMD-like pathologies compared with age-matched
mice expressing the Y402 CFH variant (CFH-Y/0) after an 8-wk
HFC diet regime. Analysis of the plasmas and eyecups from aged
CFH mice on and off HFC diet revealed that levels of com-
plement activation proteins were similar for both genotypes and
suggested the phenotypic differences between these mice is not
solely due to complement activation but another consequence
of the HFC diet. One effect of the HFC diet is to augment plasma
chylomicrons (CMs), very low-density lipoproteins (VLDLs), and
low-density lipoproteins (LDLs) in mice that are normally present
at low concentrations and critical for delivering cholesterol to
peripheral tissues (34). However, risk for developing AMD is
not associated with increased levels of plasma CMs, VLDLs, or
LDLs, but rather high-density lipoproteins (HDLs) (35-39). This
is in stark contrast to atherosclerosis where risk is strongly con-
ferred by increased plasma LDL but not variants in CFH (40, 41).
The effects of the HFC diet on lipoproteins in aged CFH mice was
examined, revealing an increase in plasma LDL containing ApoB100
and ApoE that was not as great in the CFH-H/H mice compared
with the CFH-Y/0 mice. Intriguingly, in the eyecup lysates we
observed increases in ApoB48 and ApoAl only in aged CFH-H/H
mice after the HFC diet. These results show that the CFH Y402H
polymorphism impacts HFC diet-induced AMD-like pathologies
and lipoprotein levels in vivo. These findings suggest there is an
intersection between complement and lipid homeostasis that may
explain mechanistic differences between AMD and atherosclerosis
and support targeting lipoproteins as viable therapeutic targets
for AMD.

Results

Fluid Phase Complement Proteins in Human CFH Transgenic Mice. We
have previously described the transgenic mouse lines expressing
full-length human CFH on a Cfh™'~ background that were cre-
ated to study the Y402H polymorphism in vivo (42). Human
CFH expressed by these hemizygous CFH:Cfh™'~ mice (referred
to as CFH mice, as all of the lines expressing human CFH are on
a Cfh-null C57BL/6] background) regulates activation of the
mouse alternative complement pathway and rescues the kidney
from damage seen in Cfh™'~ mice, effectively replacing the
mouse Cfh, which is absent in these mice (32, 42). We also
showed that there is twofold more CFH protein in CFH-Y/
0 plasma (~20 pg/mL) than in CFH-H/0 plasma (~10 pg/mL).
Hemizygous CFH-H/0 were bred together to generate homozy-
gous CFH-H/H mice to correct this problem (42). Concentra-
tions of plasma CFH (SI Appendix, Fig. S14), C3 (SI Appendix,
Fig. S1B), and FB (SI Appendix, Fig. S1C) are the same in ho-
mozygous CFH-H/H mice compared with hemizygous CFH-Y/
0 mice, and as much as twice the concentrations of the levels
detected in hemizygous CFH-H/0 mice.

In addition to systemic sources, CFH is locally produced and
secreted by ocular tissues, such as the RPE and choroidal en-
dothelial cells (43). We evaluated the expression and concen-
tration of CFH and C3 in the eyecup (RPE/BrM/choroid/sclera)
of CFH mice (SI Appendix, Fig. S2). Hemizygous CFH-Y/0 mice
and homozygous CFH-I/H mice express similar levels of CFH

3704 ' | www.pnas.org/cgi/doi/10.1073/pnas.1814014116

transcript in the eyecup. In contrast, the CFH transcript levels
are about half in the hemizygous CFH-H/0 compared with the
CFH-Y/0 and CFH-H/H and absent in Cfh~'~ mouse eyecups (SI
Appendix, Fig. S24). C3 mRNA eyecup expression is equivalent
in all these genotypes (SI Appendix, Fig. S2B). Protein CFH
concentrations in the eyecup followed the CFH mRNA expres-
sion pattern (SI Appendix, Fig. S2C). Because CFH regulates the
level of C3 and its cleavage products, C3b and iC3b, we mea-
sured these protein amounts as an indication for the level of
functional CFH in the eyecup. Levels of C3/C3b/iC3b correlate
with CFH protein levels (SI Appendix, Fig. S2D).

In the present study the cumulative effects of aging and con-
sumption of an 8-wk HFC diet were only tested in hemizygous
CFH-Y/0 and homozygous CFH-H/H mice because these mouse
lines express and secrete equal amounts of the human normal
and AMD-risk—associated CFH variants, respectively, both sys-
temically in the circulation and locally in the eyecup.

Visual Function Decline Associates with Human H402 CFH, Aging, and
HFC Diet. Advanced aging and consumption of an HFC diet is
sufficient to cause vision loss, RPE stress, and BLamD accu-
mulation in specific genotypes of mice (31, 44, 45). We tested
whether the Y402H polymorphism influences the development
of an AMD-like phenotype in the CFH mice when combined
with these risk factors. CFH-Y/0 and CFH-H/H mice were aged
to at least 90 wk and maintained on a normal rodent diet (ND)
or switched to an HFC diet for 8 wk. Scotopic electroretinog-
raphy (ERG) was used to measure visual function in the aged
CFH mice following the HFC diet, as rod photoreceptor dys-
function is an early sign of AMD (46) and diminished scotopic
ERG B-wave responses have been shown in other AMD mouse
models following an HFC diet (31, 44, 47). In contrast to all of
the other mouse groups tested here, only aged CFH-H/H mice
fed an HFC diet (CFH-H/H~HFC) developed significant de-
creases in their ERG B-wave amplitudes compared with age-
matched CFH-H/H mice fed an ND (CFH-H/H~ND) (Fig.
1A4). There were no differences in the ERG B-wave amplitudes
between the aged CFH-Y/0 mice continued on an ND (CFH-Y/
0~ND) compared with age-matched CFH-Y/0 mice fed an HFC
diet (CFH-Y/0~HFC) or in CFH-H/H~ND mice (Fig. 14). Vi-
sual function in younger adult (36- to 40-wk-old) CFH mice of
either genotype fed an ND or switched to an HFC diet was not
changed (SI Appendix, Fig. S3). Together, these findings estab-
lish an age-dependent effect of the CFH H402 risk variant on
scotopic B-wave responses following consumption of an HFC
diet in mice.

Scotopic ERG A-wave responses were analyzed to assess
photoreceptor activity. There was a trend toward lower A-wave
amplitudes in aged CFH-H/H~HFC compared with all three
other groups, but this did not reach statistical significance (S
Appendix, Fig. S44). Bmax1 and Bmax2 values representing rod-
dominant and cone-dominant responses, respectively, were cal-
culated. Significant decreases (P < 0.05) were observed in the
rod-dominant Bmax1 responses (SI Appendix, Fig. S4B)—but not
in the cone-dominant Bmax2 responses (SI Appendix, Fig. S4C)
—of aged CFH-H/H~HFC mice compared with aged CFH-H/
H~ND mice. There was no change in Bmax1 (S Appendix, Fig.
S4B) or Bmax2 (SI Appendix, Fig. S4C) values in aged CFH-Y/
0~ND and ~HFC mice. These results indicate the CFH
HA402 variant modulates rod-dominant visual activity following
the HFC diet treatment.

RPE Stress Increases in Mice Expressing Human H402 CFH with Age
and HFC Diet. In this study RPE stress was assessed as the degree
of RPE dysmorphia and quantitated by the number of multinu-
cleate RPE cells with three or more nuclei. Multinucleate RPE
cells are associated with AMD (44), AMD mouse models (31, 44,
47), and normal aging in mice (48). RPE flat mounts were labeled
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Fig. 1. AMD-like changes including decreased visual function and increased RPE stress occurs only in aged CFH-H/H~HFC mice. (A) Scotopic ERG flash re-
sponses in aged (90+ wk) CFH mice fed an ND or HFC diet. Visual function was assessed by scotopic ERG and presented as fitted lines of the B-wave amplitude
averages using the equation R = (Bmax1 x I/l +11)/(Bmax2 x I/l + 12). No differences in the scotopic ERG B-wave responses were observed between aged CFH-Y/
0~ND (black), CFH-Y/0~HFC (green) mice, and CFH-H/H~HFC (blue). Only aged CFH-H/H~HFC mice (pink) develop significant attenuated ERG B-wave responses
compared with aged CFH-H/H~ND mice. *P < 0.05 and **P < 0.01 post hoc Tukey, following a significant genotype by diet interaction by ANOVA for the B-
wave amplitudes. (B) RPE stress as ascertained by RPE dysmorphia in aged CFH mice following HFC diet. Representative confocal fluorescence images (40x
magnification) of RPE flat mounts near the optic nerve stained with Hoechst 33342 (blue, nuclei) and anti-ZO-1 (green) from aged CFH mice on ND and HFC
diet. RPE dysmorphia in aged CFH mice was measured by the number of multinucleate (n > 3 nuclei) RPE cells within each image. There are more multi-
nucleate RPE cells in aged CFH-H/H~HFC mice. (Scale bars, 50 um.) (C) Quantitation of multinucleate (n > 3 nuclei) RPE cells per field view in aged CFH mice on
ND and HFC diet shows no change in the number of multinucleate RPE cells in aged CFH-Y/O~ND (n = 8) and CFH-Y/O~HFC (n = 8) mice. Aged CFH-H/H~HFC
mice (n = 11) have a statistically larger number of multinucleate cells per field view than CFH-H/H~ND mice (n = 7). *P < 0.05 post hoc Tukey following a

significant genotype by diet interaction by ANOVA for the mean number of multinucleate RPE cells. Data are presented as mean + SEM.

with an antibody against the tight junction-associated protein
zonula occludens 1 (ZO-1) and stained with Hoescht 33258 to
visualize RPE cell membranes and nuclei, respectively (Fig. 1B).
No change in the number of multinucleate RPE cells was de-
tected in aged CFH-Y/0~ND and ~HFC mice (Fig. 1C). There
was, however, a significant (P < 0.05) increase in the number of
multinucleate RPE cells in aged CFH-H/H~HFC mice com-
pared with aged CFH-H/H~ND mice (Fig. 1C). In younger adult
CFH~ ND and ~HFC mice, fewer numbers of multinucleate
RPE cells were detected overall and there was no significant
effect of diet on the RPE in either genotype (SI Appendix, Fig.
S5). These data demonstrate an age-dependent CFH variant
difference contributing to RPE stress in the old CFH-H/H mice
after 8 wk of HFC diet.

HFC Diet-Induced BLamD Accumulation Increase in Mice Expressing
Human H402 CFH. BLamDs have been shown to accumulate in
mouse models of AMD, although these deposits are histopath-
ologically different from those detected in human AMD (31, 42,
47, 49). However, deposits can also occur in the absence of other
AMD-like changes, like visual impairment or RPE stress, as we
have shown in aged Cfh™~ mice following HFC diet that do not
develop decreased ERG B-wave responses or increased numbers
of multinucleate RPE cells compared with age-matched Cfh*/~
mice after HFC diet (31). In the present study, deposit accu-
mulation was quantitatively measured in aged CFH mice on and
off HFC diet by transmission electron microscopy (TEM), as
previously described (31, 42).

All aged CFH mice irrespective of diet treatment had
BLamDs (Fig. 24). The deposit heights were graphed by their
cumulative frequencies enabling the qualitative assessment of
the deposit size distribution within each genotype and diet.
Furthermore, deposit height averages were calculated for each
mouse to allow for statistical comparisons. No change in BLamD
sizes was noted between aged CFH-Y/0~ND and ~HFC mice
(Fig. 2 B and D). Aged CFH-H/H~ND mice accumulate signif-
icantly (P < 0.05) less deposits than age-matched CFH-Y/0~ND

Landowski et al.

mice (Fig. 2 C and D). Only aged CFH-H/H mice develop sig-
nificantly (P < 0.05) larger deposits when fed an HFC diet
compared with those maintained on ND (Fig. 2 C and D).
BLamD accumulation was also analyzed in younger adult (36- to
40-wk-old) CFH mice of both genotypes and on both diets to
confirm that advanced aging is required for HFC-induced de-
posit formation. As expected, there was no accumulation of
BLamDs in young CFH mice fed either diet (SI Appendix, Fig.
S6). These results establish a CFH variant difference in advanced
age-related and HFC diet-induced deposits.

HFC Diet-Induced Complement Activation Is Independent of CFH 402
Variant Expressed. The levels of complement components were
compared in plasma and eyecups of aged CFH-Y/0~HFC and
CFH-H/H~HFC mice to measure complement activation in re-
sponse to the HFC diet. There were significant (P < 0.05) in-
creases in plasma levels of CFH (Fig. 34), FB (Fig. 3B), and C3/
C3b/iC3b (Fig. 3C) in both aged CFH-Y/0 and CFH-H/H mice
following the HFC diet compared with ND-fed age-matched
controls. Further support for increased complement activation
in the plasma was shown by analysis of levels of iC3b, a C3
fragment indicative of complement activation, in reduced plasma
samples obtained from aged CFH ND and HFC diet-fed mice
(Fig. 3D). There was a significant increase of plasma iC3b in both
CFH-Y/0~HFC (P < 0.01) and CFH-H/H~HFC diet mice (P <
0.05) compared with ND-fed controls (Fig. 3D). No significant
differences in the levels of plasma iC3b were measured between
aged CFH-Y/0~HFC and CFH-H/H~HFC mice (Fig. 3D).
Complement activation in eyecup (RPE/BrM/choroid/sclera)
lysates of aged CFH-Y/0~HFC and CFH-H/H~HFC mice was
assessed by measuring total FB and C3/C3b/iC3b. There was a
significant increase in FB levels in the eyecups of both aged
CFH-Y/0 (P < 0.01) and CFH-H/H (P < 0.05) mice on HFC diet
compared with ND-fed controls, but this increase in FB with
HFC diet was not different between the genotypes (Fig. 3E).
Eyecup levels of C3/C3b/iC3b in either genotype was unchanged
following consumption of the HFC diet (Fig. 3F). These results
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Fig. 2. Aged CFH-H/H~HFC mice have increased BLamDs. (A) TEM images (15,000 magnification) of the region were used to quantitate the size of BLamDs
in aged CFH-Y/0 and CFH-H/H mice on ND and HFC diet. Representative TEM images show that all aged CFH-Y/0 and CFH-H/H mice have BLamDs irrespective of
diet treatment. However, deposits in aged CFH-H/H~ND mice appear the smallest compared with the other groups in this study. (Scale bars, 1 pm.) (B) BLamD
heights in aged CFH-Y/0~ND and ~HFC mice. BLamD heights were measured from the elastic layer of BrM to the top of the largest deposit within each TEM
image. Cumulative frequencies of the BLamD heights were plotted against deposit height to illustrate the distribution of deposit heights for the genotype
and diet. There is a slight shift to the right in the distribution of larger deposits and demonstrates an increase in deposit sizes in aged CFH-Y/O~HFC mice
(green) compared with aged CFH-Y/0O~ND mice (black). (C) Deposit heights in aged CFH-H/H~ND and CFH-H/H~HFC mice. Aged CFH-Y/O~ND mice (gray) have
larger deposits compared with aged CFH-H/H~ND mice (black) but have similar deposits as those found in aged CFH-Y/0O~ND mice. (D) Averages of deposit
heights in aged CFH mice after HFC diet. The deposit height averages replicate the trends observed in the cumulative frequency plots. *P < 0.05 post hoc
Tukey following a significant genotype by diet interaction by ANOVA for the mean BLamD heights. Data are presented as mean + SEM.
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suggest that the phenotypic differences between aged CFH-Y/
0~HFC and CFH-H/H~HFC mice is not solely due to HFC-
induced complement activation.

HFC Diet-Induced Plasma LDL Levels Are CFH Variant Dependent.
Consumption of a HFC diet increases circulating cholesterol
and lipoproteins in wild-type C57BL/6J mice (34). Total plasma
cholesterol levels were analyzed to test for differences in HFC-
diet-induced cholesterol increases between aged CFH mice.
Significantly higher levels of plasma cholesterol were found in
both aged CFH-Y/0~HFC (P < 0.001) and CFH-H/H~HFC (P <
0.001) mice compared with ND-fed controls (Fig. 44). In-
terestingly, aged CFH-H/H~HFC mice had significantly lower
(P < 0.01) total plasma cholesterol than aged CFH-Y/0O~HFC
mice (Fig. 44). Plasmas obtained from aged CFH~ND and
~HFC diet mice were fractionated by fast protein liquid chro-
matography (FPLC) to determine the distribution of cholesterol
within CM/VLDL, LDL, and HDL particles. In CFH~ND mice,
the plasma cholesterol is primarily contained within HDLs (S/
Appendix, Fig. S7). Following consumption of the HFC diet in
these mice, cholesterol is also detected within CM/VLDL and
LDL particles (Fig. 4B). Cholesterol levels in the FPLC fractions
corresponding to LDLs are significantly lower (P < 0.05) in aged
CFH-H/H~HFC mice compared with CFH-Y/0~HFC mice (Fig.
4 B and C).

Apolipoprotein concentrations were measured by Western
blot analysis of fasted plasma samples to confirm the FPLC re-
sults. ApoB100 and ApoB48 (SI Appendix, Fig. S8), as well as

3706 | www.pnas.org/cgi/doi/10.1073/pnas.1814014116

ApoE (SI Appendix, Fig. S8), are predominantly found in the
fractions that correlate with CMs, VLDLs, and LDLs in both
CFH-Y/0~HFC and CFH-H/H~HFC mice. In contrast, ApoAl is
only detected in the HDL fractions in all genotypes regardless of
diet (SI Appendix, Fig. S8). There was significantly higher (P <
0.001) plasma ApoB48 levels in both aged CFH-Y/0~HFC and
CFH-H/H~HFC mice compared with ND-fed controls but the
levels were the same in both genotypes after diet treatment (Fig.
4D). ApoB100 was significantly higher (P < 0.05) in aged CFH-Y/
0~HFC mice compared with aged CFH-Y/0~ND and CFH-H/
H~HFC mice (Fig. 4E). Significantly higher levels of plasma
ApoE were observed in CFH-Y/0~HFC (P < 0.001) and CFH-H/
H~HFC (P < 0.01) mice compared with ND controls, and these
levels were significantly higher (P < 0.05) in aged CFH-Y/0~HFC
mice compared with aged CFH-H/H~HFC mice (Fig. 4F). No
differences in plasma ApoAl levels were measured in aged
CFH mice with either diet treatment (Fig. 4G). Taken together,
these results establish that the CFH Y402H polymorphism im-
pacts levels of plasma VLDLs and LDLs containing both ApoB100
and ApoE.

Eyecup Apolipoprotein Levels Increase in CFH-H/H Mice Fed HFC Diet.
CFH can compete with ApoB100- and ApoE-containing lipo-
proteins for their binding to BrM ex vivo (31). The apolipopro-
tein content in eyecups of aged CFH mice on and off an HFC
diet were analyzed by Western blot to test whether the H402
polymorphism impacts lipoprotein retention in aged murine
BrM. There was a significant increase in the eyecup levels of

Landowski et al.
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Fig. 3. HFC diet-induced complement activation is CFH variant independent. (A-D) Densitometric analysis of CFH (A), FB (B), C3/C3b/iC3b (C), and iC3b (D) E

immunoblots of plasmas from aged CFH~ND and ~HFC mice after fasting. Plasma CFH, FB, and C3/C3b/iC3b significantly increased in fasted CFH-Y/O~HFC and
CFH-H/H~HFC mice compared with ND-fed controls but were no differences in the levels between the genotypes after HFC diet treatment (n = 4). (D) Plasma
samples were reduced before loading to quantitate iC3b levels (n = 8). Both CFH-Y/0~HFC and CFH-H/H~HFC mice had significantly increased levels of plasma iC3b
compared with ND fed controls and show similar levels of plasma complement activation between these genotypes after HFC diet. (E and F) Densitometric analysis
of FB (E) and C3/C3b/iC3b (F) immunoblots of eyecups (RPE/BrM/choroid/sclera) from fasted, aged CFH~ND and ~HFC mice (n = 7). FB levels were significantly
higher in fasted CFH-Y/O~HFC and CFH-H/H~HFC mice compared with ND fed controls but not different between the genotypes on an HFC diet. Interestingly, no
statistically significant differences in the C3/C3b/iC3b levels were detected between the genotypes on ND versus HFC diet (n = 7). *P < 0.05 and **P < 0.01 post hoc
Tukey following a significant genotype by diet interaction by ANOVA for the densitometric arbitrary units. Data are presented as mean + SD.

ApoB48 (Fig. 54) (P < 0.01) and ApoAl (Fig. 5D) (P < 0.05)
found only in aged CFH-H/H mice following the HFC diet
compared with levels of ApoB100 (Fig. 5B) or ApoE (Fig. 5C),
which were unchanged in either genotype following the HFC
diet. This result supports a CFH H402 risk variant specific role in
increasing ApoB48 and ApoAl levels in the eyecup in response
to advanced age and the HFC diet.

Discussion

AMD is a complex retinal degeneration presenting in the elderly
with limited therapeutic options for affected patients. One of the
strongest genetic risk factors for AMD is the CFH Y402H
polymorphism, but the role of the H402 CFH variant in AMD is
unknown (6-9). We addressed this problem through the gener-
ation of transgenic mice expressing equal concentrations of the
full-length normal human CFH Y402 versus the AMD-risk as-
sociated CFH H402 variant on a Cfh-null background (CFH-Y/
0 and CFH-H/H, respectively). We analyzed the contribution of
these genotypes to causing an AMD phenotype by testing their
effects in the presence of additional known AMD risk factors,
advanced age and a Western-style diet. CFH mice were aged to
90 wk and maintained on an ND or switched to an HFC diet for
8 wk to elicit AMD-like pathologies as observed in other mouse
models (31, 44, 45, 47). An AMD-like phenotype consisting of
decreased ERGs, increased RPE multinucleate cells, and in-
creased BLamDs was observed only in the aged CFH-H/H mice
fed an HFC diet compared with age-matched control CFH-H/H
mice maintained on an ND, age-matched CFH-Y/0 mice fed either
diet and young adult CFH mice fed either diet. While we are not
the first laboratory to use mice to investigate|the role of the
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H402 variant in AMD (50-52), our study identifies CFH variant
differences in a chronic, multifactorial model expressing the full-
length human CFH variants and incorporating advanced aging
and environmental stress.

The risk association between the CFH Y402H polymorphism
and AMD is widely considered to result from reduced activity of
the CFH H402 variant in regulation of C3 activation resulting in
excess complement-mediated inflammation and tissue damage in
posterior eye tissues (53). Previous studies have shown increased
activated complement components in the plasmas of AMD pa-
tients (54-57) and localization of activated complement products
within drusen of AMD donor eyes (58-60). However, recent
clinical trial failures of complement inhibitors for AMD have
been unsuccessful, which may be due to our incomplete un-
derstanding of the role of activated complement components in
AMD development (61). In the present study, complement ac-
tivation levels were the same in both CFH genotypes, whereas
visual loss and RPE stress is detected only in the CFH-H/
H~HFC mice. These phenotypic differences most likely reflect
the H402 polymorphism impairing a complement-independent
function of CFH, such as binding to a biological molecule or
epitope, as has been described in previous studies (21, 25-30,
52). For example, there is differential binding to heparan sulfate
(28), which may result in less CFH H402 binding to the ECM or
cell surfaces. In addition, differential binding of Y402 and
HA402 variants to CD47 results in the H402 variant inhibiting
binding of thrombospondin-1 to CD47 on mononuclear phago-
cytes, thus preventing their subsequent elimination (52). Finally,
differential binding to MDA has been shown in which the
Y402 variant has a higher affinity for MDA, thereby neutralizing
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Fig. 4. Plasma lipoprotein levels are CFH variant dependent. (A) Total plasma cholesterol from fasted, aged CFH~ND and ~HFC mice. Both aged CFH-Y/O~HFC
(n =11) and CFH-H/H~HFC (n = 11) mice have statistically significant higher plasma cholesterol than age-matched CFH-Y/0O~ND (n = 8) and CFH-H/H~HFC (n =
8) mice, respectively. Aged CFH-H/H~HFC mice have statistically lower plasma cholesterol compared with aged CFH-Y/O~HFC mice. (B and C) FPLC fraction-
ation of plasma from fasted CFH~HFC mice. (B) Following the HFC diet, cholesterol was detected in fractions corresponding to CMs/ VLDLs, LDLs, and HDLs.
LDL fractions 17-21 and 25 were statistically higher in aged CFH-Y/0~HFC mice (blue) compared with aged CFH-H/H~HFC mice (pink). (C) The area under the
fractionated lipoprotein curve were calculated for each lipoprotein class and confirmed higher plasma LDL levels in aged CFH-Y/O mice after diet. (D-G)
Densitometric analysis of plasma ApoB48 (D), ApoB100 (E), ApoE (F), and ApoA1 (G) immunoblots of fasted, aged CFH~ND, and ~HFC mice (n = 8-12).
ApoB48 levels were increased in both aged CFH~HFC murine lines after HFC diet but no difference was observed between genotypes. ApoB100 was sig-
nificantly higher in aged CFH-Y/0~HFC mice compared with aged CFH-Y/0~ND but was unchanged in CFH-H/H mice on ND or HFC diet. ApoE increased in both
aged CFH mice lines on HFC diet compared with ND fed controls but aged CFH-Y/0~HFC mice had higher levels of ApoE than CFH-H/H~HFC mice. ApoA1 was
unchanged in both genotypes after HFC diet. *P < 0.05, **P < 0.01, and ***P < 0.001 post hoc Tukey, respectively, following a significant genotype by diet

interaction by ANOVA. Data are presented as mean + SEM (A-C) and mean + SD (D-G).

its potentially damaging effects (29). However, it is also possible
that the H402 polymorphism could be impinging on an impor-
tant function of intracellular CFH, as intracellular complement
plays critical roles in cell survival, differentiation, and metabo-
lism (62). Intracellular CFH can enhance cathepsin L-mediated
cleavage of C3 and form complexes with nucleosomes in apo-
ptotic cells to allow for efficient clearance of apoptotic cell debris
(63) but whether this function of CFH is impaired by the Y402H
polymorphism remains unknown. The CFH-H/H~HFC model of
AMD supports the roles of these and other binding changes,
contributing to the pathogenic mechanism responsible for the
phenotype observed in these mice.

The differential binding of the H402 CFH variant to biomol-
ecules may have a significant effect on lipid metabolism, as in-
dicated by the differences in plasma lipoproteins and eyecup
apolipoproteins between aged CFH mice on HFC diet. This is
further supported by the overlap of biomolecules that lipopro-
teins and CFH can interact with. Specifically, lipoproteins bind

3708 ' | www.pnas.org/cgi/doi/10.1073/pnas.1814014116

heparan sulfates (64), harbor MDA epitopes when oxidized (65,
66), and carry thrombospondin-1 (67), which are all molecules
that CFH can also interact with and that have been shown to be
affected by the Y402H polymorphism (28, 29, 52). Thus, because
the H402 polymorphism impacts the ability of CFH to bind to
these biomolecules, it is reasonable to hypothesize that the
changes observed in the lipoproteins and apolipoproteins in both
the plasma and in the RPE/BrM/choroid lysates are due to the
impaired binding of the CFH H402 variant to biomolecules. We
found plasma LDL-cholesterol levels and its apolipoprotein
markers ApoB100 and E are increased more in aged CFH-Y/
0~HFC mice compared with aged CFH-H/H~HFC mice. The
lower increase in plasma LDL in aged CFH-H/H~HFC mice is
most likely due to a difference in clearance or retention, but not
synthesis of LDL because LDL originates from VLDL remnants and
plasma VLDL levels were unchanged between aged CFH~HFC
mice. LDL can migrate through BrM and interact with LDL receptor
on RPE cells in mice and nonhuman primates (68-70). Based on
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Fig. 5. Posterior eyecup apolipoprotein levels are CFH variant dependent. Densitometric analysis of ApoB48 (A), ApoB100 (B), ApoE (C), and ApoA1 (D)
immunoblots of eyecup (RPE/BrM/choroid/sclera) lysates isolated from fasted and PBS-perfused, aged CFH~ND and ~HFC mice (n = 4-7). ApoB48 levels were
higher in HFC-fed mice, but only the difference reached statistical significance in the CFH-H/H genotype. ApoB100 and ApoE were unchanged after HFC diet in
both genotypes. ApoA1 levels were increased significantly in aged CFH-H/H~HFC compared with CFH-H/H~ND mice and were unchanged in aged CFH-Y/O~ND
and ~HFC mice. *P < 0.05 and **P < 0.01 post hoc Tukey following a significant genotype by diet interaction by ANOVA for the densitometric arbitrary units,
respectively. Data are presented as mean + SD. Loading control (Gapdh) images in (A) and (B) are from the same blot because representative ApoB48 (A) and
ApoB100 (B) images originate from the same set of samples on the same blot. Both ApoB isoforms are labeled on the same blot by the anti-ApoB antibody.

their increased BLamD accumulations, we hypothesized that ApoE-
and ApoB100-containing LDL would be retained in the eyecups of
aged CFH-H/H~HFC mice because CFH can compete with ApoE-
and ApoB-containing lipoproteins for binding to GAGs in porcine
and human BrM (31). However, only ApoB48 and ApoAl, but not
ApoB100 or ApoE, are increased in the eyecups of aged CFH-H/
H~HFC mice compared with age-matched CFH-Y/O~HFC mice.
Because ApoE levels increased dramatically in the plasma and not in
the eyecups of aged CFH~HFC mice, we posit that the increase of
ApoB48 and ApoAl in the eyecup lysates of aged CFH-H/H~HFC
mice results from local RPE lipoprotein synthesis. Indeed, murine
RPE expresses the molecular machinery required for lipoprotein
secretion as well as ApoB and ApoAI transcripts (71-73). Although
human RPE does not express the APOBECI transcript and cannot
synthesize the B48 isoform (74), ApoB48 can be detected in the
media of palmitate-supplemented rat RPE cells and is believed to be
expressed by mouse RPE (75, 76). It has been hypothesized that
RPE-derived lipoproteins accumulate within BrM, become oxidized,
and lead to the eventual formation of pathogenic drusen and AMD
(77). The increase in ApoB48- and ApoAl-containing lipoproteins
may explain the increase in deposit formation in aged CFH-H/H mice
after HFC diet and could create a proinflammatory milieu in the sub-
RPE that contributes to visual loss and RPE damage.

While we may infer the Y402H polymorphism impacts HFC-
induced plasma LDL and RPE-derived lipoproteins, there are
possible other functions of CFH affected by the H402 variant.
Supporting this notion is our finding that BLamDs in aged CFH-
H/H~ND mice are smaller than those observed in aged CFH-Y/
0~ND mice. These data suggest that the H402 polymorphism
impacts the lipoprotein accumulation and consequent deposit
formation under normal diet and aging conditions. However, the
composition of BLamDs under ambient conditions may not be
largely comprised of lipoproteins in mice. Proteomic analyses
of the BLamDs in the Efemp™*" knockin mouse model of
Doyne’s Honeycomb Retinal Dystrophy/Malattia Leventinese
(DHRD/ML) revealed their composition is mostly extracellular
matrix- and complement-related proteins but not apolipopro-
teins (78). We support these studies by finding no differences in
the apolipoprotein eyecup content of aged CFH-Y/0~ND and
CFH-H/H~ND mice. Interestingly, Eferp™*" knockin mice
crossed to C3™~ mice do not develop deposit accumulations
(78). This work, in conjunction with our current work, suggests
complement may be driving the formation of deposits through
multiple unrelated pathways. Future work is needed to identify

Landowski et al.

these other pathways that are affected by the Y402H poly-
morphism and is beyond the scope of this study, as we do not
observe a difference between the ERG responses and number of
multinucleate RPE cells in ND-fed mice.

In conclusion, we present Y402 and H402 CFH variant dif-
ferences in the response of posterior eye tissues and plasmas of
aged mice after the consumption of an HFC diet. Our results
suggest that the molecular differences explaining the phenotypes
of aged CFH-Y/0~HFC and CFH-H/H~HFC mice are at the
level of lipoprotein regulation and not complement activation.
Thus, the role of the complement in AMD may lie at its function
in lipid homeostasis and not at promoting inflammation. Tar-
geting lipoprotein metabolism systemically using statins (79, 80)
or locally using an apolipoprotein mimetic, such as an ApoAl
mimetic (81), may be viable therapeutic strategies for the treat-
ment of AMD. Future studies should consider investigating the
role of lipoproteins in the ocular phenotype of aged CFH-H/
H~HFC mice using dietary and pharmacological interventions.

Materials and Methods

Animals and Diet. CFH-Y/0 and CFH-H/H mice were generated and genotyped
as described previously (42). No mice used in this study have the rd8 muta-
tion (82). Old (88-98 wk) and young adult (28-32 wk) CFH-Y/0 and CFH-H/H
mice were continued on a ND (Isopurina 5001; Prolab) or switched to an HFC
diet (TD 88051; Envigo) for 8 wk. All mice were housed conventionally on a
middle rack in the same mouse facility under ambient light conditions to
control for environmental factors and microbiome fluctuations. Mice were
maintained in accordance with the Institutional Animal Care and Use
Committee at Duke University. The number of mice used for each experi-
ment is provided in the figure legends.

Electroretinography. ERG was performed on mice following 4 h of dark
adaption. Pupils were dilated with 0.5% tropicamide and 1.25% phenyl-
ephrine then mice were anesthetized with a combined mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Scotopic ERGs were recorded using an
Espion E2 system (Diagnosys), at increasing flash intensities, as described
previously (83). Flash responses were smoothed using a low-pass noise-
filtering script before analysis. The amplitude heights of the A-wave and
B-wave for each ERG flash response were calculated and fitted using a
previously published equation (83) in OriginPro 9.0 (OriginLab), as previously
described (31, 42, 44, 47). Bmax1 and Bmax2 values were calculated as de-
scribed (31).

RPE Flat Mounts. Eyes were enucleated following perfusion of the mouse with
phosphate buffer solution (PBS). The anterior segment and retina were
promptly removed, and the remaining RPE/choroid/sclera was fixed overnight

PNAS | February 26,2019 | vol. 116 | no.9 | 3709
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in methanol. RPE flat mounts were labeled with the rabbit antibody against
Z0-1 (1:100, Invitrogen #40-2200) and nuclear stain Hoechst 33342 (1:500;
Invitrogen), as previously described (31, 44, 47). Confocal images of the
north, east, south, and west quadrants around the optic nerve were cap-
tured on an Eclipse C1 microscope (Nikon). Morphometric analysis was per-
formed by a masked grader that counted the number of multinucleate RPE
cells with three or more nuclei from each central quadrant.

Electron Microscopy. Eyes were enucleated following PBS and 2% glutaral-
dehyde/2% paraformaldehyde perfusion of the mouse and then fixed
overnight in 2% glutaraldehyde/2% paraformaldehyde. Eyes were processed
using routine methods previously described (42). Ultrathin sections of 60—
80 nm were sectioned, mounted onto 400-mesh thin-bar copper grids (T400-
Cu; Electron Microscopy Sciences), and stained with Sato’s lead. Sections
were imaged using a Tecnai G2 electron microscope. Images of the RPE/BrM
were taken at each intersection of the tissue section with the copper grid
and the largest BLamD within the EM image was measured using Image)
software (NIH), as previously described (42). Approximately 62 + 8 images
per mouse were collected and scored for this study. Cumulative frequencies
of the prevalence of deposit heights was determined to illustrate the dis-
tribution of deposit heights within each experimental group. Deposit height
averages for each mouse were calculated for statistical comparisons between
each experimental group.

RNA Isolation and RT-PCR of CFH Tissues. RNA from individual eyecups (RPE/
choroid/sclera) was extracted using an RNeasy lipid tissue mini kit (Qiagen)
according to the manufacturer’s instructions. RNA concentrations were de-
termined using the Nanodrop 2000 UV-Vis Spectrophotometer (Thermo
Scientific). Expression of human CFH and mouse C3 was examined in tripli-
cate reactions using 12.5 ng cDNA from each eyecup RNA sample consisting
of 200 nmol/L each primer and 12.5 pL iQTM SYBR Green Supermix (Bio-Rad)
in 25 pL total volume. Primer sequences used in this study are huCFH-F-
GCTTTGAAAATGCCATACCC, huCFH-R-GGCCCACATTTTCCTGTAGA, mC3-F-
GCGTCTCCATCAAGATTCCAGCCA, mC3-R-GCTACAGTCCCCAAAGTGTT,
mRIpl0-F-GGACCCGAGAAGACCTCCTT, and mRIpl0-R-GCACATCACTCA-
GAATTTCAATGG. RT-PCR reactions were run in the CFX96 system (Bio-Rad)
at 95 °C for 3 min, followed by 40 cycles at 95 °C for 10 s and 60 °C for 20's,
then 72 °C for 15 s. Relative mRNA expression was normalized to the en-
dogenous reference murine gene ribosomal protein lateral stalk subunit PO
(RIpl0) using the quantitative 2-*~“T method (84).

Western Blots of CFH Tissues. Mice were fasted for 5 h from 10:00 AM to 3:00
PM and bled via the submandibular vein into EDTA tubes (BD Microtainer;
BD). Blood was spun for 15 min at 1,200 g and plasma was collected. Mice
were then killed with CO, and promptly perfused with 1x PBS to remove
blood contamination from the eyes. Eyes were enucleated, and the anterior
segment and retina were removed from the posterior eyecup (RPE/choroid/
sclera) and stored at —80 °C. Eyecup lysates were made by manually ho-
mogenizing tissues with a handheld micro grinder (Argos Technologies) in
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80 uL of RIPA buffer (Thermo Scientific) containing protease inhibitor
(Roche) and quantified using the Pierce BCA Protein Assay Kit (Thermo Sci-
entific). Plasma samples were diluted in 10% XT Sample buffer (Bio-Rad) and
equal dilution volumes were aliquoted and equal eyecup protein concen-
trations were pipetted to sample buffer before running on 10% Bis-Tris
Criterion XT gels (Bio-Rad) in Mops buffer (Bio-Rad) under nonreducing
conditions and transferred to nitrocellulose membranes (Bio-Rad). For the
plasma iC3b Westerns, XT reducing agent (Bio-Rad) was added to each
sample and followed by incubation at 105 °C for 7 min. Membranes were
probed for CFH (goat anti-CFH, A312; Quidel), C3 (rabbit anti-human C3d,
A0063; Dako), FB (goat anti-FB; Kent Laboratories), ApoE (goat anti-ApoE,
178479; Calbiochem), ApoB (goat anti-ApoB, AB742), and ApoA1 (goat anti-
ApoA, 11A-G2b; Academy Bio-Medical) overnight at 4 °C. Blots were washed
with TBST buffer and incubated with either peroxidase-conjugated anti-
goat or anti-rabbit 1gG (Jackson ImmunoResearch), depending on the
source of the primary antibody. Blots were washed again with TBST and
incubated with ECL Plus reagent (Thermo Scientific). Blots were imaged us-
ing a ChemiDoc Imaging System (Bio-Rad) and analyzed using ImageJ soft-
ware (NIH). For loading controls, blots containing plasma samples were
reprobed for albumin (rabbit anti-albumin, ab31657-1; Abcam) and blots
containing eyecup lysates were probed for Gapdh (rabbit anti-Gapdh, 2118;
Cell Signaling).

Cholesterol Measurement. Plasma cholesterol and lipoprotein-associated
cholesterol were measured with the Amplex Red Cholesterol Assay Kit
(ThermofFisher Scientific) using the manufacturer’s guidelines. Fluorescence
was measured using a Spectramax M5 plate reader (Molecular Devices).

Lipoprotein Fractionation. Thirty microliters of plasma from each CFH~ND and
CFH~HFC mouse was fractionated on an FPLC system (AKTA Pure; GE
Healthcare) with a Superose 6HR 10/30 column (GE Healthcare) into 500-uL
fractions. Cholesterol was measured in fractions 13 through 31.

Statistical Analysis. ANOVA statistical analysis with post hoc Tukey test or
student’s two-sided t test analyses were used to calculate statistical signifi-
cance. Detailed descriptions of the comparisons are described in the figure
legends. Statistical analyses were performed in JMP Pro-9 software.
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