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The high-temperature requirement A1 (HTRA1), a serine protease, has been demonstrated to

play a pivotal role in the extracellular matrix (ECM) and has been reported to be associated with
the pathogenesis of age-related macular degeneration (AMD). To delineate its role in the retina,
the phenotype of homozygous Htral-KO (Htra17-) mice was characterized to examine the effect
of Htra1 loss on the retina and retinal pigment epithelium (RPE) with age. The ablation of Htra1
led to a significant reduction in rod and cone photoreceptor function, primary cone abnormalities
followed by rods, and atrophy in the RPE compared with WT mice. Ultrastructural analysis of
Htral”/- mice revealed RPE and Bruch’s membrane (BM) abnormalities, including the presence of
sub-RPE deposits at 5 months (m) that progressed with age accompanied by increased severity of
pathology. Htral”/- mice also displayed alterations in key markers for inflammation, autophagy,
and lipid metabolism in the retina. These results highlight the crucial role of HTRAT1 in the retina
and RPE. Furthermore, this study allows for the Htra1”/- mouse model to be utilized for deciphering
mechanisms that lead to sub-RPE deposit phenotypes including AMD.

Introduction

Several ECM components are implicated in vision loss in age-related macular diseases such as the most
common one, age-related macular degeneration (AMD) (1, 2). AMD is currently the leading cause of
irreversible blindness in the aging population and is characterized by the degeneration of the RPE-Bruch’s
membrane (RPE-BM) and photoreceptors (3—6). The 2 forms of AMD, exudative/wet and atrophic/dry,
display prominent clinical features and cause substantial vision loss (3). Exudative/wet AMD features
include leakage of blood or fluid (macular neovascularization) (7) into the subretinal space (3). In contrast,
features of nonexudative/dry AMD include the accumulation of sub-RPE deposits (i.e., drusen, basal
linear deposits) (3, 8) and geographic atrophy (9, 10). To help uncover the genetic associations of AMD,
genome-wide association studies have identified many genetic loci associated with risk for AMD (11).
Among these, the ARMS2/HTRAI on chromosome 10q26 is a major risk locus for AMD development
(11). However, it is currently challenging to distinguish the role of ARMS2 and HTRAI as they are in link-
age disequilibrium (12-14).

The high-temperature requirement Al (HTRAI) serine peptidase 1 gene encodes for a 51 kDa serine
protease that is expressed in many tissues, including the retina (15-18). In the retina, HTRA1 is secreted
from the RPE into the BM, which comprises the ECM (19, 20). One of the most well-known physiologi-
cal roles of HTRAI1 is its ability to cleave numerous ECM proteins, including EFEMP1 and C1QTNF5/
CTRPS5 that are involved in monogenic retinal degenerative diseases such as Malattia Leventinese/Doyne
honeycomb retinal dystrophy (ML/DHRD) (20) and late-onset retinal degeneration (L-ORD) (21),
respectively. Of great interest is that certain phenotypic features of these aforementioned retinal diseases,
such as the presence of sub-RPE deposits and/or RPE atrophy, are similar to clinical observations in
patients with AMD (22). Because of its role in the retinal ECM, recent studies have suggested a potential
role for HTRA1 in the development of BM abnormalities and RPE pathology (12, 13, 15, 21, 23-25).
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While the involvement of HTRA1 in AMD has been reported, the mechanisms underlying HTRA1 con-
tribution to pathology remain unknown. Several studies using model systems have suggested that increased
HTRAI expression contributes to retinal pathology in patients (23, 26-29). However, William et al. recently
reported that the diminished expression of HTRAI in the RPE of AMD donor eyes can also cause patholo-
gy (24). Thus, this prompted us to assess the effect of ablation of Htral on retinal structure and function in
Htral”~ mice. Our results show that Htral”~ mice display reduced photoreceptor function with rod degener-
ation and RPE atrophy accompanied by sub-RPE deposits. Thus, the ablation of Htral affects overall retina
and RPE integrity, and it recapitulates distinct pathological features observed in macular degeneration.

Results

Htral"~ mice display impaired photoreceptor function. After genotyping and confirming the expression of Htral
mRNA in WT and Htral~- mice (Supplemental Figure 1, A-D; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.178827DS1), retinal function and integrity was assessed in
Htral”- mice compared with WT. To assess the effect of loss of Htral on retinal function with age, full-field
electroretinography (ffERG) was performed on 1.5-month (1.5m), 3m, 5m, 15m, and 21m Htral”’~ mice
compared with all age matched (1.5m, 3m, 5m, 15m, and 21m old WT) control mice (Figure 1, A-E, and
Supplemental Figure 2). The photopic response of Htral~~ mice was significantly reduced at 1.5m (P =
0.0188, log 1.09 cd-s/m?) (Figure 1B). Subsequently, photopic responses in Htral~’~ mice steadily decreased
with age from 3m to 21m compared with age-matched WT controls (Figure 1, A and B). To assess rod
function, scotopic a- and b-wave responses were recorded at various stimulation intensities (Figure 1, B-E).
Interestingly, Htral”~ rod mediated responses at log —3.5 c¢d's/m? (P = 0.0010) and log 1.09 cd's/m? (P =
0.0056) show significant loss from 5m compared with WT (Figure 1, C and E). These results suggest that
loss of Htral affects the function of both rod and cone photoreceptors with a measurable loss in photopic
response around 1.5m while a decrease in scotopic response was evident at Sm.

Altered cone morphology in Htral”'~ mice. Because impaired cone function was observed in Htral~- mice
from 1.5m, subsequent analysis to assess cone morphology with age was performed. Immunostaining of
retinal cryosections of 1.5m, 3m, 5m, and 21m WT and Hiral”~ mice with medium wavelength (M-wave-
length) and short (S-wavelength) cone opsin revealed cone abnormalities and gradual loss (Figure 2A). In
Htral”- mice, M- and S-opsin—expressing cones in the dorsal and ventral regions, respectively, were mor-
phologically similar to WT mice and revealed no obvious early cone degeneration at 1.5m and 3m despite
perturbed cone function from 1.5m in Htral”~ mice (Figure 2A). However, 5m Htral”~ mice showed shorter
cones in the dorsal region than WT, whereas cones in the central and ventral regions appeared normal
without gross abnormalities in both models (Figure 2A). By 21m, severe cone loss was observed in the
dorsal, central, and ventral regions in Htral”~ mice (Figure 2, B-D). These results suggest a progressive
cone loss with age in Htral~~ mice. To further evaluate photoreceptor viability with age, TUNEL assay was
performed on 21m WT and Htral”’~ mice. Compared with 21m WT mice, TUNEL"* cells were detected in
the ONL of 21m Htral~- mice (Figure 2E). Quantification of TUNEL" cells across retinal sections revealed
a significant increase in 21m Htral”~ mice (P = 0.0002) (Figure 2, E and F), suggesting compromised pho-
toreceptor viability in older age Htral”'~ mice.

Reduced photoreceptor and RPE-specific genes in Htral”~ mice. To further evaluate the physiological effect
of the loss of Htral on the retina, the expression of photoreceptor and RPE-specific genes were analyzed
in 1.5m, 3m, 5m, 15m, and 21m Htral~”~ mice compared with either 1.5m (young age) or 21m (old age)
WT controls (Figure 3, A-E). Opnlmw expression in 1.5m (P = 0.7906) and 3m (P = 0.0618) Htral”~ mice
was slightly decreased (Figure 3A). However, a significant reduction of Opnlmw was apparent at Sm (P =
0.0014) that progressed up to 21m (P < 0.0001) (Figure 3A). Opnlisw displayed reduced expression at 1.5m
(P = 0.0480) that steadily progressed with age in Htral~~ mice (Figure 3, A and B). In contrast, the expres-
sion of Rho was normal up to 5m (P = 0.0375) with decreased expression at 15m (P = 0.0022) and 21m (P
< 0.0001) in Htral”’- mice compared with 21m WT (Figure 3C). In the RPE, Best] expression levels were
significantly reduced in 15m (P =0.0015) and 21m (P = 0.0002) Htral”’~ mice (Figure 3D), whereas a reduc-
tion in Mitf expression was detected at 3m (P = 0.0192) and progressed up to 21m (P = 0.0004) (Figure 3E).
Surprisingly, no significant changes were detected in Rpe65 expression levels in Htral”~ mice (Figure 3F).

Htral”'~ mice develop sub-RPE deposits. Because HTRA1 plays a major role in ECM maintenance, insight
into its loss in the RPE was investigated via transmission electron microscopy. Ultrastructural analysis of
5m Htral”~ mice revealed RPE abnormalities, including excess autophagosomes and vacuoles compared
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Figure 1. Photoreceptor function in Htra1/- mice. (A-E) Mean photopic
and scotopic responses of 1.5, 3, 5, 15, and 21m Htral”- mice compared and
normalized to age-matched WT mice at 1.09 log cd-s/m?, 2.00 log cd-s/
m?, and -3.5 log cd-s/m? stimulation intensities. n = 5 mice per age point
and genotype. Two-way ANOVA followed by the Tukey-Kramer for pairwise
comparisons, with P values adjusted using the Bonferroni Correction. Age-
matched comparisons are displayed. *P < 0.05, **P < 0.01, ***P < 0.001,
****p < 0.0001.

with WT mice (Figure 4, A-D). BM thickening was also apparent in 5m Htral~~ mice (Figure 4, B-D). By
21m, RPE changes in Htral~~ mice became more prominent as numerous small vacuoles and vesicles were
detected throughout, whereas the RPE of WT mice appeared normal (Figure 4, E-H). Concomitantly,
severe RPE degeneration and increased BM thickening was evident in 21m Htral”~ mice (Figure 4, F-H).
Further evaluation of the BM and sub-RPE region of the WT and Htral”’~ mice uncovered the presence
of prominent BM abnormalities and sub-RPE deposits in 5m and 21m Htral”~ mice, whereas WT mice
showed minimal BM abnormalities or sub-RPE deposits (Figure 5, A-C). At 21m, basal infoldings were
disrupted and filled with electron dense material and deposits in Htral~~ mice. These results suggest that
HTRALI is essential for RPE integrity and loss of Htral contributes to RPE degeneration.
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Figure 2. Assessment of cones and cell death in Htra1/- mice. (A) Representative images of M-opsin-expressing (red) and S-opsin-expressing (green) cones
(white arrows) in 1.5m, 3m, 5m, and 21m WT (n = 4 mice per age) and Htral”/~ mice (n = 4 mice per age). Scale bars: 10 um. (B-D) Cone outer segment lengths
in 21m WT versus Htral”~ mice in the dorsal, central, and ventral regions of the retina. Cone outer segment measurements were analyzed on n = 3 sections
per genotype and averaged. Two-tailed t tests were performed. ****P < 0.0001. (E and F) Representative images of TUNEL assay of 21m WT and Htra1/-

mice and quantification of TUNEL" cells (n = 3 mice per genotype). A 2-tailed t test was performed. ***P < 0.001. TUNEL-labeled cells are indicated by white
arrow. Scale bars: 10 um.

Age-related pathways in Htral~'~ mice. Because of the retinal abnormalities detected in Htral~~ mice, addi-
tional markers associated with dysregulated pathways observed in macular degenerations such as AMD
were used to assess the repercussions of Htral loss on the retina, RPE, and choroid. Select markers for
inflammation (IBA1, Galectin-3 [LGALS3]), autophagy (p62), lipid metabolism (APOE), and ECM main-
tenance (vitronectin [VTN]) were evaluated in 5m and 21m WT and H#ral~~ mice (Figure 6, A-T). At 5m,
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Figure 3. Expression of photoreceptor and RPE-specific genes in Htra1/- mice. (A-F) Opnimw, Opnisw, Rho, Best1, Mitf, and Rpe65 transcripts in 1.5m,
3m, 5m, 15m, and 21m Htral”/- mice compared with age-matched WT mice (n = 3 mice per genotype and age point). Actb was used as the housekeeping
control. Two-way ANOVA followed by the Tukey-Kramer for pairwise comparisons, with P values adjusted using the Bonferroni Correction. Age-matched
comparisons are displayed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

IBA1 was not detected in either WT or Htral”~ mice (Figure 6, A and B). However, expression of IBA1 was
detected at 21m in Htral~’~ mice in the ganglion cell (GC) layer, but not in age-matched WT mice (Figure 6,
C and D). In the choroid, LGALS3 expression was apparent in 5m Htral”~ mice but was not detectable in
5m WT controls (Figure 6, E and F). By 21m, LGALS3 expression in Htral”~ mice was noticeably higher
than that of 21m WT mice (Figure 6, G and H). The expression of p62 was not detected in either 5Sm WT
or Htral”~ mice (Figure 6, I and J), but by 21m, Htral~~ mice displayed higher levels of expression, predom-
inantly in the GC layer (Figure 6, K and L). Similarly, APOE was not detected in either 5m Htral”’- or WT
mice (Figure 6, M and N), but accumulation of APOE in the RPE-BM of Htral~~ mice was evident at 21m,
whereas increased APOE was not detected in 21m WT mice (Figure 6, O and P). Finally, VTN showed
higher levels of expression in RPE-BM of 21m Htral~~ mice compared with WT (Figure 6, S and T), while
VTN expression appeared similar between 5m WT and Hiral~~ mice (Figure 6, Q and R). These results sug-
gest that loss of HTRA1 leads to age-related changes in key pathways associated with macular degeneration.

Discussion
The present study characterizing the retinal phenotype in Htral”~ mice revealed a spectrum of pathological
features that progress with age in the retina and RPE. These features encompassed photoreceptor depletion
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Figure 4. RPE abnormalities in HtraT/- mice with age. (A) WT mice (5m) with choriocapillaris (CC), BM, and RPE labeled. (B-D) Htral- mice (5m). Pink
arrows indicate areas of vacuole-like structures. Blue arrows indicate phagosomes bearing undigested material from the photoreceptor outer segments.
(E) WT mice (21m) with labeled CC, BM, and RPE. (F-H) Htral”- mice (21m). Yellow arrowhead indicates thickening of the BM. Cyan arrowhead shows a
large phagosome. n = 3 mice per age and genotype.

and perturbed photoreceptor function, atrophy of the RPE, accumulation of sub-RPE deposits, and aber-
rant expression of protein markers closely linked to age-related pathogenic processes. The emergence of
these distinctive pathological features as a consequence of Htral deficiency underscores its pivotal function
in maintaining the overall physiological integrity of both the retina and the RPE.

Photoreceptor loss is a prominent feature across retinal degenerative disorders, including AMD
(30-35). Remarkably, Htral~~ mice exhibited a substantial and progressive decline in the expression of
both rod and cone photoreceptor gene markers. This decline was accompanied by a decline of photore-
ceptor function, and surprisingly, loss of Htral perturbs cone function during early stages of pathology.
The expression of HTRAI has been documented in photoreceptor cells alongside its established pres-
ence in the RPE (36). Interestingly, photoreceptor cell loss and progressive reduction in the expression
of photoreceptor gene markers in Htral”~ mice is similar to that of the transgenic zebrafish model
that overexpresses HTRAI (37), suggesting that altered HTRA1 levels in the retina could contribute
to photoreceptor pathology. The precise interplay between photoreceptors and HTRAI remains to be
investigated. One possible explanation may be that HTRAI plays a role in photoreceptor maintenance,
potentially through proteolysis of substrates expressed within photoreceptors such as TGF-3, a well-
known HTRAI1 substrate that promotes neuronal cell development, survival, and maturation (38—41).
In this scenario, the perturbed expression of HTRAI may lead to unchecked TGF-f levels within pho-
toreceptors of Htral”~ mice, which could lead to damaging inflammatory responses and, thus, affect
photoreceptor survival (42). It is also likely that the photoreceptors are affected as a consequence of the
RPE abnormalities that occur due to the loss of HTRAI.

The presence of sub-RPE deposits in Htral”- mice with age suggests that the absence of HTRAI plays a
contributory role in deposit formation. These deposits, along with the observed BM thickening in Htral/~ mice,
are consistent with the hallmarks of RPE degeneration in age-related retinal pathologies such as AMD (43),
DHRD/ML (44), and L-ORD (45, 46). One of the most well-established functions of HTRA1 lies in its ability
to maintain ECM integrity, which comprises a vast molecular network of interactions. Secreted from the RPE,
HTRAI cleaves numerous substrates that are involved in basement membrane assembly (e.g., Nid1/2), ECM
turnover (e.g., FN1), elastogenesis (e.g., FBLNS5), complement activation (e.g., VIN), and amyloid deposition
(e.g., A2M), among others (23, 29). Intriguingly, several ECM-associated genes implicated in deposit-forming
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Wt2im Htral” 5m Htra1” 21m

Figure 5. Sub-RPE deposition in HtraT”- mice. (A) WT mice (21m) show intact basal infoldings (indicated by yellow arrow) and lack of RPE-BM abnormal-
ities. (B) At 5m, sub-RPE deposits were present in the RPE-BM of Htral- mice. (C) Htral”- mice (21m) show more sub-RPE deposits and abnormal basal
infoldings. Representative images are displayed. n = 3 mice per age and genotype. Black arrows indicate sub-RPE deposit.

phenotypes akin to AMD are substrates of HTRA1 (i.e., CIQTNF5, EFEMPI, C3) and/or are directly associat-
ed with AMD (i.e., FBLN5) (20, 21, 23, 47-49).

The precise mechanisms underlying macular degeneration remains elusive. In addition to dysreg-
ulation of ECM homeostasis, a wide array of biological processes, including inflammation (50, 51),
autophagy (52, 53), oxidative stress (54, 55), and altered lipid metabolism have been postulated as
potential contributors to the pathogenesis of AMD (56-59). Aberrant profiles of several markers asso-
ciated with these pathways have been documented in retinal tissues of patients with AMD and animal
models exhibiting deposit-forming phenotypes (60, 61). In line with these reports, our analysis unveiled
an age-dependent accumulation of select markers related to these pathways in Htral~~ mice, empha-
sizing the potential involvement of these pathways in retinal pathology observed due to the absence of
HTRAL. Surprisingly, increased expression of p62, a marker for autophagic flux (62), was prominent
in the GC layer of 21m Htral~~ mice, and this phenomenon has been observed in age-related retinal
degeneration and glaucoma models (63-65). Further studies are needed to decipher the role of p62 in
Htral”~ retinal ganglion cells with aging. Increased levels of APOE observed in 21m Htral~'~ mice, as
opposed to their Sm counterparts, suggest compromised lipid trafficking and efflux in the aging RPE
(66, 67). APOE has also been implicated in aging and AMD pathogenesis where it accumulates at the
sites of drusen (68). VTN, one of the major components of drusen in patients with AMD (69), showed
increased expression in the 21m RPE of Htral~~ mice and is consistent with observations in additional
models with sub-RPE phenotypes (60, 70, 71). Furthermore, LGALS3, an inflammatory marker that
increases in the choroid of patients with dry AMD (72), and IBA1 were also upregulated in older age
Htral”~ mice. All of these findings in the Htral- model are consistent with biological processes that
are known to play a role in macular degeneration, including AMD (72-76). Therefore, the intricate
relationship between HTRAI loss and its effect on these pathway warrants further investigation in the
Htral”~ model.

The role of HTRAI in the context of AMD has generated substantial debate, particularly concerning
its expression patterns and its contribution to the development of the disease. While genome-wide asso-
ciation studies have identified variants within the ARMS2/HTRA1 genetic locus that confer an elevated
risk of AMD (11, 77), it remains challenging to pinpoint which of these 2 genes, ARMS2 or HTRAI, is
primarily responsible for AMD pathology due to their linkage disequilibrium (12, 13). Some studies have
suggested that the A69S missense polymorphism in ARMS2 increases susceptibility to AMD (12, 78).
However, retinal abnormalities were not observed when the A69S ARMS2 variant was overexpressed in
mice (79). Similarly, transgenic mice overexpressing mouse Htral in this study did not develop retinal
abnormalities (79). In contrast, these mice displayed notable alterations in the BM, along with the devel-
opment of choroidal neovascularization and sub-RPE deposits when exposed to cigarette smoke, an envi-
ronmental factor associated with increased risk of AMD (79). Several studies have focused on the effect
of overexpression of HTRAI on the RPE-BM using various models, including transgenic mice (23, 26-28,
80), zebrafish (37), and cultured RPE cells (29). Regarding the effects of increased HTRA1 expression in
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mice, it is worth noting that, while several transgenic mouse models were utilized to investigate retinal
phenotypes, these studies did not include ultrastructural analysis of the RPE or photoreceptor morpholo-
gy and functionality (27, 79, 81).

Previous studies have focused on how the expression levels of HTRA contribute to AMD pathology, partic-
ularly in light of the proposition that single nucleotide polymorphisms, including rs11200638, lead to increased
HTRAI expression in individuals with AMD (80, 82-84). However, recent reports have presented contrasting
evidence of reduced levels of HTRAI in the RPE of AMD donor eyes from patients carrying homozygous risk
variants, such as rs1049331 (24). Our findings in the Hiral”~ mice are consistent with the notion that reduced
HTRAI expression contributes to retinal and RPE pathology. It is worth noting that the reduction in HTRA1
transcript due to the risk alleles in patients is modest in comparison with the minimal levels of transcript observed
in Htral”~ mice. Nevertheless, it is crucial to underscore that the current study on Htral~~ mice does not negate
the findings associated with HTRAI overexpression in disease. In fact, it is plausible that both excessive and
insufficient HTRA1 expression can have detrimental effects on the RPE. Overexpression of HTRAI may induce
aberrant cleavage of ECM products, whereas loss of HTRAI could result in the accumulation of uncleaved
ECM substrates, both of which could initiate events for disrupted ECM homeostasis and sub-RPE deposit for-
mation. Thus, it is plausible that maintaining an appropriate balance of HTRAI is crucial for the integrity of
retinal health. Further exploration into the molecular factors governing HTRA! during disease are necessary to
improve our understanding of the relationship between HTRA1 and retinal pathology.

To the best of our knowledge, this is the first study reporting retinal pathological features in the Htral”
model. Previously, studies that utilized the Htral~- mice did not focus on thorough characterization of the
photoreceptors and RPE. Instead, these mice were evaluated for retinal polypoidal choroidal vasculopathy
lesions and retinal vascular development defects (26, 41). The Htral”~ mice have also been used to study
cerebral autosomal-recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL)
pathogenesis where loss of HTRA causes increased vascular smooth muscle cells in the thoracic aorta (85).
To date, deposit-forming phenotypes in the retinas of patients with CARASIL have not been reported thus
far and horizontal nystagmus was the only reported ocular phenotype in these patients (86). A possible
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Table 1. Primers for Htra1/- genotyping

Primer set Primer ID Sequence Amplicon
A mHtral WT Ex1 F GCTAGCGGCTCCTTCCTTG 412 bp
mHtral WT Ex1R GCGCTGCAGGACGATGAC
B mHtral KO F AATGGGCTGACCGCTTCCTCGTGETT 651bp
mHtral KO R TCGTGCACGCCGTCGTACTGT

F, forward; R, reverse.

explanation for the lack of reports of retina and RPE abnormalities in patients with CARASIL may be due
to the rare prevalence of the disease, the few reported cases reported worldwide, and disease onset ~25-30
years old with reported deaths occurring within 10 years of onset (8§7-89).

In summary, the genetic ablation of Htra!l in mice led to photoreceptor and RPE degeneration that pro-
gresses with age. This study allows for exploration of the functional role of HTRAI in photoreceptors and
whether it contributes to retinal pathology in conjunction with or secondarily to abnormalities observed in
the RPE-BM. The Hrral”~ mouse model serves as a valuable tool for future studies aimed at investigating
the functions of HTRAI and deciphering molecular pathways that lead to sub-RPE deposit formation, and
it allows for potential therapies that aim to restore the proper balance of HTRAI expression levels to com-
bat retinal degeneration.

Methods
Sex as a biological variable. Our study examined male and female mice, and no differences were found
between sexes.

Generation of the Htral’~ mouse model. Homozygous Htral”’~ mice were previously generated on the
C57BL/6J background by Chio Oka (Nara Institute of Science and Technology) (26). Briefly, part of
exon 1, including ATG initiation codon, was replaced with an IRES-lacZ reporter and neomycin-resis-
tance cassette (IRES-lacZ-neo). Genotyping of WT (C57BL/6J background, The Jackson Laboratory)
and Htral”~ mice confirmed the loss of Htral. Additional screening revealed the absence of 7d1, rd8, and
Rpe65 mutations in WT and Htral”~ mice (data not shown). Furthermore, significantly reduced expres-
sion of Htral transcripts were observed in Htral~”~ mice compared with control WT mice (Supplemental
Figure 1). Mice were maintained in a barrier animal facility in a 12:12 light cycle at in-cage irradiance of
less than 125 lux, provided standard mouse chow, and housed in a vivarium designed to meet the envi-
ronmental needs for the humane care and use of the animals housed within.

Genotyping Htral-KO mice. The Htral”’~ mice were screened using 2 different sets of primers (Table 1).
Set A primers were designed to amplify a 412 bp segment of exon 1 present in WT, whereas Set B primers
generated a 651 bp product in Htral~~ mice due to the disruption of exon 1.

In vivo ophthalmic imaging. Mice were anesthetized with a mixture of ketamine (93 mg/kg body weight)
(MWTI Animal Health, 510189) and xylazine (8 mg/kg body weight) (VetOne, 139-236) cocktail admin-
istered i.p. During this procedure, mice were kept on a heating pad at 37°C to maintain normal body
temperature. Prior to imaging, eyes were dilated with topical proparacaine hydrochloride (0.5%) (NDC
17478-263-12, Akorn Inc.) followed by topical tropicamide (0.5%) (NDC 17478-101-12, Akorn Inc.) and
phenylephrine (2.5%) (NDC 17478-201-15, Akorn Inc.) administration. Spectralis HRA + OCT with Hei-
delberg Eye Explorer software (Heidelberg Engineering) was used for scanning laser ophthalmoscopy,
infrared and spectral domain optical coherence tomography imaging. Custom-made sterilized polymethyl
methacrylate contact lenses for the mice were used throughout imaging.

JERG. To evaluate the retinal function, ffERGs were recorded as previously described (45) in Htral '~
mice at 1.5m, 3m, 5m, 15m, and 21m mice. The ERG response at all ages were compared with age-matched
WT mice.

IHC. Cryosections of WT and Htral”/~ eye globes were used to perform IHC as described previously
(45). The following primary antibodies were used for staining: anti-rabbit Opsin (1:200) (MilliporeSigma,
AB5405), anti-goat OPN1SW (1:200) (Santa Cruz Biotechnology, sc-14363), anti-rabbit APOE (1:100)
(Abcam, ab183597), anti—rabbit IBA1 (1:200) (Fujifilm Wako Chemicals, 019-19741), anti—rabbit p62
(1:100) (MilliporeSigma, P0067), anti-goat LGALS3 (1:100) (R&D, AF1197), and anti-mouse VTN (1:50)
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Table 2. gPCR primers

Gene Primer sequence Forward (F)/reverse (R)
primer

Opnimw TGAGATTTCATGCTAAGCTGG F
TGCCGGTTCATAAAGACATAG R
Opnisw CATCATTCCTCTTTCCCTCAT F
TGTTTTCTGAGAGCCAGACAC R
Rhodopsin CTTCCTGATCTGCTGGCTTC F
ACAGTCTCTGGCCAGGCTTA R
Best1 AGGTGGCAGAACAGCTCATC F
GTGGATGGGATGCACCAGAA R
Mitf GCTTGATGGATCCGGCCTT F
ACGCTGTGAGCTCCCTTTTT R
Rpe65 ACCAGAAATTTGGAGGGAAAC F
CCCTTCCATTCACGAGCTTCA R
Actb GAGAAGAGCTATGAGCTGCC F
CTCAGGAGGAGCAATGATCT R
Gapdh ACCACAGTCCATGCCATCAC F
TCCACCACCCTGTTGCTGTA R

(Santa Cruz Biotechnology, sc-74484). Secondary antibodies include donkey anti—goat Alexa Fluor 488
(Invitrogen, A11055) and donkey anti—rabbit Alexa Fluor 555 (Invitrogen, A31572). Images were captured
using a ZEISS LSM 800 confocal microscope.

TUNEL assay. Cell death in 18m Htral~’~ retinas was detected by the In Situ Cell Death Detection Kit,
Fluorescein (Roche, 11684795910) according to the manufacturer’s protocol. Slides were mounted with
ProLong Gold Antifade Mountant (Thermo Fisher Scientific, P10144). Images were captured using a Key-
ence BZ-X Series All-in-One Fluorescence Microscope

Quantitative PCR. RPE and neural retina were dissected from WT and Htral~~ mouse eyes followed by
RNA isolation using the Qiagen RNeasy kit (Qiagen, 74004) and cDNA synthesis (BioRad iScript cDNA
Synthesis Kit, 1708891) as previously described (21). Transcripts were detected by performing gPCR using
the primers listed in Table 2.

Transmission electron microscopy. Eyes from WT and Htral”~ were enucleated and fixed in 2% para-
formaldehyde/2% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.4, overnight at 4°C. Fixation
was quenched in 100 mM glycine in PBS, pH 7.4, for 10 minutes at room temperature and subsequently
washed in 0.1M sodium cacodylate buffer, pH 7.4. After cornea dissections, eye cups were washed in 0.1M
sodium cacodylate buffer, pH 7.4, and post-fixed in 1% osmium tetroxide for 1 hour at room temperature.
After osmication, tissues were washed in 0.1M sodium cacodylate buffer, pH 7.4, followed by distilled
water before dehydration with incubations in a graded ethanol series (50%, 70%, 85%, 95%, and 100%).
Tissues were then incubated in a transitional solvent of 1:1 ethanol/propylene oxide followed by 100%
propylene oxide and overnight infiltration in 1:1 propylene oxide/Embed 812 resin. The following day,
tissues were further infiltrated in 100% Embed 812 resin for 2 hours. After infiltration, tissues were flat
embedded in Embed 812 resin and baked for 48 hours at 65°C. Once embedded, tissues were sectioned at
65 nm. Sections were stained using Uranyless stain (Electron Microscopy Sciences) and lead citrate (Elec-
tron Microscopy Sciences). Sections were imaged on a JEOL 2000EX Electron Microscope and analyzed
for ultrastructural abnormalities.

Statistics. Two-way ANOVA was used to evaluate WT vs Hiral”~ at designated age points. A post-hoc
analysis was implemented to evaluate pairwise comparisons using the Tukey-Kramer test. Comparisons
strictly between age-matched Hiral~~ and WT, with associated significance levels, are displayed in the figures.
Significance levels have been adjusted for multiple comparisons using the Bonferroni correction. GraphPad
Prism software (version 10.0.1). Data analyses between WT and Htral”~ were performed by 2-tailed  test.
Significance was set at *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 in GraphPad Prism.

Study approval. All animal protocols were approved by the IACUC at the UCSD.

Data availability. All raw data for this manuscript are provided in the Supporting Data Values file.

JCl Insight 2025;10(3):e178827 https://doi.org/10.1172/jci.insight.178827 10



. RESEARCH ARTICLE

Author contributions

PB designed the study, performed experiments, analyzed data, and wrote the manuscript. DRW performed
experiments, analyzed data, and wrote the manuscript. TJH performed experiments and analyzed data.
NWK analyzed data and contributed to interpretation of the data. DRL, AMB, and MD contributed to
data acquisition and analysis. YP, DG, PXS, CO, and TI contributed to manuscript preparation. MMJ
contributed to data analysis and manuscript preparation. RA designed the study and contributed to data
interpretation and manuscript preparation.

Acknowledgments

This work was supported by The Foundation Fighting Blindness, Research to Prevent Blindness, NIH-RO-
1EY21237, RO1EY030591, RO1EY031663, T32EY026590, P30-EY22589, and U24EY033699 (all to
RA). DRW is a San Diego IRACDA Scholar supported by the NIH/NIGMS K12 GM068524 Award.

Address correspondence to: Radha Ayyagari, 9415 Campus Point Drive, JRC 206, Shiley Eye Institute,
UCSD, La Jolla, California, 92093, USA. Phone: 858.534.9029; Email: rayyagari@health.ucsd.edu.

—

. Tuo J, et al. Genetic factors of age-related macular degeneration. Prog Retin Eye Res. 2004;23(2):229-249.

Nita M, et al. Age-related macular degeneration and changes in the extracellular matrix. Med Sci Monit. 2014;20:1003-1016.

Gehrs KM, et al. Age-related macular degeneration--emerging pathogenetic and therapeutic concepts. Ann Med.

2006;38(7):450-471.

Fleckenstein M, et al. Age-related macular degeneration. Nat Rev Dis Primers. 2021;7(1):31.

Birch DG, Liang FQ. Age-related macular degeneration: a target for nanotechnology derived medicines. Int J Nanomedicine.

2007;2(1):65-77.

Friedman DS, et al. Prevalence of age-related macular degeneration in the United States. Arch Ophthalmol. 2004;122(4):564-572.

Spaide RF, et al. Consensus nomenclature for reporting neovascular age-related macular degeneration data: consensus on neo-

vascular age-related macular degeneration nomenclature study group. Ophthalmology. 2020;127(5):616-636.

Spaide RF, Curcio CA. Drusen characterization with multimodal imaging. Retina. 2010;30(9):1441-1454.

Girmens JF, et al. Dry age-related macular degeneration: a currently unmet clinical need. Intractable Rare Dis Res. 2012;1(3):103-114.

10. Ambati J, Fowler BJ. Mechanisms of age-related macular degeneration. Neuron. 2012;75(1):26-39.

11. Fritsche LG, et al. A large genome-wide association study of age-related macular degeneration highlights contributions of rare
and common variants. Nat Genet. 2016;48(2):134-143.

12. Jakobsdottir J, et al. Susceptibility genes for age-related maculopathy on chromosome 10q26. Am J Hum Genet. 2005;77(3):389-407.

13. Rivera A, et al. Hypothetical LOC387715 is a second major susceptibility gene for age-related macular degeneration, contribut-
ing independently of complement factor H to disease risk. Hum Mol Genet. 2005;14(21):3227-3236.

14. May A, et al. Ongoing controversies and recent insights of the ARMS2-HTRA1 locus in age-related macular degeneration. Exp
Eye Res. 2021;210:108605.

15. Chan CC, et al. Human HtrA1 in the archived eyes with age-related macular degeneration. Trans Am Ophthalmol Soc.
2007;105:92-97.

16. Voigt AP, et al. Human photoreceptor cells from different macular subregions have distinct transcriptional profiles. Hum Mol
Genet. 2021;30(16):1543-1558.

17. De Luca A, et al. Distribution of the serine protease HtrA1 in normal human tissues. J Histochem Cytochem. 2003;51(10):1279-1284.

18. Nie GY, et al. Identification and cloning of two isoforms of human high-temperature requirement factor A3 (HtrA3),

SN

Al

N o

©

characterization of its genomic structure and comparison of its tissue distribution with HtrA1 and HtrA2. Biochem J.
2003;371(pt1):39-48.
19. Mori H, et al. Developmental and age-related changes to the elastic lamina of Bruch’s membrane in mice. Graefes Arch Clin Exp
Ophthalmol. 2019;257(2):289-301.
20. Lin MK, et al. HTRAI, an age-related macular degeneration protease, processes extracellular matrix proteins EFEMP1 and
TSP1. Aging Cell. 2018;17(4):12710.
. Chekuri A, et al. Late-onset retinal degeneration pathology due to mutations in CTRP5 is mediated through HTRA1. Aging Cell.
2019;18(6):e13011.
22. Bhutto I, Lutty G. Understanding age-related macular degeneration (AMD): relationships between the photoreceptor/retinal

2

—_

pigment epithelium/Bruch’s membrane/choriocapillaris complex. Mol Aspects Med. 2012;33(4):295-317.
2

w

. Vierkotten S, et al. Overexpression of HTRA1 leads to ultrastructural changes in the elastic layer of Bruch’s membrane via
cleavage of extracellular matrix components. PLoS One. 2011;6(8):€22959.

24. Williams BL, et al. Chromosome 10q26-driven age-related macular degeneration is associated with reduced levels of HTRA! in
human retinal pigment epithelium. Proc Natl Acad Sci U S A. 2021;118(30):€2103617118.

25.Yang Z, et al. A variant of the HTRA1 gene increases susceptibility to age-related macular degeneration. Science.
2006;314(5801):992-993.

26. Jones A, et al. Increased expression of multifunctional serine protease, HTRA1, in retinal pigment epithelium induces polypoi-
dal choroidal vasculopathy in mice. Proc Natl Acad Sci U S A. 2011;108(35):14578-14583.

27.Kumar S, et al. Angiographic features of transgenic mice with increased expression of human serine protease HTRA1 in retinal

pigment epithelium. Invest Ophthalmol Vis Sci. 2014;55(6):3842-3850.

JCl Insight 2025;10(3):e178827 https://doi.org/10.1172/jci.insight.178827 11



30.

31
3

I

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

4

w

46.

47.

48.
49.

50.
51.

52.

53.

54.

5

o

56.

57.

58.

59.

60.

6

—

62.
63.

64.

6

9]

RESEARCH ARTICLE

. Kumar S, et al. Proteolytic degradation and inflammation play critical roles in polypoidal choroidal vasculopathy. Am J Pathol.
2017;187(12):2841-2857.

. An E, et al. Identification of novel substrates for the serine protease HTRA1 in the human RPE secretome. Invest Ophthalmol Vis

Sci. 2010;51(7):3379-3386.

Collin GB, et al. Mouse models of inherited retinal degeneration with photoreceptor cell loss. Cells. 2020;9(4):931.

. Brown B, et al. Cone adaptation in age-related maculopathy. Am J Optom Physiol Opt. 1986;63(6):450-454.

. Feigl B, et al. Cone- and rod-mediated multifocal electroretinogram in early age-related maculopathy. Eye (Lond).

2005;19(4):431-441.

Curcio CA, et al. Photoreceptor loss in age-related macular degeneration. Invest Ophthalmol Vis Sci. 1996;37(7):1236-1249.

Borrelli E, et al. Photoreceptor alteration in intermediate age-related macular degeneration. Sci Rep. 2020;10(1):21036.

Green WR, Enger C. Age-related macular degeneration histopathologic studies. The 1992 Lorenz E. Zimmerman Lecture.

Ophthalmology. 1993;100(10):1519-1535.

Voigt AP, et al. Single-cell RNA sequencing in vision research: Insights into human retinal health and disease. Prog Retin Eye

Res. 2021;83:100934.

Oura Y, et al. High-temperature requirement A 1 causes photoreceptor cell death in zebrafish disease models. Am J Pathol.

2018;188(12):2729-2744.

Launay S, et al. HtrA1-dependent proteolysis of TGF-beta controls both neuronal maturation and developmental survival. Cel/

Death Differ. 2008;15(9):1408-1416.

LiY, et al. Molecular structure and the role of high-temperature requirement protein 1 in skeletal disorders and cancers. Cel/

Prolif. 2020;53(2):e12746.

Tosi GM, et al. HTRA1 and TGF-B1 concentrations in the aqueous humor of patients with neovascular age-related macular

degeneration. Invest Ophthalmol Vis Sci. 2017;58(1):162-167.

. Zhang L, et al. High temperature requirement factor A1 (HTRA1) gene regulates angiogenesis through transforming growth

factor-f family member growth differentiation factor 6. J Biol Chem. 2012;287(2):1520-1526.

Sanjabi S, et al. Anti-inflammatory and pro-inflammatory roles of TGF-beta, IL-10, and IL-22 in immunity and autoimmunity.

Curr Opin Pharmacol. 2009;9(4):447—-453.

Chen L, et al. Subretinal drusenoid deposit in age-related macular degeneration: histologic insights into initiation, progression

to atrophy, and imaging. Retina. 2020;40(4):618-631.

Marmorstein LY, et al. Aberrant accumulation of EFEMP1 underlies drusen formation in Malattia Leventinese and age-related

macular degeneration. Proc Natl Acad Sci U S A. 2002;99(20):13067-13072.

. Chavali VR, et al. A CTRP5 gene S163R mutation knock-in mouse model for late-onset retinal degeneration. Hum Mol Genet.

2011;20(10):2000-2014.

Hayward C, et al. Mutation in a short-chain collagen gene, CTRP5, results in extracellular deposit formation in late-onset reti-

nal degeneration: a genetic model for age-related macular degeneration. Hum Mol Genet. 2003;12(20):2657-2667.

Murwantoko, et al. Binding of proteins to the PDZ domain regulates proteolytic activity of HtrA1 serine protease. Biochem J.

2004;381(pt 3):895-904.

Lotery AJ, et al. Reduced secretion of fibulin 5 in age-related macular degeneration and cutis laxa. Hum Mutat. 2006;27(6):568-574.

Stone EM, et al. Missense variations in the fibulin 5 gene and age-related macular degeneration. N Engl J Med.

2004;351(4):346-353.

Kauppinen A, et al. Inflammation and its role in age-related macular degeneration. Cell Mol Life Sci. 2016;73(9):1765-1786.

Knickelbein JE, et al. Inflammatory mechanisms of age-related macular degeneration. Int Ophthalmol Clin.

2015;55(3):63-78.

Golestaneh N, et al. Dysfunctional autophagy in RPE, a contributing factor in age-related macular degeneration. Cell Death Dis.

2017;8(1):e2537.

Mitter SK, et al. Autophagy in the retina: a potential role in age-related macular degeneration. Adv Exp Med Biol.

2012;723:83-90.

Yildirim Z, et al. The role of oxidative stress and antioxidants in the pathogenesis of age-related macular degeneration. Clinics

(Sao Paulo). 2011;66(5):743-746.

. Kushwah N, et al. Oxidative Stress and Antioxidants in Age-Related Macular Degeneration. Antioxidants (Basel).

2023;12(7):1379.

Xu Q, et al. Understanding AMD by analogy: systematic review of lipid-related common pathogenic mechanisms in AMD,

AD, AS and GN. Lipids Health Dis. 2018;17(1):3.

van Leeuwen EM, et al. A new perspective on lipid research in age-related macular degeneration. Prog Retin Eye Res.

2018;67:56-86.

Jun S, et al. The impact of lipids, lipid oxidation, and inflammation on AMD, and the potential role of miRNAs on lipid

metabolism in the RPE. Exp Eye Res. 2019;181:346-355.

Tabel M, et al. Genetic targeting or pharmacological inhibition of galectin-3 dampens microglia reactivity and delays retinal

degeneration. J Neuroinflammation. 2022;19(1):229.

Chuang JZ, et al. Retinal pigment epithelium-specific CLIC4 mutant is a mouse model of dry age-related macular degeneration.

Nat Commun. 2022;13(1):374.

.Jiao H, et al. Subretinal macrophages produce classical complement activator C1q leading to the progression of focal retinal

degeneration. Mol Neurodegener. 2018;13(1):45.

Bjorkoy G, et al. Monitoring autophagic degradation of p62/SQSTM1. Methods Enzymol. 2009;452:181-197.

Nettesheim A, et al. Autophagy in the aging and experimental ocular hypertensive mouse model. Invest Ophthalmol Vis Sci.

2020;61(10):31.

Sun W, et al. Optic nerve injury models under varying forces. Int Ophthalmol. 2023;43(3):757-769.

. Kolosova NG, et al. p62 /SQSTMI1 coding plasmid prevents age related macular degeneration in a rat model. Aging (Albany
NY). 2018;10(8):2136-2147.

JCl Insight 2025;10(3):e178827 https://doi.org/10.1172/jci.insight.178827 12



66.

67.

68.

69

70.

7

—

72.

73.

74.
75.

76.

77.

78.
79.

80.

8

—_

82.

83.
84.

85.

86.

87.
88.

89

JCl Insight 2025;10(3):e178827 https

RESEARCH ARTICLE

Ishida BY, et al. Regulated expression of apolipoprotein E by human retinal pigment epithelial cells. J Lipid Res.
2004;45(2):263-271.

Hu ML, et al. Interactions between apolipoprotein e metabolism and retinal inflammation in age-related macular degeneration.
Life (Basel). 2021;11(7):635.

Anderson DH, et al. Local cellular sources of apolipoprotein E in the human retina and retinal pigmented epithelium: implica-
tions for the process of drusen formation. Am J Ophthalmol. 2001;131(6):767-781.

.Hageman GS, et al. Vitronectin is a constituent of ocular drusen and the vitronectin gene is expressed in human retinal

pigmented epithelial cells. FASEB J. 1999;13(3):477-484.
Notomi S, et al. Genetic LAMP2 deficiency accelerates the age-associated formation of basal laminar deposits in the retina.
Proc Natl Acad Sci U S A. 2019;116(47):23724-23734.

.Engel AL, et al. Extracellular matrix dysfunction in Sorsby patient-derived retinal pigment epithelium. Exp Eye Res.

2022;215:108899.

Yuan X, et al. Quantitative proteomics: comparison of the macular Bruch membrane/choroid complex from age-related macu-
lar degeneration and normal eyes. Mol Cell Proteomics. 2010;9(6):1031-1046.

McLeod DS, et al. Distribution and quantification of choroidal macrophages in human eyes with age-related macular degenera-
tion. Invest Ophthalmol Vis Sci. 2016;57(14):5843-5855.

Caridi B, et al. Galectins in the pathogenesis of common retinal disease. Front Pharmacol. 2021;12:687495.

Newman AM, et al. Systems-level analysis of age-related macular degeneration reveals global biomarkers and phenotype-specif-
ic functional networks. Genome Med. 2012;4(2):16.

Zhang ZY, et al. Autophagy in age-related macular degeneration: a regulatory mechanism of oxidative stress. Oxid Med Cell
Longev. 2020;2020:2896036.

Sobrin L, et al. ARMS2/HTRA1 locus can confer differential susceptibility to the advanced subtypes of age-related macular
degeneration. Am J Ophthalmol. 2011;151(2):345-352.

Fisher SA, et al. Meta-analysis of genome scans of age-related macular degeneration. Hum Mol Genet. 2005;14(15):2257-2264.
Nakayama M, et al. Overexpression of HtrA1l and exposure to mainstream cigarette smoke leads to choroidal neovasculariza-
tion and subretinal deposits in aged mice. Invest Ophthalmol Vis Sci. 2014;55(10):6514-6523.

Iejima D, et al. HTRA1 overexpression induces the exudative form of age-related macular degeneration. J Stem Cells.
2015;10(3):193-203.

. Ahamed W, et al. HTRAI Regulates subclinical inflammation and activates proangiogenic response in the retina and choroid.

Int J Mol Sci. 2022;23(18):10206.

Kanda A, et al. A variant of mitochondrial protein LOC387715/ARMS2, not HTRALI, is strongly associated with age-related
macular degeneration. Proc Natl Acad Sci U S A. 2007;104(41):16227-16232.

Dewan A, et al. HTRA1 promoter polymorphism in wet age-related macular degeneration. Science. 2006;314(5801):989-992.
Liao SM, et al. Specific correlation between the major chromosome 10926 haplotype conferring risk for age-related macular
degeneration and the expression of HTRAI. Mol Vis. 2017;23:318-333.

Tkawati M, et al. Loss of HtrA1 serine protease induces synthetic modulation of aortic vascular smooth muscle cells. PLoS One.
2018;13(5):e0196628.

Nozaki H, et al. Features of cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy.
Stroke. 2014;45(11):3447-3453.

Tikka S, et al. CADASIL and CARASIL. Brain Pathol. 2014;24(5):525-544.

Yamamura T, et al. Subcortical vascular encephalopathy in a normotensive, young adult with premature baldness and spondyli-
tis deformans. A clinicopathological study and review of the literature. J Neurol Sci. 1987;78(2):175-187.

. Fukutake T, Hirayama K. Familial young-adult-onset arteriosclerotic leukoencephalopathy with alopecia and lumbago without

arterial hypertension. Eur Neurol. 1995;35(2):69-79.

://doi.org/10.1172 /jci.insight.178827 13



