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Abstract

Protein C (PC) and its activated form, activated protein C (APC), are well-established reg-
ulators of coagulation and cytoprotection. While their systemic functions are extensively
characterized, their physiological roles in the retina have only recently begun to be explored.
This gap persists despite the observation that congenital PC deficiency is consistently asso-
ciated with severe ocular complications. Emerging evidence, including the development
of a murine model of severe protein C deficiency (SPCD), indicates that APC contributes
to retinal integrity and vascular homeostasis under physiological conditions. Beyond its
physiological function, APC has shown therapeutic activity in several models of retinal
disease. Recent findings from our group further demonstrated that intravenously adminis-
tered APC and its cytoprotective analog, 3K3A-APC, can cross the blood-retina barrier via
the endothelial protein C receptor (EPCR), despite their relatively large molecular weight
(~62 kDa), and induce cytoprotective activities in the retina. These findings highlight the
translational potential of 3K3A-APC and support its further development as a systemically
delivered therapeutic approach for retinal pathologies. This review integrates current
knowledge of the molecular biology of the PC/APC pathways with its emerging physio-
logical functions in the retina, and the accumulating preclinical and early clinical evidence
that supports its therapeutic relevance.

Keywords: protein C; activated protein C (APC); blood-retina barrier (BRB); endothelial
protein C receptor (EPCR); retina

1. Introduction

The retina is a highly specialized extension of the central nervous system that de-
pends on a tightly regulated microenvironment for proper function. This homeostasis is
maintained by the blood-retina barrier (BRB), which consists of the inner BRB formed
by non-fenestrated endothelial cells and the outer BRB formed by the retinal pigment
epithelium. Together, these barriers tightly control the passage of molecules between
the circulation and retinal tissue, enabling normal visual processing while protecting the
eye from toxins and systemic fluctuations [1,2]. Breakdown of this barrier is a key event
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in several major blinding diseases, including diabetic retinopathy, age-related macular
degeneration (AMD), central retinal vein occlusion (CRVO), and uveitis [2,3].

The physiological role of Protein C (PC) and its active form, activated protein C (APC),
in the retina has been poorly explored. This knowledge gap is striking, as both complete
and partial congenital PC deficiency are consistently associated with diverse ocular mani-
festations that cannot be explained solely by thrombosis [4-7]. Beyond its physiological
role, APC has also emerged as a molecule with broad therapeutic potential. In multiple
preclinical studies, administration of exogenous APC, including the signaling-selective
variant 3K3A-APC, has been shown to confer potent neuroprotective, anti-inflammatory,
and tissue-regenerative effects across diverse pathological models [8,9]. Cytoprotective
effects have likewise been observed in ocular models, suggesting that the multi-target,
multi-action activity of APC extends to the retina and may hold promise for the treatment
of retinal vascular and neurodegenerative diseases [10,11]. Altogether, the growing body of
evidence suggests that APC contributes to the coordination of vascular and neuroprotective
signaling pathways in the retina.

This review summarizes the molecular background of the PC/APC pathway, examines
its roles in retinal health and disease, reviews evidence from preclinical and clinical studies
of APC-based therapies, and highlights emerging insights into EPCR-mediated transport
as a mechanism enabling systemic delivery of APC to the retina.

2. Protein C and Activated Protein C Structure and Function

Protein C (PC) is a vitamin K-dependent plasma glycoprotein synthesized primarily in
the liver and circulates as a two-chain zymogen with a molecular weight of approximately
62 kDa. The mature protein consists of a light chain (~21 kDa) and a heavy chain (=41 kDa)
linked by a single disulfide bond. The light chain contains the y-carboxyglutamic acid (Gla)
domain, responsible for calcium-dependent binding to negatively charged phospholipid
membranes, followed by two epidermal growth factor (EGF)-like domains that mediate
high-affinity interaction with the EPCR. The heavy chain comprises the activation peptide
and the serine protease domain, which harbors the catalytic triad (His-Asp-Ser) essential for
its enzymatic protease activity [12,13]. Activation of PC occurs on the vascular endothelial
surface and requires a tightly regulated multiprotein complex (Figure 1A). Thrombin,
bound to its cofactor thrombomodulin (TM), cleaves PC at the Arg169-Leul70 bond within
the activation peptide, generating APC [13]. This reaction is markedly accelerated, up to
20-fold, when PC is bound to the EPCR, which positions the PC zymogen for efficient
cleavage by the thrombin—-TM complex [14].

The active serine protease, APC, is best known for its anticoagulant function through
proteolytic inactivation of factors Va and Vllla that is enhanced by lipid and protein
cofactors, e.g., negatively charged phospholipid surfaces and protein S (Figure 1A) [8,15].
This anticoagulant activity requires APC dissociation from EPCR, as receptor binding
inhibits phospholipid interaction [16,17].

Beyond hemostasis, APC exerts pleiotropic cytoprotective effects, including anti-
inflammatory, endothelial barrier-stabilizing, anti-apoptotic, and neuroprotective ac-
tions [8,9]. These diverse cytoprotective activities of APC are independent of its antico-
agulant function and are primarily mediated by activation of two G protein-coupled receptors
(GPCRs), protease-activated receptor (PAR) 1 and PAR3 (Figure 1B). For APC’s biased
PAR1-dependent signaling [8], the multifunctional intracellular scaffold protein 3-arrestin
2, which associates with PAR1’s intracellular C-terminus, is needed [18,19]. Notably, 3-
arrestin 2 can mediate multiple diverse signaling responses by employing different effectors
to achieve APC’s cytoprotective effects, and in vitro studies identified a variety of signaling
nodes and pathways that can be altered by APC-initiated signaling [20,21]. A recent in vivo
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study showed that 3-arrestin 2 is required for APC’s neuroprotection in murine ischemic
stroke [22].

APC’s anticoagulant functioning depends on the inactivation of factor Va. Substrate
recognition of factor Va by protease-domain exosites, including the Lys191-Lys193 basic
loop, is essential, such that when these three lysine (K) residues were replaced with alanine
(A) residues in the recombinant 3K3A-APC variant, the anticoagulant activity was reduced
by 95% [23]. However, mutation of these three lysine residues had no significant effect on
APC’s cytoprotective action, so the 3K3A-APC variant is highly cytoprotective-selective
and its use for therapy carries no increased bleeding risk as shown in clinical trials [24,25].
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Figure 1. Protein C (PC) activation and expression of multiple biologic activities of activated protein
C (APC). (A) Proteolytic activation of PC that is bound to endothelial protein C receptor (EPCR) is
due to cleavage by thrombin (IIa) that is bound to thrombomodulin (TM) on the endothelial cell
membrane. APC’s anticoagulant activity involves its proteolytic inactivation of coagulation factors
Va (fVa) and VIIIa (fVIIla), which is enhanced by lipid and protein cofactors. (B) APC’s cell signaling
actions often involve its proteolytic activation of two G protein coupled receptors, protease activated
receptor (PAR) 1 and PAR3. Cleavage of the extracellular N-terminal PAR tails liberates new N-
termini, which can then interact with the receptors to agonize intracellular signaling via beta-arrestin2
that can produce diverse types of cytoprotective activities, which include anti-inflammatory and
anti-apoptotic activities and endothelial barrier stabilization [8,9].

3. Protein C Deficiency

The initial insights into the physiologic functioning of PC/APC in humans came from
the discovery of mild PC deficiency associated with adult venous thrombosis [26], and of
homozygous PC deficiency associated with neonatal purpura fulminans, a severe condition
in which infants present within the first days of life with massive venous thrombosis and
inflammatory skin necrosis [27].

The molecular mechanisms underlying PC deficiency vary depending on the type of
PROC gene mutation. Extensive genetic studies have demonstrated that PROC mutations
may lead to either partial or severe loss of APC function [28,29]. Type I PC deficiency is
characterized by reduced PC levels due to impaired synthesis or secretion, whereas Type
II deficiency is defined by normal PC levels with reduced functional activity. Severe con-
genital PC deficiency, typically caused by homozygous or compound heterozygous PROC
mutations, is associated with PC activity levels below 1% of normal [30,31]. Importantly, in
families of infants presenting with lethal purpura fulminans, heterozygous PC-deficient
relatives may remain asymptomatic and never develop venous thrombosis [32].

Severe protein C deficiency (SPCD) is most often diagnosed shortly after birth. In
some cases, SPCD can be detected already in utero, presenting with cerebral infarctions that
may lead to congenital blindness [4]. Delayed clinical presentation has also been reported
in adolescents and adults with moderately severe PC deficiency [33].

Long-term management of SPCD requires indefinite anticoagulation, together with
replacement therapy using fresh frozen plasma (FFP) or PC concentrates, which are not
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universally available [30]. Because PC is synthesized by hepatocytes, liver transplantation
may provide a definitive cure; however, this approach is feasible only in selected patients
and necessitates lifelong immunosuppression following successful transplantation, which
entails its complications [34].

4. Ocular Manifestations of Protein C Deficiency: Clinical Features
and Pathophysiology

Ocular manifestations of PC deficiency have traditionally been primarily related to its
prothrombotic effects, which can lead to vascular occlusions and hemorrhagic events in
the eye. The most well-documented manifestations include central retinal vein occlusion,
transient monocular vision loss due to arterial or venous thrombotic events, and, in severe
congenital cases, vitreous hemorrhage [35-37]. In heterozygous PC deficiency, ocular com-
plications are rare and typically present later in life, often as isolated thrombotic events such
as retinal vein occlusion or transient vision loss. In contrast, homozygous deficiency can
present in the neonatal period with severe thromboembolic complications. It is important
to note that not all individuals with PC deficiency will develop ocular manifestations, and
some familial studies have shown normal retinal vasculature despite the deficiency [38].
However, recurrent or unexplained vascular events in the eye, especially in young patients,
should prompt evaluation for underlying hypercoagulable states such as PC deficiency.
Most ocular manifestations of PC deficiency arise from microvascular thrombosis and the
resulting ischemia—reperfusion injury. As ocular tissues are highly vascularized, they are
particularly susceptible to thrombotic occlusion and its secondary consequences [7,39].
Retinal vessels are especially affected: thrombosis of retinal arterioles and venules can
precipitate ischemia, triggering compensatory neovascularization and, ultimately, tractional
retinal complications [40,41]. The ensuing vitreous hemorrhage from fragile neo-vessels
provides a scaffold for fibrovascular proliferation, further exacerbating tractional forces
within the vitreous cavity [39]. In some cases, these processes lead to secondary glaucoma,
caused by elevated intraocular pressure resulting from neovascularization, vitreous hemor-
rhage, or inflammatory obstruction of aqueous outflow [42]. Together, these mechanisms
illustrate how the impaired coagulation regulation in PC deficiency initiates a cascade of
ischemic, inflammatory, and proliferative events that can ultimately lead to irreversible
vision loss.

Although ocular complications in patients with PC deficiency have traditionally been
interpreted as consequences of thrombosis, accumulating evidence now supports a broader
role for the PC/APC system in retinal homeostasis. Clinical and experimental studies
demonstrate that APC is actively transported from the systemic circulation into the retina
and that retinal APC levels are dynamically regulated in response to pathological stress,
including proliferative diabetic retinopathy [11,43]. Further studies are required to define
the physiological significance of this pathway, its regulation across disease stages, and its
contribution to retinal health and pathology.

4.1. Neonatal Presentations

In infants with congenital PC deficiency, ocular findings may be severe and can be
the first indication of the disorder. Leukocoria (white pupillary reflex) is frequently the
presenting symptom that brings affected infants to medical attention. This occurs due to
extensive vitreous hemorrhage and tractional retinal detachment that develops in utero
or within the first days of life [7,36,39]. Retinal detachment is a particularly devastating
complication, with many infants presenting with total retinal detachment that is deemed
inoperable. The retinal pathology is characterized by extensive fibrovascular proliferation,
vitreous hemorrhage, and tractional membranes that can rapidly progress to complete

https://doi.org/10.3390/ijms27052282


https://doi.org/10.3390/ijms27052282

Int. J. Mol. Sci. 2026, 27,2282

50f18

retinal detachment. Posterior segment pathologies in severe PC deficiency also include
persistent fetal vasculature, accompanied by microphthalmia, vitreoretinal dysplasia, and
bilateral renal vein thrombosis [44].

Anterior segment abnormalities in congenital PC deficiency include corneal opacities,
shallow anterior chambers, lens adhesions, and anterior segment dysgenesis, which may
lead to secondary glaucoma [42]. Poor mydriasis and rubeosis iridis may also be present,
indicating significant ischemic damage [7,39].

4.2. Retinal Vascular Occlusions

In both pediatric and adult patients, PC deficiency is strongly associated with CRVO.
Studies have demonstrated that up to 29% of young adults with CRVO have associated
activated PC resistance or PC deficiency, compared to 2-7% in the general population. The
typical presentation includes venous engorgement, flame-shaped hemorrhages, cotton-
wool spots, and optic disc swelling [45,46]. Branch retinal vein occlusion has also been
reported, though with somewhat lower frequency than CRVO. The pathogenesis involves
thrombosis of retinal venules due to the hypercoagulable state, leading to retinal hypoxia
and secondary complications [45,47].

More rarely, combined central retinal artery and vein occlusion can occur, representing
an extremely severe manifestation that typically results in devastating visual outcomes. This
combination is particularly associated with severe PC deficiency and may be accompanied
by carotid artery disease [48,49].

4.3. Ischemic Optic Neuropathy

Non-arteritic anterior ischemic optic neuropathy (NAION) has been reported in asso-
ciation with PC deficiency and APC resistance. Some studies have found APC resistance in
up to 24% of patients with NAION [50,51], significantly higher than the 5.9% prevalence in
control populations, while other studies failed to verify this association [52]. A Factor V
Leiden mutation, which confers APC resistance, appears to be a significant risk factor for
NAION development [53].

Combined PC and protein S deficiency has been associated with ischemic optic neu-
ropathy, expanding the spectrum of ophthalmic manifestations. The pathogenesis involves
thrombosis or hypoperfusion of the short posterior ciliary arteries that supply the optic
nerve head [51].

4.4. Vitreous Hemorrhage

Vitreous hemorrhage is one of the major ocular complications in severe congenital PC
deficiency. This often occurs in conjunction with retinal detachment and may be the result
of retinal neovascularization secondary to ischemia or direct hemorrhage from thrombosed
retinal vessels. The hemorrhage can be extensive enough to completely obscure fundus
details and contribute to leukocoria presentation [7,36,39,54,55].

5. The SPCD Mouse: A Breakthrough Model for Studying Retinal
APC Transport

Studying the physiological functions of PC has long been hindered by the absence of
viable animal models completely lacking the protein. Multiple attempts have been made
to generate such models, primarily in mice but also in zebrafish, and a comprehensive
summary of these animal models is presented in Table 1. Homozygous PC deficiency
(PC~/~) is embryonically lethal in mice, as all neonates die within 24 h of birth due to
severe perinatal consumptive coagulopathy [56]. Subsequent efforts generated transgenic
lines expressing residual plasma PC levels ranging from 3% to 18% of normal [57,58].
Although these mice exhibited some prothrombotic and inflammatory manifestations,
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the residual PC expression limited their suitability for mechanistic transport studies. To
overcome the embryonic lethality of complete PC deficiency, our group developed a unique
SPCD murine model (PROC~/~ /F8~) by combining total PC deficiency with total Factor
VIII (F8) deficiency, which causes severe hemophilia A (HA) [59]. This genetic strategy
balances the prothrombotic phenotype of PC deficiency with the bleeding tendency of HA,
rescuing perinatal lethality and enabling survival into adulthood. Importantly, HA mice
(F87) alone display a normal ocular APC phenotype, confirming that the absence of APC
in SPCD animals reflects true PC deficiency rather than background genetic effects [11].

Table 1. Summary of Animal Models for PC Deficiency.

. PC Level . Method of Technique of Model
Animal Model/Genotype (% of WT) Fate/Survival Phenotype Mutation/Deficiency ~ Generation
Lethal perinatal
Embrvos consumptive Homologous
b coagulopathy with . A recombination in
develop : Targeted inactivation .
. microvascular . embryonic stem (ES)
__ normally until - of the murine Proc .
. PC~/~ (Total thrombosis in the . cells replacing the
Mice [56] . 0% E17.5; all X . locus replacing the : .
Deficiency) . brain and hepatic . . . entire murine Proc
neonates died . entire coding region . . )
o necrosis. Severe . R coding region with a
within 24 h . o with a neo™ cassette. . .
after birth bleeding near fibrin neomycin-resistance
' deposition; no plasma cassette.
fibrinogen detected.
pC—/ Severe perinatal Targeted deletion via
. t. 1lethal: coagulopathy in nulls;  Targeted deletion of homologous
pernata’ fethal; PCTg lines show PC gene with recombination
Mi PC—/~ and PC—/~ gg}sgfmc spontaneous transgenic rescue combined with
S;CSS PCT 5;;1 PCTe527 1-18% & lr;es thrombosis, necrosis using mouse PC transgenic insertion
(57,581 (PCTg535-PCTg527) st&r\iglle C:i (paws, ear, face),and ~ cDNA under the using a cosmid-based
3 v g.o inflammation Factor X promoter on  construct of murine
ngle n ing on (increased IL-6, aPC~/~ background. PC cDNA under the
evel WBCs). FX promoter.
Ssr‘{gggg. Double mutant Double targeted
;aut - VIIf exhibits balanced knockout generated
cro hemostasis, enabling Targeted double by CRISPR/Cas9 and
0% (severe deficienc
Mice [59] PC~/~/F8~ deficiency)  rescu Y in vivo investigation knockout of PROC homologous
eliciency esrc. ei 1 of PC/APC; normal and F8 genes. recombination,
iil:;l?ta of PC development, viable deleting Proc and
Aty for long-term studies. F8 loci.
deficiency.
Type II pattern CRISPR /Cas9
deficiency with diti
Reduced Survive to secondary RISPR /Cas9 poi geno:‘ine ¢ iting
PROC ¢.1198G>A Activity adulthood; consumptive iutitior/l ir?tsr nglc?; lsrilrtr(ie-unclircl{ge (a)ﬁ de
Mice [60]  (p.Gly400Ser) normal homozygous coagulopathy; liver the PROC c 1198G>1§ kn(?ck—in mutation
(heterozygous) antigen mice not steatosis, splenic (pGly 4OOSér) variant.  c.1198G>A
levels obtained. congestion, fibrin ’ ' ( ) Gly400Ser) in the
deposition, and Py
. : PROC locus.
inflammation.
Spontaneous
Survive o thrombotic CRISPR /Cas9 gf;g;lz/e Caso .
Zebrafish PC~/~ (Total adulthood: coagulopathy (92.5%  genome editing generates a 17.3-kb
[61] deficiency, dual-locus ~ ~0% 700 letha,lit larvae); inflammation  generates a 17.3-kb deletion. removin
deletion) ? y with il1b upregulation  deletion, ablating - &
by 1 year. : . both duplicated
and neutrophil both proc loci. :
proc loci.

migration defects.

One of the SPCD model’s key contributions is demonstrating that retinal PC/APC
originates from the systemic circulation rather than from local synthesis. The retina lacks
detectable PC mRNA expression yet contains functionally active APC protein under normal
conditions [11]. Using SPCD mice completely devoid of endogenous PC, we showed
that no PC or APC is detected in the retina at baseline, allowing unambiguous tracking
of exogenously administered protein. Following intravenous injection of APC, distinct
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immunostaining appeared across multiple retinal layers, demonstrating that circulating
APC traverses the BRB and accumulates within retinal tissue [11]. These findings establish
a direct causal link between systemic APC and its retinal localization, confirming that
retinal PC/APC derives from circulating APC/PC which is primarily derived from liver-
synthesized protein rather than local production.

6. EPCR-Mediated Transport of APC Across the BRB

Given the large molecular size of APC (~62 kDa), its presence within the retina sug-
gests that entry across blood barriers occurs via an active, receptor-mediated process
rather than passive diffusion. EPCR resides predominantly within caveolin-1-positive
membrane microdomains of endothelial cells [17,62,63]. Ligand binding triggers internal-
ization through caveolin-1-positive vesicles, followed by receptor recycling to the plasma
membrane [17,62]. This trafficking mechanism enables transendothelial movement of
EPCR-bound ligands and regulates their bioavailability, supporting the concept that EPCR
functions as an active transporter rather than a static binding receptor [17].

Using a vascular perfusion technique in mice, Deane et al. demonstrated that the
transport of APC across the blood-brain barrier (BBB) is approximately 100-fold higher than
that of the extracellular-space marker carbon-14-labeled inulin, indicating a predominantly
unidirectional movement from the circulation into the brain [64]. This finding supports the
concept of active, receptor-mediated transcytosis for large proteins across the BBB. Blocking
the APC-binding site on EPCR inhibited brain entry of APC by more than 85%, and APC
uptake was reduced by 64% in EPCR-deficient mice, confirming this receptor’s essential
role. Importantly, this translocation of APC was independent of PAR1 activation, and APC
analogs with reduced anticoagulant activity (3K3A-APC and 5A-APC) competed for the
same EPCR-dependent pathway with comparable affinities.

Although EPCR has traditionally been considered an endothelial-specific receptor,
accumulating evidence demonstrates its expression in a variety of non-endothelial cell
types, including neurons, monocytes, Schwann cells, smooth muscle cells, and epithelial
cells in various tissues [17,65,66]. This broader expression pattern provides a mechanis-
tic basis for APC’s direct effects on non-endothelial cells, including neuroprotection and
modulation of inflammatory cells. In the healthy retina, EPCR is expressed in endothelial
cells of the retinal vasculature and is absent from other retinal cell types, including the RPE,
photoreceptors, and ganglion cells; its expression is markedly upregulated in models of
retinal neovascularization [43]. Song et al. [43] demonstrated that EPCR is essential for
normal vascular expansion and branching during retinal development and serves as a
primary mediator of pathological neovascularization and vascular leakage under chronic
conditions such as proliferative diabetic retinopathy (PDR). Arta et al. provided functional
evidence that in the retina, EPCR can mediate active receptor-dependent transport [67].
Using human retinal endothelial cell cultures, they showed that liposomes conjugated
with anti-EPCR antibodies exhibited more than a three-fold increase in uptake compared
with non-targeted controls. Additionally, encapsulation of corticosteroids within these
EPCR-targeted liposomes markedly enhanced anti-inflammatory efficacy. Consistent with
these findings, our in vivo studies demonstrated that EPCR functions as a dynamic trans-
porter mediating the translocation of APC and 3K3A-APC from the circulation into the
retina (Figure 2) [11]. Importantly, EPCR blockade with neutralizing anti-EPCR antibodies
significantly reduced APC accumulation in retinal tissue, confirming that EPCR is required
for APC transport into the retina and indicating receptor-mediated transcytosis rather than
passive diffusion.
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Figure 2. EPCR-mediated transport of APC and 3K3A-APC across the blood-retina barrier following
systemic intravenous administration. Schematic illustration of the receptor-mediated pathway
by which systemically administered activated protein C (APC) and 3K3A-APC reach the retina.
Following intravenous injection, APC circulates through the systemic vasculature and reaches the
retinal microcirculation, where it binds the endothelial protein C receptor (EPCR) and undergoes
receptor-mediated internalization and transcytosis across the blood-retina barrier (BRB). Within
the retina, APC is detected both in co-localization with EPCR and in a free form [11], suggesting
availability for direct interaction with retinal cells. Together, these findings support active, EPCR-
dependent transport and the feasibility of systemic delivery of APC-based therapeutics to the retina.

7. Therapeutic Potential of APC and 3K3A-APC in Retinal Disease
7.1. Preclinical and Clinical Evaluation of APC and 3K3A-APC Signaling

Following the recognition of its cytoprotective and anti-inflammatory properties,
APC rapidly evolved from a physiological anticoagulant into a therapeutic candidate for
inflammatory and neurovascular diseases. Preclinical studies demonstrated that APC exerts
direct protective effects on endothelial and neuronal cells through multiple mechanisms,
including anti-apoptotic signaling, endothelial barrier stabilization, and suppression of
inflammatory cascades in models of ischemia, stroke, and neurodegeneration [8,9]. These
findings established a compelling rationale for translating APC-based therapeutics into
clinical evaluation for vascular and neurovascular diseases, including retinal disorders
characterized by barrier dysfunction, inflammation, and neurodegeneration.

The development of APC as a therapeutic agent highlighted its primary limitation:
potent anticoagulant activity, which poses a substantial bleeding risk. To address this,
signaling-selective APC analogs were engineered to preserve the molecule’s cytoprotective
and anti-inflammatory functions while markedly reducing its anticoagulant potential. The
most extensively characterized analog, 3K3A-APC, incorporates three Lys to Ala substi-
tutions that diminish its ability to inactivate factor Va without disrupting its high-affinity
binding to EPCR or its ability to activate PAR1 and PAR3 signaling [8,23]. This selective
reduction in anticoagulant function allows safe therapeutic plasma concentrations that are
much higher than physiological levels (1-3 ng/mL), typically reaching 45-100 ng/mL or
more in clinical trials, without causing significant prolongation of coagulation parameters
or increased bleeding risk [9,22,23]. While phase 2 trials of 3K3A-APC in ischemic stroke
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demonstrated favorable safety [25], recent reports have raised concerns regarding data
integrity in some stroke neuroprotection studies [68]. These findings await confirmation in
adequately powered phase 3 trials, a consideration relevant to the future development of
3K3A-APC for retinal indications.

Given APC’s proven cytoprotective activity in the central nervous system and its
shared vascular and barrier features with the retina, these findings prompted the inves-
tigation of its potential role in retinal protection. In ischemic retinal injury models, APC
promoted the survival of retinal ganglion cells, prevented apoptosis, and protected axonal
integrity [69]. Beyond ischemic injury, APC’s multi-target, pleiotropic actions suggest that
it may also mitigate a broad spectrum of retinal disorders driven by chronic inflammation,
BRB breakdown, and secondary neurodegeneration.

Neovascular AMD, characterized by choroidal neovascularization (CNV), remains
the leading cause of blindness in developed countries, and despite major advances with
anti-VEGF therapies, significant limitations persist, including treatment burden, variable
response, and progression to fibrosis [70]. These unmet needs provided the rationale for
testing APC and its analog 3K3A-APC in preclinical CNV models, where their pleiotropic
mechanisms offered potential advantages beyond VEGEF inhibition. In laser-induced CNV
murine models, APC significantly inhibited the formation of new leakage sites and reversed
leakage in 85% of pre-existing lesions, and reduced both lesion depth and total neovascular
volume, with efficacy comparable to bevacizumab [71]. Similarly, 3K3A-APC induced
regression of established CNV by reducing volume and penetration depth, and it increased
the odds of forming non-leaking lesions, underscoring its potent anti-CNV effect [72,73].
Both APC and 3K3A-APC decreased VEGF levels at CNV lesion sites, with the effect of a
single intravitreal injection sustained for up to 14 days. A strong correlation was observed
between leakage and elevated VEGEF, as non-leaking lesions had markedly lower VEGF vol-
umes [72,73]. In parallel, APC stabilized the RPE barrier by inducing translocation of ZO1,
a key tight junction protein, to the cell membrane in culture, and similar barrier-stabilizing
effects were observed in vivo. The Tie2 receptor partially mediated these actions, as block-
ing Tie2 abolished APC’s ability to reduce the depth of vascular invasion [71]. Importantly,
Minhas et al. demonstrated that APC acts as a direct Tie2 agonist, mimicking angiopoietin-1
binding independently of EPCR or PAR1, thereby stabilizing the vasculature [74].

Beyond its vascular effects, 3K3A-APC reduced inflammatory responses in CNV by
significantly decreasing the accumulation and activation of myeloid cells and microglia,
and by downregulating NLRP3 inflammasome activity and IL-13 release at the lesion
and surrounding retina, thereby attenuating the inflammatory drive that contributes to
CNV progression [73]. Collectively, these findings highlight that APC and 3K3A-APC not
only suppress CNV but also stabilize retinal barriers and mitigate inflammation, offering a
therapeutic profile that addresses multiple pathological mechanisms of neovascular AMD.

In addition, 3K3A-APC has been shown to exert vigorous anti-inflammatory activity
in a murine model of lipopolysaccharide (LPS)-induced uveitis, which recapitulates acute
inflammatory injury in the eye [75]. Treatment with 3K3A-APC significantly reduced the
number of infiltrating leukocytes and inhibited their extravasation from retinal vessels
into the parenchyma, thereby limiting tissue damage. Retinal microglia, which normally
underwent a marked pro-inflammatory transition after LPS exposure, remained largely
quiescent in treated eyes. Notably, the inflammation-associated increase in retinal thick-
ness observed after LPS challenge was substantially diminished by 3K3A-APC, indicating
structural preservation of the retina. At the molecular level, the therapy suppressed in-
flammasome activation, as evidenced by reduced NLRP3 expression and decreased IL-1f3
levels [75]. These findings demonstrate that 3K3A-APC not only attenuates leukocyte re-
cruitment and microglial activation but also interrupts inflammasome-driven inflammatory
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cascades, highlighting its potential as a therapeutic approach for retinal diseases with an
inflammatory component.

The transition of APC’s retinal protective actions from bench to bedside has com-
menced. In Japan, a pilot clinical study in patients with ischemic CRVO demonstrated that
intravitreal APC treatment is safe and promotes reperfusion of ischemic areas, reduces
macular edema, and improves visual acuity [76]. Long-term follow-up confirmed sustained
improvements in retinal perfusion and vision, with markedly fewer injections compared to
anti-VEGF therapy and no reported safety concerns [10].

Although the pilot and extension studies provide encouraging translational signals,
these findings should be interpreted with caution. The cohort was small, conducted at
a single center, lacked a randomized control arm, and allowed additional rescue thera-
pies during follow-up, factors known to limit causal inference and precise estimation of
treatment effects in early-phase clinical investigations [77-79]. Validation in adequately
powered, controlled trials is therefore warranted.

Table 2 synthesizes mechanistic information derived from retinal experimental models.
It specifies which biological effects were demonstrated with APC and which were evaluated
using 3K3A-APC. Direct retinal validation is indicated where available, whereas pathways
supported primarily by CNS data are clearly identified as extrapolative.

Table 2. Mechanistic Integration of Retinal Effects of Pharmacological APC and 3K3A-APC.

Retinal Effect/Action Likely Pathway/Mediator Molecule Tested Evidence Level (Retina)
Systemic BRB Entry EPCR-mediated transcytosis APC; 3K3A-APC Dempnstrated (in vivo
murine); [11]
Multifactorial: Tie2 stabilization; Demonstrated (in vivo
CNV Regression VEGEF reduction; inflammatory ~ APC; 3K3A-APC .
. murine); [71-73]
suppression
Reduction of VEGF Tie2-associated vascular Demonstrated (in vivo
.. stabilization; inflammatory APC; 3K3A-APC )
Expression in CNV . murine); [72,73]
modulation
. e Tie2 signaling; ZO-1 Demonstrated (in vitro;
RPE Barrier Stabilization redistribution APC supportive in vivo); [71,74]
Inﬂammalsome Reduced NLRP3/IL-1p 3K3A-APC Dempnstrated (in vivo
Suppression murine); [73,75]

. . . .. Demonstrated (in vivo
Microglia Modulation Reduced activation phenotype =~ 3K3A-APC murine); [73,75]
Neuroprotection Reduced caspase-3/-8/-9 Demonstrated (in vivo

LT o APC .
(Ischemic Injury) activation murine); [69]
. . . . . . Not directly tested in
PAR Signaling Hierarchy PAR1/PARS3 interaction CNS-based evidence retina; [8,9,19,23]
[-arrestin 2-dependent Biased PARI signaling CNS-based evidence Not directly tested in

signaling

retina; [18-22]

Abbreviations: BRB, blood-retina barrier; EPCR, endothelial protein C receptor; CNV, choroidal neovascular-
ization; VEGE, vascular endothelial growth factor; RPE, retinal pigment epithelium; NLRP3, NOD-like receptor
family pyrin domain containing 3; PAR, protease-activated receptor.

Notably, APC signaling in the retina is unlikely to follow a strictly sequential model.
Rather, EPCR-mediated transcytosis, endothelial PAR1/PAR3 engagement, [3-arrestin—
biased cytoprotective signaling, and modulation of vascular stabilization pathways may
occur in parallel and in a context-dependent manner. APC bound to EPCR at the endothelial
surface can initiate PAR-dependent signaling locally, whereas transcytosed APC within
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the retinal compartment may directly or indirectly influence neuronal and glial responses
through secondary mediators. These processes likely operate as an integrated signaling
network, with overlapping and temporally dynamic contributions that remain to be fully
delineated in retinal tissue.

A schematic summary of the pleiotropic, multi-target cytoprotective, anti-inflammatory,
barrier-stabilizing, anti-angiogenic, and neuroprotective mechanisms for APC’s cell signal-
ing effects is presented in Figure 3.
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Figure 3. Pleiotropic cytoprotective effects of APC and 3K3A-APC in the retina. Activated Protein C
(APC) and its signaling-selective analog 3K3A-APC exhibit broad cytoprotective activity in retinal
tissue, including anti-inflammatory, endothelial barrier-stabilizing, anti-angiogenic, and neuroprotec-
tive effects. Experimental studies across various retinal models demonstrated that these APCs inhibit
microglial activation, leukocyte extravasation, NLRP3 inflammasome activity, and IL-1f release,
thereby reducing retinal edema and thickness. At the vascular level, These APCs decrease VEGF
levels and CNV growth, promote regression of pre-existing lesions, and stabilize the blood-retina
barrier (BRB) by enhancing RPE integrity and increasing ZO-1 translocation to tight junctions. Under
ischemic conditions, these APCs suppress apoptosis by inhibiting caspase-3, -8, and -9 activation,
thereby preserving neuronal survival in retinal ganglion cells (RGCs) and photoreceptors, limiting
retinal non-perfusion areas, reducing macular edema (ME) and improving retinal function. Collec-
tively, APC and 3K3A-APC provide broad cytoprotective activity targeting angiogenic, inflammatory,
and neurodegenerative mechanisms in retinal disease.
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Abbreviations: APC, Activated Protein C; 3K3A-APC, engineered Activated Protein C
analog with three Lys — Ala substitutions; BRB, blood-retina barrier; RPE, retinal pigment
epithelium; ZO-1, Zonula Occludens-1; VEGF, vascular endothelial growth factor; CNV,
choroidal neovascularization; NLRP3, NACHT LRR and PYD domain-containing protein
3; IL-1p3, interleukin-1 beta; RGC, retinal ganglion cell; RNP, retinal non-perfusion; ME,
macular edema.

7.2. Intraocular vs. Systemic Administration of APC and 3K3A-APC for Retinal Disease

The retina is uniquely vulnerable to hemorrhagic complications, as even limited
intraocular or intra-retinal bleeding can cause significant and potentially irreversible visual
consequences. This vulnerability confers a clear therapeutic advantage to 3K3A-APC
over APC for ocular applications. Importantly, preclinical and clinical studies in the CNS
and other tissues have demonstrated that both molecules share similar pharmacokinetic
profiles and 3K3A-APC retains normal cell-signaling activities, including equivalent EPCR
binding, PAR1/PAR3 activation, and cytoprotective effects, while exhibiting >90% reduced
anticoagulant activity [8,9,23,24]. Thus, 3K3A-APC preserves full cytoprotective activity
while eliminating bleeding risk, a critical advantage for retinal indications.

From a translational perspective, the route of administration is a critical determinant
of the clinical feasibility of APC-based therapies. Intraocular delivery, while ensuring
high local drug concentrations with minimal systemic exposure, remains an invasive
approach that requires repeated injections and is associated with cumulative procedural
risks, including patient burden, retinal detachment, and endophthalmitis. These limitations
are particularly relevant for chronic retinal diseases with inflammatory or neovascular
components that require long-term treatment. At the ocular level, a pilot clinical study
demonstrated that intravitreal APC injection is safe and efficacious in patients with ischemic
CRVO, promoting reperfusion, reducing macular edema, and improving visual acuity
with sustained benefits and markedly fewer injections than anti-VEGF therapy [10]. This
provides proof-of-concept for local APC delivery in human retinal disease.

In contrast, systemic administration represents a highly attractive alternative, as it
is non-invasive, enables treatment of bilateral retinal disease, and has the potential to
confer broad vascular and neuroprotective benefits beyond the eye. Our recent findings
demonstrate that systemically administered APC and 3K3A-APC can cross the BRB via
EPCR-mediated transport, accumulate in retinal tissue, and induce cytoprotective ac-
tivities [11], providing proof of concept support for the systemic delivery approach in
retinal disease.

While most current treatments for posterior segment pathology rely on intravitreal
injections, systemic drug delivery for retinal diseases is an established therapeutic approach.
Several systemic medications have demonstrated efficacy in modifying diabetic retinopathy
progression, and there is growing interest in developing oral therapies for retinal diseases
to reduce the burden of repeated intravitreal injections, with multiple agents currently
under investigation for AMD, diabetic retinopathy, and other conditions [80-83].

For APC-based therapies, systemic delivery presents specific pharmacological chal-
lenges. Both APC and 3K3A-APC have short plasma half-lives of approximately 12-20 min
in humans, reflecting rapid inactivation through complex formation with serine protease
inhibitors, primarily protein C inhibitor (PCI), al-antitrypsin, and «2-macroglobulin, fol-
lowed by clearance from circulation [24,84,85]. This necessitates consideration of dosing
frequency for sustained therapeutic effect. In clinical trials for ischemic stroke, 3K3A-APC
was administered intravenously at doses up to 540 pg/kg, with a favorable safety profile
and no evidence of accumulation [24,25]. The short systemic half-life may be partially
offset by EPCR-mediated transcytosis across the BRB, which could concentrate APC and
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3K3A-APC within the retinal compartment [11]. Furthermore, the prolonged functional
activity of APC in the retina, with anticoagulant activity detected 24 h post-injection [11]
compared to a plasma half-life of only 12-20 min, suggests that major plasma APC in-
hibitors may be absent or less active in the retinal microenvironment. However, the specific
pathways governing APC degradation or clearance within the retina have not been directly
investigated and remain an important area for future research. Thus, the optimal dosing
regimen for retinal indications, whether systemic or intravitreal, remains to be determined
in future clinical trials.

Notably, recent advances in dermatology, where topical 3K3A-APC is currently under
clinical evaluation for chronic wound healing [86], further underscores the therapeutic
versatility of localized APC delivery. Taken together, these observations highlight that both
systemic and local routes hold promise for APC-based retinal therapy. The optimal strategy
will depend on balancing efficacy, safety, accessibility, expense, and patient burden, and
further studies are needed to pave the way for tailored interventions that harness APC’s
pleiotropic protective actions for retinal disease.

8. Limitations and Conclusions

This review has several limitations. Much of the mechanistic understanding of APC
signaling in the retina is extrapolated from studies in other vascular beds and the central
nervous system, as direct retinal evidence for specific receptor interactions remains limited.
Preclinical efficacy data are derived predominantly from murine models, which may not
fully recapitulate human retinal disease complexity. The optimal dosing regimen, route of
administration, and long-term safety profile of APC and 3K3A-APC for retinal indications
remain to be established in future clinical trials.

Despite these limitations, this review delineates the multifaceted role of the PC path-
way in the retina, encompassing both its physiological functions and its therapeutic poten-
tial at pharmacological concentrations.

The development of a murine model with complete PC deficiency has enabled, for
the first time, exploration of the physiological role of PC in the retina [11]. Together with
recently published data highlighting the role of the APC-EPCR axis in retinal patholo-
gies [43], accumulating evidence underscores the pivotal contribution of PC and APC to
retinal homeostasis and reveals the context-dependent duality of EPCR in retinal biology.
These insights position the APC-EPCR axis not only as a guardian of retinal integrity but
also as a novel therapeutic gateway for treating multifactorial retinal diseases.

A key mechanistic discovery is the physiological recognition that EPCR mediates the
transport of APC across the BRB. This receptor-mediated transcytosis mechanism enables
exogenously administered therapeutic APC and 3K3A-APC to enter the retina, remain
biologically active, and confer potent cytoprotective effects on retinal tissue [11]. This
discovery identifies EPCR as a receptor-mediated pathway that facilitates the translocation
of APC across neural-vascular barriers and provides mechanistic support for the feasibility
of systemic delivery of APC-based therapeutics to the retina.

From a translational standpoint, the fact that 3K3A-APC has been engineered to
eliminate bleeding risk while preserving cytoprotective activity allows its safe use at
therapeutic concentrations, making both local and systemic routes of APC-based therapy
viable [8,23].

This review integrates our findings with the broader literature on retinal vascular
biology and emerging therapeutic approaches for retinal diseases. Several therapeutic
molecules currently in development target pathways intersecting with APC signaling, in-
cluding faricimab (VEGF-A/Ang-2) [87,88], Tie2 activators [89], and PAR1 modulators [90],
suggesting potential for complementary therapeutic approaches. Future research should
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define the conditions under which the physiological functions of the PC/APC system
can be therapeutically leveraged, optimizing concentration, timing, and disease context
to maximize efficacy and safety while expanding clinical accessibility. In summary, this
review summarizes extensive insights into the therapeutic advantages of the APC pathway
in retinal disease and supports the continued development of APC and 3K3A-APC as
pleiotropic, multi-target therapeutics for blinding retinal disorders.

Author Contributions: Conceptualization, T.L.; writing—original draft preparation, T.L., A.Z. and
J.H.G,; writing—review and editing, T.L., A.Z., ].H.G. and S.L.-M. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Claire and Amedee Maratier Institute Grant for the Study
of Blindness and Visual Disorders, Faculty of Medicine, Tel Aviv University (T.L.); by the National
Institutes of Health (NIH) grant RO1HL142975 (J.H.G.); and by the United States—Israel Binational
Science Foundation (BSF) grant 2021191 (S.L.-M.).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We acknowledge BioRender.com for providing the graphical platform used to
generate figures in this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cunha-Vaz,J.; Bernardes, R.; Lobo, C. Blood-Retinal Barrier. Eur. J. Ophthalmol. 2011, 21, 3-9. [CrossRef] [PubMed]

2. O’Leary, F; Campbell, M. The Blood-Retina Barrier in Health and Disease. FEBS J. 2023, 290, 878-891. [CrossRef] [PubMed]

3. Srejovic, ].V.; Muric, M.D.; Jakovljevic, V.L.; Srejovic, LM.; Sreckovic, S.B.; Petrovic, N.T.; Todorovic, D.Z.; Bolevich, S.B.; Sarenac
Vulovie, T.S. Molecular and Cellular Mechanisms Involved in the Pathophysiology of Retinal Vascular Disease-Interplay Between
Inflammation and Oxidative Stress. Int. J. Mol. Sci. 2024, 25, 11850. [CrossRef]

4. Cassels-Brown, A.; Minford, A.M.B.; Chatfield, S.L.; Bradbury, ].A. Ophthalmic Manifestations of Neonatal Protein C Deficiency.
Br. J. Ophthalmol. 1994, 78, 486—487. [CrossRef]

5. Miyauchi, Y.; Egami, N.; Inoue, H.; Sonoda, M.; Eguchi, K.; Ishimura, M.; Ochiai, M.; Tsukamoto, S.; Matsumoto, S.; Uchiumi, T.;
et al. Onset and Outcome of Ocular Lesions in Neonatal Severe Protein C Deficiency: Case Report and Literature Review. Pediatr.
Blood Cancer 2025, 72, €31518. [CrossRef] [PubMed]

6. Barg, A.A,; Dardik, R,; Levin, C.; Koren, A.; Levy-Mendelovich, S.; Pode-Shakked, B.; Kenet, G. Severe Protein C Deficiency Due
to Novel Biallelic Variants in PROC and Their Phenotype Correlation. Acta Haematol. 2021, 144, 327-331. [CrossRef]

7. Ghassemi, F; Abdi, F.; Esfahani, M. Ophthalmic Manifestations of Congenital Protein C Deficiency: A Case Report and Mini
Review. BMC Ophthalmol. 2020, 20, 282. [CrossRef]

8. Griffin, J.H.; Zlokovic, B.V.; Mosnier, L.O. Activated Protein C: Biased for Translation. Blood 2015, 125, 2898-2907. [CrossRef]

9.  Griffin, ].H.; Zlokovic, B.V.; Mosnier, L.O. Activated Protein C, Protease Activated Receptor 1, and Neuroprotection. Blood 2018,
132, 159-169. [CrossRef]

10. Hara, C.; Kamei, M.; Sakaguchi, H.; Matsumura, N.; Sakimoto, S.; Suzuki, M.; Nishida, K.; Fukushima, Y.; Nishida, K. Long-Term
Outcomes of Intravitreal Activated Protein C Injection for Ischemic Central Retinal Vein Occlusion: An Extension Trial. Graefes
Arch. Clin. Exp. Ophthalmol. 2021, 259, 2919-2927. [CrossRef]

11. Livnat, T.; Budnik, I.; Nisgav, Y.; Dardik, R.; Avishai, E.; Gonen, S.R.; Zahavi, A.; Fernandez, ].A.; Golderman, V.; Goldberg,
Z.; et al. Endothelial Protein C Receptor-Mediated Endogenous and Therapeutic Transport of Activated Protein C across the
Blood-Retina Barrier Protects the Retina. J. Thromb. Haemost. 2025, Online ahead of print. [CrossRef]

12. Rezaie, A.R. Regulation of the Protein C Anticoagulant and Antiinflammatory Pathways. Curr. Med. Chem. 2010, 17, 2059-2069.
[CrossRef]

13.  Esmon, C.T. The Protein C Pathway. Chest 2003, 124, 265-32S. [CrossRef]

14. Yang, L.; Manithody, C.; Rezaie, A.R. Activation of Protein C by the Thrombin-Thrombomodulin Complex: Cooperative Roles of
Arg-35 of Thrombin and Arg-67 of Protein C. Proc. Natl. Acad. Sci. USA 2006, 103, 879-884. [CrossRef]

15. Leon, G.; Rehill, A.M.; Preston, R.J.S. The Protein C Pathways. Curr. Opin. Hematol. 2022, 29, 251-258. [CrossRef]

16. Liaw, P.C.Y,; Neuenschwander, P.F,; Smirnov, M.D.; Esmon, C.T. Mechanisms by Which Soluble Endothelial Cell Protein C

Receptor Modulates Protein C and Activated Protein C Function. J. Biol. Chem. 2000, 275, 5447-5452. [CrossRef]

https:/ /doi.org/10.3390/ijms27052282


https://doi.org/10.5301/EJO.2010.6049
https://www.ncbi.nlm.nih.gov/pubmed/23264323
https://doi.org/10.1111/febs.16330
https://www.ncbi.nlm.nih.gov/pubmed/34923749
https://doi.org/10.3390/ijms252111850
https://doi.org/10.1136/bjo.78.6.486
https://doi.org/10.1002/pbc.31518
https://www.ncbi.nlm.nih.gov/pubmed/39757487
https://doi.org/10.1159/000509968
https://doi.org/10.1186/s12886-020-01424-x
https://doi.org/10.1182/blood-2015-02-355974
https://doi.org/10.1182/blood-2018-02-769026
https://doi.org/10.1007/s00417-021-05072-9
https://doi.org/10.1016/j.jtha.2025.10.033
https://doi.org/10.2174/092986710791233706
https://doi.org/10.1378/chest.124.3_suppl.26S
https://doi.org/10.1073/pnas.0507700103
https://doi.org/10.1097/MOH.0000000000000726
https://doi.org/10.1074/jbc.275.8.5447
https://doi.org/10.3390/ijms27052282

Int. J. Mol. Sci. 2026, 27,2282 15 0f 18

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Rao, L.V.M.; Esmon, C.T.; Pendurthi, U.R. Endothelial Cell Protein C Receptor: A Multiliganded and Multifunctional Receptor.
Blood 2014, 124, 1553-1562. [CrossRef] [PubMed]

Soh, UJ.K; Trejo, J.A. Activated Protein C Promotes Protease-Activated Receptor-1 Cytoprotective Signaling through (3-Arrestin
and Dishevelled-2 Scaffolds. Proc. Natl. Acad. Sci. USA 2011, 108, E1372-E1380. [CrossRef] [PubMed]

Roy, R.V.; Ardeshirylajimi, A.; Dinarvand, P.; Yang, L.; Rezaie, A.R. Occupancy of Human EPCR by Protein C Induces 3-Arrestin-2
Biased PARI1 Signaling by Both APC and Thrombin. Blood 2016, 128, 1884-1893. [CrossRef]

Lin, Y.; Wozniak, ] M.; Grimsey, N.J.; Girada, S.; Patwardhan, A.; Molinar-Inglis, O.; Smith, T.H.; Lapek, ].D.; Gonzalez, D.].; Trejo,
J.A. Phosphoproteomic Analysis of Protease-Activated Receptor-1 Biased Signaling Reveals Unique Modulators of Endothelial
Barrier Function. Proc. Natl. Acad. Sci. USA 2020, 117, 5039-5048. [CrossRef] [PubMed]

Molinar-Inglis, O.; Birch, C.A.; Nicholas, D.; Ordufa-Castillo, L.; Cisneros-Aguirre, M.; Patwardhan, A.; Chen, B.; Grimsey,
N.J.; Coronel, L.J.; Lin, H; et al. APC/PAR1 Confers Endothelial Anti-Apoptotic Activity via a Discrete, 3-Arrestin-2-Mediated
SphK1-S1PR1-Akt Signaling Axis. Proc. Natl. Acad. Sci. USA 2021, 118, e2106623118. [CrossRef]

Xiang, B.; Wang, Y.; Rust, R.; Kisler, K.; Mack, WJ.; Fernandez, ]J.A.; Zlokovic, B.V.; Griffin, ].H. In Vivo Neuroprotection in
Ischemic Stroke by Activated Protein C Requires 3-Arrestin 2. Blood Vessel. Thromb. Hemost. 2025, 2, 100037. [CrossRef]
Mosnier, L.O.; Gale, A J.; Yegneswaran, S.; Griffin, J.H. Activated Protein C Variants with Normal Cytoprotective but Reduced
Anticoagulant Activity. Blood 2004, 104, 1740-1744. [CrossRef]

Lyden, P; Levy, H.; Weymer, S.; Pryor, K.; Kramer, W.; Griffin, J.; Davis, T.; Zlokovic, B. Phase 1 Safety, Tolerability and
Pharmacokinetics of 3K3A-APC in Healthy Adult Volunteers. Curr. Pharm. Des. 2013, 19, 7479-7485. [CrossRef]

Lyden, P; Pryor, K.E.; Coffey, C.S.; Cudkowicz, M.; Conwit, R.; Jadhav, A.; Sawyer, R.N.; Claassen, J.; Adeoye, O.; Song, S.; et al.
Final Results of the RHAPSODY Trial: A Multi-Center, Phase 2 Trial Using a Continual Reassessment Method to Determine
the Safety and Tolerability of 3K3A-APC, A Recombinant Variant of Human Activated Protein C, in Combination with Tissue
Plasminogen Activator, Mechanical Thrombectomy or both in Moderate to Severe Acute Ischemic Stroke. Ann. Neurol. 2019, 85,
125-136. [CrossRef]

Griffin, ].H.; Evatt, B.; Zimmerman, T.S.; Kleiss, A.J.; Wideman, C. Deficiency of Protein C in Congenital Thrombotic Disease.
J. Clin. Investig. 1981, 68, 1370-1373. [CrossRef]

Branson, H.E.; Marble, R.; Katz, ].; Griffin, ].H. Inherited protein c deficiency and coumarin-responsive chronic relapsing purpura
fulminans in a newborn infant. Lancet 1983, 322, 1165-1168. [CrossRef] [PubMed]

Marciniak, E.; Wilson, H.D.; Marlar, R.A. Neonatal Purpura Fulminans: A Genetic Disorder Related to the Absence of Protein C
in Blood. Blood 1985, 65, 15-20. [CrossRef]

Martos, L.; Fernandez-Pardo, A.; Lopez-Ferndndez, M.F; Ibéafiez, F.; Herrero, S.; Tassies, D.; Gonzélez-Porras, ].R.; Solmoirago,
M.].; Costa, M.].; Reverter, ].C.; et al. Identification of 58 Mutations (26 Novel) in 94 of 109 Symptomatic Spanish Probands with
Protein C Deficiency. Thromb. Haemost. 2019, 119, 1409-1418. [CrossRef] [PubMed]

Goldenberg, N.A.; Manco-johnson, M.]. Protein C Deficiency. Haemophilia 2008, 14, 1214-1221. [CrossRef]

Cao, Q.; Hao, Z.; Li, C,; Chen, X.; Gao, M,; Jiang, N.; Liu, H.; Shen, Y.; Yang, H.; Zhang, S.; et al. Molecular Basis of Inherited
Protein C Deficiency Results from Genetic Variations in the Signal Peptide and Propeptide Regions. |. Thromb. Haemost. 2023, 21,
3124-3137. [CrossRef]

Seligsohn, U.; Berger, A.; Abend, M.; Rubin, L.; Attias, D.; Zivelin, A.; Rapaport, S.I. Homozygous Protein C Deficiency Manifested
by Massive Venous Thrombosis in the Newborn. N. Engl. ]. Med. 1984, 310, 559-562. [CrossRef]

Van Der Horst, R.L. Purpura Fulminans in a Newborn Baby. Arch. Dis. Child. 1962, 37, 436—441. [CrossRef]

Shah, R.; Ferreira, P.; Karmali, S.; Le, D. Severe Congenital Protein C Deficiency: Practical Aspects of Management. Pediatr. Blood
Cancer 2016, 63, 1488-1490. [CrossRef]

Zeng, T.; Malloy, K.A. Case Report: Recurrent Transient Monocular Vision Loss Secondary to Protein C Deficiency. Optom. Vis.
Sci. 2022, 99, 315-318. [CrossRef] [PubMed]

Hattenbach, L.O.; Beeg, T.; Kreuz, W.; Zubcov, A. Ophthalmic Manifestation of Congenital Protein C Deficiency. J. Am. Assoc.
Pediatr. Ophthalmol. Strabismus 1999, 3, 188-190. [CrossRef]

Vrabec, ].P.; Levin, L.A. Type II Protein C Deficiency in a 16-Year-Old Girl With Central Retinal Vein Occlusion. Am. J. Ophthalmol.
2007, 143, 341-342. [CrossRef]

Vossen, C.Y.; Naud, S.; Bovill, E.G.; Weissgold, D.]. Normal Retinal Vasculature despite Familial Protein C Deficiency. Am. ].
Ophthalmol. 2005, 139, 944-945. [CrossRef] [PubMed]

Kurihara, T.; Endo, T.; Obata, S.; Hotta, T.; Nishio, N.; Iwaibara, T.; Hirata, K.; Kuge, S.; Konishi, Y.; Yoshida, D.; et al. Surgical
Treatment of Traction Retinal Detachment Associated with Compound Heterozygous Congenital Protein C Deficiency. Am. .
Ophthalmol. Case Rep. 2023, 30, 101854. [CrossRef]

Shiba, M.; Higo, S.; Morishita, Y.; Ichibori, Y.; Kin, Y.; Sakata, Y.; Higuchi, Y. Protein C Deficiency with Recurrent Systemic
Thrombosis Associated with Compound Heterozygous PROC Missense Variants. Am. Heart ]. Plus Cardiol. Res. Pract. 2025,
50, 100496. [CrossRef]

https://doi.org/10.3390/ijms27052282


https://doi.org/10.1182/blood-2014-05-578328
https://www.ncbi.nlm.nih.gov/pubmed/25049281
https://doi.org/10.1073/pnas.1112482108
https://www.ncbi.nlm.nih.gov/pubmed/22106258
https://doi.org/10.1182/blood-2016-06-720581
https://doi.org/10.1073/pnas.1917295117
https://www.ncbi.nlm.nih.gov/pubmed/32071217
https://doi.org/10.1073/pnas.2106623118
https://doi.org/10.1016/j.bvth.2024.100037
https://doi.org/10.1182/blood-2004-01-0110
https://doi.org/10.2174/1381612819666131230131454
https://doi.org/10.1002/ANA.25383
https://doi.org/10.1172/JCI110385
https://doi.org/10.1016/S0140-6736(83)91216-3
https://www.ncbi.nlm.nih.gov/pubmed/6139528
https://doi.org/10.1182/blood.v65.1.15.bloodjournal65115
https://doi.org/10.1055/s-0039-1692440
https://www.ncbi.nlm.nih.gov/pubmed/31254973
https://doi.org/10.1111/j.1365-2516.2008.01838.x
https://doi.org/10.1016/j.jtha.2023.06.021
https://doi.org/10.1056/NEJM198403013100904
https://doi.org/10.1136/adc.37.194.436
https://doi.org/10.1002/pbc.25997
https://doi.org/10.1097/OPX.0000000000001857
https://www.ncbi.nlm.nih.gov/pubmed/34923537
https://doi.org/10.1016/S1091-8531(99)70066-2
https://doi.org/10.1016/j.ajo.2006.08.027
https://doi.org/10.1016/j.ajo.2004.11.036
https://www.ncbi.nlm.nih.gov/pubmed/15860318
https://doi.org/10.1016/j.ajoc.2023.101854
https://doi.org/10.1016/j.ahjo.2024.100496
https://doi.org/10.3390/ijms27052282

Int. J. Mol. Sci. 2026, 27,2282 16 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Karia, N. Retinal Vein Occlusion: Pathophysiology and Treatment Options. Clin. Ophthalmol. 2010, 4, 809-816. [CrossRef]
[PubMed]

Park, U.C.; Choung, HK,; Kim, S.J.; Yu, Y.S. Bilateral Retinal Dysplasia and Secondary Glaucoma Associated with Homozygous
Protein C Deficiency. Korean J. Ophthalmol. 2005, 19, 112-115. [CrossRef]

Song, H; Li, Q.; Gui, X,; Fang, Z.; Zhou, W.; Wang, M; Jiang, Y.; Geng, A_; Shen, X,; Liu, Y.; et al. Endothelial Protein C Receptor
Promotes Retinal Neovascularization through Heme Catabolism. Nat. Commun. 2025, 16, 1603. [CrossRef]

Douglas, A.G.L.; Rafferty, H.; Hodgkins, P.; Nagra, A.; Foulds, N.C.; Morgan, M.; Temple, LK. Persistent Fetal Vasculature and
Severe Protein C Deficiency. Mol. Syndromol. 2010, 1, 82-86. [CrossRef]

Greiner, K.; Hafner, G.; Dick, B.; Peetz, D.; Prellwitz, W.; Pfeiffer, N. Retinal Vascular Occlusion and Deficiencies in the Protein C
Pathway. Am. J. Ophthalmol. 1999, 128, 69-74. [CrossRef] [PubMed]

Larsson, J.; Olafsdottir, E.; Bauer, B. Activated Protein C Resistance in Young Adults with Central Retinal Vein Occlusion. Br. J.
Ophthalmol. 1996, 80, 200-202. [CrossRef]

Romano, F; Lamanna, F.; Gabrielle, PH.; Teo, K.Y.C.; Battaglia Parodi, M.; Iacono, P.; Fraser-Bell, S.; Cornish, E.E.; Nassisi, M.;
Viola, E; et al. Update on Retinal Vein Occlusion. Asia-Pac. J. Ophthalmol. 2023, 12, 196-210. [CrossRef] [PubMed]

Desai, S.; Rai, N.; Kulkarni, P,; Natarajan, S. Combined CRVO with CRAO in a Patient with Protein C Deficiency. Retin. Cases Brief
Rep. 2014, 8, 145-149. [CrossRef] [PubMed]

Deepan Chakravarthi, M.; Chandramouleeswaran, V.; Narasimhan Rangana-than, L.; Allimuthu, N.; Kannan, V.; Mariappan, V.
Combined Central Retinal Artery Occlusion and Central Retinal Venous Occlusion with Bilateral Carotid Artery Disease in a
Patient with Protein C Deficiency. Neurol. Asia 2019, 24, 185-188.

Nagy, V.; Facsko, A.; Takacs, L.; Balazs, E.; Berta, A.; Balogh, I; Edes, I.; Czuriga, L; Pfliegler, G. Activated Protein C Resistance in
Anterior Ischaemic Optic Neuropathy. Acta Ophthalmol. Scand. 2004, 82, 140-143. [CrossRef]

AMBATI, J., HANUCH, O.E.; BRESNICK, G.H. Protein C and Protein S Deficiency Associated with Retinal, Optic Nerve, and
Cerebral Ischaemia. Br. ]. Ophthalmol. 1999, 83, 753b. [CrossRef]

Felekis, T.; Kolaitis, N.I.; Kitsos, G.; Vartholomatos, G.; Bourantas, K.L.; Asproudis, I. Thrombophilic Risk Factors in the
Pathogenesis of Non-Arteritic Anterior Ischemic Optic Neuropathy Patients. Graefes Arch. Clin. Exp. Ophthalmol. 2010, 248,
877-884. [CrossRef]

Liu, B.; Yu, Y,; Liu, W,; Deng, T.; Xiang, D. Risk Factors for Non-Arteritic Anterior Ischemic Optic Neuropathy: A Large Scale
Meta-Analysis. Front. Med. 2021, 8, 618353. [CrossRef]

Alowairdhi, M.A.; Alkhodair, M.L; Alsulaiman, A.M.; Alsulaiman, S.M. Lens-Sparing Vitrectomy for Pediatric Tractional Retinal
Detachment in Homozygous Protein C Deficiency. Am. . Ophthalmol. Case Rep. 2024, 36, 102206. [CrossRef]

Alansari, E.; Almidani, E.; Saleh, M.; Khadawardi, E. Protein C Deficiency: The Dramatic in Utero Clinical Presentation. J. Blood
Disord. 2017, 4, 1047.

Jalbert, L.R.; Rosen, E.D.; Moons, L.; Chan, ].C.Y.; Carmeliet, P.; Collen, D.; Castellino, FJ. Inactivation of the Gene for Anticoagu-
lant Protein C Causes Lethal Perinatal Consumptive Coagulopathy in Mice. |. Clin. Investig. 1998, 102, 1481-1488. [CrossRef]
[PubMed]

Lay, A.J.; Liang, Z.; Rosen, E.D.; Castellino, EJ. Mice with a Severe Deficiency in Protein C Display Prothrombotic and Proinflam-
matory Phenotypes and Compromised Maternal Reproductive Capabilities. J. Clin. Investig. 2005, 115, 1552-1561. [CrossRef]
[PubMed]

Lay, A.J.; Donahue, D.; Tsai, M.].; Castellino, EJ. Acute Inflammation Is Exacerbated in Mice Genetically Predisposed to a Severe
Protein C Deficiency. Blood 2007, 109, 1984-1991. [CrossRef]

Levy-Mendelovich, S.; Avishai, E.; Samelson-Jones, B.].; Dardik, R.; Brutman-Barazani, T.; Nisgav, Y.; Livnat, T.; Kenet, G. A Novel
Murine Model Enabling RAAV8-PC Gene Therapy for Severe Protein C Deficiency. Int. ]. Mol. Sci. 2024, 25, 10336. [CrossRef]
Liu, Y.; Cai, M.; Chen, Y.; Wu, G.; Li, S.; Chen, Z. Validation for the Function of Protein C in Mouse Models. Peer] 2024, 12, €17261.
[CrossRef]

Ku, CJ.; Yu, X;; Zhao, Q.Y.; Grzegorski, S.J.; Daniel, J.G.; Ferguson, A.C.; Shavit, J.A. Loss of Protein C vs Protein S Results in
Discrepant Thrombotic Phenotypes. Blood Adv. 2025, 9, 545-557. [CrossRef]

Nayak, R.C; Sen, P; Ghosh, S.; Gopalakrishnan, R.; Esmon, C.T.; Pendurthi, U.R.; Rao, L.V.M. Endothelial Cell Protein C Receptor
Cellular Localization and Trafficking: Potential Functional Implications. Blood 2009, 114, 1974-1986. [CrossRef]

Bae, ].S.; Yang, L.; Rezaie, A.R. Receptors of the Protein C Activation and Activated Protein C Signaling Pathways Are Colocalized
in Lipid Rafts of Endothelial Cells. Proc. Natl. Acad. Sci. USA 2007, 104, 2867-2872. [CrossRef]

Deane, R.; LaRue, B.; Sagare, A.P; Castellino, FJ.; Zhong, Z.; Zlokovic, B.V. Endothelial Protein C Receptor-Assisted Transport of
Activated Protein C across the Mouse Blood-Brain Barrier. . Cereb. Blood Flow Metab. 2009, 29, 25-33. [CrossRef] [PubMed]
Gorbacheva, L.; Davidova, O.; Sokolova, E.; Ishiwata, S.; Pinelis, V.; Strukova, S.; Reiser, G. Endothelial Protein C Receptor Is
Expressed in Rat Cortical and Hippocampal Neurons and Is Necessary for Protective Effect of Activated Protein C at Glutamate
Excitotoxicity. J. Neurochem. 2009, 111, 967-975. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27052282


https://doi.org/10.2147/OPTH.S7631
https://www.ncbi.nlm.nih.gov/pubmed/20689798
https://doi.org/10.3341/kjo.2005.19.2.112
https://doi.org/10.1038/s41467-025-56810-0
https://doi.org/10.1159/000302372
https://doi.org/10.1016/S0002-9394(99)00074-4
https://www.ncbi.nlm.nih.gov/pubmed/10482096
https://doi.org/10.1136/bjo.80.3.200
https://doi.org/10.1097/APO.0000000000000598
https://www.ncbi.nlm.nih.gov/pubmed/36912792
https://doi.org/10.1097/ICB.0000000000000027
https://www.ncbi.nlm.nih.gov/pubmed/25372333
https://doi.org/10.1111/j.1600-0420.2004.00226.x
https://doi.org/10.1136/bjo.83.6.753b
https://doi.org/10.1007/s00417-010-1308-y
https://doi.org/10.3389/fmed.2021.618353
https://doi.org/10.1016/j.ajoc.2024.102206
https://doi.org/10.1172/JCI3011
https://www.ncbi.nlm.nih.gov/pubmed/9788960
https://doi.org/10.1172/JCI24030
https://www.ncbi.nlm.nih.gov/pubmed/15902301
https://doi.org/10.1182/blood-2006-07-037945
https://doi.org/10.3390/ijms251910336
https://doi.org/10.7717/peerj.17261
https://doi.org/10.1182/bloodadvances.2024013237
https://doi.org/10.1182/blood-2009-03-208900
https://doi.org/10.1073/pnas.0611493104
https://doi.org/10.1038/jcbfm.2008.117
https://www.ncbi.nlm.nih.gov/pubmed/18841163
https://doi.org/10.1111/j.1471-4159.2009.06380.x
https://www.ncbi.nlm.nih.gov/pubmed/19780891
https://doi.org/10.3390/ijms27052282

Int. J. Mol. Sci. 2026, 27,2282 17 of 18

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

Gera, O.; Shavit-Stein, E.; Bushi, D.; Harnof, S.; Ben Shimon, M.; Weiss, R.; Golderman, V.; Dori, A.; Maggio, N.; Finegold, K.; et al.
Thrombin and Protein C Pathway in Peripheral Nerve Schwann Cells. Neuroscience 2016, 339, 587-598. [CrossRef] [PubMed]
Arta, A.; Eriksen, A.Z.; Melander, F.; Kempen, P,; Larsen, M.; Andresen, T.L.; Urquhart, A.]. Endothelial Protein C-Targeting
Liposomes Show Enhanced Uptake and Improved Therapeutic Efficacy in Human Retinal Endothelial Cells. Investig. Opthalmology
Vis. Sci. 2018, 59, 2119-2132. [CrossRef]

Piller, C. Brain Games? Science 2023, 382, 754-759. [CrossRef]

Du, Z.]J.; Yamamoto, T.; Ueda, T.; Suzuki, M.; Tano, Y.; Kamei, M. Activated Protein C Rescues the Retina from Ischemia-Induced
Cell Death. Investig. Opthalmology Vis. Sci. 2011, 52, 987-993. [CrossRef]

Shirian, J.D.; Shukla, P.; Singh, R.P. Exploring New Horizons in Neovascular Age-Related Macular Degeneration: Novel
Mechanisms of Action and Future Therapeutic Avenues. Eye 2025, 39, 40—44. [CrossRef]

Livnat, T.; Weinberger, Y.; Budnik, I.; Deitch, I.; Dahbash, M.; Sella, R.; Dardik, R.; Kenet, G.; Nisgav, Y.; Weinberger, D. Activated
Protein C Induces Suppression and Regression of Choroidal Neovascularization— A Murine Model. Exp. Eye Res. 2019, 186, 107695.
[CrossRef]

Livnat, T.; Weinberger, Y.; Fernadndez, J.A.; Bashir, A.; Ben-david, G.; Palevski, D.; Levy-mendelovich, S.; Kenet, G.; Budnik,
I.; Nisgav, Y.; et al. Activated Protein C (APC) and 3K3A-APC-Induced Regression of Choroidal Neovascularization (CNV) Is
Accompanied by Vascular Endothelial Growth Factor (VEGF) Reduction. Biomolecules 2021, 11, 358. [CrossRef]

Weinberger, Y.; Budnik, I.; Nisgav, Y.; Palevski, D.; Ben-David, G.; Fernandez, J.A.; Margalit, S.N.; Levy-Mendelovich, S.; Kenet,
G.; Weinberger, D.; et al. 3K3A-Activated Protein C Inhibits Choroidal Neovascularization Growth and Leakage and Reduces
NLRP3 Inflammasome, IL-1§3, and Inflammatory Cell Accumulation in the Retina. Int. . Mol. Sci. 2023, 24, 10642. [CrossRef]
Minhas, N.; Xue, M.; Jackson, C.J. Activated Protein C Binds Directly to Tie2: Possible Beneficial Effects on Endothelial Barrier
Function. Cell. Mol. Life Sci. 2017, 74, 1895-1906. [CrossRef] [PubMed]

Palevski, D.; Ben-David, G.; Weinberger, Y.; Haj Daood, R.; Ferndndez, J.A.; Budnik, I.; Levy-Mendelovich, S.; Kenet, G.; Nisgav,
Y.; Weinberger, D.; et al. 3K3A-Activated Protein C Prevents Microglia Activation, Inhibits NLRP3 Inflammasome and Limits
Ocular Inflammation. Int. J. Mol. Sci. 2022, 23, 14196. [CrossRef] [PubMed]

Hara, C.; Kamei, M.; Sakaguchi, H.; Matsumura, N.; Sakimoto, S.; Suzuki, M.; Nishida, K.; Fukushima, Y.; Nishida, K. Activated
Protein C for Ischemic Central Retinal Vein Occlusion: One-Year Results. Ophthalmol. Retin. 2019, 3, 93-94. [CrossRef]

Arnold, D.M.; Burns, K.E.A.; Adhikari, N.K.J.; Kho, M.E.; Meade, M.O.; Cook, D.]J. The Design and Interpretation of Pilot Trials in
Clinical Research in Critical Care. Crit. Care Med. 2009, 37, S69-S74. [CrossRef] [PubMed]

Troy, ].D.; Neely, M.L.; Pomann, G.M.; Grambow, S.C.; Samsa, G.P. Treatment Effect Estimates From Pilot Trials Are Unreliable.
J. Pain Symptom Manag. 2023, 66, e672—-e686. [CrossRef]

Leon, A.C.; Davis, L.L.; Kraemer, H.C. The Role and Interpretation of Pilot Studies in Clinical Research. J. Psychiatr. Res. 2011, 45,
626—629. [CrossRef]

Yuan, M.; Alsoudi, A.; Alshaikhsalama, A.; Rahimy, E. Systemic Medications and Their Impact on Age-Related Macular
Degeneration Development and Progression: A Review of Current Evidence. Curr. Opin. Ophthalmol. 2025, Online ahead of print.
[CrossRef]

Deboer, CM.T.; Agrawal, R.; Rahimy, E. Novel Oral Medications for Retinal Disease: An Update on Clinical Development.
Curr. Opin. Ophthalmol. 2023, 34, 203-210. [CrossRef]

Elkjaer, A.S.; Lynge, S.K.; Grauslund, J. Evidence and Indications for Systemic Treatment in Diabetic Retinopathy: A Systematic
Review. Acta Ophthalmol. 2020, 98, 329-336. [CrossRef]

Antonetti, D.A.; Klein, R.; Gardner, T.W. Diabetic Retinopathy. N. Engl. J. Med. 2012, 366, 1227-1239. [CrossRef]

Okajima, K.; Koga, S.; Kaji, M.; Inoue, M.; Nakagaki, T.; Funatsu, A.; Okabe, H.; Takatsuki, K.; Aoki, N. Effect of Protein C and
Activated Protein C on Coagulation and Fibrinolysis in Normal Human Subjects. Thromb. Haemost. 1990, 63, 48-53. [CrossRef]
Hoogendoorn, H.; Nesheim, M.; Giles, A. A Qualitative and Quantitative Analysis of the Activation and Inactivation of Protein C
In Vivo in a Primate Model. Blood 1990, 75, 2164-2171. [CrossRef] [PubMed]

Zhao, R.; Xue, M; Lin, H.; Smith, M.; Liang, H.; Weiler, H.; Griffin, J.H.; Jackson, C.J. A Recombinant Signalling-Selective
Activated Protein C That Lacks Anticoagulant Activity Is Efficacious and Safe in Cutaneous Wound Preclinical Models. Wound
Repair Regen. 2024, 32, 90-103. [CrossRef] [PubMed]

Wykoff, C.C.; Abreu, F; Adamis, A.P.; Basu, K.; Eichenbaum, D.A.; Haskova, Z.; Lin, H.; Loewenstein, A.; Mohan, S.; Pearce,
I.A; et al. Efficacy, Durability, and Safety of Intravitreal Faricimab with Extended Dosing up to Every 16 Weeks in Patients with
Diabetic Macular Oedema (YOSEMITE and RHINE): Two Randomised, Double-Masked, Phase 3 Trials. Lancet 2022, 399, 741-755.
[CrossRef] [PubMed]

Heier, ].S.; Khanani, A.M.; Quezada Ruiz, C.; Basu, K.; Ferrone, PJ.; Brittain, C.; Figueroa, M.S.; Lin, H.; Holz, E.G; Patel, V,;
et al. Efficacy, Durability, and Safety of Intravitreal Faricimab up to Every 16 Weeks for Neovascular Age-Related Macular
Degeneration (TENAYA and LUCERNE): Two Randomised, Double-Masked, Phase 3, Non-Inferiority Trials. Lancet 2022, 399,
729-740. [CrossRef]

https://doi.org/10.3390/ijms27052282


https://doi.org/10.1016/j.neuroscience.2016.10.034
https://www.ncbi.nlm.nih.gov/pubmed/27771530
https://doi.org/10.1167/iovs.18-23800
https://doi.org/10.1126/science.adm9261
https://doi.org/10.1167/iovs.10-5557
https://doi.org/10.1038/s41433-024-03373-x
https://doi.org/10.1016/j.exer.2019.107695
https://doi.org/10.3390/biom11030358
https://doi.org/10.3390/ijms241310642
https://doi.org/10.1007/s00018-016-2440-6
https://www.ncbi.nlm.nih.gov/pubmed/28005151
https://doi.org/10.3390/ijms232214196
https://www.ncbi.nlm.nih.gov/pubmed/36430674
https://doi.org/10.1016/j.oret.2018.07.012
https://doi.org/10.1097/CCM.0b013e3181920e33
https://www.ncbi.nlm.nih.gov/pubmed/19104228
https://doi.org/10.1016/j.jpainsymman.2023.08.020
https://doi.org/10.1016/j.jpsychires.2010.10.008
https://doi.org/10.1097/icu.0000000000001198
https://doi.org/10.1097/ICU.0000000000000948
https://doi.org/10.1111/aos.14377
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.1055/s-0038-1645685
https://doi.org/10.1182/blood.V75.11.2164.2164
https://www.ncbi.nlm.nih.gov/pubmed/2346780
https://doi.org/10.1111/wrr.13148
https://www.ncbi.nlm.nih.gov/pubmed/38155595
https://doi.org/10.1016/S0140-6736(22)00018-6
https://www.ncbi.nlm.nih.gov/pubmed/35085503
https://doi.org/10.1016/S0140-6736(22)00010-1
https://doi.org/10.3390/ijms27052282

Int. J. Mol. Sci. 2026, 27,2282 18 of 18

89. Campochiaro, P.A.; Khanani, A.; Singer, M,; Patel, S.; Boyer, D.; Dugel, P.; Kherani, S.; Withers, B.; Gambino, L.; Peters, K.; et al.
Enhanced Benefit in Diabetic Macular Edema from AKB-9778 Tie2 Activation Combined with Vascular Endothelial Growth Factor
Suppression. Ophthalmology 2016, 123, 1722-1730. [CrossRef]

90. Kiinze, G.; Isermann, B. Targeting Biased Signaling by PAR1: Function and Molecular Mechanism of Parmodulins. Blood 2023,
141, 2675-2684. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ijms27052282


https://doi.org/10.1016/j.ophtha.2016.04.025
https://doi.org/10.1182/blood.2023019775
https://doi.org/10.3390/ijms27052282

	Introduction 
	Protein C and Activated Protein C Structure and Function 
	Protein C Deficiency 
	Ocular Manifestations of Protein C Deficiency: Clinical Features and Pathophysiology 
	Neonatal Presentations 
	Retinal Vascular Occlusions 
	Ischemic Optic Neuropathy 
	Vitreous Hemorrhage 

	The SPCD Mouse: A Breakthrough Model for Studying Retinal APC Transport 
	EPCR-Mediated Transport of APC Across the BRB 
	Therapeutic Potential of APC and 3K3A-APC in Retinal Disease 
	Preclinical and Clinical Evaluation of APC and 3K3A-APC Signaling 
	Intraocular vs. Systemic Administration of APC and 3K3A-APC for Retinal Disease 

	Limitations and Conclusions 
	References

