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Retinal and choroidal diseases are major causes of blindness and visual impairment in the developed world and on the rise due to
an ageing population and diabetes epidemic. Standard of care is centred around blockade of vascular endothelial growth factor
(VEGF), but despite having halved the number of patients losing sight, a high rate of patient non-response and loss of efficacy over
time are key challenges. Dysregulation of vascular homoeostasis, coupled with fibrosis and inflammation, are major culprits driving
sight-threatening eye diseases. Improving our knowledge of these pathological processes should inform the development of new
drugs to address the current clinical challenges for patients. Leucine-rich α-2 glycoprotein 1 (LRG1) is an emerging key player in
vascular dysfunction, inflammation and fibrosis. Under physiological conditions, LRG1 is constitutively expressed by the liver and
granulocytes, but little is known about its normal biological function. In pathological scenarios, such as diabetic retinopathy (DR)
and neovascular age-related macular degeneration (nvAMD), its expression is ectopically upregulated and it acquires a much better
understood pathogenic role. Context-dependent modulation of the transforming growth-factor β (TGFβ) pathway is one of the
main activities of LRG1, but additional roles have recently been emerging. This review aims to highlight the clinical and pre-clinical
evidence for the pathogenic contribution of LRG1 to vascular retinopathies, as well as extrapolate from other diseases, functions
which may be relevant to eye disease. Finally, we will provide a current update on the development of anti-LRG1 therapies for the
treatment of nvAMD.
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INTRODUCTION
There are currently 2 million people in the UK either legally blind
or living with sight-threatening pathologies and this number is
predicted to double by 2050. The estimated prevalence of the
predominant eye diseases, AMD, glaucoma, cataract and DR is vast
with 600,000, 500,000, 500,000 and 144,000 patients respectively
[1, 2]. These increases are of course not restricted to the UK but are
mirrored globally, rendering this a major international challenge.
Alarmingly, the increase in life span together with diabetes and
obesity reaching endemic proportions will create a perfect storm
for a surge in AMD and DR patients who will require long-term
care and treatments [1, 2].
Although disorders of the retina, or retinopathies, are distinct

pathologies, many share several common disease hallmarks
such as vascular dysfunction (oedema and/or angiogenesis),
inflammation, and fibrosis (or extracellular matrix remodelling).
Thus, unsurprisingly, such pathologies also share some common
molecular drivers. One key molecule is vascular endothelial
growth factor (VEGF), which has attracted huge attention in the
past 50 years, for its central role in DR, diabetic macular oedema
(DMO) and nvAMD [3–6]. VEGF was originally identified as a
vascular permeability factor, and was later shown to be a potent
mitogen for endothelial cells (ECs) with an ED50 of 2–10
picomolar [7]. Through its receptors VEGFR1-3, VEGF can
promote EC survival, migration, proliferation and junctional
remodelling and, by doing so, it is the master regulator of hyper-
permeability responses and angiogenesis. Thus, unsurprisingly,
extensive work has been dedicated to disarming VEGF in

diseases where vascular leakage and angiogenesis are featured
[8]. The treatment of some retinopathies was, in fact, revolutio-
nised by the approval in 2004 of Macugen (Eyetech Inc.), the first
anti-VEGF agent and the first aptamer to be licensed for clinical
use, and subsequent anti-VEGF drugs including Lucentis
(Genentech), Eylea (Regeneron Pharmaceuticals) and Avastin
(Genentech, off label), administered at slightly different dosage
regimens (once a month, on average) by intra-vitreal (IVT)
injection. Collectively these agents have decreased the number
of patients becoming legally blind by ~50% in nvAMD [9], by
~75% in DMO [10] and by ~50% in DR [11]. While this result is an
enormous success and illustrates the value of targeting vessel
leakage and angiogenesis to restore retinal function, it also
highlights that there remains a huge number of patients who do
not benefit from anti-VEGF therapies, benefit sub-optimally, or
cease to respond [12]. This outcome can be ascribed to several
factors: patients being underdiagnosed or diagnosed late, poor
compliance to treatment, patient heterogeneity, progression to
a different pathogenic stage of disease and to the intrinsic limits
of VEGF-blockade strategy. Clinical trials have indeed shown
that anti-VEGF therapy has reached an efficacy ceiling, whereby
increasing the dose has no additional beneficial effect on visual
acuity [13–15]. This could be due to compensatory signalling
triggered by excessive VEGF-blockade such as that driven by the
angiogenic factor angiopoietin-2. In fact, Faricimab, a bispecific
antibody targeting both VEGF and angiopoietin-2, has given
promising results in phase III trials for DMO and nvAMD [16]
though it is not yet clear whether Faricimab is effective in those
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patients who fail to respond or respond poorly to the anti-
VEGFs.
Concern regarding VEGF neutralisation also derives from its role

as a vascular survival factor. Although the safety record of
intraocular delivery is excellent, prolonged anti-VEGF treatment in
cancer, for example, is linked to several adverse effects associated
with vascular dysfunction: hypertension, microangiopathy, cardiac
ischaemia, thromboembolic events and gastrointestinal bleeding
[17]. VEGF is also thought to play an important role in maintaining
the specialised fenestrated phenotype of the choriocapillaris and
loss of fenestrations has been observed following VEGF-blockade
possibly resulting in compromised function of this vascular bed
[18]. Indeed, as the vascular response to VEGF may be finely tuned
by differential signalling to the apical and basal side of the
endothelium [19], disturbance of this delicate balance may impact
on normal function. Moreover, although VEGF tropism initially
seemed specific to the vasculature, hence the name, we now
know that other retinal cell types, including RPE cells, Müller cells
and astrocytes, express VEGF receptors thus raising concern
regarding the safety of an indiscriminate long-term blockade of
this factor [20–22]. Additionally, VEGF blockade does not address
the inflammatory and fibrotic components that are usually present
in retinal diseases and that are often the main cause of visual
impairment. In summary, there is an urgent need to identify new
pathogenic targets and develop novel therapeutics for retinopa-
thies to use either as monotherapy or in conjunction with existing
standard of care.
In pursuit of the above objective, leucine-rich α-2 glycoprotein 1

(LRG1) has been identified over the preceding decade as a
vasculopathic factor that contributes to the pathogenesis of a
variety of diseases including cancer, nvAMD, DR and kidney
disease [23–30]. Under normal conditions this secreted protein is
primarily produced by hepatocytes and granulocytes, but in both
acute and chronic pathological states is often found increased in
plasma. Indeed, in cancer patients a high plasma concentration
often correlates with poor prognosis. The increasing evidence that

LRG1 is pathogenic is driving a growth in research aimed at
deciphering its physiological function, pathogenic role and
whether it can be used as a diagnostic biomarker or therapeutic
target. Despite gaps in our understanding of its biology, it is now
clear that one of its main modes of action is in modulating
transforming growth-factor β (TGFβ) signalling and as such it plays
pivotal roles in both neovascularisation [23] and fibrosis [31]. It is
also involved in immune responses and has been described as a
potential acute-phase protein in that its hepatic expression is
enhanced by systemic inflammation [32]. In this review, we first
compile the evidence for the multifaceted roles of LRG1 as a
vasculopathic, pro-fibrotic and immunomodulatory factor, and
consider how these pleiotropic roles may contribute to eye
diseases. We then describe the pre-clinical evidence for a
pathogenic role of LRG1 in DR and nvAMD, and touch upon
other ocular pathologies. Finally, we will highlight the potential of
therapeutic targeting LRG1 for the treatment of eye disease in
which there is a vascular component.

LRG1 STRUCTURE AND PHYSIOLOGICAL EXPRESSION
LRG1 was first isolated from human serum by Haupt and Baudner
in 1977 [33]. It is a member of the leucine-rich repeat family and
contains 8 leucine-rich repeats, at least 4 N-linked glycosylation
sites and 2 disulphide bonds (Fig. 1). Following processing of the
N-terminal signal peptide, the mature 50 kDa protein is released
into the extracellular space. Under homoeostatic conditions, LRG1
is almost exclusively synthesised by the liver and granulocytes [34]
and is found in plasma at a concentration of 10–50 µg/ml [35].
Since its discovery, much has been unravelled about the role of
LRG1 in pathology but little is known about its physiological
function. Cummings et al. serendipitously identified a strong
interaction between plasma LRG1 and cytochrome c (CytC) [36] an
interaction which has been recently described to happen also intra-
cellularly [37]. CytC is a small soluble electron carrier hemeprotein
involved in the respiratory chain and, as such, is localised to the

Fig. 1 Structure of human Leucine-rich α-2 glycoprotein 1 (LRG1). A LRG1 is a 312 aa protein containing eight leucine-rich repeats (LRR),
evolutionarily associated with protein–protein interaction, four N-linked and one O-linked glycosylation sites and two disulphide bonds.
Following processing of the N-terminal signal peptide, the mature 50 kDa form of LRG1 is released into the extracellular space.
B ALPHAFOLD2 prediction of LRG1 structure by deep learning algorithm [147]. β-sheet in green, helix in red.
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inner membrane of the mitochondria. When mitochondria are
damaged, CytC is released into the cytosol where it initiates
apoptosis. As a result of cell death or necrosis, CytC is then
released into the extracellular space, where it can act as a danger-
associated molecular pattern signal and trigger systemic inflam-
mation. For example, intra-articular injection of CytC in mice
induces substantial immune recruitment and symptoms like those
of rheumatoid arthritis [38]. A plausible hypothesis is therefore
that low levels of circulating LRG1 could be constitutively released
to counter-act the deleterious effects of released CytC and avoid a
systemic activation of the immune system in the absence of a
committed inflammatory reaction.
In support of this idea, it was later demonstrated that the

presence of LRG1 in culture medium protects lymphocytes from
the pro-apoptotic effects of exogenous CytC [39], implying that
LRG1 may exert a homoeostatic role in regulating lymphocyte
number. This hypothesis has further implications since several
cell types are susceptible to CytC toxic effects, including
neurons [40], meaning that LRG1 could have a broader
homoeostatic role. However, such a role remains unclear as
Lrg1-deficient mice develop normally and have no overt
phenotype suggesting that developmental or homoeostatic
roles are not essential, or that they can be compensated for by
other pathways. This is important knowledge from a therapeutic
standpoint for it implies that, in contrast to VEGF, blockade of
LRG1 should have little or no adverse effects on healthy tissues.
This must be considered, however, with the caveat that these
studies have all been conducted on specific pathogen free
laboratory animals.

LRG1 PATHOGENIC MECHANISMS
LRG1 as a promoter of vascular dysfunction and pathological
angiogenesis
The presence of a dense neural layer makes the retina one of the
most metabolically active tissues in the body and, as such, it is
particularly reliant on the retinal and choroidal vasculature for
appropriate provision of nutrients and oxygen. Vascular homo-
eostasis is the fundamental process that maintains the endothe-
lium in a healthy state. It is an active process, centred around
upkeep of EC quiescence through autocrine and paracrine
signalling, physical contact with perivascular cells, sensing of the
extracellular matrix (ECM) composition, and mechanically, through
a constant physiological blood sheer stress. It is unsurprising then
that a pathological perturbation of this finely tuned equilibrium
triggers vascular instability that may lead to leakage, hypoxia, and
growth of abnormal vessels. In the early stages of DR, for example,
altered signalling triggered by hyperglycaemia stimulates detach-
ment of pericytes from capillaries depriving ECs of quiescence
signals and results in aneurism, haemorrhage and microangio-
pathy; in the more advanced stage of DR, poor perfusion, hypoxia
and loss of homoeostatic signalling from pericytes and vessel
drop-out will trigger angiogenic sprouting [41]. In nvAMD
increased local expression of VEGF, secondary to hypoxia,
promotes hyper-permeability, and prolonged exposure to this
growth-factor stimulates the formation of new abnormal capil-
laries which impair central vision if affecting the macular region
[42]. Vascular dysfunction is also a feature of other conditions such
as macular telangiectasia, Coat’s disease and radiation retino-
pathy, while pathological angiogenesis is relevant to nvAMD,

Fig. 2 Pathological roles of LRG1. Increased levels of LRG1 are often reported in disease and several pathogenic mechanisms involving LRG1
have been proposed. LRG1 can play a part in the immune response by modulating lymphocyte number, granulopoiesis and neutrophil
function and possibly by regulating TGFβ-mediated EC-leukocyte interactions. Many cell types like fibroblasts, epithelial cells, endothelial cells
and pericytes can undergo trans-differentiation to myofibroblasts and contribute to fibrosis, and LRG1 has been implicated in the conversion
of fibroblasts into fibrogenic myofibroblasts in a model of lung fibrosis. Leukostasis is a feature of DR in which neutrophils adhere to the non-
perfused capillaries; LRG1 might be released by adherent neutrophils and mediate the EC damage which is associated with leukostasis. LRG1
upregulation during pathological angiogenesis is required for the TGFβ-induced angiogenic switch of ECs. Vascular instability/dysfunction
follows altered physical and chemical interactions between ECs and pericytes; the TGFβ family of ligands and receptors plays an essential role
in vessel maturation and homoeostasis by regulating these interactions, LRG1 has been shown to impact TGFβ signalling on both ECs and
pericytes. Created with BioRender.com.
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Coat’s disease [43], retinal vein occlusion [44] and choroidal
haemangiomas [45]. Choroidal neovascular membranes can
develop as a consequence of high myopia, ocular histoplasmosis,
punctate inner choroiditis, multifocal choroiditis and central
serous chorioretinopathy, as well as in macular telangiectasia
[46]. While pathological angiogenesis shares some of the
characteristics of physiological angiogenesis, it differs dramatically
in that the resulting vessels are frequently dysfunctional being
more tortuous, permeable and less-well perfused. The reasons for
this remain poorly understood and are a scientific conundrum that
has yet to be fully explained. Nevertheless, it points to the
presence of disruptive factors in disease that are not present
during developmental or physiological angiogenesis. Pathological
vascular dysfunction has been well documented in cancer where it
is associated with hypoxia and inefficient penetration of
therapeutic agents [47], but it is also a feature of the ocular
vascular diseases described above, and the potential contribution
of LRG1 to this is discussed in greater detail below.
LRG1 is one of the most recently identified promoters of

vascular dysfunction and pathological angiogenesis (Fig. 2), being
up-regulated in laser-induced choroidal neovascularisation (CNV)
and oxygen-induced retinopathy (OIR) [23]. Enriched in these and
several other pre-clinical models of vascular remodelling
(reviewed in the following sections), LRG1 has been shown to
modulate TGFβ signalling in ECs, switching their phenotype from
a quiescent to an active angiogenic state [23]. Arguably one of the
most complex signalling networks, not only for the number of
family members, but also for its high degree of cell, stage- and
context-specific signalling outcomes, TGFβ plays a central role in

vascular homoeostasis, exemplified by inherited diseases like
Marfan and Loeys–Dietz syndromes where excessive TGFβ
signalling leads to severe vasculopathy [48].
LRG1 binds to the TGFβRII accessory receptor endoglin (ENG)

and in conjunction with TGFβ it promotes phosphorylation of
SMAD-1 and -5 through ALK1. This leads to an increase in EC
proliferation, migration and tubulogenesis and to new blood
vessel formation in both the ex vivo metatarsal model and in vivo
CNV model, effects which can be reversed by genetic deletion of
ENG [23]. Interestingly, in vitro analysis revealed an interaction
also between LRG1 and ALK5, which is out-competed by ENG and
ALK1, suggesting that LRG1 could have different effects on the
TGFβ pathway depending on the cell-type-specific spectrum of
TGFβ receptors expressed [23] (Fig. 3). Interestingly, ENG is
required for TGFβ-induced vasodilation through regulation of
endothelial nitric oxide synthase (eNOS) abundance and NO
synthesis [49]. Notably, LRG1 plasma levels correlate with arterial
stiffness and reduced vasodilation in patients with type 2 diabetes,
which could therefore perhaps be explained by LRG1 tuning of EC
TGFβ signalling [50].
Recently, pericytes have also been added to the list of cell types

amenable to LRG1 effects. In a model of Lewis lung carcinoma
(LLC) LRG1 appears to promote an increase in NG2+ perivascular
cells which are proposed to facilitate metastasis [51]. Interestingly,
anti-LRG1 antibody treatment showed efficacy in prolonging
overall survival of mice injected with LLC cells [51] which is
amongst the tumour models that show a poor response to VEGF
blockade [52]. This is, of course, of great relevance to eye diseases,
where anti-VEGF therapy is the standard of care, and suggests that

Fig. 3 Context-dependent modulation of TGFβ pathway by LRG1. LRG1 can direct TGFβ signalling towards a specific pathway depending
on the cell type and the context. During pathological angiogenesis/vascular dysfunction (left), LRG1 binds to Endoglin and switches the EC
phenotype towards a pro-angiogenic state in an ALK1/SMAD-1,-5,-8-dependent fashion [23]. During fibrosis (right), LRG1 was shown to
promote differentiation of fibroblasts into matrix-producing myofibroblasts by favouring the ALK5/SMAD-2,-3 pathway in an Endoglin-
independent way [31]. Created with BioRender.com.
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LRG1 targeting is an avenue that warrants exploration. Unpub-
lished data from our lab are also suggestive of a direct effect of
LRG1 on pericytes, both in the context of early-stage diabetic
retinopathy (DR) and in the context of pathological neovascular-
isation. In particular, we observed that LRG1 negatively regulates
pericyte vessel coverage, a prerequisite of vessel maturation and
vascular homoeostasis. Moreover, this observation that LRG1
destabilises vessels may explain why its deletion or inhibition
results in reduced neovascularisation. Thus, a destabilised vessel
will be more prone to sprouting angiogenesis and so stabilisation
will reduce vessel growth.
In summary, there are two mechanisms through which LRG1

can compromise vascular stability: by directly activating the TGFβ-
dependent angiogenic switch on ECs and by hindering pericyte
coverage of the endothelium and therefore suppressing vessel
quiescence (a prerequisite for tip cell formation) (Fig. 4).
Accordingly, the evidence now points to LRG1 being a key player
in driving vascular dysfunction in disease including those vascular
complications observed in the eye.

LRG1 pro-fibrotic role
Fibrosis refers to the excessive deposition of ECM proteins that
accompanies many pathological conditions. While in some
instances, such as following acute tissue injury, a fibrogenic
wound-healing programme is required to restore basic tissue
integrity, in most cases this response is prolonged or dysregulated
with irreversible deleterious effects on tissue/organ function. Two
major cell types drive fibrosis in eye disease, namely fibroblasts
and glial cells (Müller cells, astrocytes and microglia). Fibrosis-
derived scarring of the eye has serious consequences as it impacts

vision both mechanically, by opacifying the visual axis, and
biologically, by damaging tissue homoeostasis and cell function
[53]. For example, fibrosis in the cornea leads to opacification and
this is often observed following viral infection [54]. It is well
established now that pathological vascularisation is a trigger of
gliosis, and this is particularly evident in the advanced stage of DR
which is characterised by epiretinal fibrous membrane. Here, new
blood vessel formation is accompanied by glial cell activation and
proliferation and, as neo-vessels penetrate the vitreous, they
contract leading to retinal detachment [55]. A similar process is
observed sub-retinally in nvAMD, where abnormal blood vessels
first proliferate under the Bruch’s membrane and the RPE and
then invade the sub-retinal space, leading to haemorrhages,
leakage, serous retinal detachment, and scarring [56].
Angiogenesis-induced gliosis is also relevant to retinopathy of
prematurity [57, 58] and can be a complication of retinal
detachment surgery [59]. Excessive production of ECM compo-
nents can also happen independently of angiogenesis; in the early
stages of DR, for example, thickening of the basal lamina
surrounding capillaries is thought to be the initiating step that
precedes the loss of retinal ECs and pericytes [55, 60].
Fibrosis/gliosis in the eye and other organs shares common

features, one of which is the dominant role of TGFβ. This
pleiotropic cytokine is the master regulator of matrix deposition
and a potent inducer of cell conversion to myofibroblasts. These
are actin-myosin-rich cells, tightly connected to the ECM,
extremely contractile and characterised by high production of
matrix proteins. Fibroblasts are the cell type most prone to
transdifferentiate into myofibroblasts, but not the only one. There
is some evidence of vascular cell conversion. ECs, for example, can

Fig. 4 LRG1 vasculopathic effects. A mature functional vessel is characterised by extensive pericyte coverage of the endothelium, and tight
junctions between adjacent ECs to maintain barrier function. Confocal 3D reconstruction of murine retina showing high pericyte (yellow)
coverage of ECs (magenta). In homoeostatic conditions, LRG1 is found at low levels in the circulation and is undetectable in the retinal tissue.
In pathological scenarios, such as nvAMD and DR, LRG1 is upregulated both locally and systemically and contributes to vascular instability by
altering pericyte-EC interactions and by directly promoting EC activation. These pathological alterations can result in loss of vessel
homoeostatic function (i.e. barrier properties) and ultimately lead to the growth of new pathological vessels. Created with BioRender.com.
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undergo TGFβ-induced endothelial-to-mesenchymal transition
(EndMT) and contribute to matrix deposition in a variety of
experimental models [61]. Pericytes can also become activated
and acquire a myofibroblast-like phenotype in vitro, although little
is known about the implications of this process in in vivo [62, 63].
In proliferative vitreoretinopathy, which is often secondary to
rhegmatogenous retinal detachment or major ocular trauma and
surgery, a crucial cellular component of the fibrotic lesion is RPE
cell trans-differentiation into myofibroblasts via epithelial to
mesenchymal transition [64]. In addition to the effects described
above, TGFβ can also exert a pro-fibrotic function by acting
directly on tissue-resident macrophages, increasing their produc-
tion of pro-fibrotic cytokines which in turn activate fibroblasts.
TGFβ can also act as a potent chemotactic factor for monocytes,
and can therefore enhance their recruitment to the fibrotic lesion
where they can then differentiate into fibrosis-conducive macro-
phages [65].
Recent work revealed a strong immunostaining of LRG1 in the

neovascular lesions of treatment-naïve nvAMD patients, particu-
larly concomitant with myofibroblasts and ECs [30]. Interestingly,
an involvement of LRG1 in fibrosis does not appear to be organ-
specific as it is also found upregulated in infiltrated immune cells,
as well as bronchial epithelial cells, in a bleomycin-induced murine
model of lung fibrosis. Consistent with the previously described
role of LRG1 as a modulator of TGFβ signalling [23], Lrg1-deficient
mice are protected from developing fibrotic lesions following
bleomycin injection. In agreement with involvement of the TGFβ/
SMAD pathway, Lrg1-deficient lungs presented a reduced
pSMAD2 signal. In vitro analysis further revealed that fibroblasts
are responsive to LRG1 and exhibit enhanced SMAD-2 signalling
when LRG1 and TGFβ are present in the medium, resulting in a
pro-fibrotic gene signature [31] (Fig. 3). Interestingly, this
mechanism appears to be context-dependent. In the heart, for
example, a study using pressure overload as a model of cardiac
fibrosis showed that Lrg1-deficient mice present with exacerbated
fibrotic cardiac remodelling [66]. Here, cardiac fibroblasts derived
from Lrg1 knock-out mice were shown to be more migratory,
contractile and express higher levels of fibrotic proteins due to
increased TGFβ/SMAD-2 signalling. LRG1 therefore appears to
inhibit the TGFβ pro-fibrotic effect in this context and the authors
propose a model whereby LRG1 constitutively expressed at low
level out-competes TGFβ for TGFβRII binding and fibrotic genes
are thus repressed. During cardiac fibrosis, however, LRG1 is
reduced and TGFβ pro-fibrotic signalling prevails. Interestingly, in
this setting, an additional level of complexity is added by the
Silencing Mediator of Retinoid and Thyroid (SMRT) hormone
receptor which, induced upon pressure overload, represses Lrg1
transcription providing a self-amplification circuit for TGFβ pro-
fibrotic signalling [66]. These pre-clinical results in different organs
could be indicative of a role of LRG1 in fibrosis of other tissues,
including the eye (Fig. 2). Interestingly, IL-6, which is found
increased in the vitreous aspirates from both PDR [67] and nvAMD
[68] patients, has been shown to have pro-fibrotic activity in a pre-
clinical model of sub-retinal fibrosis [69]. We have evidence, from
unpublished work in our lab, that IL-6 upregulates LRG1
expression in ECs. This could imply a feed-forward mechanism
between angiogenesis and fibrosis, in which IL-6 and LRG1 are key
components and potential targets.

Immunomodulatory roles of LRG1
Traditionally, the eye is considered a site of immune privilege,
owing to the mechanical barrier provided by the blood–retinal
barrier and an immunosuppressive environment. This evolutionary
adaptation is thought to have arisen to protect vision from the
damaging effects of swelling and hyperthermia which accompany
the flogistic reaction. Thus unsurprisingly, excessive or chronic
ocular inflammatory responses are pathogenic and play a central
role in some of the most common eye conditions. For instance,

chronic low-grade inflammation or “para-inflammation”, asso-
ciated with age-related accumulation of oxidised lipoproteins and
free radicals, has been recently described as a potential reason for
RPE and photoreceptor loss in the elderly and a contributing
factor to AMD [70, 71]. Moreover, in AMD, RPE cell injury releases
inflammatory factors that recruit dendritic cells from the choroid,
which in turn amplify the inflammatory reaction by forming
immune complexes and triggering the complement system. Overt
activation of the complement system, elements of which are
found in the drusen of AMD patients [72], appears to have a
critical role in AMD pathogenesis, a notion strongly supported by
a number of genetic studies where variants in genes of the
complement system (e.g. complement factor H) show strong
association with the disease [73–75]. Inflammation is also a
pathological component of DR, whereby chronic hyperglycaemia
promotes EC activation and local production of a pro-
inflammatory milieu which includes IL-6, IL-8, TNFα, VEGF and
MCP-1 [76]. Increased levels of chemoattractant and of adhesion
molecules on the luminal side of blood vessels, such as ICAM-1
and VCAM-1, promote leukocyte adhesion and trans-endothelial
migration [77]. Leukocyte transmigration triggers an increase in
permeability, which is also sustained by a direct effect of
inflammatory mediators on EC junctional stability and can result
in the vascular leakage observed in DMO [78]. VEGF is one of the
most potent vascular permeability factors and its role in junctional
remodelling is well documented in retinopathy [79]. Moreover, the
overt endothelial adhesiveness coupled with narrowing of the
capillaries promotes leukostasis, which results in capillary occlu-
sion and also EC and pericyte apoptosis due to lack of blood flow
and release of cytotoxic by-products [80, 81]. Therapeutically
targeting the inflammatory response in the eye to restore tissue
homoeostasis has vast potential and the use of corticosteroids has
been a standard approach for a number of ocular diseases [82].
The Lrg1 promoter contains STAT and NFκB responsive

elements, so it is unsurprising that its expression often correlates
with inflammatory responses. Expression by hepatic cells is
upregulated by acute-phase mediators such as IL-6 and LPS,
leading to elevation of LRG1 in the systemic circulation [32]. LRG1
has also been proposed as a biomarker for rheumatoid arthritis
[83], lupus erythematosus [84], asthma [85], ulcerative colitis [86],
psoriasis [87], lupus nephritis [88] and Still’s disease [89]. As
discussed in section 2, LRG1 could influence lymphocyte
populations by protecting them from the cytotoxic actions of
circulating CytC [39]. In addition, in a murine model of collagen-
induced arthritis (CIA), Lrg1-deficient mice showed reduced
disease burden. The authors further showed that in vitro LRG1
enhances expression of the IL-6 receptor on naïve T cells through
the TGFβ/Smad2 axis, enabling differentiation to disease-
conducive Th17 cells. Interestingly, this study also reported an
enhanced phosphorylation of p38 by LRG1, consistent with the
survival effect of LRG1 on lymphocytes previously reported [39].
This pathway should be relevant in vivo, where Lrg1-deficient mice
have a reduced T helper compartment [83].
In experimental auto-immune uvoretinitis (EAU), an animal

model of uveitis with clinical-pathological features remarkably
similar to human disease [90], Th17 (and Th1) T helper cells are
important inducers of the disease, for their secretion of cytokines
like IL-17 and IFN-γ that allow neutrophil and macrophage tissue
infiltration [91, 92]. It would be therefore interesting to explore
whether LRG1 modulates Th17 differentiation in this context.
Interestingly, there is evidence of LRG1 being a marker of high-
endothelial venules, a subtype of ECs specialised for the
recruitment of lymphocytes from blood to the tissue interstitium
[93, 94], although the functional significance of this finding is still
unclear. Nevertheless, knowing that TGFβ negatively regulates EC-
lymphocyte adhesion [95, 96], one could speculate that the
presence of LRG1 at sites of tissue extravasation could finely tune
TGFβ signalling and as such influence initiation and termination of
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lymphocyte migration across the vessel wall. LRG1 can also
potentially modulate neutrophil function. Its expression is
switched on during G-CSF-induced granulopoiesis and it can be
detected in granulocytes throughout their differentiation into
neutrophils [97]. Despite generally being considered a secreted
protein, LRG1 appears to be contained in myeloperoxidase-rich
granules and, interestingly, the LRG1 gene locus is proximal to
several genes encoding neutrophil granule enzymes (19p13.3).
Moreover, overexpression of LRG1 in the murine myeloid cell line
32Dcl3 led to increased expression of the neutrophil marker
CD11b and accelerated differentiation into neutrophils, possibly
through augmentation of STAT3 phosphorylation [98]. More
recently, LRG1 was shown to increase adhesion of the neutrophil
cell line dHL-60 onto EC monolayers in vitro, possibly through
upregulation of the adhesion molecule L-Selectin on neutrophils.
In the context of diabetic wound healing, LRG1 appears to
promote neutrophil extracellular trap formation (NETosis) in a
TGFβ/SMAD5/AKT -dependent manner [99].
In summary, targeting LRG1 could affect the inflammatory

component of some eye diseases in multiple ways: through direct
effects on the vasculature, via modulation of leukocyte recruit-
ment and leukocyte differentiation/number (Fig. 2).

CLINICAL AND PRE-CLINICAL EVIDENCE OF A ROLE FOR LRG1
IN EYE DISEASES
LRG1 in diabetic retinopathy
DR is the leading cause of sight loss in the working age population
of industrialised countries and the fifth leading cause worldwide. It
is the most common complication of diabetes and its occurrence
is strongly associated with the duration and severity of
hyperglycaemia (usually more than 20 years), hypertension,
hyperlipidaemia and smoking. DR is initially characterised by a
non-proliferative stage (NPDR) during which the first microvas-
cular abnormalities accumulate, such as microaneurysms and
retinal haemorrhages which are likely secondary to basal lamina
thickening and pericyte loss. These initial signs are important for
the diagnosis of DR and may help to assess the risk for progression
to sight-threatening DR. Leaky microaneurysms and pericyte-
depleted capillaries are also a source of hard exudates (lipid and
lipoprotein deposits), which are often observed in the outer layer
of the retina. Concomitantly, poor perfusion and pericyte loss can
give rise to occluded and de-endothelialised capillaries, that
appear as dark areas in fluorescein angiograms. Insufficient

perfusion of acellular capillaries also triggers nerve fibre ischaemia
and axonal swelling, clinically identified as “cotton wool spots”.
The disease can, in some cases, further progress into a proliferative
stage (PDR), where local hypoxia drives upregulation of pro-
angiogenic factors and subsequent formation of new abnormal
blood vessels which can haemorrhage and impair vision. DMO is a
complication of DR which can develop at any stage of the disease
and is characterised by swelling of the macular area secondary to
fluid extravasation. The molecular framework of DR is extremely
complex with several pathways playing a role in the disease,
including insulin signalling, hypoxia, inflammation, lipid metabo-
lism, neurogenesis and VEGF-induced permeability and angiogen-
esis [100]. Targeting of VEGF has revolutionised the treatment of
PDR and DMO but, regrettably, is only effective in arresting or
slowing down disease progression in approximately half of the
patients and often the efficacy is short lived [1]. This suggests that
other factors promote vascular dysfunction in DR and/or could
compensate for VEGF once it is therapeutically blocked.
Cross-sectional studies reported LRG1 levels to be increased in

diabetic patients’ plasma [50, 101] and urine [102] and has been
proposed as a possible biomarker for DR [103]. Notably, proteomic
analyses of vitreous humour from DR patients have revealed LRG1
as an upregulated hit in numerous independent studies [23, 104–
107] (Table 1). Whether vitreous LRG1 is partly serum-derived
through the leaky vasculature or is locally produced, remains to be
established although animal studies would indicate local con-
tribution is at least a contributing factor. Longitudinal studies will
also be required to elucidate whether an increase in LRG1 is
causative to DR onset and/or progression or whether it is a
consequence of the diabetic state. Animal studies, however, would
argue for a pathogenic role of LRG1 at least in the neovascular end
stage of the disease. In fact, pre-clinical studies using OIR as a
model of retinal neovascularisation revealed that the Lrg1 retinal
transcript is upregulated during the pathological angiogenic
phase and that lack of LRG1 protects mice from formation of
neovascular tufts [23]. TGFβ is known to promote DR progression
at the late stage of the disease [108] and the pro-angiogenic role
of LRG1 is mediated by switching TGFβ signalling on ECs towards
the angiogenic pathway [23]. While these investigations establish
a novel mechanism of pathological neovascularisation likely to be
relevant in human disease, it is still largely unknown what drives
the initial microvascular dysfunction prior to angiogenesis. The
underlying biology is certainly complex, considering for example
that TGFβ alone, which is pro-angiogenic towards the end stage of

Table 1. Proteomic analysis of therapeutic targets Leucine-rich α-2 glycoprotein 1 (LRG1), vascular endothelial growth factor (VEGF) and
Angiopoietin-2 (ANG2) in diabetic retinopathy (DR), neovascular age-related macular degeneration (nvAMD) and retinopathy of prematurity (ROP).

Source tissue Disease LRG1 increased vs.
control

VEGF increased vs.
control

ANG2 increased vs.
control

Author, Ref.

Vitreous nvAMD Yes No No Nobl et al. [121]

Aqueous AMD Yes No No Qu et al. [122]

Post-mortem retina Dry and nvAMD Yes No No Yuan et al. [123]

Vitreous PDR Yes* No No Kim et al. [106]

Vitreous Non-PDR and PDR Yes* No No Gao et al. [104]

Vitreous PDR Yes Yes No Zou et al. [107]

Vitreous PDR ND Yes ND Mitamura et al. [148]

Vitreous PDR ND Yes Yes Watanabe et al. [149]

Vitreous Non-PDR and PDR Yes Yes ND Chen et al. [105]

Vitreous NPDR with DMO ND ND Yes Patel et al. [150]

Cord blood ROP Yes No No Zasada et al. IOVS 2018 [151]

A summary of studies that have analysed the proteome of ocular disease samples highlighting whether LRG1, VEGF and ANG2 are found elevated in disease
versus controls.
*LRG1 precursor.
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DR, has a protective homoeostatic role at the beginning, as
demonstrated by a conditional knock-out of TGFβRII in ocular
tissue which results in DR-like retinopathy [109]. Given that LRG1
expression is switched on from the early onset of experimental DR,
it would be interesting to evaluate the phenotype of LRG1-
deficient mice at the early stages of the disease to assess whether
LRG1 plays a role then, possibly priming ECs towards dysfunction
in a TGFβ-dependent fashion. Moreover, other cell types in the
retina express receptors for TGFβ possibly increasing the spectrum
of cells susceptible to an excess of LRG1 in the retinal
microenvironment. Pericyte-EC interactions, for instance, are
highly dependent on TGFβ, which is expressed by both cell types,
and regulates their proliferation and differentiation. Interestingly,
TGFβ activation from the latent form requires contact between EC
and pericytes [110], so in the context of DR, it would be valuable
to evaluate the TGFβ pathway following pericyte detachment
from ECs and how this could be modified by LRG1. Our data from
cancer studies indicate that LRG1 affects pericyte investment of
vessels [111] and would suggest, therefore, that in diabetes LRG1
may contribute to both early (development of vascular instability)
and late (neovascularisation) events in its pathogenesis.
DR is also characterised by retinal inflammation, and increased

levels of IL1β, TNFα, ICAM-1 and angiotensin II are often detected
in the vitreous of diabetic patients [112, 113]. These factors
contribute to EC activation and leukostasis, and adherence of
leukocytes onto the vessel wall, which ultimately leads to EC
damage and hyper-permeability.
Gene deletion studies in mice have provided strong evidence

for a central role of the transcription factor NFκB in DR
pathogenesis [114] and, interestingly, the LRG1 promoter contains
NFκB responsive elements which could explain the local
upregulation of LRG1 during the early stages of DR. IL-6, a pro-
inflammatory cytokine secreted by lymphocytes, monocytes,
fibroblasts and ECs [115], is also found elevated in aqueous
humour (AH) and vitreous of patients with DR [116–118]. Beside its
pro-inflammatory effects, IL-6 can stimulate angiogenesis in
tumour models with the new vessels characterised by decreased
pericyte coverage, an effect which can be reverted by IL-6
blockade [119]. Similarly, unpublished data in our lab, describe a
link between IL-6 and defective angiogenesis which is mediated
by an IL-6-dependent upregulation of LRG1 in ECs. This nexus
between IL-6, LRG1 expression and dysfunctional new blood
vessels could be relevant in DR and requires further studies.
Moreover, neutrophils can be detected adhered to the luminal
surfaces of non-perfused capillaries in DR [120], and because LRG1
is highly expressed by granulocytes and able to affect their
function, this raises questions as to whether adherent neutrophils
could be a source of LRG1 in the diabetic retina, and what impact
they might have on EC damage. Bone marrow transfers or
conditional knock-out experiments could help understand the role
of neutrophil-derived LRG1 in DR.
The evidence so far points to a potentially important role for

LRG1 in DR where it may contribute to both the early and late
proliferative phases of disease. Regarding the proliferative stage,
where new dysfunctional vessels are pathogenic, much may also
be learnt from studies in cancer. Here, an alternative therapeutic
approach has gained traction, whereby strategies are being
developed to encourage the vessel normalisation of existing and
new vessels. The rationale for such an approach is that normal
vessels reduce hypoxia, are less leaky and haemorrhagic and
better able to deliver therapeutics. In the diabetic eye, new vessels
are induced to counteract harmful hypoxia so ideally neovascu-
larisation is required but such vessels need to be stable and
functional. We propose, therefore that new vessel formation in the
absence of LRG1 would be more likely to occur, as it does during
development, in a physiological manner. Restoring pericyte
coverage of vessels, re-establishing EC junctional stability, imped-
ing leukocyte EC-adhesion, and generally re-establishing a

quiescent endothelial cell state should therefore remain a critical
objective for any new therapeutic targeting the vasculature
(Fig. 4).

LRG1 in age-related macular degeneration
Age-related macular degeneration is the leading cause of
blindness in the elderly of industrialised countries and, with
longevity increasing, its incidence is bound to rise. Traditionally,
AMD is classified into 2 sub-types: a more common, slow-
progressing dry/non-exudative form (accounting for ∼85% of
patients) and a less common but more rapid progression wet/
neovascular/exudative form. Both sub-types can be classified
according to the severity of the lesions as early, intermediate or
advanced. In the advanced stage of dry AMD, known as
geographic atrophy, degeneration of the RPE, retina and the
choriocapillaris leads to visual impairment. The precise aetiology
of AMD is not known but it is clearly a multi-factorial disease, the
complexity of which is reflected by its association with an
increasing number of genetic variants. The hallmark features of
the early stages of dry AMD are sub-RPE deposits or drusen, RPE
abnormalities, hyperpigmentation and choriocapillaris loss. These
changes are due to altered pathways including oxidative stress,
cell senescence, mitochondrial dysfunction and inflammation.
Once the RPE and photoreceptors are damaged, the loss of visual
function is irreversible. In nvAMD, RPE damage, local hypoxia and
other insults drive new vessel growth from the choroid into the
macula. These neo-vessels, immature and leaky, contribute to fluid
accumulation, haemorrhage and fibrosis which irreversibly dis-
rupts central vision. While there is no treatment for dry AMD
(although clinical trials with cell-based therapies and complement
modulators are showing promise), the neovascular form can be
treated with monthly or less frequent IVT injections of anti-VEGF
pathway agents, since VEGF is one of the main drivers of
permeability and angiogenesis in the disease. The advent of anti-
VEGF drugs marked a breakthrough in the treatment of nvAMD,
but their efficacy is not absolute, may be short lived, and
persistent blockade of VEGF-induced survival signals could
negatively impact ocular tissues.
Proteomic analyses identified LRG1 as an enriched component

of the vitreous humour of patients with CNV and in both vitreous
and Bruch’s membrane biopsy of dry AMD patients [121–
123] (Table 1). Pre-clinical evidence demonstrates that LRG1 is
barely detectable in a healthy retina and it is only in pathological
scenarios that its expression increases significantly. For example,
in a murine model of CNV, where new blood vessel growth from
the choroid into the retina is triggered by laser injury to Bruch’s
membrane, LRG1 is upregulated by 4-fold [23]. Interestingly,
genetic depletion of Lrg1 reduces both the angiogenic and the
permeability responses in this model, an effect which can also be
replicated by IVT injection of anti-LRG1 blocking antibodies. As is
the case in OIR, the proposed mechanism by which LRG1
contributes to pathological neovascularisation is switching of the
TGFβ signalling cascade towards the pro-angiogenic ALK1/SMAD-
1,-5,-8 pathway on ECs. Of clinical relevance, the anti-angiogenic
effect elicited by anti-LRG1 antibodies is of similar magnitude to
that achieved by antibody blockade of VEGF/PLGF and, impor-
tantly, combinatorial treatment shows synergistic effects, sugges-
tive of independent pathways at play [23].
Myofibroblasts are the principal cellular constituent of the

fibrous membrane which generates secondary to sub-retinal
fibrosis in CNV. These matrix-producing mesenchymal cells are
thought to be generated, at least in part, from RPE cells by the
process of EMT [56]. Interestingly, a recent in vitro study revealed
that LRG1 is produced by RPE cells undergoing TGFβ-induced
trans-differentiation, and knocking-down Lrg1 abolishes this
process. Moreover, NADPH oxidase 4 (NOX4), previously shown
to participate in TGFβ-induced EndMT, appears to be regulated by
the levels of LRG1 [124]. Recent published work corroborates the
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notion of both myofibroblasts and ECs being cellular sources of
LRG1 in the neovascular lesions of treatment-naïve nvAMD
patients [30]. Interestingly, in this study most patients treated
with anti-VEGF agents exhibited reduced LRG1 expression
associated with myofibroblasts and the vasculature, but some
did not [30]. This raises the intriguing question of whether
incomplete inhibition of LRG1 expression following VEGF-block-
ade, and presumably quiescence of the endothelium, makes a
patient a non-responder. If so, then simultaneous blockade of
VEGF and LRG1 would tackle a much larger group of patients. We
now know that while anti-VEGF therapy usually improves visual
function in nvAMD patients, sub-retinal fibrosis can develop in
approximately half of patients and has been acknowledged as one
of the principal causes of sight loss [125]. Thus, novel targets such
as LRG1 that can not only tackle angiogenesis but also address
fibrosis and potentially mitigate the fibrotic outcome of VEGF
blockade are of particular interest.

LRG1 in other ocular pathologies

i. Rhegmatogenous retinal detachment
Retinal detachment (RD) is a serious condition which is

caused when the neural retina separates from the RPE.
There are three types of RD; Rhegmatogenous, Tractional
and Exudative. Rhegmatogenous retinal detachment (RRD),
is caused by vitreal fluid build-up in the sub-retinal space
due to a defect in the retina and is the most common form
of RD with an incidence of 6.3 to 17.9 per 100,000
population [126]. Novel proteomic studies have shed light
on the molecular mechanisms of this disease by the
detection of potential candidates that could play a role in
the pathogenesis. In a recent study, vitreous samples
collected from patients suffering from RRD (n= 127) were
compared to vitreous samples collected from patients with
Macular-Hole (n= 5), Pucker (n= 10) and PDR (n= 9) using
SWATH-mass spectrometry. This study showed an upregula-
tion of LRG1 (1.3 fold-change) in RRD compared to the other
groups [127]. In another study, sub-retinal fluid (SRF) and
vitreous were collected from patients with RRD and
compared to samples from post-mortem eyes with no
history of ocular disease using label-free quantification
(LFQ). LRG1 was detected in both samples in RRD, with
higher levels in the vitreous compared to SRF [128]. An
additional study in 2018 revealed the presence of LRG1 in
vitreous samples of patients with RRD (n= 4) and epiretinal
membranes (MEM) (n= 4) by iTRAQ quantitative proteomics
[129].

ii. Retinoblastoma
Retinoblastoma (RB) is the most common paediatric

intraocular cancer, which affects around 7500 children
annually worldwide [130]. RB develops due to a mutation
in the tumour suppressor gene RB1, which predisposes
retinal cells to cancer [131]. The earliest form of treatment
was enucleation, but modern medicine is moving towards a
more conservative approach with gene therapy [132],
chemotherapy, focal radiotherapy and laser therapies
[133], and particular effort is being put into a search for
new therapeutic targets. It was recently discovered that
LRG1 may play an important role in tumour survival in RB
[134]. Amer et al. [134] detected high expression of LRG1 by
immunohistochemistry in RB samples from 34 patients. They
also saw an increase in mRNA levels of LRG1 in RB tissue
(n= 4) compared to controls. Another study also reported a
significant increase in LRG1 mRNA and protein in RB tissue
as compared to healthy tissue (n= 20) [135]. Importantly,
they could also demonstrate that downregulation of LRG1
via silencing of nuclear paraspeckle assembly transcript 1

(NEAT1) can prevent tumour cell migration and invasion.
iii. Retinopathy of Prematurity

Retinopathy of prematurity (ROP) is a potentially sight-
threatening disease seen in preterm births. It is a result of
oxygen insult to the immature retinal vasculature at birth
which causes neovascularisation, RD or both [136]. One
study showed a reduction in plasma LRG1 in the cord blood
collected at delivery from new-borns that developed ROP
compared to new-borns that did not. As this disorder affects
the vessels of the retina, more molecular studies are needed
to interrogate how and whether LRG1 plays a role in the
progression of this disease.

iv. Age-related cataracts
Cataract is a leading cause of blindness, leaving over 12

million people blind worldwide annually [137]. Cataracts are
characterised by lens opacity thought to be caused by
increased oxidative stress [138]. The AH is responsible for
the transport of nutrients and removal of waste to and from
the lens. Studies on the composition of the AH hence can
give insights into pathogenesis. One of the early proteomic
studies of AH using iTRAQ showed an increase in the
concentration of LRG1 in patients with high myopia versus
controls (n= 6). The authors also observed an increase in
the abundance of LRG1 in patients after glaucoma surgery
in comparison to controls (n= 6) [139]. More recently, a
study using LC-MS/MS methodology detected high levels of
LRG1 in 88 AH samples from patients undergoing cataract
surgery.

v. Corneal neovascularisation (CNV)
A lack of vasculature is responsible for corneal transpar-

ency, which is essential for visual acuity. Maintenance of this
avascular state in the cornea is brought about by a balance
of several pro-angiogenic and anti-angiogenic factors
referred to as “angiogenic privilege” [140]. However, a
number of pathological events such as infection, hypoxia
due to alkali injury or contact lens use, inflammation,
trauma, neoplasia can result in a loss of this protection and a
sight-threatening invasion of new vessels into the cornea
[141]. LRG1 plays a pivotal role in promoting corneal
neovascularisation by upregulating the expression of VEGF
and its receptors in a mouse model of CNV [142]. More
recently, it was revealed that LRG1 can promote corneal
fibrotic response and this is accompanied by neutrophil
infiltration [143].

vi. Uveitis
Uveitis is the inflammation of the uvea, which can be

associated with auto-immune systemic diseases, infections
or independent pathologies of the eye [144]. Experimental
auto-immune uveitis mimics many aspects of the pathology
and results in blood–retinal breakdown associated with
retinal endothelial dysfunction. Recent transcriptomics of
retinal ECs in EAU showed an upregulation of LRG1 during
disease both at the transcript and protein level [145].

When considered individually, the weight of evidence support-
ing a pathological role for LRG1 in any of these diverse ocular
pathologies may appear modest. But taken together, the
consistent association of LRG1 with disease development and/or
progression seems unlikely to be mere coincidence, particularly in
light of what we know about LRG1 function. These correlative
studies, plus the increasingly strong data around LRG1 involve-
ment in AMD and diabetic eye disease, make a compelling case
for assessment of therapeutic targeting of LRG1 in patients.

DEVELOPMENT OF A THERAPEUTIC TARGETING LRG1
Our previous work [23] and the independent studies highlighted
in this review prompted us to assess the therapeutic value of
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blocking LRG1 to inhibit pathological angiogenesis and stabilise the
vasculature. Accordingly, we developed a humanised function-
blocking antibody, named Magacizumab. We chose to develop an
IgG4 isotype, since these are known to be less likely to evoke
inflammatory responses compared to IgG1 or 2 isotypes, a
characteristic particularly desirable in an intraocular injectable.
IgG4 antibodies have a tendency to spontaneously undergo Fab
arm exchange leading to the formation of hemibodies, however this
was readily overcome by incorporation of the hinge-stabilising S-
P228 mutation [146]. Magacizumab showed strong affinity to human
LRG1, with an equilibrium dissociation constant (KD) of 2.81 × 10−10

M as measured by surface-plasmon resonance. Moreover, we could
demonstrate its efficacy both as an anti-angiogenic agent and in
inhibiting vascular leakage in a pre-clinical model of nvAMD [146].
These encouraging results led us to take this therapeutic a step
forward and produce the derivative Fab fragment, named MagaFab,
via papain digestion of the full-length antibody [146]. The
advantages of using Fab fragments as therapeutic agents are: (i)
the lack of Fc fragment, which may cause inflammatory reactions, (ii)
their lower molecular weight which allows delivery at a higher molar
dose and (iii) their adaptability to development as bispecifics.
MagaFab showed slightly less affinity for human LRG1 compared to
the parent antibody Magacizumab (KD Magacizumab= 2.81 ×
10−10 M versus KD MagaFab= 4.4 × 10−9 M) but still achieved
comparable inhibition of both pathological angiogenesis and
reduced vascular leakage in a model of CNV [146]. These findings
pave the way for the application of anti-LRG1 function-blocking
antibodies for the treatment of a range of diseases characterised by
vascular dysfunction and angiogenesis.

DISCUSSION
Retinopathies are sight-threatening pathologies that presently
affect 2 million people in the UK. Where vascular complications
occur the main therapeutic target of current drugs is the VEGF
pathway, for its central role in permeability and angiogenesis.
Despite anti-VEGF agents having revolutionised treatment of DR,
DMO and nvAMD, they fail to deliver significant efficacy in all
patients. Moreover, there are concerns regarding the long-term
safety of this therapeutic strategy, given the role of VEGF as a
survival factor in the retina. Furthermore, blockade of VEGF does
not address fibrosis and inflammation which often occur
concurrently with retinal disease and are strong contributors to
an unfavourable prognosis. Targeting TGFβ could potentially
tackle this problem, since this growth factor has pleiotropic roles
in angiogenesis, inflammation and fibrosis, which are well
documented in ocular pathologies. Unfortunately, despite this
strong evidence, therapeutic targeting of TGF-β (or its receptors
including ALK1 and ENG) is hampered by its multiple homoeo-
static housekeeping roles, which would be suppressed by
unselective TGFβ blockade with adverse consequences.
LRG1 is a secreted glycoprotein which is strongly upregulated in

pathological settings where it promotes vascular destabilisation,
inflammation and fibrosis. Crucially, unlike VEGF and TGFβ, LRG1 is
neither required for development nor for homoeostatic physiolo-
gical functions, a point corroborated by Lrg1-deficient mice not
having an overt phenotype. Pathological levels of LRG1 on the
other hand, frequently driven by ectopic overexpression of LRG1
at the sites of pathology as observed in some cancers,
inflammatory conditions and eye disease, have strong biological
activity which appears, at least in part, mediated by coercion of
TGFβ signalling (Fig. 3). Targeting LRG1 could therefore indirectly
hamper the pathogenic arm of TGFβ signalling while sparing its
homoeostatic functions. Moreover, the timescale of LRG1 expres-
sion, especially in DR, would point to an early role for this
molecule in the disease, when microvascular damage accumulates
and no signs of neovascularisation are yet detectable. Normalising
the vasculature at this stage by blocking LRG1 could potentially

prove a more timely and effective treatment for DR patients,
preventing subsequent conversion to DMO or PDR. There may
also be benefits in dual targeting of LRG1 and VEGF since they
represent distinct signalling pathways, either through combina-
tion therapy or the generation of a bispecific.
The encouraging pre-clinical results summarised in this review,

led to the development of Magacizumab, a humanised/de-
immunised anti-LRG1 monoclonal antibody and its Fab fragment
(MagaFab). Preliminary experiments in murine models of ocular
neovascularisation using these function-blocking antibodies con-
firmed inhibition of angiogenesis and vascular leakage, without
any detectable toxicity or inflammatory response [146]. Fab
fragments have the advantage of lacking potentially inflammatory
Fc domains and, having a lower molecular weight, permit delivery
at higher molar doses, which is particularly relevant in the context
of ocular injections. Of note, smaller therapeutics and with simpler
tertiary structures, such as Fab fragments, are advantageously
more amenable to alternative delivery methods, such as gene
delivery and slow-release formulations. There is a lot still to
understand about LRG1 biology; the marked periodicity in leucine
residues, which are sites designated to protein–protein interac-
tions, would suggest the possibility of multiple interacting
partners, of which perhaps only a few have been identified.
Nonetheless, the current evidence from clinical and pre-clinical
studies points toward a multifaceted pathogenic role for LRG1 in
many diseases, including DR and nvAMD. Given that there is an
urgent need for novel therapeutic strategies to address patient
non-responders and loss of efficacy of anti-VEGF drugs and
irreversible fibrosis in these pathologies, LRG1 certainly holds
considerable promise as a candidate therapeutic target. Further
research and clinical trials will increase our understanding of LRG1
pathophysiological roles and possibly pave the way to improved
therapies for patients with eye disease.

REFERENCES
1. Amoaku WM, Ghanchi F, Bailey C, Banerjee S, Banerjee S, Downey L, et al.

Diabetic retinopathy and diabetic macular oedema pathways and management:
UK Consensus Working Group. Eye. 2020;34 Suppl 1:1–51.

2. Hadziahmetovic M, Malek G. Age-related macular degeneration revisited: from
pathology and cellular stress to potential therapies. Front Cell Dev Biol.
2020;8:612812.

3. Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah ST, et al. Vascular
endothelial growth factor in ocular fluid of patients with diabetic retinopathy
and other retinal disorders. N Engl J Med. 1994;331:1480–7.

4. Adamis AP, Shima DT, Tolentino MJ, Gragoudas ES, Ferrara N, Folkman J, et al.
Inhibition of vascular endothelial growth factor prevents retinal ischemia-
associated iris neovascularization in a nonhuman primate. Arch Ophthalmol.
1996;114:66–71.

5. Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J, Gragoudas ES, Michaud NA,
et al. Prevention of experimental choroidal neovascularization with intravitreal
anti-vascular endothelial growth factor antibody fragment. Arch Ophthalmol.
2002;120:338–46.

6. Corazza P, Kabbani J, Soomro T, Alam MMR, D’Alterio FM, Younis S. Three-year real-
world outcomes of intravitreal anti-VEGF therapies in patients affected by myopic
choroidal neovascularization. Eur J Ophthalmol. 2020:1120672120963455.

7. Ferrara N, Henzel WJ. Pituitary follicular cells secrete a novel heparin-binding
growth factor specific for vascular endothelial cells. Biochem Biophys Res
Commun. 1989;161:851–8.

8. Penn JS, Madan A, Caldwell RB, Bartoli M, Caldwell RW, Hartnett ME. Vascular
endothelial growth factor in eye disease. Prog Retin Eye Res. 2008;27:331–71.

9. Sloan FA, Hanrahan BW. The effects of technological advances on outcomes for
elderly persons with exudative age-related macular degeneration. JAMA Oph-
thalmol. 2014;132:456–63.

10. Varma R, Bressler NM, Doan QV, Danese M, Dolan CM, Lee A, et al. Visual
impairment and blindness avoided with ranibizumab in Hispanic and non-
Hispanic Whites with diabetic macular edema in the United States. Ophthal-
mology. 2015;122:982–9.

11. Tracey ML, McHugh SM, Fitzgerald AP, Buckley CM, Canavan RJ, Kearney PM.
Trends in blindness due to diabetic retinopathy among adults aged 18-69years
over a decade in Ireland. Diabetes Res Clin Pract. 2016;121:1–8.

337

Eye (2022) 36:328 – 340



12. Adamis AP, Brittain CJ, Dandekar A, Hopkins JJ. Building on the success of anti-
vascular endothelial growth factor therapy: a vision for the next decade. Eye.
2020;34:1966–72.

13. Heier JS, Brown DM, Chong V, Korobelnik JF, Kaiser PK, Nguyen QD, et al.
Intravitreal aflibercept (VEGF trap-eye) in wet age-related macular degeneration.
Ophthalmology. 2012;119:2537–48.

14. Dugel PU, Koh A, Ogura Y, Jaffe GJ, Schmidt-Erfurth U, Brown DM, et al. HAWK
and HARRIER: Phase 3, multicenter, randomized, double-masked trials of bro-
lucizumab for neovascular age-related macular degeneration. Ophthalmology.
2020;127:72–84.

15. Busbee BG, Ho AC, Brown DM, Heier JS, Suner IJ, Li Z, et al. Twelve-month
efficacy and safety of 0.5 mg or 2.0 mg ranibizumab in patients with subfoveal
neovascular age-related macular degeneration. Ophthalmology.
2013;120:1046–56.

16. Khan M, Aziz AA, Shafi NA, Abbas T, Khanani AM. Targeting angiopoietin in
retinal vascular diseases: a literature review and summary of clinical trials
involving faricimab. Cells. 2020;9:1869.

17. Meadows KL, Hurwitz HI. Anti-VEGF therapies in the clinic. Cold Spring Harb
Perspect Med. 2012;2:a006577.

18. Peters S, Heiduschka P, Julien S, Ziemssen F, Fietz H, Bartz-Schmidt KU, et al.
Ultrastructural findings in the primate eye after intravitreal injection of bev-
acizumab. Am J Ophthalmol. 2007;143:995–1002.

19. Hudson N, Powner MB, Sarker MH, Burgoyne T, Campbell M, Ockrim ZK, et al.
Differential apicobasal VEGF signaling at vascular blood-neural barriers. Dev Cell.
2014;30:541–52.

20. Yang X, Cepko CLFlk-1. a receptor for vascular endothelial growth factor (VEGF),
is expressed by retinal progenitor cells. J Neurosci. 1996;16:6089–99.

21. Kim I, Ryan AM, Rohan R, Amano S, Agular S, Miller JW, et al. Constitutive
expression of VEGF, VEGFR-1, and VEGFR-2 in normal eyes. Investig Ophthalmol
Vis Sci. 1999;40:2115–21.

22. Guerrin M, Moukadiri H, Chollet P, Moro F, Dutt K, Malecaze F, et al. Vasculo-
tropin/vascular endothelial growth factor is an autocrine growth factor for
human retinal pigment epithelial cells cultured in vitro. J Cell Physiol.
1995;164:385–94.

23. Wang X, Abraham S, McKenzie JAG, Jeffs N, Swire M, Tripathi VB, et al. LRG1
promotes angiogenesis by modulating endothelial TGF-beta signalling. Nature.
2013;499:306–11.

24. Ban Z, He J, Tang Z, Zhang L, Xu Z. LRG1 enhances the migration of thyroid
carcinoma cells through promotion of the epithelialmesenchymal transition by
activating MAPK/p38 signaling. Oncol Rep. 2019;41:3270–80.

25. Hong Q, Zhang L, Fu J, Verghese DA, Chauhan K, Nadkarni GN, et al. LRG1
promotes diabetic kidney disease progression by enhancing TGF-beta-induced
angiogenesis. J Am Soc Nephrol. 2019;30:546–62.

26. Liu TT, Luo R, Yang Y, Cheng YC, Chang D, Dai W, et al. LRG1 mitigates renal
interstitial fibrosis through alleviating capillary rarefaction and inhibiting
inflammatory and pro-fibrotic cytokines. Am J Nephrol. 2021:52:228–38.

27. Zhang J, Zhu L, Fang J, Ge Z, Li X. LRG1 modulates epithelial-mesenchymal
transition and angiogenesis in colorectal cancer via HIF-1alpha activation. J Exp
Clin Cancer Res. 2016;35:29.

28. Zhong D, Zhao S, He G, Li J, Lang Y, Ye W, et al. Stable knockdown of LRG1 by
RNA interference inhibits growth and promotes apoptosis of glioblastoma cells
in vitro and in vivo. Tumour Biol. 2015;36:4271–8.

29. Zhou Y, Zhang X, Zhang J, Fang J, Ge Z, Li X. LRG1 promotes proliferation and
inhibits apoptosis in colorectal cancer cells via RUNX1 activation. PLoS ONE.
2017;12:e0175122.

30. Mundo LT, Tosi GM, Lazzi S, Pertile G, Parolini B, Neri G, et al. LRG1 expression is
elevated in the eyes of patients with neovascular age-related macular degen-
eration. Int J Mol Sci. 2021;22:8879.

31. Honda H, Fujimoto M, Serada S, Urushima H, Mishima T, Lee H, et al. Leucine-
rich alpha-2 glycoprotein promotes lung fibrosis by modulating TGF-beta sig-
naling in fibroblasts. Physiol Rep. 2017;5:e13556.

32. Shirai R, Hirano F, Ohkura N, Ikeda K, Inoue S. Up-regulation of the expression of
leucine-rich alpha(2)-glycoprotein in hepatocytes by the mediators of acute-
phase response. Biochem Biophys Res Commun. 2009;382:776–9.

33. Haupt H, Baudner S. [Isolation and characterization of an unknown, leucine-rich
3.1-S-alpha2-glycoprotein from human serum (author’s transl)]. Hoppe Seylers Z
Physiol Chem. 1977;358:639–46.

34. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, et al.
Proteomics. Tissue-based map of the human proteome. Science.
2015;347:1260419.

35. Weivoda S, Andersen JD, Skogen A, Schlievert PM, Fontana D, Schacker T, et al.
ELISA for human serum leucine-rich alpha-2-glycoprotein-1 employing cyto-
chrome c as the capturing ligand. J Immunol Methods. 2008;336:22–9.

36. Cummings C, Walder J, Treeful A, Jemmerson R. Serum leucine-rich alpha-2-
glycoprotein-1 binds cytochrome c and inhibits antibody detection of this

apoptotic marker in enzyme-linked immunosorbent assay. Apoptosis.
2006;11:1121–9.

37. Jemmerson R, Staskus K, Higgins L, Conklin K, Kelekar A. Intracellular leucine-rich
alpha-2-glycoprotein-1 competes with Apaf-1 for binding cytochrome c in
protecting MCF-7 breast cancer cells from apoptosis. Apoptosis. 2021;26:71–82.

38. Pullerits R, Bokarewa M, Jonsson IM, Verdrengh M, Tarkowski A. Extracellular
cytochrome c, a mitochondrial apoptosis-related protein, induces arthritis.
Rheumatology. 2005;44:32–9.

39. Codina R, Vanasse A, Kelekar A, Vezys V, Jemmerson R. Cytochrome c-induced
lymphocyte death from the outside in: inhibition by serum leucine-rich alpha-2-
glycoprotein-1. Apoptosis. 2010;15:139–52.

40. Ahlemeyer B, Klumpp S, Krieglstein J. Release of cytochrome c into the extra-
cellular space contributes to neuronal apoptosis induced by staurosporine. Brain
Res. 2002;934:107–16.

41. Campochiaro PA. Molecular pathogenesis of retinal and choroidal vascular
diseases. Prog Retin Eye Res. 2015;49:67–81.

42. Rozing MP, Durhuus JA, Krogh Nielsen M, Subhi Y, Kirkwood TB, Westendorp RG,
et al. Age-related macular degeneration: A two-level model hypothesis. Prog
Retin Eye Res. 2020;76:100825.

43. Jones JH, Kroll AJ, Lou PL, Ryan EA. Coats’ disease. Int Ophthalmol Clin.
2001;41:189–98.

44. Hayreh SS, Zimmerman MB. Ocular neovascularization associated with central
and hemicentral retinal vein occlusion. Retina. 2012;32:1553–65.

45. Singh AD, Kaiser PK, Sears JE. Choroidal hemangioma. Ophthalmol Clin North
Am. 2005;18:151–61.

46. Oishi A. Choroidal neovascularization secondary to diseases other than age-
related macular degeneration. Choroidal Disorders. 2017; p. 117–138.

47. Viallard C, Larrivee B. Tumor angiogenesis and vascular normalization: alter-
native therapeutic targets. Angiogenesis. 2017;20:409–26.

48. Takeda N, Hara H, Fujiwara T, Kanaya T, Maemura S, Komuro I. TGF-beta sig-
naling-related genes and thoracic aortic aneurysms and dissections. Int J Mol
Sci. 2018;19:2125.

49. Santibanez JF, Letamendia A, Perez-Barriocanal F, Silvestri C, Saura M, Vary CP,
et al. Endoglin increases eNOS expression by modulating Smad2 protein levels
and Smad2-dependent TGF-beta signaling. J Cell Physiol. 2007;210:456–68.

50. Pek SL, Tavintharan S, Wang X, Lim SC, Woon K, Yeoh LY, et al. Elevation of a
novel angiogenic factor, leucine-rich-alpha2-glycoprotein (LRG1), is associated
with arterial stiffness, endothelial dysfunction, and peripheral arterial disease in
patients with type 2 diabetes. J Clin Endocrinol Metab. 2015;100:1586–93.

51. Singhal M, Gengenbacher N, Abdul Pari AA, Kamiyama M, Hai L, et al. Temporal
multi-omics identifies LRG1 as a vascular niche instructor of metastasis. Sci
Transl Med. 2021;13:eabe6805.

52. Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, et al. Tumor
refractoriness to anti-VEGF treatment is mediated by CD11b+Gr1+ myeloid
cells. Nat Biotechnol. 2007;25:911–20.

53. Friedlander M. Fibrosis and diseases of the eye. J Clin Investig. 2007;117:576–86.
54. Fini ME. Keratocyte and fibroblast phenotypes in the repairing cornea. Prog

Retin Eye Res. 1999;18:529–51.
55. Frank RN. Diabetic retinopathy. N Engl J Med. 2004;350:48–58.
56. Ishikawa K, Kannan R, Hinton DR. Molecular mechanisms of subretinal fibrosis in

age-related macular degeneration. Exp Eye Res. 2016;142:19–25.
57. Cogan DG. Congenital anomalies of the retina. Birth Defects Orig Artic Ser.

1971;7:41–51.
58. Penn JS, Tolman BL, Lowery LA. Variable oxygen exposure causes preretinal

neovascularization in the newborn rat. Investig Ophthalmol Vis Sci.
1993;34:576–85.

59. Iandiev I, Uckermann O, Pannicke T, Wurm A, Tenckhoff S, Pietsch UC, et al. Glial
cell reactivity in a porcine model of retinal detachment. Investig Ophthalmol Vis
Sci. 2006;47:2161–71.

60. Kuiper EJ, de Smet MD, van Meurs JC, Tan HS, Tanck MW, Oliver N, et al.
Association of connective tissue growth factor with fibrosis in vitreoretinal
disorders in the human eye. Arch Ophthalmol. 2006;124:1457–62.

61. Dejana E, Hirschi KK, Simons M. The molecular basis of endothelial cell plasticity.
Nat Commun. 2017;8:14361.

62. Ren S, Johnson BG, Kida Y, Ip C, Davidson KC, Lin SL, et al. LRP-6 is a coreceptor
for multiple fibrogenic signaling pathways in pericytes and myofibroblasts that
are inhibited by DKK-1. Proc Natl Acad Sci USA. 2013;110:1440–5.

63. Rodriguez A, Friman T, Kowanetz M, van Wieringen T, Gustafsson R, Sundberg C.
Phenotypical differences in connective tissue cells emerging from microvascular
pericytes in response to overexpression of PDGF-B and TGF-beta1 in normal skin
in vivo. Am J Pathol. 2013;182:2132–46.

64. Hiscott P, Sheridan C, Magee RM, Grierson I. Matrix and the retinal pigment
epithelium in proliferative retinal disease. Prog Retin Eye Res. 1999;18:167–90.

65. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and fibrosis.
Immunity 2016;44:450–62.

338

Eye (2022) 36:328 – 340



66. Liu C, Lim ST, Teo MHY, Tan MSY, Kulkarni MD, Qiu B, et al. Collaborative
regulation of LRG1 by TGF-beta1 and PPAR-beta/delta modulates chronic
pressure overload-induced cardiac fibrosis. Circ Heart Fail. 2019;12:e005962.

67. Funatsu H, Yamashita H, Noma H, Mimura T, Nakamura S, Sakata K, et al.
Aqueous humor levels of cytokines are related to vitreous levels and progres-
sion of diabetic retinopathy in diabetic patients. Graefes Arch Clin Exp Oph-
thalmol. 2005;243:3–8.

68. Roh MI, Kim HS, Song JH, Lim JB, Koh HJ, Kwon OW. Concentration of cytokines
in the aqueous humor of patients with naive, recurrent and regressed CNV
associated with amd after bevacizumab treatment. Retina. 2009;29:523–9.

69. Cui W, Zhang H, Liu ZL. Interleukin-6 receptor blockade suppresses subretinal
fibrosis in a mouse model. Int J Ophthalmol. 2014;7:194–7.

70. Nag TC, Wadhwa S. Ultrastructure of the human retina in aging and various
pathological states. Micron. 2012;43:759–81.

71. Xu H, Chen M, Forrester JV. Para-inflammation in the aging retina. Prog Retin
Eye Res. 2009;28:348–68.

72. Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV, Anderson DH, Mullins
RF. An integrated hypothesis that considers drusen as biomarkers of immune-
mediated processes at the RPE-Bruch’s membrane interface in aging and age-
related macular degeneration. Prog Retin Eye Res. 2001;20:705–32.

73. Edwards AO, Ritter R 3rd, Abel KJ, Manning A, Panhuysen C, Farrer LA. Com-
plement factor H polymorphism and age-related macular degeneration. Sci-
ence. 2005;308:421–4.

74. Hageman GS, Anderson DH, Johnson LV, Hancox LS, Taiber AJ, Hardisty LI, et al.
A common haplotype in the complement regulatory gene factor H (HF1/CFH)
predisposes individuals to age-related macular degeneration. Proc Natl Acad Sci
USA. 2005;102:7227–32.

75. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, Gallins P, et al. Com-
plement factor H variant increases the risk of age-related macular degeneration.
Science. 2005;308:419–21.

76. Tang J, Kern TS. Inflammation in diabetic retinopathy. Prog Retin Eye Res.
2011;30:343–58.

77. van der Wijk AE, Vogels IMC, van Noorden CJF, Klaassen I, Schlingemann RO.
TNFalpha-Induced disruption of the blood-retinal barrier in vitro is regulated by
intracellular 3’,5’-cyclic adenosine monophosphate levels. Investig Ophthalmol
Vis Sci. 2017;58:3496–505.

78. Bhagat N, Grigorian RA, Tutela A, Zarbin MA. Diabetic macular edema: patho-
genesis and treatment. Surv Ophthalmol. 2009;54:1–32.

79. Smith RO, Ninchoji T, Gordon E, Andre H, Dejana E, Vestweber D, et al. Vascular
permeability in retinopathy is regulated by VEGFR2 Y949 signaling to VE-
cadherin. Elife. 2020;9:e54056.

80. van der Wijk AE, Hughes JM, Klaassen I, Van Noorden CJF, Schlingemann RO. Is
leukostasis a crucial step or epiphenomenon in the pathogenesis of diabetic
retinopathy? J Leukoc Biol. 2017;102:993–1001.

81. Joussen AM, Poulaki V, Le ML, Koizumi K, Esser C, Janicki H, et al. A central role
for inflammation in the pathogenesis of diabetic retinopathy. FASEB J.
2004;18:1450–2.

82. Leandro L, Beare N, Bhan K, Murray PI, Andrews C, Damato E, et al. Systemic
corticosteroid use in UK Uveitis practice: results from the ocular inflammation
steroid toxicity risk (OSTRICH) study. Eye. 2021. https://doi.org/10.1038/s41433-
020-01336-6. Online ahead of print.

83. Urushima H, Fujimoto M, Mishima T, Ohkawara T, Honda H, Lee H, et al. Leucine-
rich alpha 2 glycoprotein promotes Th17 differentiation and collagen-induced
arthritis in mice through enhancement of TGF-beta-Smad2 signaling in naive
helper T cells. Arthritis Res Ther. 2017;19:137.

84. Ahn SS, Park Y, Jung SM, Song JJ, Park YB, Lee SW. Serum leucine-rich alpha2-
glycoprotein is elevated in patients with systemic lupus erythematosus and
correlates with disease activity. Clin Chim Acta. 2018;486:253–8.

85. Honda H, Fujimoto M, Miyamoto S, Ishikawa N, Serada S, Hattori N, et al. Sputum
Leucine-Rich Alpha-2 glycoprotein as a marker of airway inflammation in
asthma. PLoS ONE. 2016;11:e0162672.

86. Serada S, Fujimoto M, Terabe F, Iijima H, Shinzaki S, Matsuzaki S, et al. Serum
leucine-rich alpha-2 glycoprotein is a disease activity biomarker in ulcerative
colitis. Inflamm Bowel Dis. 2012;18:2169–79.

87. Nakajima H, Serada S, Fujimoto M, Naka T, Sano S. Leucine-rich alpha-2 glyco-
protein is an innovative biomarker for psoriasis. J Dermatol Sci. 2017;86:170–4.

88. Yang Y, Luo R, Cheng Y, Liu T, Dai W, Li Y, et al. Leucine-rich alpha2-
glycoprotein-1 upregulation in plasma and kidney of patients with lupus
nephritis. BMC Nephrol. 2020;21:122.

89. Ha YJ, Kang EJ, Lee SW, Park YB, Lee SK, Song JS, et al. Serum leucine-rich
alpha2-glycoprotein is a useful biomarker for monitoring disease activity in
patients with adult-onset Still’s disease. Scand J Rheumatol. 2015;44:399–403.

90. Caspi RR. A look at autoimmunity and inflammation in the eye. J Clin Investig.
2010;120:3073–83.

91. Kerr EC, Raveney BJ, Copland DA, Dick AD, Nicholson LB. Analysis of retinal
cellular infiltrate in experimental autoimmune uveoretinitis reveals multiple
regulatory cell populations. J Autoimmun. 2008;31:354–61.

92. Kerr EC, Copland DA, Dick AD, Nicholson LB. The dynamics of leukocyte infil-
tration in experimental autoimmune uveoretinitis. Prog Retin Eye Res.
2008;27:527–35.

93. Saito K, Tanaka T, Kanda H, Ebisuno Y, Izawa D, Kawamoto S, et al. Gene
expression profiling of mucosal addressin cell adhesion molecule-1+ high
endothelial venule cells (HEV) and identification of a leucine-rich HEV glyco-
protein as a HEV marker. J Immunol. 2002;168:1050–9.

94. Kalucka J, de Rooij L, Goveia J, Rohlenova K, Dumas SJ, Meta E, et al. Single-cell
transcriptome atlas of murine endothelial cells. Cell. 2020;180:764–79.e20.

95. Gamble JR, Vadas MA. Endothelial cell adhesiveness for human T lymphocytes is
inhibited by transforming growth factor-beta 1. J Immunol. 1991;146:1149–54.

96. Gamble JR, Khew-Goodall Y, Vadas MA. Transforming growth factor-beta inhi-
bits E-selectin expression on human endothelial cells. J Immunol.
1993;150:4494–503.

97. O’Donnell LC, Druhan LJ, Avalos BR. Molecular characterization and expression
analysis of leucine-rich alpha2-glycoprotein, a novel marker of granulocytic
differentiation. J Leukoc Biol. 2002;72:478–85.

98. Ai J, Druhan LJ, Hunter MG, Loveland MJ, Avalos BR. LRG-accelerated differ-
entiation defines unique G-CSFR signaling pathways downstream of PU.1 and C/
EBPepsilon that modulate neutrophil activation. J Leukoc Biol. 2008;83:1277–85.

99. Liu C, Teo MHY, Pek SLT, Wu X, Leong ML, Tay HM, et al. A multifunctional role of
Leucine-rich alpha-2-Glycoprotein 1 in cutaneous wound healing under normal
and diabetic conditions. Diabetes 2020;69:2467–80.

100. Antonetti DA, Silva PS, Stitt AW. Current understanding of the molecular and
cellular pathology of diabetic retinopathy. Nat Rev Endocrinol. 2021;17:195–206.

101. Liu JJ, Pek SLT, Ang K, Tavintharan S, Lim SC, study SD. Plasma Leucine-rich
alpha-2-Glycoprotein 1 predicts rapid eGFR decline and albuminuria progres-
sion in Type 2 diabetes mellitus. J Clin Endocrinol Metab. 2017;102:3683–91.

102. Singh H, Yu Y, Suh MJ, Torralba MG, Stenzel RD, Tovchigrechko A, et al. Type 1
diabetes: urinary proteomics and protein network analysis support perturbation
of lysosomal function. Theranostics 2017;7:2704–17.

103. Frudd K, Sivaprasad S, Raman R, Krishnakumar S, Revathy YR. Diagnostic cir-
culating biomarkers to detect vision-threatening diabetic retinopathy: Potential
screening tool of the future? Acta Ophthalmol. 2021; Epub ahead of print.

104. Gao BB, Chen X, Timothy N, Aiello LP, Feener EP. Characterization of the vitreous
proteome in diabetes without diabetic retinopathy and diabetes with pro-
liferative diabetic retinopathy. J Proteome Res. 2008;7:2516–25.

105. Chen C, Chen X, Huang H, Han C, Qu Y, Jin H, et al. Elevated plasma and vitreous
levels of leucine-rich-alpha2-glycoprotein are associated with diabetic retino-
pathy progression. Acta Ophthalmol. 2019;97:260–4.

106. Kim T, Kim SJ, Kim K, Kang UB, Lee C, Park KS, et al. Profiling of vitreous
proteomes from proliferative diabetic retinopathy and nondiabetic patients.
Proteomics. 2007;7:4203–15.

107. Zou C, Han C, Zhao M, Yu J, Bai L, Yao Y, et al. Change of ranibizumab-induced
human vitreous protein profile in patients with proliferative diabetic retinopathy
based on proteomics analysis. Clin Proteom. 2018;15:12.

108. Wheeler SE, Lee NY. Emerging Roles of Transforming Growth Factor beta Sig-
naling in Diabetic Retinopathy. J Cell Physiol. 2017;232:486–9.

109. Braunger BM, Leimbeck SV, Schlecht A, Volz C, Jagle H, Tamm ER. Deletion of
ocular transforming growth factor beta signaling mimics essential character-
istics of diabetic retinopathy. Am J Pathol. 2015;185:1749–68.

110. Armulik A, Genove G, Betsholtz C. Pericytes: developmental, physiological, and
pathological perspectives, problems, and promises. Dev Cell. 2011;21:193–215.

111. O’Connor MN, Kallenberg DM, Camilli C, Pilotti C, Dritsoula A, et al. LRG1
destabilizes tumor vessels and restricts immunotherapeutic potency. Med. 2021.
https://doi.org/10.1101/2020.10.12.334359. in press.

112. Vujosevic S, Simo R. Local and systemic inflammatory biomarkers of diabetic
retinopathy: an integrative approach. Investig Ophthalmol Vis Sci. 2017;58:
BIO68–75.

113. Simo-Servat O, Hernandez C, Simo R. Usefulness of the vitreous fluid analysis in
the translational research of diabetic retinopathy. Mediators Inflamm.
2012;2012:872978.

114. Aveleira CA, Lin CM, Abcouwer SF, Ambrosio AF, Antonetti DA. TNF-alpha sig-
nals through PKCzeta/NF-kappaB to alter the tight junction complex and
increase retinal endothelial cell permeability. Diabetes. 2010;59:2872–82.

115. Kishimoto T. The biology of interleukin-6. Blood. 1989;74:1–10.
116. Ideta R, Yamashita H, Tanaka Y, Kato S, Kitano S, Hori S. Roles of cytokines in

diabetic retinopathy. Arch Ophthalmol. 1999;117:700–1.
117. Abu el Asrar AM, Maimone D, Morse PH, Gregory S, Reder AT. Cytokines in the

vitreous of patients with proliferative diabetic retinopathy. Am J Ophthalmol.
1992;114:731–6.

339

Eye (2022) 36:328 – 340

https://doi.org/10.1038/s41433-020-01336-6
https://doi.org/10.1038/s41433-020-01336-6
https://doi.org/10.1101/2020.10.12.334359


118. Funatsu H, Yamashita H, Noma H, Mimura T, Yamashita T, Hori S. Increased
levels of vascular endothelial growth factor and interleukin-6 in the aqueous
humor of diabetics with macular edema. Am J Ophthalmol. 2002;133:70–7.

119. Gopinathan G, Milagre C, Pearce OM, Reynolds LE, Hodivala-Dilke K, Leinster DA,
et al. Interleukin-6 stimulates defective angiogenesis. Cancer Res.
2015;75:3098–107.

120. Kim SY, Johnson MA, McLeod DS, Alexander T, Hansen BC, Lutty GA. Neutrophils
are associated with capillary closure in spontaneously diabetic monkey retinas.
Diabetes. 2005;54:1534–42.

121. Nobl M, Reich M, Dacheva I, Siwy J, Mullen W, Schanstra JP, et al. Proteomics of
vitreous in neovascular age-related macular degeneration. Exp Eye Res.
2016;146:107–17.

122. Qu SC, Xu D, Li TT, Zhang JF, Liu F. iTRAQ-based proteomics analysis of aqueous
humor in patients with dry age-related macular degeneration. Int J Ophthalmol.
2019;12:1758–66.

123. Yuan X, Gu X, Crabb JS, Yue X, Shadrach K, Hollyfield JG, et al. Quantitative
proteomics: comparison of the macular Bruch membrane/choroid complex
from age-related macular degeneration and normal eyes. Mol Cell Proteom.
2010;9:1031–46.

124. Zhou L, Shi DP, Chu WJ, Yang LL, Xu HF. LRG1 promotes epithelial-mesenchymal
transition of retinal pigment epithelium cells by activating NOX4. Int J Oph-
thalmol. 2021;14:349–55.

125. Daniel E, Toth CA, Grunwald JE, Jaffe GJ, Martin DF, Fine SL, et al. Risk of scar in
the comparison of age-related macular degeneration treatments trials. Oph-
thalmology. 2014;121:656–66.

126. Mitry D, Charteris DG, Fleck BW, Campbell H, Singh J. The epidemiology of
rhegmatogenous retinal detachment: geographical variation and clinical asso-
ciations. Br J Ophthalmol. 2010;94:678–84.

127. Öhman T, Gawriyski L, Miettinen S, Varjosalo M, Loukovaara S. Molecular
pathogenesis of rhegmatogenous retinal detachment. Sci Rep. 2021;11:966.

128. Poulsen ET, Lumi X, Hansen AK, Enghild JJ, Petrovski G. Protein composition of
the subretinal fluid suggests selective diffusion of vitreous proteins in retinal
detachment. Trans Vis Sci Tech. 2020;9:16.

129. Santos F, Gaspar L, Ciordia S, Rocha A, Castro e Sousa J, Paradela A, et al. iTRAQ
quantitative proteomic analysis of vitreous from patients with retinal detach-
ment. IJMS. 2018;19:1157.

130. Kivela T. The epidemiological challenge of the most frequent eye cancer: reti-
noblastoma, an issue of birth and death. Br J Ophthalmol. 2009;93:1129–31.

131. Dimaras H, Kimani K, Dimba EAO, Gronsdahl P, White A, Chan HSL, et al. Reti-
noblastoma. Lancet. 2012;379:1436–46.

132. Pascual-Pasto G, Bazan-Peregrino M, Olaciregui NG, Restrepo-Perdomo CA,
Mato-Berciano A, Ottaviani D, et al. Therapeutic targeting of the RB1 pathway
in retinoblastoma with the oncolytic adenovirus VCN-01. Sci Transl Med.
2019;11:eaat9321.

133. Fabian ID, Onadim Z, Karaa E, Duncan C, Chowdhury T, Scheimberg I, et al. The
management of retinoblastoma. Oncogene. 2018;37:1551–60.

134. Amer R, Tiosano L, Pe’er J. Leucine-Rich α-2-Glycoprotein-1 (LRG-1) Expression in
Retinoblastoma. Investig Ophthalmol Vis Sci. 2018;59:685.

135. Luan L, Hu Q, Wang Y, Lu L, Ling J. Knockdown of lncRNA NEAT1 expression
inhibits cell migration, invasion and EMT by regulating the miR‑24‑3p/LRG1 axis
in retinoblastoma cells. Exp Ther Med. 2021;21:367.

136. Hellström A, Smith LEH, Dammann O. Retinopathy of prematurity. Lancet.
2013;382:1445–57.

137. Flaxman SR, Bourne RRA, Resnikoff S, Ackland P, Braithwaite T, Cicinelli MV, et al.
Global causes of blindness and distance vision impairment 1990–2020: a sys-
tematic review and meta-analysis. Lancet Glob Health. 2017;5:e1221–34.

138. Vinson JA. Oxidative stress in cataracts. Pathophysiology. 2006;13:151–62.
139. Ji Y, Rong X, Ye H, Zhang K, Lu Y. Proteomic analysis of aqueous humor proteins

associated with cataract development. Clin Biochem. 2015;48:1304–9.
140. Azar DT. Corneal angiogenic privilege: angiogenic and antiangiogenic factors in

corneal avascularity, vasculogenesis, and wound healing (an American Oph-
thalmological Society thesis). Trans Am Ophthalmol Soc. 2006;104:264–302.

141. Nicholas MP, Mysore N. Corneal neovascularization. Exp Eye Res.
2021;202:108363.

142. Song S, Cheng J, Yu BJ, Zhou L, Xu HF, Yang LL. LRG1 promotes corneal
angiogenesis and lymphangiogenesis in a corneal alkali burn mouse model. Int
J Ophthalmol. 2020;13:365–73.

143. Yu B, Yang L, Song S, Li W, Wang H, Cheng J LRG1 facilitates corneal fibrotic
response by inducing neutrophil chemotaxis via Stat3 signaling in alkali-burned
mouse corneas. Am J Physiol Cell Physiol. 2021;321:C415–C428.

144. Burkholder BM, Jabs DA. Uveitis for the non-ophthalmologist. BMJ. 2021;372:
m4979.

145. Lipski DA, Foucart V, Dewispelaere R, Caspers LE, Defrance M, Bruyns C, et al.
Retinal endothelial cell phenotypic modifications during experimental auto-
immune uveitis: a transcriptomic approach. BMC. Ophthalmol. 2020;20:106.

146. Kallenberg D, Tripathi V, Javaid F, Pilotti C, George J, Davis S, et al. A Humanized
antibody against LRG1 that inhibits angiogenesis and reduces retinal vascular
leakage. bioRxiv. 2020. https://doi.org/10.1101/2020.07.25.218149.

147. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al.
Highly accurate protein structure prediction with AlphaFold. Nature.
2021;596:583–9.

148. Mitamura Y, Tashimo A, Ohtsuka K, Mizue Y & Nishihira J. Placenta growth factor
and vascular endothelial growth factor in the vitreous of patients with pro-
liferative vitreoretinopathy. Clinical & experimental ophthalmology,
2005;33:226–7.

149. Watanabe D, Suzuma K, Suzuma I, Ohashi H, Ojima T, Kurimoto M, et al. Vitreous
levels of angiopoietin 2 and vascular endothelial growth factor in patients with
proliferative diabetic retinopathy. Am J Ophthalmol. 2005;139:476–481.

150. Patel JI, Hykin PG, Gregor ZJ, Boulton M, Cree IA. Angiopoietin concentrations in
diabetic retinopathy. Br J Ophthalmol. 2005;89:480–83.

151. Zasada M, Suski M, Bokiniec R, Szwarc-Duma M, Borszewska-Kornacka MK,
Madej J, et al. An iTRAQ-Based Quantitative Proteomic Analysis of Plasma Pro-
teins in Preterm Newborns With Retinopathy of Prematurity. Invest Ophthalmol
Vis Sci. 2018;59:5312–9.

AUTHOR CONTRIBUTIONS
GDR wrote the paper and designed the figures. MDVL wrote the paper and designed
the table. JG and SM provided critical revision and wrote the paper.

FUNDING
GDR is funded by Diabetes UK, MDVL is funded by RCUK Biotechnology and
Biological Sciences Research Council (BBSRC). JG is funded by Wellcome Trust
(Wellcome), RCUK Medical Research Council (MRC), Diabetes UK, British Heart
Foundation (BHF) and Rosetrees Trust. SM is funded by Wellcome, MRC and
Diabetes UK.

COMPETING INTERESTS
JG and SM are founders and members of the scientific advisory board of a company
spun out by UCL Business to commercialise a LRG1 function-blocking therapeutic
antibody developed through the UK Medical Research Council DPFS funding scheme.
JG and SM are shareholders of this company and named inventors on three patents
related to LRG1 as a therapeutic target.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Giulia De Rossi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2022

340

Eye (2022) 36:328 – 340

https://doi.org/10.1101/2020.07.25.218149
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	LRG1 as a novel therapeutic target in eye disease
	Introduction
	LRG1�structure and physiological expression
	LRG1 pathogenic mechanisms
	LRG1 as a promoter of vascular dysfunction and pathological angiogenesis
	LRG1 pro-fibrotic role
	Immunomodulatory roles of LRG1

	Clinical and pre-clinical evidence of a role for LRG1 in eye diseases
	LRG1 in diabetic retinopathy
	LRG1 in age-related macular degeneration
	LRG1 in other ocular pathologies

	Development of a therapeutic targeting LRG1
	Discussion
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




