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COMMENTARY
Atypical Protein Kinase C
Breaking Down Barriers in Ocular Disease?
Elizabeth A. Pearsall and Kip M. Connor
From the Angiogenesis Laboratory, Department of Ophthalmology, Massachusetts Eye and Ear, Harvard Medical School, Boston, Massachusetts

The retina is a complex and sensitive tissue responsible for
converting light energy to a visual signal. Retinal neurons
require both abundant metabolic substrates and a highly
specialized deﬁned microenvironment. Extensive retinal and
choroidal microvascular networks are essential to supply
adequate oxygen and nutrients to retinal neurons. The
permeability of retinal blood vessels is tightly regulated to
provide a selectively permeable barrier to maintain a
microenvironment that is osmotically balanced, is immune
privileged, and contains appropriate concentrations of ions
and neurotransmitters. Under pathologic conditions, the
permeability of the retinal microvasculature increases,
resulting in blood-retinal barrier (BRB) breakdown.
Endothelial tight junctions are a critical component of the
BRB. A variety of tight junction proteins, including signaling,
membrane, and scaffolding proteins, are essential for maintenance of endothelial tight junctions. Vascular endothelial
growth factor (VEGF) signaling phosphorylates tight junction
proteins, targeting protein complexes for endosomal recycling and proteasomal degradation. Conversely, tumor necrosis factor-a (TNF-a) activates NF-kB to suppress
transcription of tight junction proteins. Although VEGF and
TNF-a regulate vascular permeability through distinct
mechanisms and potentially at distinct stages of disease, both
pathways are dependent on atypical protein kinase C (aPKC),
and are inactivated by aPKC inhibition.
The aPKC isoforms (z and l/i) are a part of the PKC
family that is central to diverse processes, such as development, proliferation, migration, cell survival, and cell
polarity. aPKCs play a role in the innate immune response,
and PKCz is essential for TNF-a activation of NF-kB
signaling and subsequent transcriptional suppression of tight
junction proteins.1 When activated by VEGF signaling,
aPKCs directly phosphorylate tight junction proteins, targeting these complexes for degradation.2 aPKC inhibition,

therefore, alleviates both VEGF and TNF-aemediated BRB
breakdown, so it may have a therapeutic advantage over
anti-VEGF or antieTNF-a monotherapy.
A recent study, highlighted in this issue of The American
Journal of Pathology, evaluates the therapeutic potential of
aPKC inhibition in retinal vascular permeability driven by
inﬂammation.3 Lin et al3 demonstrate that genetic and
small-molecule aPKC inhibition represses vascular permeability and retinal edema in ischemia/reperfusion injury and
in VEGF/TNF-aemediated BRB breakdown. Furthermore,
aPKC inhibition decreased the retinal innate immune
response in ischemia/reperfusion, decreasing immune cell
inﬁltration and expression of inﬂammatory genes.3 This
study contributes to mechanistic understanding of sterile
inﬂammation-mediated vascular permeability and demonstrates that small-molecule aPKC inhibitors have therapeutic
potential in inﬂammatory ocular disease.
The purpose of this commentary is to provide a broad
perspective on the etiology and pathologic role of BRB
breakdown in ocular disease, and of the therapeutic potential
of aPKC inhibition in both growth factore and cytokinedriven vascular permeability. We furthermore discuss the
therapeutic potential of aPKC inhibitors in common ocular
diseases and potential applications of aPKC inhibitors that
have not yet been explored. Finally, we discuss as yet
unanswered questions regarding the role of inﬂammation
and aPKC in ocular disease.
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aPKC in Ocular Disease

Breakdown of the Blood-Retinal Barrier
The retina is responsible for converting light to an electrical
signal that is transmitted to the brain in the process of
phototransduction. The retina is a complex and heterogeneous tissue, and a variety of retinal neurons are required for
phototransduction. Photoreceptors are located in the posterior outer nuclear layer, and are responsible for converting
light to an electrical signal. The inner nuclear layer is
composed of secondary and tertiary neurons, such as bipolar, horizontal, and amacrine cells, and the ganglion cell
layer located in the innermost retinal layer is composed of
ganglion cells. Müller glia and astrocytes provide metabolic
support to retinal neurons and facilitate communication
between retinal blood vessels and neurons. Microglia
function as resident immune cells in the retina, monitoring
the retinal microenvironment and modulating interaction
with circulating immune cells.4
Retinal neurons are metabolically demanding and, therefore,
require an extensive blood supply to deliver sufﬁcient energy
substrates and oxygen. The inner retinal blood supply stems
from the central retinal artery, which branches into three
vascular plexuses that span the inner retina. The choroid
capillary bed, located posterior to the retina, is the blood supply
for photoreceptors, which are located in the outer nuclear layer.
Retinal neurons require a deﬁned environment that is
osmotically balanced, is immune privileged, and has an
appropriate concentration of extracellular ions. To maintain
this environment, retinal and choroidal blood vessels,
together with the retinal pigment epithelium, form the BRB,
which is selectively permeable and controls the retinal
microenvironment under endogenous conditions.5 The BRB
also prevents inﬁltration of circulating immune cells, maintaining the immune privilege of the retina. As demonstrated in
the presently highlighted study by Lin et al,3 inﬁltration of
immune cells is a major pathology of BRB breakdown, and
exacerbates local inﬂammatory signaling.
The endothelial tight junction complex is an important
component of the BRB. Several dozen proteins, including
membrane, scaffolding, and signaling proteins, are required
for maintenance of endothelial tight junctions.5 Particularly
important to the BRB are occludins and claudins, which are
transmembrane proteins, and zonula occludens proteins,
which are scaffolding proteins.6 Both the abundance and
localization of tight junction proteins are essential for proper
maintenance of the blood-retinal barrier.
Under acute injury or chronic disease conditions, the BRB
is weakened, facilitating vascular permeability.6 Acute
changes in BRB function, for example in response to injury,
are protective, allowing inﬁltration of immune cells to attack
invading pathogens or phagocytize damaged neurons. However, chronic breakdown of the BRB is detrimental to retinal
function and visual acuity. Retinal edema, particularly in the
macula, compromises visual acuity. Loss of the deﬁned
retinal microenvironment compromises the function and
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survival of retinal neurons. Furthermore, chronic inﬁltration
of immune cells exacerbates inﬂammation and resultant inﬂammatory pathologies. Interventions targeting inﬂammation, such as those revealed in the highlighted study by Lin
et al,3 therefore alleviate BRB and resultant pathologies.
BRB breakdown is central to many ocular diseases,
including diabetic retinopathy, ischemic retinopathy,
ischemia/reperfusion injury, age-related macular degeneration, and retinal vein occlusions.7e9 The upstream mechanisms for BRB breakdown are context dependent, but the
downstream effectors that facilitate breakdown of tight
junctions are similar across multiple ocular diseases. Two
primary regulators of BRB breakdown are vascular growth
factors and inﬂammatory mediators, which are secreted by
stressed neurons and glia, and in some cases by adherent/
inﬁltrating immune cells.6
VEGF promotes vascular permeability and pathologic
angiogenesis, and it is secreted by neurons, glia, and the RPE
under hypoxic, oxidative, metabolic, or inﬂammatory stress.
VEGF binds to VEGF receptors in endothelial cells, which
activate signaling cascades that ultimately phosphorylate the
tight junction proteins occludin and VE-cadherin, targeting
these proteins for ubiquitination and proteasomal degradation.2,10 Furthermore, ubiquitinated occludin modulates
internalization of other tight junction proteins for endosomal
recycling, further facilitating BRB breakdown.10 Accordingly, anti-VEGF therapy alleviates BRB breakdown, and it is
a common treatment for diabetic macular edema, age-related
macular degeneration, retinal vein occlusion, and other retinal
microvascular diseases involving BRB breakdown.7e9
However, some patients are refractory to anti-VEGF therapy, presumably because BRB breakdown in these patients
occurs via VEGF-independent mechanisms.
Many ocular diseases, including ischemia reperfusion,
diabetic retinopathy, age-related macular degeneration, and
retinal vein occlusion, are associated with an inﬂammatory
response.6 Activated glia and stressed neurons may secrete
inﬂammatory factors directly into the retinal microenvironment.4 Circulating leukocytes also adhere to endothelial
cells via adhesion molecules and secrete inﬂammatory factors in the process known as leukostasis (Figure 1), which
contributes to ocular disease. Leukocytes may also inﬁltrate
the retina, especially if the BRB is already compromised.
Intraocular TNF-a is elevated in ocular disease, which is
known to facilitate BRB breakdown via mechanisms that
are distinct from VEGF-induced vascular permeability.11 In
some ocular diseases, such as diabetic retinopathy, VEGF
modulates early breakdown of the BRB, whereas TNF-a
regulates late-stage BRB breakdown.11
TNF-a decreases mRNA levels of claudin-5 and zonula
occludens protein 1 through an NF-kBedependent mechanism.1 Accordingly, glucocorticoids, which suppress
inﬂammation, alleviate TNF-aeinduced vascular permeability.1 Furthermore, antieTNF-a therapies alleviate
vascular permeability in ocular disease, particularly in patients refractory to anti-VEGF therapy.12

2143

Pearsall and Connor

BRB breakdown and leukostasis
Adhesion molecules

Blood and plasma
extravasation

Adherent leukocyte

Extravasating leukocyte

Figure 1 Blood-retinal barrier (BRB) breakdown and leukostasis. In the diseased retina, tight junctions in endothelial cells are compromised, contributing
to breakdown, which allows extravasation of blood, plasma, and immune cells into the neural retina. Stressed endothelial cells express adhesion molecules that
facilitate adhesion of leukocytes in the process of leukostasis.

BRB breakdown contributes to loss of visual acuity and
neuronal cell death and dysfunction in ocular disease, and it
is therefore of signiﬁcant therapeutic interest.6 Currently
available therapeutics targeting VEGF effectively alleviate
BRB breakdown in many patients.7e9 Small clinical studies
suggest that anti-inﬂammatory and antieTNF-a therapies
may be effective in patients refractory to anti-VEGF therapy.12 However, although VEGF and TNF-a facilitate BRB
through distinct mechanisms, aPKC is essential for both
pathways, and may therefore be a desirable therapeutic
target, as indicated by Lin et al3 in the highlighted study.

Atypical Protein Kinase C
The PKC family is ubiquitous in cell signaling, and PKC
regulates diverse developmental, physiological, and pathologic events. The PKC family is divided into three subfamilies,
including conventional, novel, and atypical PKCs.13 All PKCfamily proteins contain a C-terminal catalytic domain and
N-terminal regulatory domains. Speciﬁcity of the C-terminal
domain dictates which substrates each PKC phosphorylates
once activated, whereas the N-terminal regulatory domain
determines upstream activation of PKCs.14
The mammalian aPKC family is composed of two isoforms, aPKCz and aPKCi/l. The aPKCs regulate many
essential developmental and cellular processes, such as cell
fate determination, cellular polarity, the cell cycle and cell
signaling pathways (eg, Wnt signaling), Janus activating
kinase/Stat signaling, and the hedgehog pathway.14 Interestingly, PKCz but not aPKCi/l is essential for endothelial
cell polarity; deletion of PKCz or transgenic expression of
kinase-dead PKCz results in essentially normal mice,
whereas deletion of aPKC-i/l is embryonic lethal. The basis
for these differential functions remains unclear, but once
polarity is established, globally inhibiting aPKC activity
does not disrupt cellular polarity.
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aPKC as a Therapeutic Target in Ocular Disease
aPKC signaling is also important in the context of vascular
permeability (Figure 2). VEGF regulates vascular permeability by activating hyperphosphorylation of occludins and
cadherins, which are direct substrates of conventional PKCs,
and potentially of aPKCs.1,15 Contrastingly, TNF-a induces
vascular permeability by activating NF-kB, which is
dependent on aPKCs, but is independent of conventional or
novel PKCs.1 Because VEGF and TNF-aeinduced vascular
permeability are both dependent on aPKC signaling, aPKC
inhibition is a viable therapeutic modality for BRB breakdown. The same research team highlighted in this issue
developed 2-amino-3-carboxy-4-pheynylthiopenes as novel,
speciﬁc inhibitors of aPKC.16
Breakdown of the BRB and subsequent macular edema is
a major sight-threatening pathology of diabetic retinopathy,
which is the leading cause of blindness in the working-age
population. Both anti-VEGF and antieTNF-a therapies are
effective in diabetic retinopathy and diabetic macular
edema, suggesting that aPKC may be a viable therapeutic
target. Accordingly, several groups have demonstrated that
PKCz regulates BRB breakdown in diabetic retinopathy,17
and that suppressing PKCz and/or PKCi/l signaling alleviates BRB breakdown.18 Furthermore, the authors of the
highlighted study3 have previously demonstrated that aPKC
regulates both VEGF and TNF-aemediated BRB breakdown, and that newly developed aPKC inhibitors suppress
this pathology.1,15,19
Ischemia/reperfusion retinal injury results in breakdown
of the BRB, which is regulated by VEGF,20 and potentially
by TNF-a.21 Accordingly, the authors identify in the present
study that aPKC inhibition and transgenic expression of
kinase-dead PKCz suppress BRB breakdown and inﬂammation in retinal ischemia/reperfusion injury, and inhibit
recruitment of inﬁltrating immune cells.3 aPKC inhibition
also down-regulates expression of adhesion molecules by
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Figure 2 Vascular endothelial growth factor (VEGF)e and tumor necrosis factor-a (TNF-a)emediated blood-retinal barrier (BRB) breakdown are protein kinase
Cz (PKCz) dependent. VEGF activates VEGF receptor 2 (VEGFR2). Activation of VEGFR2 facilitates PKCz activation. Activated PKCz then phosphorylates the tight
junction protein occludin, targeting occludin for proteasomal degradation and endosomal recycling. Occludin degradation compromises endothelial tight junctions,
contributing to BRB breakdown. TNF-a activates PKCz through as yet unknown mechanisms, which activates NF-kB signaling. NF-kB represses transcription of tight
junction components claudin-5 and zonula occludens protein 1 (ZO-1), compromising endothelial tight junctions and facilitating BRB breakdown.

suppressing inﬂammatory signaling, which may alleviate
leukostasis. The authors suggest that the anti-inﬂammatory
effects of aPKC inhibition are likely mediated through
suppression of NF-kB activation, and that protective effects
against BRB breakdown are likely mediated by inhibition of
both the TNF-a/NF-kB axis and VEGF signaling. Accordingly, the authors demonstrate that aPKC inhibition suppresses inﬂammation and BRB breakdown induced by
intraocular injection of VEGF and TNF-a.
The role of aPKC in microvascular pathologies of ocular
disease is strongly supported in the scientiﬁc literature, and
by the present study. Preliminary studies suggest that aPKC
may also regulate degeneration of the neural retina and
retinal pigment epithelium, potentially through TNFaemediated inﬂammatory signaling.22,23 Accordingly,
aPKC inhibitors have therapeutic potential in retinal neurodegeneration, which is a likely topic of future investigations.

Conclusions and Future Directions
Basic research studies strongly suggest that aPKC plays a
central role in BRB breakdown, and that aPKC inhibition
has potent therapeutic effects in multiple ocular diseases.
Mechanistic studies suggest that aPKC is essential for both
VEGF- and TNF-aemediated BRB breakdown, and that
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aPKC inhibition suppresses inﬂammation-mediated BRB
breakdown. However, aPKC may also mediate endothelial
barrier breakdown by other permeabilizing cytokines, such
as thrombin and chemokine (C-C motif) ligand 2, which are
also known to regulate BRB breakdown.3 The role of aPKC
in thrombin- and chemokine (C-C motif) ligand 2emediated
BRB breakdown is a topic of ongoing investigations.
Previous work has demonstrated that aPKCs modulate the
inﬂammatory response in both endothelial cells and macrophages.1 In the present study, Lin et al3 selectively
overexpress kinase-dead PKCz in endothelial cells and
myeloid cells using the Tie2/Tek promoter, which suppresses BRB breakdown and inﬂammation. This may be
attributable to direct modulation of permeability by PKCz in
endothelial cells, or to suppression of the inﬂammatory
response in both leukocytes and endothelial cells, inhibiting
recruitment of immune cells. Future studies with cell
typeespeciﬁc expression of kinase-dead PKCz will elucidate the relative contribution of PKCz signaling in each cell
type to inﬂammation and BRB breakdown.
Inﬂammation is central to many common ocular diseases,
and therapeutic interventions targeting inﬂammation alleviate many pathologies of ocular disease, including BRB
breakdown. However, the etiology of inﬂammation in
ocular disease remains controversial. In many contexts, it is
also unclear whether inﬂammation is causative in ocular
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disease, or instead is induced by the underlying ocular
disease and subsequently exacerbates the pathology.
Furthermore, the relative contributions of local versus systemic inﬂammation are not yet fully understood. These
important questions are the topics of ongoing investigations,
and will yield important insights into the pathology of
ocular disease. Although inﬂammation is central to many
ocular diseases, the etiology of inﬂammation and its relative
role in disease induction versus progression are likely to be
context dependent. However, therapeutic interventions targeting inﬂammation are highly effective, despite current
gaps in knowledge regarding the etiologies of inﬂammation
and disease. Anti-inﬂammatory therapies are, therefore,
clinically signiﬁcant, even as mechanisms for upstream induction of inﬂammation continue to be elucidated.
Targeting inﬂammation and growth factoremediated
breakdown of the BRB has led to highly effective therapeutic interventions for a variety of common blinding ocular
diseases. Still, there is signiﬁcant pressure to further elucidate the mechanisms and etiology of inﬂammation and induction of vascular growth factors. These investigations will
lead to additional approaches to treatment, and potentially
identify other common regulators of both inﬂammation and
growth factoremediated vascular permeability that can then
be exploited as therapeutic targets.
The therapeutic potential of aPKC inhibition in inﬂammatory and neovascular ocular diseases is well supported.
Therefore, further insights into the mechanisms of aPKCmediated vascular permeability and inﬂammation, and of
the relative contribution of aPKC signaling in speciﬁc cell
types, are of signiﬁcant importance. Furthermore, additional
preclinical studies necessary to bring small-molecule aPKC
inhibitors into clinical use will be eagerly anticipated.
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