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What is angiogenesis and why is it
important in the eye?
Angiogenesis is the biological process
whereby new blood vessels grow from
pre-existing ones in order to expand
the vascular bed and supply blood
and oxygen to tissues. Angiogenesis
can occur in a healthy state as part of
normal development of an organism,
but it also occurs in disease. In disease,
angiogenesis it is referred to as
pathological angiogenesis. Pathological
angiogenesis can have devastating
consequences in the eye and is a leading
cause of blindness. In the retina and

choroid, blood vessel networks exist
but are normally stable. Pathological
angiogenesis in these tissues, however,
can lead to proliferative diabetic
retinopathy (PDR) or the wet form
of age-related macular degeneration
(AMD). In the cornea, pathological
angiogenesis is often referred to as
corneal neovascularization and can
lead to edema, scarring, blindness,
breakdown of immune privilege and
poor prognosis for transplantation.

How is ocular angiogenesis treated?
Pathological angiogenesis can be treated

with corticosteroids, which effectively
suppress inflammation and subsequent
angiogenesis; however, their prolonged
use as an immunosuppressant is
associated with adverse side effects such
as corneal ulcers, cataract and glaucoma.
An alternative treatment strategy is
to specifically target a key molecule
required for blood vessel growth,
namely vascular endothelial growth
factor (VEGF). Anti-VEGF agents have
been used widely in recent years, for
example given as intravitreal injections
for treating AMD, proliferative diabetic
retinopathy (PDR) and diabetic macular

APRIL 2019 | OFTALMOLOG | 3

edema. Anti-VEGF has also been
given by subconjunctival injection
and topically in cases of corneal neovascularization. Particularly in the back
of the eye, anti-VEGF treatments have
become the best available therapy for
maintaining vision in patients who
otherwise would be blind.

What are the limitations of current
anti-angiogenic treatments?
Despite the broad use of anti-angiogenic
treatments in the eye, a number
of challenges remain. Anti-VEGF
agents have only a temporary effect,
so multiple repeated injections are
required to keep angiogenesis under
control to maintain vision. In a subset
of patients called non-responders,
anti-VEGF treatment confers minimal
benefit. Even more concerning is that
in some patients the pathological
angiogenesis continues despite
anti-VEGF treatment, a phenomenon
referred to as anti-VEGF resistance.
Although, VEGF is undoubtedly a key
molecule regulating angiogenesis, it
represents just one of many redundant
signaling molecules and pathways,
and blocking VEGF may activate
these alternative angiogenic signals.
Moreover, many ocular conditions
involving angiogenesis occur in the
presence of inflammation, which
can promote and sustain the growth
of new blood vessels, and anti-VEGF
may be ineffective in suppressing
inflammation. A further consideration
is that an abrupt cessation of anti-VEGF
therapy, even temporarily, may carry a
risk of reactivating capillaries leading
to a subsequent aggressive angiogenic
growth, as has been observed in tumors
upon cessation of anti-VEGF treatment.

Figure 1. A number of pathologies listed on the left are potential causes of corneal neovascularization,
which is the growth of new blood vessels into the cornea from the limbus. Inflammation plays an
important role in the development of new blood vessels, resulting in pathological angiogenesis if
not treated. The phenomena listed on the right hand side have been investigated in greater detail in
a cornea model, and are described in the text below. Below the eye, the genetic regulation of these
phenomena is depicted, representing upregulation (red) and downregulation (green) of various genes.
Figure credit: A. Mukwaya.

and its regulation at the gene expression
level (Figure 1).

Angiogenesis and capillary remodeling
in the cornea
Normally devoid of blood vessels, the
cornea is surrounded by an arcade
of limbal vessels demarcating the
boundary between the cornea and
the scleral tissue containing blood
vessels. In a healthy cornea, a tightly
regulated balance between pro- and
anti-angiogenic molecules keeps the
cornea free of blood vessels. However,
factors such as injury, genetic disorders
and/or infection can tip the balance in

favour of the proangiogenic molecules
leading to inflammation. If this
inflammation is not controlled it can
result in angiogenesis (Figure 2A). Over
time, the newly formed blood vessels
partially regress and remodel to build
a more stable and mature vasculature.
During this remodeling and regression
process, which may occur naturally
or in response to treatment, distinct
structures form in the tissue, referred to
as ‘ghost vessels’ and ‘persistent vessels’.
Ghost vessels and persistent vessels may
in turn facilitate revascularization of
the cornea (Figure 2B).

Investigating alternative approaches
for treating ocular angiogenesis
The limitations of corticosteroids and
anti-VEGF treatment highlights the need
for alternative treatment approaches. In
order to develop alternative strategies,
a deeper understanding of ocular
angiogenesis and inflammation is
essential. In a recent series of research
studies conducted at Linköping
University in Sweden, the cornea has
been used as a model to investigate
ocular angiogenesis and inflammation,
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Figure 2. Slit lamp biomicroscopy images of (A) corneal neovascularization, with arrows indicating
newly sprouted blood vessels invading the corneal periphery and growing in a direction towards the
central cornea. These vessels leak fluid and this disrupts corneal transparency and vision. (B) Ghost
vessels in the cornea (arrows) after regression of neovascularization. The impact of these structures
over the long term is not fully known. Figure credit: B.Peebo, N.Lagali.
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Figure 3. The suture model of inflammatory corneal angiogenesis. (A) A schematic depicting a suture traversing the corneal stroma
with the knot left exposed above the corneal surface to trigger a sustained inflammatory response. (B) A naïve rat cornea without
blood vessels. (C) New vessels sprouting from the limbus towards the suture sites on the temporal side of the right eye of a rat,
four days following suture placement. Figure credit: A. Mukwaya.

Unanswered questions regarding ocular
angiogenesis
In a series of studies recently
performed at Linköping University in
Sweden, regulation of inflammation
and angiogenesis in the cornea was
investigated at the whole genome level.
The aim was to address the following
questions of relevance for ocular
pathologies:
1. Which genes speed up the
remodeling and maturation of new
capillaries? This is important because
mature vessels do not leak fluid but are
typically resistant to treatment while
immature ones tend to leak fluid and
cause tissue damage, but may be more
sensitive to treatment.
2. How is inflammatory angiogenesis
in the cornea regulated with time?
This is important to know because
inflammation and angiogenesis are
dynamic events and this may have
implications for the type and timing of
treatment.
3. What is the role of ghost
vessels versus persistent vessels in
revascularisation of the cornea? Ghost
vessels are observed clinically, but little
is known about the impact of their
presence in the long term.
4. What are the key targets for
corticosteroids? To understand the
basis for the effectiveness of steroids,
their key targets are investigated. This
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may facilitate new approaches focusing
on key molecules or pathways, to
avoid the side effects of broad-acting
corticosteroids.

A cornea model of inflammation
and angiogenesis
To address the above research questions,
a model of induced inflammation
leading to corneal angiogenesis was
used. In this model, surgical sutures
are placed intra-stromally in the
cornea of the rat. The suture knot is
not buried into the stroma, which,
in the absence of treatment, serves
to act as a wound and a foreign body
stimulating inflammation. Normally a
healthy cornea has no vessels, however
following suture stimulation, new
vessels sprout from the limbus towards
central cornea (Figure 3).
This model has several advantages.
The response is robust and reproducible
from cornea to cornea. The model is also
controllable since the extent and timing
of new angiogenic vessel sprouting can
be defined by the location of sutures.
This model also has the key advantage
that it is reversible, for example,
capillary regression can be induced
by removing the sutures. The model
recapitulates an early inflammatory
response leading to angiogenesis, which
mimics pathologic processes in ocular

disease. In addition, because the cornea
is externally visible and accessible, the
model also allows for direct imaging
techniques to be used in live animals,
for example in vivo confocal microscopy
(IVCM), and slit lamp photography
as in Figure 3 B and C. Finally, the
model reflects clinically relevant
inflammation and angiogenesis
occurring after suture placement in the
cornea, and can be used to study the
suppression of these processes using
commonly used treatments, such as
corticosteroids.

Capillary remodeling in
the cornea model
To address the first research question,
two sutures were placed into the rat
cornea and vessel sprouting was allowed
to proceed for four days. At this point,
sprouting vessels typically extend from
the limbus a distance of halfway to the
sutures. On the fourth day, (referred
to as the 0h time point) animals were
divided into two groups. In a group
called ‘suture IN’, both sutures are left
in place, while in a group called ‘suture
OUT’, both sutures are removed at the
0h time point. In both groups, animals
were examined at 24h, 72h, and 120h
time points by in vivo examination
methods (Figure 4).

Figure 4. The experimental design followed
to investigate genes involved in regression,
remodeling and maturation of new
capillaries. Regression was triggered by
removing the corneal sutures after a 4 day
initial sprouting phase (‘Suture OUT’ group).
The ‘Suture IN’ group retained sutures as
a positive control group. Gene microarray
chips were used as indicated (4 animals
per group) to compare whole-genome
expression in regression and remodeling
versus continued angiogenic sprouting.
Figure credit: A. Mukwaya.

As expected, vessel density
decreased with time after suture
removal compared to the sutures
being retained (Figure 5A). By in
vivo confocal microscopy, it was
observed that suture removal
resulted in a decrease in the number
of inflammatory granulocytes and
an increase in the number of antiinflammatory macrophages in the
cornea (Figure 5B).

Figure 5. Phenotypic characterization of
capillary remodeling and regression in the
rat cornea. (A) Over time, new angiogenic
capillaries in the cornea regress after suture
removal. With the sutures still in place
however, capillaries remain active. (B) Within
the corneal tissue, inflammatory granulocyte
density decreases while anti-inflammatory
macrophage density increases. These
macrophages are of the M2 phenotype,
characterized by marker expression (data
not shown). The red lines in the graphs
indicate the Suture OUT group, while the blue
line indicates Suture IN. Figure credit: A.
Mukwaya.
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Gene microarray analysis of
the entire genome in the corneal
tissue indicated that many genes
were significantly upregulated or
downregulated after placing the
sutures, and after suture removal. With
sutures still in place, inflammationrelated genes were strongly upregulated.
Twenty-four hours after suture removal,
these genes were still upregulated,
but to a lesser degree, while a host
of other genes were downregulated.
Interestingly, many genes had much
higher expression than VEGF-A during
both active sprouting and after suture
removal.
Detailed analysis of microarray
data revealed the most suppressed
genes after removing the sutures were
CXCL5 (a gene controlling neutrophil
recruitment), CCL2 (a gene controlling
monocyte recruitment) and SERPIN-B2
(a monocyte-derived blood coagulation
factor, which is also known to
regulate monocyte proliferation and
differentiation). These three genes are
known pro-inflammatory mediators.
The most upregulated genes with suture

removal were also identified, and these
were SLIT-2, RASA-2 and GSK-3B, whose
roles in the cornea are not well studied
(Table 1).

Table 1. Genes most suppressed (negative fold
change) and upgregulated (positive fold change)
24h after the suture stimulus is removed,
compared to the suture being left in place.

Gene Symbol

CXCL5

Fold change with
suture removal,
relative to suture
remaining in place
-41.7

CCL2

-15.6

SERPIN-B2

-15.2

SLIT-2

2.56

RASA-2

2.55

GSK-3B

2.23

To summarize, active sprouting
of capillaries is associated with an
influx of inflammatory neutrophilgranulocytes and expression of many

pro-inflammatory factors, to a much
greater level than VEGF-A. Removing
the inflammatory stimulus, the cornea
naturally restores its avascularity by
first strongly suppressing neutrophil
and monocyte recruitment through
suppression of the chemokines
CXCL5 and CCL2. Anti-inflammatory
macrophages are recruited to remodel
the newly formed vasculature and
a host of other genes are expressed
to dampen inflammation and
angiogenesis, although the exact
function of many of these genes is
unknown (Figure 6).
Clinically, the importance of these
findings is that inflammation is an
important mediating factor in ocular
neovascular disease (at the front and
back of the eye) and should be addressed
alongside the pathological angiogenesis.
In this regard, additional targeting
of specific inflammatory cytokines
could be a more effective strategy to
address inflammation and angiogenesis
than the use of anti-VEGF alone. This
hypothesis requires further studies.

Figure 6. Summary of the angiogenic and remodeling responses in the cornea. With the sutures left IN (cornea on the left side),
inflammation and angiogenesis are active and this corresponds to the expression of pro-angiogenic and pro-inflammatory
factors along with granulocyte invasion (elongated white cells), while the number of anti-inflammatory macrophages (blue
cells) is low. After suture removal (cornea on the right side), granulocytes are reduced, anti-inflammatory macrophages
increase in number, factors related to remodeling are expressed and inflammatory factors are suppressed, leading to a
regressing, remodeling vascular phenotype. Figure credit: A. Mukwaya.
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Figure 7. Summary of resolution of inflammation and capillary regression in the cornea. In an early phase of regression, pro-inflammatory pathways
such as IL-6, LPS/IL-1 inhibition of RXR, and VEGF ligand signaling are inhibited, leading to a reduced expression of CCL2, IL-1 and IL-6. This
dampens inflammation and reduces the granulocyte population in the tissue. In a later phase, anti-inflammatory pathways such as LXR/RXR
activation, STAT3, and PPAR are activated to further suppress inflammation and remodel the vasculature. Remodeling occurs with recruitment of
anti-inflammatory macrophages and is enhanced by cholesterol efflux from macrophages through the LXR downstream target genes ABCA-1 and
APO-E. Figure credit: A. Mukwaya.

Time dependence of inflammation
and angiogenesis
The second research question above
was addressed using the experimental
design presented in Figure 4, but with
additional analysis of corneal tissue at
the later time points of 72h and 120h
with whole genome microarrays (4
corneas per group and time point).
Analysis of the microarray data
revealed a time-dependent gene
expression during different phases
of inflammation and angiogenesis.
Where sutures remained in place,
active sprouting continued and many
genes were upregulated with the
upregulation becoming stronger with
time (in terms of both number of
significantly upregulated genes and
the degree of upregulation). Where
sutures were removed, upregulation
was not observed but instead many

genes were downregulated, in particular
inflammatory genes, and this
downregulation became stronger with
time (both the number of genes and
degree of downregulation).
Analysis of relevant molecular
pathways revealed that during active
capillary sprouting (sutures in place),
inflammation-related pathways were
activated (such as IL-8, ILK, endothelin-1,
IGF-1, CXCR4, integrin and actin
cytoskeleton signaling pathways)
whereas in the group with sutures
removed, these pathways were not
active, and instead several pathways
were actively inhibited in an early phase
24h after suture removal (such as ILK,
endothelin-1, ERK5, JAK/STAT, VEGF and
IL-6 signaling). Of particular interest,
in a later phase at 72h after initial
inflammatory pathway modulation, the
LXR/RXR (liver X-receptor/retinoid-X

receptor) pathway was activated during
remodeling (and inhibited during
sprouting). The inhibitor of this pathway
(LPS/IL-1 inhibition of RXR function) was
likewise inhibited during remodeling,
conferring a dual effect reinforcing
the activation of LXR/RXR. In addition,
pathways such as STAT3 and PPAR were
activated during remodeling (i.e., upon
suture removal).
Given the prominence of the LXR/
RXR pathway during the resolution
of inflammation, further analysis
by Western blot, qRTPCR, and
immunostaining of corneas revealed
that LXR receptors  and  were
expressed in the cornea and localized
to anti-inflammatory M2 macrophages.
Moreover, LXR downstream genes
ABCA-1 and APO-E were strongly
activated during capillary remodeling
but not during sprouting, and their
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protein products were localized to
M2 macrophages. These proteins are
responsible for efficient cholesterol
transport from macrophages, which
is essential to maintain their cellular
function and prevent intracellular
cytotoxicity.
To summarize, remodeling and
regression of new angiogenic capillaries
was characterized by an early-phase
suppression of pro-inflammatory
pathways such as IL-6 signaling, LPS/IL-1
inhibition of RXR, and VEGF signaling.
In a later phase, anti-inflammatory
pathways such as LXR/RXR, PPAR,
and STAT3 were activated, while
inflammatory genes such as CCL2,
IL-1 and IL-6 were suppressed. LXR
target genes ABCA-1 and APO-E were
upregulated, and this upregulation
is believed to enhance removal of
cholesterol buildup within macrophages
leading to effective remodeling of
capillaries (Figure 7). These findings
highlight the time-dependence of the
natural resolution of inflammation and
angiogenesis. First, an early dampening
of inflammation occurs, that is later
followed by activation of specific antiinflammatory pathways to orchestrate
vascular remodeling by mobilizing antiinflammatory macrophages.
Clinically, this suggests that
inhibition of not only VEGF signaling
but other inflammatory pathways
may be necessary to suppress potent
inflammatory mediators such as CCL2
and IL-1. The initial suppression of
inflammation alone, however, appears
inadequate to initiate effective capillary
regression. Other, anti-inflammatory
pathways such as LXR/RXR may
require activation in a later phase. Also,
recruitment of anti-inflammatory
macrophages may be required for
effective capillary remodeling. A
complex, time-dependent balance
and interplay of various pathways
thus characterizes effective capillary
regression. While this occurs during
the natural restoration of corneal
transparency in our model, for
pathological angiogenesis observed
clinically, current treatments do not
act at this level of complexity. Typically,
only a single factor or pathway (such as
the VEGF pathway) is blocked at regular
intervals.
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Ghost vessels and persistent vessels
To address the third research question,
non-perfused ghost vessels in the
cornea were induced. To achieve this,
the suture model was again used, but
with sprouting allowed to proceed
for seven days to allow for a limited
maturation of vessels and remodeling
of sprouts into functional vascular
loops. On the 7th day, sutures were
removed to induce regression over a
30-day period. On the 30th day, almost
complete regression of vessels occurred,
leaving a transparent cornea where
only a few very thin non-regressed
capillaries (called ‘persistent vessels’)
could be detected by in vivo confocal
microscopy examination and careful
slit lamp examination. These persistent
vessels were so thin that they permitted
only single, serial erythrocyte flow
along their length. In addition to these
persistent vessels, a second type of
structure termed ‘ghost vessels’ was also
apparent after regression. In contrast
to persistent vessels however, the ghost
vessels were not perfused and did not
have a cellular component, but were
composed of only empty basement
membrane sleeves of primarily type IV
collagen.
At this point, the cornea was then
re-sutured to simulate a repeated
inflammatory angiogenic stimulus,
such as repeat injury or high-risk
corneal transplantation. Twentyfour h
after re-suturing, the persistent vessels
became reactivated and by 72h became
hyper-dilated leading to a severe
corneal vascular phenotype. The ghost
vessels, however, did not re-perfuse, and
remained without a cellular component.
Only the persistent, perfused vessels
were capable of reactivation. Over time,
new sprouting occurred from these
reactivated persistent vessels, without
ghost vessel involvement.

Severity increases after repeated
inflammatory stimulus
To investigate the stronger phenotypic
angiogenic response after repeated
stimulus, whole genome expression
was analyzed using microarrays. More
pathways were activated and to a
greater degree during revascularization
(the second stimulation) compared
to the initial angiogenic phase (the

initial stimulation). Many of these
activated pathways were associated
with inflammation. In particular, the
LXR/RXR pathway (anti-inflammatory)
was not active during the initial
angiogeneic phase, but was inhibited
during revascularization. Concurrently,
its inhibitor (LPS/IL-1 inhibition of
RXR function) was activated in the
initial angiogenic phase, and to a
greater degree during revascularization,
reinforcing LXR/RXR inhibition. Other
pathways such as nitric oxide and
leukocyte extravasation were activated
during revascularization. At the gene
level, inflammatory and pro-angiogenic
genes such as VEGF-A, CXCL2, IL-6, and
IL-1 were more strongly expressed after
the second stimulus compared to the
first.
To summarize, corneal ghost vessels
are non-perfused structures without
cells that do not re-perfuse upon repeat
injury. Instead, persistent non-regressed
vessels can reactivate and give rise
to new vessel sprouting in a faster
and more aggressive manner than
in the initial injury. This accelerated
angiogenesis is characterized by
inhibition of the anti-inflammatory
LXR/RXR pathway, activation of
nitric oxide-related vasodilation and
enhanced expression of factors such as
VEGF-A and IL-1.
The clinical significance of these
results is that in the eye, treatmentinduced vascular regression is almost
never total, with some persistent vessels
remaining in the tissue. These persistent
vessels appear to be ‘primed’ to respond
faster and more aggressively with
subsequent stimulation (or upon the
removal of anti-angiogenic treatment).
Once completely regressed however,
vessels lose their supporting endothelial
cells, forming empty conduits that
do not regain the ability to reactivate.
A decline in the tissue levels of proangiogenic factors (such as VEGF) can
stimulate some vessels to mature,
normalize, and persist in the tissue.
These persistent vessels then serve
as the source for future re-perfusion
and angiogenesis. Repeated anti-VEGF
treatment may simply be partially
regressing vessels while leaving a
few persistent ones behind, that later
reactivate due to the underlying disease.

Figure 8. Differential 48 hours following corneal suture placement, the dilation of pre-existing limbal vessels was
compared by measuring limbal vessel diameter by in vivo confocal microscopy (A, B). Inflammatory cell infiltration
into the aqueous humor was also measured by cell counting in the aqueous fluid (C, D). Dexamethasone effectively
suppressed both limbal vessel dilation and inflammatory cell infiltration into the aqueous humor. n.s. = nonsignificant, * P < 0.05, ** P < 0.01, *** P < 0.001. Figure credit: A. Lennikov.

Such treatment is not as efficient as
the natural regression in our model,
highlighting a possible benefit of
ensuring a more complete regression by
additionally targeting the inflammatory
component, for instance by activating
the anti-inflammatory LXR/RXR
pathway or directly targeting factors
such as IL-1.
Why are corticosteroids so effective
in suppressing inflammation?
To address the fourth research
question, the corneal suture model was
used with treatment given immediately
after suture placement. Dexamethasone
treatment was compared with antiVEGF treatment, with IgG as a control.
Treatment was given in the form of eye
drops applied 4x/daily for two days to
study the effect of suture placement
on early-phase inflammation that
eventually leads to angiogenesis.
From characterization of the response
by in vivo confocal microscopy, it
was observed that dexamethasone
treatment inhibited vasodilation of
limbal vessels, whereas anti-VEGF
did not (Figure 8 A-B). This early
vasodilation is a precursor to angiogenic
sprouting. In addition, Dexamethasone

treatment more effectively suppressed
inflammatory cell invasion into the
aqueous humor (Figure 8 C-D).

Gene expression analysis of steroid
versus VEGF activity
From whole genome microarray data in
the different treatment groups, pathway
analysis revealed dexamethasone
treatment resulted in a fewer number of
genes activated in most inflammatory
pathways relative to anti-VEGF
treatment (Figure 9). Anti-VEGF
treatment did not effectively suppress
inflammatory factors, as the response
was similar to the control IgG treatment.
Whole genome analysis of the top 10
genes suppressed by dexamethasone
and not by anti-VEGF treatment
included several pro-inflammatory
genes such as CCL2 and CXCL5, and a
complement inhibitor CFI. Of note,
dexamethasone suppressed expression
of CCL2 by over 38-fold and CXCL5 by
over 7-fold relative to anti-VEGF. This
result highlights the broad-acting
nature of corticosteroids that effectively
suppress inflammation through
numerous pathways and factors such
as CCL2 and CXCL5 associated with

neutrophil and monocyte recruitment.
Clinically, corticosteroids efficiently
suppress inflammation, a key step in
the process of new vessel sprouting. This
anti-inflammatory activity is broad,
encompassing numerous pathways
and factors, but certain chemokines
mediating neutrophil and monocyte
recruitment to the site of injury
are overly suppressed by steroids,
highlighting their importance. For
a less broadly acting, more targeted
suppression of inflammation leading
to angiogenesis, one should consider
specific inhibition of these chemokines.

Lessons learned from investigations of
ocular inflammation and angiogenesis
Collectively, the above studies led to
several insights, that are summarized
here.
1. In an inflammatory environment,
the expression of pro-inflammatory
genes (eg. CXCL5, CCL2) and recruitment
of inflammatory cells may be of equal
importance as angiogenic factors such
as VEGF for initiating and sustaining
pathologic angiogenesis. Many other
factors besides VEGF are activated and/
or suppressed during active sprouting
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Figure 9. Activated inflammatory pathways 48h after suture placement and treatment by either steroid, anti-VEGF or IgG (control).
The number of activated genes in the given pathways is indicated for the various treatment groups. In all inflammatory pathways,
dexamethasone achieved the greatest suppression of genes.

and during remodeling, and these
deserve closer investigation.
2. The natural regression of
angiogenic capillaries is a complex
process involving an early suppression
of numerous inflammatory pathways
and a subsequent activation of antiinflammatory LXR/RXR, PPAR/
RXR and STAT3 signaling. This leads
to subdued inflammation in the
cornea and capillary remodeling
and regression, a process associated
with enhanced anti-inflammatory
macrophage activity and suppression
of inflammatory factors such as CCL2,
CXCL5, IL-1 and IL-6. The timing and
type of anti-angiogenic therapy are
important considerations in order
to achieve effective resolution of
inflammation and angiogenic capillary
regression.
3. Non-perfused ghost vessels
without cellular components are
dormant remnants of once active
vessels that do not re-perfuse during
repeated injury in the corneal
neovascularization model. Instead,
natural or treatment-induced vascular
regression is not 100% effective and is
associated with ghost vessels as well
as persistent capillaries. The persistent
capillaries, formed when angiogenic
factors decline, are mature, stable and
treatment-resistant. Although, they may
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be severely constricted and have very
weak blood flow, they have the potential
to rapidly dilate and form the basis
for renewed, aggressive inflammation
and angiogenesis during repeat injury
or when the effect of anti-angiogenic
treatment subsides. Pro-inflammatory
pathways such reactive oxygen species
and nitric oxide signaling may mediate
this revascularisation response.
4. Corticosteroids such as
dexamethasone suppress many
inflammatory pathways and genes,
which anti-VEGF treatment does not.
This leads to an early suppression
of vascular permeability and
inflammatory cell recruitment via
chemokines such as CXCL5 and CCL2 –
an effect not achieved with anti-VEGF
treatment. To avoid the broad effects of
corticosteroids while achieving effective
suppression of angiogenesis may
require targeted inflammatory pathway
and/or chemokine blockade in addition
to targeting VEGF. This approach should
be investigated further.
In summary, the complexity,
redundancy, and time dependence of
mechanisms regulating inflammation
and angiogenesis may partially explain
the observed limitations of current
therapies for ocular angiogenesis.
Numerous regulatory factors and
pathways remain unexploited as

potential targets for treating ocular
inflammation and angiogenesis. Future
therapies could benefit by augmentation
with specific inflammatory molecule
or pathway agonists or inhibitors and
possibly alternative anti-angiogenic
agents to more completely eradicate
new pathologic vessels and maintain a
regressed, more stable vasculature. n
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