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Modulating Wound
Healing After
Glaucoma Surgery

Advances in techniques and treatments.

BY PENG T. KHAW, PHD, FRCS, FRCOPHTH, FRCP, FRCPATH, FIBioL, FMepSci; EMMA JONES, MD, MRCP;
KAMIAR MIRESKANDARI, MD, FRCOPHTH; ANNEGRET DAHLMANN, MD, FRCOrHTH; AND ALISON CAMBREY, PHD

vidence from large, long-term clinical trials now

supports that IOPs in the low teens best preserve

vision in patients with glaucoma.” The main deter-

minant of long-term IOP after glaucoma filtration
surgery is the healing response. Although antimetabolites
have revolutionized glaucoma surgery (particularly in pa-
tient groups with a high risk of surgical failure due to scar-
ring), the use of these agents is still associated with blinding
complications.> Moreover, because surgery can fail despite
the use of powerful antimetabolites, there is a need for bet-
ter agents with improved risk-benefit ratios.

Controlling the scarring process could theoretically deliv-
er postoperative IOPs around 10 mm Hg in all patients.
Many methods now exist for modulating the numerous,
complex, overlapping biological events that occur after sur-
gical trauma (some of these events and potential modulat-
ing therapies are outlined in Table 1). This article reviews
new techniques that have increased the safety of anti-
metabolites as well as recent advances such as growth-fac-
tor neutralization and molecular strategies to control tissue
repair and healing. It should also be emphasized that surgi-
cal techniques are critical in conjunction with these anti-
scarring treatments.

TISSUE “PRIMING”

Long-term topical medical therapy may “prime” the tis-
sues of the conjunctiva and eye to react adversely to sur-
gery,* thus leading to poor outcomes. The degree of cellu-
lar response to long-term topical therapy may also result
in higher postoperative IOPs.° Several mechanisms alter
the fibroblast phenotype and lead to the activation of a
fibrotic response.” We have found in our laboratory that
the state of cellular activation can dramatically reduce the
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response to antimetabolites such as 5-fluorouracil (5-FU)
and mitomycin C (MMC)28 Although antimetabolites can
halt cellular growth,>'® these growth-arrested cells are still
able to stimulate neighboring cells to scar via growth fac-
tors.""2 These findings help explain some of the scarring
that occurs after filtration surgery despite treatment with
antimetabolites—especially in focal, avascular blebs, in
which a central acellular area may be surrounded by a ring
of growth-arrested cells still able to stimulate fibrosis
(called the ring of steel) (Figure 1).3

TISSUE DAMAGE

At present, no surgical procedure is free of the postopera-
tive scarring response. Minimizing tissue injury is important,
because tissue damage is associated with the release of vari-

Figure 1. According to the authors’ ring-of-steel hypothesis
for cystic blebs, anterior aqueous drainage occurs, and a ring
of scar tissue forms. Antimetabolites worsen preexisting con-
ditions for a cystic bleb, but they are not necessary for a cystic
bleb if the other conditions meeting the hypothesis are met.
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Figure 2. The antibody (represented diagrammatically in the
bleb) only works if TGF-beta2 is present in the wound. For
that reason, the incidence of side effects such as hypotony
theoretically should be minimal, as indicated by clinical stud-
ies demonstrating a lower mean IOP without an increase in
cases of very low pressures (< 9 mm Hg)."

ous cytokines.” Reducing bleeding in particular is stimula-
tory to healing. Another important component of ocular
injury is a breakdown in the blood aqueous barrier that may
not be clinically visible but may contribute to scarring and
surgical failure. The growth factors released (eg, transform-
ing growth factor beta [TGF-beta]'®) may contribute to
cataract formation.”

INFLAMMATORY REACTION

Clinically, persistent conjunctival inflammation is asso-
ciated with a pronounced scarring response.” Conjuncti-
val epithelial cells may continue to express surface anti-
gens several months after surgery, and this action may
increase the ability of these cells to induce immune in-
flammation and fibrosis.™ Subclinical anterior chamber
inflammation such as occurs during combined cataract
and glaucoma surgery has a worse prognosis than that
which occurs from glaucoma surgery alone. Laser flare
readings are persistently higher after cataract surgery
compared with trabeculectomy, even in clinically quiet
eyes. This difference helps to explain the effect of cataract
surgery on healing."” Cataract surgery can raise the pres-
sure in eyes that are hypotonous after glaucoma filtration
surgery involving MMC use.” This phenomenon has been
confirmed clinically by cases in which topical corticoster-
oid treatment after trabeculectomy has been associated
with a significant reduction in final IOP? The effect of
nonsteroidal anti-inflammatory drugs (NSAIDs) is still un-
certain.2' Newer agents affecting aspects of the inflamma-
tion pathway include cyclosporine and cyclo-oxygenase-2
inhibitors.

BLOOD CLOTTING

Bleeding leads to clotting and fibrin formation, both of
which may result in surgical failure by blocking aqueous
outflow, sequestering growth factors, and stimulating

(RESEARCH RESULTS)

scarring. Fibrinolytic agents such as tissue plasminogen
activator and urokinase have been used to lyse blood
clots after surgery.? In the short term, the use of fibrino-
lytic agents may lower IOP, but there is a risk of further
extra- and intraocular hemorrhage.?® In addition, the
breakdown molecules (produced by lysing) may have a
long-term stimulatory effect on wound healing that may
result in surgical failure.2 The prevention of clotting with
agents such as heparin may be a more promising avenue
for wound modulation. We demonstrated that clinical
proliferative vitreoretinopathy can be prevented by a regi-
men combining intraoperative 5-FU and heparin.?>%

STIMULATORY FACTORS

A large number of small protein molecules that stimu-
late cells flow in the aqueous through the bleb. These
molecules are known as growth factors or cytokines.>?’
One of these, TGF-beta, stimulates more activity than the
other growth factors found in the aqueous.? It may also
be the most important growth factor. This cytokine stim-
ulates further production of itself through autoinductive
action,” and it may even neutralize the effect of MMC in
vivo.283931 Together, these occurrences will lead to further
healing.

Several agents may affect the activity of growth factors.
Tranilast ((N-(3,4’-dimethoxycinnamoyl)anthranilic acid)
inhibits TGF-beta activity and has antiscarring effects in the
body and the eye. In experimental models, this agent has
effectively inhibited scarring in experimental proliferative
vitreoretinopathy®? and PRK.3? It also decreases conjuncti-
val scarring after glaucoma filtration surgery. Genistein®*
and Suramin also suppress TGF-beta activity. The latter
reduced postoperative scarring in an experimental model

Figure 3. After treatment with the TGF-beta2 antibody
(Trabio), this patient’s bleb was diffuse and noncystic. Stud-
ies have indicated that prolonged injections of the antibody
may extend the length of bleb survival and that they are su-
perior to injections of 5-FU.3%
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of filtration surgery*® and showed promise in an early pilot
study.’’ Interferon-alpha, an antifibrotic cytokine, has been
shown to reduce the scarring activity of fibroblasts, al-
though a clinical trial did not demonstrate this agent to be
significantly better than current antimetabolites.®

Our group has employed different methods of targeting
TGF-beta activity, including the use of a novel antibody
and antisense oligonucleotides. (8)Trabio R) (Cambridge
Antibody Technology, Cambridge, UK) is a fully human
monoclonal antibody specific to the active form of human
TGF-beta2, which is the predominant form of TGF-beta in
the aqueous. Unlike antimetabolites, one of this antibody’s
theoretical advantages is that it only acts if TGF-beta2 is
present in the wound (Figure 2). In an animal model of
aggressive conjunctival scarring, the antibody significantly
improved the outcome of glaucoma filtration surgery
compared to the control.>* Compared histologically with
the effects of MMC treatment, the antibody appeared to
be much less destructive to local tissue.

This antibody is now being tested for clinical use. At
Moorfields Eye Hospital and the Western Eye Hospital in
London, a pilot clinical study of this antibody in glaucoma
filtration surgery has shown no significant side effects or
inflammatory reaction. Investigators have also reported
an IOP reduction of 4.6 mm Hg in the placebo group ver-
sus 10.4 mm Hg in the antibody-treated group at 1 year;
the latter group also required fewer interventions® and
lacked the cystic blebs usually associated with antime-
tabolite use. A comparable trial of the antibody in phaco-
trabeculectomy demonstrated similarly encouraging re-
sults, and several multicenter studies are currently under-
way (Figure 3).

FIBROBLAST ACTIVITY
MMC and 5-FU

The anticancer agents MMC and 5-FU are the main
antiscarring agents presently used, although some trials
still involve single applications of beta-radiation, which
has the advantage of good bleb morphology.®’ Based on
the work of Parrish et al,“' subconjunctival 5-FU became
the first established antimetabolite regimen. Since then,
the intraoperative regimens for MMC* and 5-FU that we
introduced (based on our cell culture results showing that
short applications of antimetabolites could arrest long-
term cellular growth”'%434%) have become much more
popular due to their convenient use at the time of sur-
gery, supplemented by 5-FU injections. A recent meta-
analysis, however, suggested that fewer than four injec-
tions of 5-FU may have little effect.“¢ Both MMC and 5-FU
treatments are generally associated with relatively small
treatment areas, combined with limbus-based surgery
and a posterior incision. They have resulted in thin, avas-
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Figure 4. Simple changes minimize the occurrence of compli-
cations after trabeculectomy, particularly when used in con-
junction with strong antimetabolites such as MMC.

cular blebs and complications including leakage, hypoto-
ny, and endophthalmitis on long-term follow-up.> Meth-
ods to treat these thin, leaking blebs (eg, compression su-
tures and blood*” or Nd:YAG-induced subconjunctival
bleeding®®) are not totally satisfactory. An interpalpebral
or inferiorly placed bleb is associated with a very high inci-
dence of complications (up to 10 times the normal rate).

Optimizing the Effects of Antimetabolites

Techniques to minimize the incidence of complications
associated with antimetabolite use in glaucoma filtration
surgery include optimizing the choice of agent, method of
its application, and surgical technique (Figure 4). For ex-
ample, one can use different single-application antiscar-
ring agents and titrate concentrations against patient risk
factors. This method is particularly important if the pa-
tient has a lower risk of scarring but still requires low tar-
get pressures, such as in normal-tension glaucoma. A
study from Moorfields Eye Hospital showed that, al-
though intraoperative MMC lowered IOP more than
intraoperative 5-FU, the former agent produced many
more complications, thus illustrating the importance of
choosing the right agent and dose® (Table 2).

Size of Antimetabolite Treatment Area

In our ring-of-steel hypothesis, we proposed that a ring
of scar tissue forms that restricts the bleb, thus making it
focal and thin. Based on this hypothesis, we have shown
that antimetabolite treatment area greatly influences bleb
morphology; small treatment areas give rise to thin-walled
and cystic blebs, whereas large treatment areas are associ-
ated with more diffuse-looking, thicker, walled blebs. Our
simple clinical observation of cystic blebs revealed two
common features: (1) anterior aqueous drainage at the
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TABLE 1. SEQUENCE OF EVENTS IN WOUND HEALING AND POSSIBLE METHODS OF MODULATION

AFTER GLAUCOMA FILTERING SURGERY**

Event

Possible Modulation

Activated conjunctiva with “pre-activated” cells

Stop medical therapy (especially drops causing red eye)
Preoperative steroids*

Conjunctival/episcleral/scleral incisions
Damage to connective tissue

Minimize trauma by using less invasive surgical techniques

Release of plasma proteins and blood cells

Hemostasis (blood can reverse MMC)

Activation of clotting and complement fibrin/fibronectin/blood cell
clot

Agents preventing/removing fibrin (eg, heparin, tissue plasminogen
activator, hirudin)?

Release of growth factors from blood

Antagonists to growth factor production

(eg, antibodies to growth factors humanized anti-TGF-beta2 anti-
body [CAT 152 Trabio] or receptors®

Antisense oligonucleotides, ribozymes®’

Less specific antagonists (eg, tranilast, genistein, suramin)®’

Aqueous released from eye

Breakdown of blood aqueous barrier
Release of growth factors into aqueous
Aqueous begins to flow through wound

Blood aqueous barrier stabilizing agents
(eg, steroids)
NSAIDs

Migration and proliferation of polymorphonuclear neutrophil cells,
macrophages, and lymphocytes

Anti-inflammatory agents (eg, steroids, cyclosporine)
Antimetabolites (eg, 5-FU or MMC)

Antibodies to inflammatory mediators
Angiotensin-converting enzyme or chymase inhibitors

Activation, migration, and proliferation of fibroblasts

Preoperative steroids to reduce activation
Antimetabolites MMC and 5-FU
Methylxanthine derivatives, mushroom lectins>?
Antiproliferative gene p21(WAF-1/Cip-1)>3
Photodynamic therapy>*

Wound contraction

Anticontraction agents (eg, colchicine, taxol lectins, MMP
inhibitors®%%’)

Fibroblast synthesis of tropocollagen glycosaminoglycans and
fibronectin

Interferon alpha,®® MMP inhibitors, fibrostatin-c

Collagen cross-linking and modification

Anticross-linking agents (eg, Beta-aminopropionitrile, penicillamine)

Blood vessel endothelial migration and proliferation

Inhibitors of angiogenesis (eg, fumagillin analogs, heparin analogs)

Resolution of healing, apoptosis, and disappearance of fibroblasts

MMG, 5-FU, death receptor ligands,” stimulants of apoptosis
pathways

Fibrous subconjunctival scar

*Adapted and reprinted with permission from Khaw et al
"Events and agents have overlapping time duration and action.
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Figure 5. This patient underwent a limbus-based trabeculec-
tomy with a small area of MMC on the left.The bleb was small
and cystic, and he experienced discomfort and recurrent
attacks of blebitis. His right eye had a fornix-based trabecu-
lectomy with a large area of MMC treatment. This eye’s dif-
fuse, noncystic bleb was comfortable and not associated with
any complications over 7 years.

limbus and (2) a ring of scar tissue or the ring of steel.®°
Our hypothesis has subsequently been confirmed experi-
mentally®' and clinically.®** In 1996, our emphasis on cre-
ating large MMC treatment areas to yield diffuse, noncys-
tic blebs and our use of fornix-based flaps dramatically
lowered our rate of severe bleb-related complications over
3 to 5 years from 20% to zero (Figure 5).

Application Technique

Intraoperatively applying antimetabolites under the
scleral flaps as well as under the conjunctiva appears to be
advantageous.®* Applying the agents prior to entering the
anterior chamber seems to avoid ciliary body toxicity. The
time of antimetabolite exposure varies among surgeons
and centers. A recent study showed that subconjunctival
uptake rises sharply, then peaks at approximately 3 min-
utes, with only a small rise after that.® Because varying the
concentration appears to be a more accurate way of deter-
mining tissue uptake than changing the agent’s volume,%
we try to fix exposure times at a minimum of 3 minutes
and vary the agent and its concentration for different risk
groups. Table 3 shows the current Moorfields regimen.

The advent of surgical techniques such as the use of
releasable sutures has permitted better regulation of pres-
sure control, but they are still associated with hypotony
some months after surgery. A new adjustable suture with
special forceps (2-502; Duckworth & Kent Ltd., Hertford-
shire, England) allows the eye’s IOP to be gradually and
gently decreased toward target level (Figure 6).1367.68

Other Antifibroblastic Therapies

Photodynamic therapy with diffuse blue light coupled
with a photosensitizing agent to kill fibroblasts may be
another way to control the surface area of treatment and
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modulate healing.*® It will be important to determine the
effect of these agents on the overlying epithelium, be-
cause differentiated stable epithelium may have a sup-
pressive effect on fibroblasts in the wound.”®”" A pilot
clinical trial has yielded promising results.>* Other ap-
proaches to controlling proliferation include agents such
as mushroom lectins®? and methylxanthines’? and overex-
pressing genes inhibiting proliferation such as p21 WAF-
1/CIP-1 introduced via an adenovirus system' but not
producing the bleb thinning caused by MMC, antagonis-
ing integrins and their receptors,” or altering intracellular
transcription.”4

CELL MIGRATION, TISSUE CONTRACTION,
AND EXTRACELLULAR MATRIX SYNTHESIS

Fibroblast cell migration is an essential component of
tissue contraction, which is important in filtration surgery
failure. The matrix metalloproteinases (MMPs) are en-
zymes that degrade the extracellular matrix. The levels of
MMPs in the vitreous relate to the development of retinal
scarring,”® and, importantly, they can inhibit cell-mediated
collagen contraction. This ability applies to the retinal pig-
ment epithelium”® as well as Tenon’s fibroblasts.>® We
have now demonstrated dramatically reduced scarring in
an experimental model, with retention of normal tissue
morphology using an MMP inhibitor. The action is equiv-
alent to that of MMC but without the deleterious side
effects.>® A number of agents (including taxol and etopo-
side [microtubule-stabilizing agents] and cytochalasin B
[a microfilament inhibitor]) can affect the cytoskeleton of
the cell and hence inhibit migration. Taxol and etoposide
have been used in models of filtration surgery to prolong
bleb survival,”” although neither has been assessed in hu-
man clinical trials to date.

Figure 6. A surgeon uses a special pair of smooth, noncut-
ting forceps to perform transconjunctival adjustment of
adjustable sutures.The IOP can be lowered gradually, thus
minimizing the chance of hypotony.



TABLE 2. RISK FACTORS FOR FAILURE DUE TO SCARRING AFTER
GLAUCOMA FILTRATION SURGERY*

Risk Factors Risk (+ to +++) | Comments
1) OCULAR

Neovascular glaucoma (active) ++ +

Previous failed filtration surgery ++(+)

Previous conjunctival surgery + + Uncertain
Chronic conjunctival inflammation ++(+)

Previous cataract extraction ++ (+)

(conjuctival incision)

Aphakia (intracapsular extraction) ++ +

Previous intraocular surgery ++ Depends on type of surgery
Uveitis (active, persistent) ++

A red, injected eye ++

Previous topical medications

(beta-blockers + pilocarpine) + (+)

(beta-blockers + pilocarpine + adrenaline) | + + + Particularly if they

New topical medications +(+) cause a red eye

High preoperative IOP +(+) May be associated with

(higher with each 10-mm Hg rise) higher levels of growth factor

Time since last surgery +

(especially if within last 30 days) ++ (+)

Inferiorly located trabeculectomy + Possibly increased exposure
and inflammation

2) PATIENT

Afro-Caribbean origin, + +

may vary (eg, West ++ (+)

vs East Africans) +

Indian subcontinent origin +

Hispanic origin (+)

Japanese origin (+)

Elderly (+)

Young +(+)

Children ++

*In this table, + indicates the lowest risk, +++ represents the highest risk, and (+) signifies possible risk.
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MATRIX SYNTHESIS

Some agents primarily interfere
with molecular crosslinking of col-
lagen, such as f3-aminopropionitrile
and D-penicillamine. Experimental
and clinical evidence suggest that
these agents may work in filtration
surgery.”® Fibrostatin-c, an inhibitor
of prolyl-4-hydroxylase, has been
shown to inhibit type | collagen
secretion by Tenon’s capsule fibro-
blasts.” Methylxanthine derivatives
also reduce collagen secretion.”
Interestingly, MMP inhibition also
reduces collagen synthesis in
vitro,”® which may help to explain
the dramatic reduction in scar tis-
sue in vivo after MMP use.”’

APOPTOSIS

Relatively little is known about
the physiologic signals initiating the
end of wound healing, although
fibroblast apoptosis is probably an
important component.8 MMC and
high doses of 5-FU not only inhibit
fibroblast proliferation and cause
long-term growth arrest, but they
also induce apoptosis.2’ The fibrob-
lasts not killed but arrested in their
growth by MMC can prevent in-
flammatory T-lymphocytes from
apoptosing, thus resulting in per-
sistent inflammation.>#? Another
strategy of inducing apoptosis
involves proapoptotic peptides.
The induction and regulation of
apoptotic mechanisms may offer a
novel way of regulating and termi-
nating excessive and unwanted
healing.

CONCLUSION

Surgeons’ ability to fully modulate
the healing process would ultimately
allow them to determine the long-
term, final IOP in patients undergo-
ing glaucoma filtration surgery.
Increasing understanding of the heal-
ing and repair processes as well as
developments in modern scientific
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TABLE 3. MOORFIELDS EYE HOSPITAL'S INTRAOPERATIVE, SINGLE-DOSE, ANTISCARRING REGIMEN*!

Patient Category [ Characteristics

Regimen

Low-Risk No risk factors

Afro-Caribbean origin and elderly
<40 years of age with no other risk factors

Topical medications (eg, beta-blockers, pilocarpine)

Nothing or intraoperative 5-FU 50 mg/mL*S
for 5 minutes, as per the Moorfields “More
Flow” study

Intermediate-Risk Topical medications (eg, adrenaline)

intact)
Several low-risk factors

surgery, trabeculotomy)

Previous cataract surgery without conjunctival incision (capsule

Combined glaucoma filtration surgery/cataract extraction
Previous conjunctival surgery (eg, squint surgery, retinal detachment

Intraoperative 5-FU 50 mg/mL'" for 5 minutes
or MMC 02 mg/mLS for 3 minutes, as per the
Moorfields “More Flow” study

High-Risk Neovascular glaucoma

Chronic, persistent uveitis

Previous failed trabeculectomy/tubes
Chronic conjunctival inflammation
Multiple risk factors

Aphakic glaucoma

Intraoperative MMC 0.5 mg/mLS for 3 min-
utes (a tube may be more appropriate in
many of these cases, combined with MMC)

*Circa 2004. Regimen is continuously evolving.
TLower target pressures likely require stronger agents.

glaucoma surgery.

Mintraoperative beta-radiation 1,000 cGy can also be used. In the future, CAT-152 (Trabio) or humanized anti-TGF-beta2 antibody may be appropri-
ate in the low- and intermediate-risk groups based on the results of current studies. These groups account for the majority of patients undergoing

SPostoperative 5-FU injections can be given in addition to the intraoperative applications of antimetabolites.

techniques in cell and molecular biology will ultimately
lead to better, safer therapies for all patients. O
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