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Immunomodulation of autoimmune responses with
monoclonal antibodies and immunoadhesins: treatment of
ocular inflammatory disease in the next millennium
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Non-infective inflammatory disease is a significant cause of
ocular and associated systemic morbidity and, in cases of
posterior intraocular conditions, results in severe visual
loss in over 30% of cases.1 2 Steroids have long been used
for the treatment of conditions such as uveitis,3 4 although
their therapeutic window is small.5 In addition to the suc-
cessful use of cyclosporin A over the past two decades,
newer immunomodulatory agents have also been intro-
duced such as tacrolimus6 and mycophenolate mofetil.7 8

Despite their eYcacy, all of these treatments have major
drawbacks—patients require long term therapy and
systemic side eVects are common. Additionally, a signifi-
cant proportion of patients remain refractory to therapy.
With improvement in our knowledge of the immunobiol-
ogy of non-infectious ocular inflammatory disease,
however,9 10 and in our ability to develop and produce
recombinant proteins, it has become possible to specifi-
cally target cells and mediators of the immune system.
Novel therapeutics arising from such work include specific
monoclonal antibodies (mAbs) and receptor-Ig fusion
proteins (immunoadhesins or IAs).11

Understanding the immunobiology of
non-infectious ocular inflammatory disease
identifies specific targets for therapy
Non-infectious posterior intraocular inflammation (PSII),
which includes uveitic disorders, and ocular surface
inflammatory disorders, including scleritis and peripheral
ulcerative keratitis (PUK), are arguably the commonest
cause of immune mediated visual loss. Fifty per cent of
these “autoimmune” disorders are limited to the eye
(organ specific), whereas the remainder form part of more
generalised diseases, including connective tissue and multi-
system granulomatous disorders. Understanding basic
immunopathological mechanisms from patients is hin-
dered by the rarity of some diseases, genetic and clinical
heterogeneity of patients, and limited access to clinical
material from the site of disease. Consequently, most
significant advances have arisen from experimental models
of autoimmune disease, particularly with reference to the
eye.12 Models of both posterior and anterior uveitis
demonstrate a pivotal role for antigen specific CD4+ (T
helper 1 (Th1)) T cells,13 14 and proinflammatory soluble
cytokines including interferon ã, interleukin 2 (IL-2),
tumour necrosis factor á (TNF-á), and IL-12. A current
view is that activation of autoaggressive antigen specific T
cells occurs systemically, and that activated cells then
“home” to the eye where they are presented with antigen
by local antigen presenting cells (APC). The systemic fac-
tors which activate these cells are unknown, but their local
interactions perpetuate Th1 cytokine secretion, chemo-
taxis of non-specific inflammatory cells, and stimulate

chemokine, TNF-á, and interferon gamma (IFN-ã) secre-
tion by, for example, activated retinal pigment epithelium
(RPE).15 This results ultimately in immune targeted tissue
damage.

Concerning intraocular inflammation and corneal allo-
grafts, the eye is considered an immunoprivileged site with
active immunoregulatory mechanisms,16 yet both PSII and
rejection are relatively common. With respect to PSII there
are APC within choroid17 and, putatively, within retina,18

and T cells can adhere to both the RPE and retinal vascu-
lar endothelium via ICAM-1.16 Furthermore, in conditions
such as sympathetic ophthalmia, retinal vascular endothe-
lium expresses ICAM-1, VCAM-1, and ELAM-119 impli-
cating leucocyte adhesion to vascular endothelium in the
inflammatory response; and in vivo cell tracking indicates
that activated T cells adhere to retinal and choroidal
endothelium.20 There is now also increasing evidence for
antigen specific Th1-T cell activation in PSII in humans.
Thus, patients with uveitis have circulating T cells21–25 spe-
cific for putative retinal antigens such as S antigen (S-Ag)
and interphotoreceptor retinoid binding protein (IRBP),
which are potent experimental immunogens.26 In addition,
studies show that immune responses in uveitic patients are
proinflammatory, corresponding to the Th1 CD4+ T cell
responses seen in animal models. Increased CD4+ T cell
IL-2r and IFN-ã expression,27 28 29 and circulating soluble
IL-2r30 and ICAM-131–33 have all been observed in uveitis.

Despite their clinical diVerences, as described above the
immunopathogenesis of ocular surface and orbital inflam-
matory conditions appears similar to that of PSII, in
particular presumed T cell APC interactions and Th1 T
cell eVector mechanisms and cytokine production. Con-
sistent with this observation, successful preclinical trials of
immunotherapeutic agents including cyclosporin A,34

tacrolimus,6 and mycophenolate mofetil,35 36 have led to
their clinical use today in the full range of ocular
inflammatory conditions. Subtle diVerences in immuno-
pathogenesis may become apparent as therapies become
more refined, however, and ultimately result in customised
approaches to treatment. Indeed, mAbs and IAs which
specifically target T cells and cytokines are now being
applied to experimental models of ocular inflammatory
disease (Table 1) and, in addition to confirming potential
targets for therapeutic immunomodulation, these have also
contributed to our understanding of the diseases them-
selves. Such studies have shown that abrogation or
suppression of ocular inflammatory disease including cor-
neal transplant rejection and scleritis can be achieved by
neutralising IL-2,37 38 IL-12,46 and TNF-á.40 41 Addition-
ally, targeting of CD414 42 43 and adhesion molecules44 45 can
also be beneficial. The precise therapeutic mechanisms are
not always clear, however, and caution is necessary before
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extrapolation to the clinic. For example, although IL-12
neutralisation suppressed disease,46 IL-12 itself did the
same in susceptible strains.39 Similarly, neutralising TNF
activity can suppress disease either during T cell priming
or during eVector responses40 41 47 but can also exacerbate
autoimmune disease. The latter eVect was evident in
genetically manipulated mice, possibly because chronic
TNF exposure attenuates T cell responses (TCR) and
thereby downregulates T cell activation.48 Regardless of the
precise mechanism, however, the specific targeting of
eVector cells or molecules with mAbs or IAs can provide
powerful therapeutic eVects.

Reprogramming the immune system
In animal models of autoimmune disease and transplanta-
tion, it is now possible to use brief courses of mAbs
directed at T cells, to turn oV autoaggressive responses
permanently. Initially, mAbs which depleted CD4 and/or
CD8 cells, were employed to induce tolerance to foreign
skin grafts.11 The rationale was that these would eradicate
any lymphocytes capable of rejecting the foreign skin, and
newly generated lymphocytes would become tolerant to
the transplant which was grafted during the period of lym-
phopenia. It was subsequently demonstrated that even
more powerful eVects could be obtained using non-
depleting mAbs. Under these circumstances, it seemed
that lymphocytes which contacted foreign antigen while
coated with mAb were tolerised rather than activated. Sev-
eral T cell specificities were eVective, but CD4 and CD8
blockade seemed indispensable when there was a large
antigenic disparity between donor and recipient. In
general, the greater the disparity the more aggressive was
the therapy required. Under appropriate cireumstances,
however, it was possible to induce tolerance across a com-
plete MHC mismatch. Furthermore, it was possible to
induce tolerance in mice that were already rejecting their
grafts, a situation akin to established autoimmunity. It was
puzzling that tolerance was maintained even years after
mAb therapy had ceased (in general, treatment was for a
few weeks only) as new T cells would be emerging from the
thymus which could theoretically attack and destroy the
graft. A major discovery, however, was that following mAb
therapy, tolerant lymphocytes could pass on their tolerant
phenotype to other potentially autoreactive cells. This
process was termed infectious tolerance and a related
process, termed linked suppression, suggested that lym-
phocyte regulation also involved the APC.62 Thus,
non-depleting T cell mAbs can induce tolerance to
autoantigens, and regulatory interactions are then set in

place to maintain the tolerant state, although exact mecha-
nisms remain as yet undefined.

Similar work has taken place in animal models of
autoimmune disease, such as experimental allergic
encephalomyelitis (EAE), collagen induced arthritis,
diabetes, and systemic lupus erythematosus (SLE).63–66 In
general, treatment has targeted all T cells via their surface
CD4 and/or CD8 antigens, although in a few diseases it
has been possible to target just the known pathogenic
clones. EAE is the classic example, whereby anti-TCR
mAbs can be used specifically to target the cells causing
damage.67 This is the exception rather than the rule, how-
ever, and in the outbred human population it seems
unlikely that such focusing of treatment will be possible in
any particular disease.

Our knowledge of T cell activation is expanding and so
too are the potential targets for immunomodulation. The
most exciting prospects at present are the targeting of T
cell co-stimulatory molecules such as CD28 and CD40
ligands. Both of these molecules must be ligated for a T cell
to become fully activated and, in vitro, blocking either dur-
ing cognate antigen recognition results in T cell anergy. In
this state T cells are eVectively switched oV and do not
become activated when they re-encounter antigen. This
observation has been exploited in the treatment of animal
models of autoimmune disease, where mAbs against the
B7.1 molecule (a ligand of CD28) prevents diabetes devel-
opment in the NOD mouse, and CTLA4-Ig, an IA that
also targets CD28, blocks the development of EAE.68 69

While cytokines have also been targeted, in general such
treatments are only likely to provide short term relief of
inflammatory or allergic symptoms, rather than long term
disease modulation. The exception will be if it proves pos-
sible to deviate an immune response from Th1 dominance
to Th2 dominance. As hinted at above, a bias towards Th1
immune responses is evident in diseases such as rheuma-
toid arthritis, multiple sclerosis, diabetes, and inflamma-
tory eye disease. In contrast, Th2 T cells (which secrete
IL-4, IL-5, and IL-10), lead predominantly to humoral
immune responses. It is possible that blocking Th1
cytokines and/or administering Th2 cytokines may result
in a permanent and favourable deviation of the immune
response in Th1 type diseases. Evidence supporting this
possibility has derived from the administration of TNFr-
Ig, an anti-TNFá IA, to rats with EAU.41

Immunomodulation and human autoimmune
diseases
T cell mAbs have been used widely to provide transient
immunosuppression in patients rejecting allografts, but
their use in autoimmunity is in its infancy. Furthermore,
when such treatments have been tried, the results have
often been disappointing. Rheumatoid arthritis is one of
the commonest autoimmune diseases, and most experi-
ence has been gained in this condition. Recently, CD4
therapy has been shown to provide transient symptomatic
relief in rheumatoid arthritis, but few patients achieve long
term benefit. There are a number of pitfalls in transferring
the technology from animals to humans, however.70 71 The
major barrier is a lack of understanding of how anti-T cell
therapies work. Although we can demonstrate phenomena
such as infectious tolerance, we do not know how our
therapies achieve this. In particular, we have no molecular
surrogates to guide therapy. Under these circumstances,
lack of eYcacy is as likely to represent insuYcient dosing as
an ineVective therapy (the doses administered to patients
are, on a weight for weight basis, orders of magnitude less
than those required to induce tolerance in small mam-
mals). Additionally, the ethics of new therapies means that
the patients selected often have rheumatoid arthritis in its

Table 1 mAb therapy targeting cell surface antigens, cytokines, and
adhesion molecules and recombinant cytokine therapy in models of
immune mediated ocular inflammation and corneal allograft rejection

Target

References

Suppression*
No eVect/
exacerbation†

Cell surface CD4 14, 42, 43, 49, 50
MHC class II 51
CD8 52

Adhesion targets ICAM-1/LFA-1 45, 53–57
VLA-4 56, 57

Anti-cytokine mAb IL-12 46
TNF-á 47 58–60

RHU cytokine
therapy IL-12 39

IL-4 61
TNF-á 40, 41

*These studies have shown that treatment with such mAb or recombinant cyto-
kine suppresses target organ destruction.
†These studies have shown no eVect or provide evidence of paradoxical eVects
of therapy in some forms of experimental ocular inflammatory models although
generally not experimental models of PSII.
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later stages, when T cells may be less important, and much
of the damage has already been done. In contrast with the
situation in rheumatoid arthritis, dramatic responses and
long term remissions have been obtained in ocular inflam-
matory diseases,72 73 systemic vasculitis, and multiple
sclerosis.74 75 It is unclear why these diseases should make
better therapeutic targets than rheumatoid arthritis,
although in vasculitis the therapeutic agent may simply
have better access to the site of disease. The treatment that
has proved eVective in these conditions, Campath-1H, is a
lymphocytotoxic mAb that binds to all T and B cells.
Therapy is followed by a long term T lymphocytopenia,
and, although this does not appear to cause increased
infections, the treatment is currently reserved for severe
and refractory disease.

In contrast with anti-T cell therapies, cytokine blockade
provides potent anti-inflammatory eVects in rheumatoid
arthritis,76 77 and an IA targeting TNFá is now licensed in
the USA. A mAb, which is already licensed for the
treatment of Crohn’s disease, is also likely to be licensed
for rheumatoid arthritis soon. These treatments have
proved highly eVective at minimising the symptoms of the
disease, but long term administration does appear
necessary to maintain the beneficial eVects. A recombinant
form of the IL-1 receptor antagonist is also in late stage
trials in rheumatoid arthritis, and has a promising
therapeutic profile.78

Designing novel immunomodulators for
autoimmune diseases
The design of novel immunomodulators is a blossoming
area. The first mAbs were produced from murine
lymphocytes, which had a number of disadvantages.79

Immunogenicity was significant, and limited the number
of times that a specific mAb could be given to a patient.
Additionally, the murine C region did not interact
optimally with the human Fcã receptors and complement.
The organisation of Ig genes made it a simple matter to
create chimeric mAbs using recombinant DNA
technology.80 These retained the murine V region, but the
murine C region was replaced with a human equivalent.
Consequently, the immunogenicity was reduced, and the
interaction with human eVector mechanisms was restored.
The anti-TNFá mAb licensed for rheumatoid arthritis is
chimeric. Humanisation further reduced the immuno-
genicity of mAbs by replacing most of the murine v-region
“framework” with equivalent human sequence, leaving
only the critical complementarity determining regions
(CDRs, which dictate binding specificity), as foreign.81

These can still evoke an immune response, but less
frequently than the original murine mAb. It is now possible
to create synthetic mAbs in the test tube, from viruses
encoding human Ig genes, and transgenic mice also exist
which produce fully human mAbs when immunised. In
theory, even the CDRs are human when mAbs are
produced using either of these technologies.82

Immunoadhesins are also readily made using recom-
binant DNA techniques. Fully human mAbs and immu-
noadhesins may still require modification, however. Thus,
depending on the C region (isoptype), a mAb may
eVectively deplete target cells. If this not a desired charac-
teristic, it is now relatively simple to mutate critical effector
“motifs” within the C region to disable eVector mecha-
nisms. Thus, most novel immunomodulators that now
enter clinical trials are truly “designer” mAbs or IAs.83

Risk/benefits of mAb and IA therapy
The potential benefits of biological therapies are great, but
these must be viewed in the context of potential risks. In
fact, although follow up is relatively short, the therapeutic

ratio of these agents seems favourable. For anti-T cell
agents, the major concern is the likelihood of side eVects
secondary to immunosuppression. Although there have
been occasional reports of opportunistic infections follow-
ing such treatments84 a recent analysis of patients who
received the lymphocyte depleting mAb Campath-1H for
rheumatoid arthritis did not suggest an increased risk of
opportunistic infection or death during the first 5 years of
follow up, despite quite profound and sustained lymphope-
nia. Furthermore, the trend now is to use non-depleting
agents, which are not only safer but also more potent,
because of their ability to facilitate the re-establishment of
immune regulation (see above). Additionally, because
courses of anti-T cell biological therapies are relatively
short in duration, risks should be less than those associated
with long term conventional immunosuppression. Infec-
tions have also been reported in association with
anti-TNFá therapies which, at least in rheumatoid arthri-
tis, require long term administration for a sustained thera-
peutic eVect. TNFá is important in the immune response
against intracellular pathogens, and it is possible that sus-
ceptibility to such infections will be increased in patients
receiving continuous TNFá blockade. This cytokine is also
important in the control of certain malignancies, but more
extended follow up is required before any conclusions can
be drawn regarding tumour risks associated with its
chronic blockade. There have also been reports of the
development of secondary autoimmune diseases, particu-
larly SLE and anti-phospholipid syndrome, associated
with anti-TNF-á therapy. It is not clear why such diseases
should develop, but in all cases, serology and symptoms (if
any) have reversed upon cessation of treatment. Although
mAbs may evoke an immune response in recipients these
are rarely problematic, although anaphylactoid reactions
have been reported in occasional patients. The most likely
outcome of an immune response is decreased eYcacy, as
witnessed with low doses of the chimeric anti-TNFá
mAb.85 Interestingly, immunogenicity was negligible if the
mAb was co-administered with a low dose of methotrexate,
a well established therapy for rheumatoid arthritis. The
anti-TNF-á IA, which does not contain foreign protein
sequence, does not appear to be immunogenic. Despite
this, its half life is much shorter than that of the mAb,
requiring twice weekly subcutaneous administration, com-
pared with an intravenous infusion every 8 weeks for the
mAb. In contrast with these agents, the IL-1 receptor
antagonist has to be administered daily by subcutaneous
injection. Although these dosing regimens may seem
inconvenient, compliance depends largely on eYcacy in a
disease such as rheumatoid arthritis, and there have been
few problems reported in trials to date.

The only other significantly reported adverse eVect of
biological therapies is the first dose reaction, which accom-
panies the initial infusion of several reagents, particularly
those directed at cell membranes.78 The pathogenesis of
the reactions, which varies from mild fever to chest
tightness and hypotension, varies between agents. Ulti-
mately, however, the symptoms appear to relate to the
release of cytokines from either target cells or crosslinked
eVector cells. If necessary, the syndrome can be prevented
by predosing with corticosteroids, and a severe reaction
can be controlled with symptomatic measures and tempo-
rary cessation of the infusion. Because the syndrome
appears to depend on the Fcã receptor crosslinking by the
therapeutic mAb, its incidence is likely to decrease as
designer mAbs are developed, which do not bind those
receptors.
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mAb and immunoadhesin therapy in ocular
inflammatory disease
In patients with sight threatening ocular inflammatory dis-
ease there is an unquestionable need to immunosuppress
to preserve vision,1 2 and treat accompanying immune
mediated systemic disease. The risk-benefit ratio of immu-
nosuppression in perceived “well” eye patients often
restrains its use in suYciently potent regimens in general
ophthalmological practice. The need to commence ad-
equate immunosuppression is exemplified in scleritis,
however, where sight threatening ocular disease may be
followed by life threatening systemic disease in conditions
such as Wegener’s granulomatosis.86 In conditions re-
stricted to the eye, the ideal therapy would be one which
both suppressed disease and reconstituted homeostatic
immunoregulation, preferably using only a short course of
therapy.87 While the use of mAbs has thus far been appro-
priately restricted to patients refractory to conventional
immunosuppressive therapy, the results suggest that they
may fulfil these requirements. Thus, case reports have
documented the success of anti-CD4 mAbs and
Campath-1H (see above) in the treatment of refractory
autoimmune endogenous posterior uveitis.72 88 Futher-
more, a single report has documented corneal graft
acceptance using Campath-1H in a patient with a history
of recurrent graft rejection refractory to conventional
immunosuppression.73 In these reports, not only was
disease suppression possible using mAbs, but baseline
immunosuppression could also be reduced while main-
taining remission. Since these early reports, additional
patients have received specific mAb therapy. In a cohort of
patients with a spectrum of refractory ocular inflammatory
diseases, Campath-1H therapy stabilised inflammation
and enabled reduction in baseline immunosuppression to
minimal levels (Dick et al, submitted). The above results
are encouraging and wider application is warranted at this
stage, although close observation remains essential.
Additionally, Whitcup recently referred to an ongoing trial
at the NEI, Bethesda,89 using humanised anti-Tac (CD25,
IL-2r) mAb in a pilot phase I/II trial for non-infectious
posterior uveitis. Despite necessary long term administra-
tion of anti-Tac mAb for suppression of renal allograft
rejection,90 the provisional results are encouraging and
their full report is thus eagerly awaited.

Prospects
A major goal for the future must be to gain a better under-
standing of how these therapies achieve their therapeutic
eVects. The successful use of anti-T cell mAbs in animal
models was the culmination of iterative experiments in
which promising therapies were slowly modified until they
provided the desired end point of long term immu-
nomodulation. No surrogate markers were defined to
guide treatment, however. Therefore, when therapy is
unsuccessful in patients, it may simply be that the dose or
dosing regimen is inappropriate, but we have no way of
knowing this. Furthermore, a recent model suggests that
therapy may be necessary at high dosage and for prolonged
periods if the animal data are to be reproduced in
humans.91 The message is that potential cellular and
molecular surrogates should be identified and monitored
in all patients entering immunotherapy studies. When it is
unclear what to monitor we should, perhaps, adopt a
“genomics” approach, monitoring the activity of a panel of
genes, to look for markers of therapeutic success. On the
positive side, a number of exciting therapies are on the
horizon. CD28 blockade is already being employed in
phase II trials in psoriasis and rheumatoid arthritis.
Anti-CD40 mAbs will also be available very soon, as will a
new generation of cytokine specific therapies.

Although the clinical success of immunomodulation has
not been as profound so far as in experimental models,
long term remission has been achieved in some patients
following short term therapy. Furthermore, in the future
combination approaches may prove more successful than
monotherapies, and are already being piloted in rheuma-
toid arthritis.92 Provided clinical studies are also used to
address appropriate scientific questions, we should slowly
move towards the goal of true immunological tolerance in
humans.
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