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Abstract

Aims—This study investigated the pres-
ence of the cytokine tumour necrosis factor
a (TNFa) and the vascular adhesion glyco-
proteins ICAM-1, VCAM-1, E-selectin,
P-selectin, and PECAM within fibrovascu-
lar membranes of eyes with proliferative
diabetic retinopathy (PDR).
Methods—The presence of these molecules
was determined by immunohistochemical
staining using monoclonal antibodies and
the APAAP technique.

Results—Staining for TNFa was observed
on the retinal vascular endothelium of five
of 12 specimens, on infiltrating cells
within all membranes, and on the extra-
cellular matrix of nine specimens. This
staining was abolished by absorption of
the monoclonal antibody with human
recombinant TNFa. Likewise, ICAM-1
staining was given by infiltrating cells and
extracellular matrix of nine membranes
and by the endothelium of three of the
specimens. VCAM-1, E-selectin, and
P-selectin staining was observed on the
vascular endothelium of 5/12, 4/12, and
3/12 epiretinal membranes respectively.
PECAM was expressed by the endo-
thelium of 4/12 specimens, by infiltrating
cells of 8/12 membranes, and also by the
extracellular matrix of two of the speci-
mens.

Conclusion—The widespread distribution
of TNFa and the nature of the adhesion
molecules expressed by vascular endo-
thelial cells in PDR membranes suggest
that local activation of TNFa and enhanced
expression of vascular cell adhesion
molecules may play an important role in
the development of the proliferative phase
of diabetic retinopathy.

(Br ¥ Ophthalmol 1996; 80: 168-173)

Proliferative diabetic retinopathy (PDR) is a
serious complication of diabetes mellitus and is
characterised by epiretinal outgrowth of new
vessels and formation of neovascularised fibro-
cellular membranes at the vitreoretinal inter-
face.! 2 Histopathological features of early
diabetic retinopathy include damage to, and
selective loss of, intramural pericytes from
retinal capillaries? 4 with functional damage to
the inner blood-retinal barrier. Progressive
disease involves activation and proliferation of
retinal vascular endothelial cells which in
fibrovascular membranes of PDR express the
adhesion molecules ICAM-1 and VCAM-1.5

The process of neovascularisation is con-
sidered to involve the activation of cell derived
angiogenic factors? as well as the appropriate
synthesis of extracellular matrix components
necessary for anchorage of migrating endo-
thelium.% The cytokine tumour necrosis factor a
(TNFa) is known to alter endothelial cell
morphology and behaviour, to play a role in
promoting angiogenesis in simplified systems,
and to stimulate mesenchymal cells to generate
extracellular matrix proteins.”® Moreover,
in activating endothelium, TNFa enhances
(‘upregulates’) the basal levels of expression of
ICAM-1 and PECAM while promoting de novo
expression (‘inducing’) of the adhesion mole-
cules E-selectin, P-selectin, and VCAM.%!! On
this basis, it seemed relevant to determine
whether TNFa was present in PDR membranes
and whether its distribution was related to the
expression of a range of vascular adhesion mole-
cules known to be modified by this cytokine.

Accordingly, we set out to investigate PDR
membranes for the presence of TNFa, and for
the expression of ICAM-1, PECAM, E-
selectin, P-selectin, and VCAM. By this means
we sought to determine whether any deposition
of TNFa in the membranes was associated
with supranormal expression of upregulated
and induced vascular cell adhesion molecules
as judged immunohistochemically by conven-
tional light microscopy.

Materials and methods

EPIRETINAL MEMBRANES

Fibrovascular epiretinal membranes were
obtained from 12 eyes undergoing vitreoretinal
surgery for the treatment of PDR complicated
by retinal detachment. Immediately after
excision membranes were fixed in 4%
paraformaldehyde for 2 hours, immersed in
15% sucrose in phosphate buffered saline
(PBS), and embedded in OCT compound
(ICN Biomedical, UK). Specimens were kept
in liquid nitrogen until use. Cryostat sections
(5 pm thickness) were prepared on poly-L-
lysine coated slides (Sigma, UK). At least four
sections from each of the membranes were
processed for immunocytochemistry with each
of the antibodies used in the study.

IMMUNOCYTOCHEMICAL (ALKALINE
PHOSPHATASE-ANTIALKALINE PHOSPHATASE)
STAINING

Epiretinal membrane sections were washed for
5 minutes in TRIS buffered saline (0:05 M
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Table 1 Distribution of TNFa and vascular cell adhesion molecules in membranes of
proliferative diabetic retinopathy

Specimen  Diabetes Duration of E- P-
No type PDR (years) TNFa ICAM-1 PECAM VCAM selectin  selectin
29 I 18 ++ + ++ + - +
68 1 15 + +++ ++ - + -
80 1 2 +++  + ++ + + -
85 I 12 ++ ++ +++ - - -
101 II 6 ++ ++ ++ - + -
118 1 8 +++ o+ - - - ++
120 1 9 +++ 4+ +++ - - +
121 I 13 ++ - - - - -
126 I 24 + - - - - -
129 I 22 ++ - - + - -
142 I 5 + ++ ++ + + -
163 I 10 + + + + - -

TNFa=tumour necrosis factor a; PDR=proliferative diabetic retinopathy; ICAM-1=
intercellular adhesion molecule-1; VCAM=vascular cell adhesion molecule.

Staining was graded as absent (—), mild (+) when 1-5 positive cells were present per mm? of
tissue, and/or there was a mild staining of defined compartments of retinal membranes (for
example, endothelium or extracellular matrix); moderate (++) when 6-12 positive cells were
present per mm? of tissue, and/or there was a moderate staining of defined areas of membranes;
and marked (++ +) when both cell associated and extracellular matrix staining was observed

throughout the membranes.

TRIS in 0-15 M NaCl; TBS), and blocked for
non-specific staining with 0-5% blocking
reagent (Boehringer Mannheim) in TBS for 30
minutes at room temperature. Slides were then
incubated for 30 minutes with 40 pl optimal
dilutions of mouse IgG monoclonal antibody
(mAb) RR1 detecting ICAM-1 (Boehringer
Ingelheim, USA), mAb 4H31 detecting TNFa
(clone provided by Dr W A Buurman and anti-
body produced by Celltech Ltd, UK), mAb
HC1/6 detecting PECAM, mAb 1.2B6 detect-
ing E-selectin, mAb 1.4C3 detecting VCAM-1
(Serotec, UK), or mAb AC1.2 detecting P-
selectin (Becton Dickinson, UK). Negative
controls included omission of mAb and its
replacement by TBS or mouse IgG (The
Binding Site Ltd, UK). Sections were then
rinsed briefly with TBS, washed in the same
buffer for 2 minutes, and incubated for 30
minutes at room temperature with 30 pl rabbit
polyclonal anti-mouse IgG antibody reagents
(Dakopatts, Denmark) diluted 1:10 in TBS.
Slides were rinsed, washed as above, and
sections were further incubated for 30 minutes
with soluble complexes of alkaline phosphatase
and monoclonal mouse anti-alkaline phos-
phatase (APAAP, Dakopatts) at a 1:20 dilu-
tion in TBS. After a 2 minute wash the rabbit
anti-mouse antibody and APAAP reagent steps
were repeated for 10 minutes each to enhance
the intensity of staining. Sections were then
incubated for 30 minutes at room temperature
with 50 ul alkaline phosphatase substrate
prepared by dissolving 1:2X1073 M AS-MX
phosphate (Sigma, UK) in 025 M N,N-
dimethylformamide (Sigma, UK) which was
then diluted 1:50 with 0-1 M TRIS-HCI buffer
pH 82 containing 1X1073 M levamisole
(Sigma, USA). This solution was stored at
—20°C in 5 ml aliquots, and 5 mg of fast red
TR salt (Sigma, UK) was added to each
aliquot at the time of use. Sections were finally
washed briefly with TBS and deionised water
for 2 minutes each, and counter stained with
Mayer’s haematoxylin (Sigma, UK) for 5
minutes. After rinsing under tap water and air
drying, slides were mounted with Glycergel
(Dakopatts). Positively reacting cells or tissue
were identified by cell surface or extracellular
distribution of red staining. Positivity was

graded as mild (+) when there were either 1-5
positive cells per mm? of tissue, or a mild
staining of defined compartments of retinal
membranes (for example, endothelium or
vessel walls); moderate (++) when 6—12 posi-
tive cells were present per mm? of tissue and/or
there was a moderate staining of defined areas
of membranes; and marked (+++) when a
widespread staining of both cells and extra-
cellular matrix was observed throughout the
membranes.

To determine the specificity of staining
for TNFa by retinal specimens, the anti-TNFa
antibody was absorbed with human recombi-
nant TNFa (R&D Systems, Abingdon, UK) in
a solid phase using flat bottomed enzyme linked
immunosorbent assay (ELISA) plates (Nunc).
Briefly, plates were coated with TNFa by
overnight incubation at 4°C with 100 pl per
well of the recombinant proteins (10 pg/ml in
sodium carbonate buffer pH 9-6). Unbound
cytokine was removed by washing the plates
four times with PBS. Aliquots of 100 pl from a
working dilution of the anti-TNFa antibody
were added to the wells and the plates
incubated for 1 hour at room temperature with
frequent shaking. Partially absorbed antibody
was then transferred onto new TNFa coated
wells, and the process repeated six times to
ensure that at least 95% of the antibody speci-
ficity has been removed. This was confirmed by
determination of the proportion of antibody
bound to the plates using an ELISA method as
previously described.!?

Results

Table 1 presents the prevalence of staining
for TNFa and its reactive endothelial cell
adhesion molecules in the PDR membranes
investigated. Table 2 summarises the clinical
history, examination, and follow up of the
patients undergoing vitreoretinal surgery for
the treatment of PDR. .

DISTRIBUTION OF TNFat WITHIN
FIBROVASCULAR MEMBRANES OF PDR

Staining for TNFa was observed on various
components of all 12 membranes. Figure 1
shows that cytokine staining was detected on
vascular endothelium (in five membranes:
Fig 1A), on cells infiltrating all membranes
(Fig 1B), and on extracellular matrix (of nine
specimens: Fig 1C). Absorption of the anti-
TNFa antibody reagent with human recombi-
nant TNFa removed all staining (Fig 1D).

PRESENCE OF VASCULAR ENDOTHELIAL CELL
ADHESION MOLECULES WITHIN PDR
MEMBRANES

Various patterns of staining with the anti-
ICAM-1 reagent were observed in nine of the
12 epiretinal membranes studied. Staining of
vascular endothelium was observed in four of
the membranes (Fig 2A), while staining of
extracellular matrix was seen in five speci-
mens (Fig 2B). All nine specimens contained
ICAM-1 positive cells distributed throughout
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Table 2 Clinical history of patients undergoing vitreoretinal surgery for the treatment of PDR

Previous Visual acuity
Laboratory Laser Previous vitreous Status of PDR Further _
No Age Sex treatment  vitrectomy haemorrhage  at surgery operations  Before  After
29 69 M PRP Yes Yes Ischaemic TRD 1) 6/24 6/18
68 56 M PRP No Yes Active PDR 0 PL CF
80 44 M PRP No Yes Active PDR 0 CF 6/24
85 25 F PRP No No Active PDR/TRD 0 6/10 HM
101 50 M PRP No Yes Active PDR/TRD 0 PL CF
118 30 F PRP No No Active PDR 1(c) HM CF
120 28 M PRP No Yes Active PDR/TRD 0 PL HM
121 54 F PRP No Yes TRD 0 HM HM
126 46 M PRP No No Active PDR/TRD 2 (W) 6/24 6/18
129 52 M PRP No Yes Ischaemic TRD 0 CF 6/60
142 67 M Focal No No Extensive PDR/TRD 1(c) HM HM
163 54 M PRP No No Active PDR 0 6/60 HM

PDR=proliferative diabetic retinopathy; PRP=panretinal photocoagulation; TRD=traction retinal detachment; (v)=vitreoretinal
surgery; (c) =cataract surgery; PL=perception of light; CF=count fingers; HM=hand movements.

the membranes. The anti-PECAM antibody
stained eight of the 12 epiretinal membranes
and, as with the distribution of ICAM-1, stain-
ing for PECAM was observed on vascular
endothelium (four membranes), extracellular
matrix (two membranes), and on infiltrating
cells throughout all eight membranes (Fig 2C).
Unlike the distribution of ICAM-1 and
PECAM, staining for VCAM-1, E-selectin,
and P-selectin was given by vascular endo-
thelium only; this was observed in five, four,
and three membrane specimens respectively
(Figs 3A-C). Multiple staining for reactive
adhesion molecules was present in some of the
specimens: of the nine membranes positive for
ICAM-1, eight stained for PECAM, two
stained for the inducible adhesion molecules
VCAM and E-selectin, one stained for VCAM
only, another two stained for E-selectin, one
other was positive for VCAM and P-selectin,
while another two stained for P-selectin only.
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None of the 12 membranes stained for all
adhesion molecules together (Table 1).
Although antibodies to both TNFa and
ICAM-1 stained the extracellular matrix of
three specimens (68, 85, and 101) and anti-
bodies to TNFa , ICAM, and PECAM stained
the extracellular matrix of one specimen (120),
the same membrane regions did not appear to
stain for the two molecules. We considered
that identification of colocalisation of TNFa
with one or more vascular adhesion molecules
would be more appropriately investigated by
multiple staining and confocal microscopy.

DISEASE ASSOCIATIONS OF TNFa AND
ADHESION MOLECULE STAINING

The intensity and distribution of TNFa
deposition showed no evident relation to
the type of diabetes, sex, age, known duration
of PDR in years, previous laser treatment,
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Figure 1 Immunohistochemical staining of fibrovascular epiretinal membranes of proliferative diabetic retinopathy with
anti-TNFa antibody. (A) Positive staining for TNFa by endothelium lining the retinal vessels (specimen 121 ).
Magnification X 180. (B) Staining for TNFa by both infiltrating cells (arrows) and extracellular matrix (specimen 85).
Magnification X 180. (C) Widespread staining of the extracellular matrix for TNFa (specimen 120). Magnification X 95.
(D) Adjacent section of the same membrane stained with anti-TNFa antibody absorbed with human recombinant TNFa.
Sections counterstained with Mayer’s haematoxylin. Magnification X 95.
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Figure 2  Photomicrographs showing immunohistochemical
staining for ICAM-1 and PECAM within epiretinal
membranes of PDR. (A) Positive staining for ICAM-1 by
retinal vascular endothelium (specimen 80). Magnification
X 180. (B) Widespread distribution of ICAM-1 within cells
and extracellular matrix (specimen 120). Magnification

X 180. (C) Staining of infiltrating cells and vascular
endothelium with anti-PECAM antibodies (specimen 85).
Sections counterstained with Mayer’s haematoxylin.
Magnification X95.

previous vitreous haemorrhage, status of
retinopathy at the time of surgery, or outcome
of the surgery (Tables 1 and 2). Likewise, there
was no selective relation between the distribu-
tion of any one or more of the vascular
adhesion molecules within fibrovascular retinal
membranes and the type of diabetes, duration
of PDR, or any other clinical features (Tables 1
and 2).

Discussion

The present investigation shows that the
cytokine TNFa is widely distributed within
fibrovascular membranes of PDR, and that
multiple staining for both upregulated (ICAM-
1, PECAM) and induced (VCAM-1, E-selectin,
P-selectin) vascular adhesion molecules is found
frequently in PDR membranes.
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TNFa showed various patterns of deposi-
tion within all 12 PDR membranes. This
cytokine was detected not only on infiltrating
cells and on vascular endothelium, but also
within the extracellular matrix of various
specimens. Although abrogation of staining
by absorption of the monoclonal anti-TNFa
antibody with human recombinant TNFa
suggested that the immunoreactivity was most
probably because of the presence of TNFa,
fortuitous cross reactivity of the antibody with
other extracellular or cell associated molecules
could not be entirely excluded. That anti-
TNFa antibody stained the extracellular
matrix of PDR membranes is compatible with
our previous findings that TNFa binds readily
to fibronectin and collagen type IV without
losing its biological activity!®> and that PDR
vitreous rarely contains bioactive TNFa.!4
Evidence implicating TNFa in the patho-
genesis of PDR would be strengthened by
showing TNF-like bioactivity associated with

explanted membranes. On this basis, an
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Figure 3 Immunohistochemical staining of epiretinal
membranes of PDR for cytokine inducible vascular cell
adhesion molecules. (A) Staining for VCAM-1 (specimen
80). (B) Staining for E-selectin (specimen 142). (C)
Staining for P-selectin (specimen 118). Sections
co:;;toerstained with Mayer’s haematoxylin. Magnification
X .
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important pathogenetic pathway maintaining
angiogenesis in PDR could well involve
adsorption of bioactive cytokine to fibronectin
and collagen type IV, known constituents of
PDR membranes,® 15 shortly after its local
generation.

Staining of both cells and extracellular
matrix (Table 1; Figs 1-3) of PDR membranes
for TNFa and upregulated endothelial cell
adhesion molecules (ICAM-1, PECAM)
recalls our findings of TNFa and ICAM stain-
ing in epiretinal membranes of proliferative
vitreoretinopathy (PVR)16 17 which, however,
are characteristically avascular. The apparent
similarity would seem to lie in the known
ability of non-endothelial and endothelial cells
to generate ICAM-1 and in the ability of
TNFa to upregulate ICAM-1 expression on a
variety of cell types.!® In PDR the vascular
endothelial cell would be viewed as the prime
target of TNF activity, leading to overproduc-
tion of basement membrane and other extra-
cellular matrix proteins. This could serve as a
scaffold for continued angiogenesis, while
upregulation of ICAM-1 could serve to pro-
mote selective leucocyte endothelial inter-
action. In PVR the greater cellularity of
epiretinal membranes suggests a role of the
TNFo/ICAM-1 axis in promoting pleo-
morphic cell accumulation rather than neovas-
cularisation.

Our finding that endothelial cells of PDR
membranes can express the inducible adhesion
molecules VCAM, E-selectin, and P-selectin
indicates the continued operation of
transendothelial leucocyte migration as a co-
pathogenic factor. An accepted sequence of
events views contact of rolling leucocytes with
intimal endothelium as being initiated by
PECAM, E- and P-selectins (on the endo-
thelium) interacting with leucocyte adhesion
molecules.®!! Stronger adhesion is then
generated by endothelial ICAM-1 and VCAM
interacting with the leucocyte integrins 2 and
a4.19 Our evidence that expression of both
TNFa and of vascular cell adhesion molecules
occurs within individual PDR membranes
suggests that local production of TNFa may
indeed trigger and maintain this sequence of
events.

By immunohistochemistry and conventional
light microscopy it was not possible to identify
the nature of the TNF reactive cells, or to infer
that these cells were the main source of
this cytokine within PDR membranes.
Examination of sections by combining in situ
hybridisation for cytokine mRNA with
immunocytochemical identification of cell
phenotype or cytokine protein is thereby
merited. Likewise, we could not determine
whether TNFa co-localised with one or more
adhesion molecules within vascular endo-
thelium or extracellular matrix of PDR mem-
branes. This would be more appropriately
investigated by multiple staining of individual
membranes and confocal microscopy.

The question naturally arises of whether
patients with diabetic retinopathy might be
high producers of TNFo; and formal experi-
ment is awaited. Supranormal production of
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TNFa from peripheral blood cells in vitro has
been shown in type I diabetes without
reference to PDR2? as well as by patients with
idiopathic retinal vasculitis in relapse.2! TNF
production is governed by promoter alleles
such that individuals with the allele TNF2 are
constitutively higher producers than those with
the allele TNF1,22 both being represented in
the MHC class III region.?? In this context, it
is important that there is a higher representa-
tion of the TNF2 allele in patients with insulin
dependent diabetes mellitus than in the normal
population.??> In our study there was no
obvious difference between type I and type II
diabetes mellitus in the expression of TNFa
and its reactive adhesion molecules on PDR
membranes, whether of the upregulated or
inducible class. Studies involving a larger
number of specimens may give a more clear
indication of any differences between the two

groups.

In conclusion, we suggest that local deposi-
tion of TNFa and of its reactive vascular adhe-
sion molecules may be an important step in the
pathogenesis of proliferative diabetic retino-
pathy. Clarification of local and systemic
mechanisms governing the production and
biological activity of TNFa in these patients
may lead to a greater understanding of the con-
dition.
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