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Summary

Clinically available anti-tumour necrosis factor (TNF) biologics, which
inhibit both soluble (sTNF) and transmembrane forms (tmTNF) of TNF,
eliminating all TNF signalling, have successfully treated autoimmune diseases
including uveitis. These have potentially serious side effects such as reactiva-
tion of latent Mycobacterium tuberculosis and, therefore, more specific
inhibition of TNF signalling pathways may maintain clinical efficacy while
reducing adverse effects. To determine the effects of specific pharmacological
inhibition of sTNF on macrophage activation and migration, we used a mouse
model of uveitis (experimental autoimmune uveoretinitis; EAU). We show
that selective inhibition of sTNF is sufficient to suppress EAU by limiting
inflammatory CD11b+ macrophages and CD4+ T cell migration into the
eye. However, inhibition of both sTNF and tmTNF is required to inhibit
interferon-g-induced chemokine receptor 2, CD40, major histocompatibility
complex class II and nitric oxide (NO) up-regulation, and signalling via
tmTNF is sufficient to mediate tissue damage. In confirmation, intravitreal
inhibition of sTNF alone did not suppress disease, and inflammatory cells that
migrated into the eye were activated, generating NO, thus causing structural
damage to the retina. In contrast, intravitreal inhibition of both sTNF and
tmTNF suppressed macrophage activation and therefore disease. We conclude
that sTNF is required for inflammatory cell infiltration into target tissue, but
at the tissue site inhibition of both sTNF and tmTNF is required to inhibit
macrophage activation and to protect from tissue damage.
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Introduction

Tumour necrosis factor (TNF) is produced during autoim-
mune inflammatory diseases, where it contributes to leuco-
cyte emigration [1] and tissue damage [2,3]. A central role of
TNF is facilitating monocyte trafficking to the target organ
[4]. In a murine model of multiple sclerosis, experimental
autoimmune encephalomyelitis (EAE), TNF-/- mice have
delayed onset of disease [5,6]. TNF production by haemato-
poietic cells from the bone marrow is required for these
inflammatory cells to infiltrate the target organ during EAE,
as shown by studies of mice reconstituted with bone marrow
from TNF-/- or wild-type (WT) donors [7]. The use of
anti-TNF biologics in models of non-infectious posterior
uveitis (experimental autoimmune uveoretinitis; EAU) has
shown that eliminating TNF signalling delays cell trafficking

into the retina [8–12]. As a model, EAU offers the ability to
distinguish clinical disease from structural damage as a con-
sequence of inflammatory cell infiltration and immuno-
pathogenic mechanisms involved. In the context of EAU, our
previous data demonstrated that signalling via TNFR1 con-
trols macrophage activation as well as trafficking to the site
of inflammation [4,13,14]. Using mixed bone marrow chi-
meras from both WT and TNFR1-/- donors, we showed that
WT TNFR1+/+ monocytes, but not T cells, had a selective
advantage and were recruited preferentially to the inflamed
eye [4].

Other studies have used transmembrane (tm)TNF trans-
genic mice that cannot express soluble (s)TNF to show that
these mice still develop EAE, although disease is delayed and
cell movement within the central nervous system (CNS) is
impaired. One study showed that tmTNF knock-in mice did
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not succumb to EAE [15], while another showed that,
although tmTNF transgenic mice had comparable levels of
EAE to WT, when the concentration of the Mycobacterium
tuberculosis in the complete Freud’s adjuvant (CFA) was
decreased EAE in the tmTNF transgenics was delayed and
suppressed [16]. This study shows the importance of inflam-
matory cell activation, presumably by sTNF, in the initiation
of EAE. Such observations may be due to tmTNF mice
inducing lower levels of chemokines [16]. These mice
lacking sTNF expression have abnormal B cell follicle forma-
tion, and such differences could affect disease outcomes [16]
and, therefore, inhibition of sTNF is required after the mice
have developed normally. XPro1595 is a recently developed
molecule that specifically targets and inhibits sTNF with no
effect on tmTNF, and is an effective tool that has facilitated
investigation into the function and role played by sTNF in
disease. Previously it has been shown that specific blockade
of sTNF with XPro1595 can suppress murine arthritis to the
same extent as pan-blocking TNF agents such as etanercept,
infliximab and adalimumab [17].

In this study, we show that sTNF is therefore neces-
sary to mobilize cells for recruitment to the target organ
during inflammation, but tmTNF signalling is required
for local activation of these cells and subsequent tissue
damage.

Methods and materials

Animals

B10.RIII mice were obtained from Harlan UK Limited
(Oxford, UK), C57BL/6 Ly.5 (CD45.1) congenic mice were
obtained from Charles River Laboratory (Kent, UK) and
TNFRp55-deficient mice [TNF receptor 1 (TNFR1-/-)] of
background strain C57BL/6 were obtained from The Jackson
Laboratory. Breeding colonies were established within
the Animal Services Unit (ASU) (Bristol, UK). Specific
pathogen-free, isolator-reared female mice were maintained
in accordance with Home Office Regulations for Animal
Experimentation, UK, and conformed to the Association of
Research in Vision and Ophthalmology statement of the use
of animals in ophthalmic and vision research.

Reagents

Recombinant murine interferon (IFN)-g (Peprotech,
London, UK), lipopolysaccharide (LPS) (Sigma-Aldrich,
Dorset, UK), human immunoglobulin (Ig)G (Genscript
USA, Inc., Piscataway, NJ, USA), sTNFR-Ig [9] (a gift from
Herman Waldmann, University of Oxford, UK) and
XPro1595 [18] (a gift from Xencor, Monrovia, CA, USA).
The fusion protein sTNFR-Ig is a human Ig Fc, and therefore
the control for this was a human isotype IgG. XPro1595 is an
engineered protein that can form heterotrimers with native
sTNF to provide complexes that cannot bind to the TNF

receptors. The control we used for this was inactivated XPro-
1595 (I-XPro), where XPro1595 had been denatured (using
trypsin and heat denaturing treatment, with repeated freeze/
thaw cycles) but was still in the same vehicle (Fig. 2a).

Bone marrow-derived macrophages (BMDMj)

Bone marrow cells were obtained by flushing the femurs
of female mice and the cells were cultured as described
previously [19].

EAU induction and disease scoring

Female B10.RIII mice (6–9 weeks old) were immunized
subcutaneously in one flank with 50 mg human retinol-
binding protein 3 (hRBP-3)161–180 (SGIPYIISYLHPGNTIL-
HVD) in 2% dimethylsulphoxide (DMSO) in emulsion with
CFA (1 mg/ml, 1:1 v/v) supplemented with 1·5 mg/ml M.
tuberculosis complete H37 Ra (Difco Laboratories, Detroit,
MI, USA). Mice were also given an intraperitoneal injection
of 1 mg Bordetella pertussis toxin (Tocris, Bristol, UK). Mice
were treated with 10 mg/kg sTNFR-Ig, XPro1595, I-XPro
or human IgG either intraperiteanally (i.p.) or 10 mg/eye
intravitreally. Eyes were enucleated at various time-points
and serial 12-mm sections cut and stained with rat anti-
mouse monoclonal anti-CD45 antibody (Serotec, Oxford,
UK) and counterstained with haematoxylin (ThermoShan-
don, Pittsburgh, PA, USA). Sections were scored for inflam-
matory infiltrate (presence of CD45+ cells) and structural
disease (disruption of morphology), as described previously
[13]. For immunofluorescence, nitrotyrosine was detected
using an anti-nitrotyrosine antibody (Sigma-Aldrich,
Dorset, UK), followed by a biotinylated anti-mouse antibody
(Vector, Peterborough, UK) and streptavidin–rhodamine
red-X (Jackson Immuno-Research, Newmarket, UK).

Topical endoscopic fundus imaging (TEFI)

The TEFI method used has been described previously [20].
Fundal images were blind-scored on inflammatory changes
of the optic disc, retinal vessels, retinal lesions and structural
damage. All scores were added together to make a final clini-
cal disease score. This clinical grading system was adapted
from Xu et al. [21] (Table 1).

Flow cytometry

The eyes were dissected and the retina extracted as described
previously [22]. A spleen that had been taken at the
same time was also prepared for flow cytometry to equate
event counts with cell numbers. The retinal cells were stained
with rat anti-mouse allophycocyanin (APC)-CD4 (clone
RM4-5; BD Biosciences, Oxford, UK), rat anti-mouse phy-
coerythrin cyanin 7 (PE.Cy7)-CD45 (clone 30-F11; BD Bio-
sciences, Oxford, UK) and rat anti-mouse APC.Cy7-CD11b
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(clone M1/70; BD Biosciences, Oxford, UK). 7-
Aminoactinomycin D (7AAD) was used to eliminate
dead cells. BMDMj were stimulated as in the figure
legends, washed and stained with the live/dead near IR kit
(Invitrogen, Paisley, UK) for 30 min. The cells were then
washed and incubated with anti-CD45.1 (clone A20; BD
Biosciences, Oxford, UK), anti-I-Ab (clone KH74; BD Bio-
sciences, Oxford, UK), anti-CD40 (clone 3/23; BD Bio-
sciences, Oxford, UK) and anti-chemokine receptor 2
(CCR2) (Abcam, Cambridge, UK) for 20 min on ice, fol-
lowed by another wash. The cells were then incubated with
anti-rabbit fluorescein isothiocyanate (FITC) (Invitrogen)
and streptavidin–APC (BD Biosciences, Oxford, UK) for
30 min on ice prior to analysis. The BD FACS Canto II with
two lasers and six colours and the FACS DiVa version 5.0.2
software (BD Biosciences, San Jose, CA, USA) were used for
acquisition and FlowJo for analysis. BMDMj were stimu-
lated, washed and stained with the live/dead near IR
kit (Invitrogen) for 30 min.

Nitric oxide (NO) quantification

Twenty-four h after cell stimulation, each cell-free superna-
tant was incubated in Griess reagent (v/v) (Sigma-Aldrich,
Dorset, UK) in 96-well flat-bottomed plates for 10 min at
room temperature. To quantify NO production by splenic
macrophages, spleen were mashed and put through a cell
strainer to form a single-cell suspension. The red blood cells
were lysed and the CD11b+-positive selection magnetic affin-
ity cell sorting (MACS) kit (Miltenyi Biotec Ltd, Bisley,
Surrey, UK) used to isolate macrophages, according to the
kit’s instructions.

Proliferation assays

Spleens were collected from immunized mice at various
time-points. Cells were then stimulated with the immuniz-
ing peptide and incubated for 2 days at 37°C in 5% CO2 in a
humidified atmosphere. The plates were pulsed with 18·5-
kBq titrated thymidine (GE Healthcare, Bucks, UK) per well
for the next 18 h of incubation. Thymidine uptake (counts
per minute; cpm) was determined by liquid scintillation

with a microbeta liquid scintillation counter (Wallac 1450;
PerkinElmer Life Sciences, Cambridge, UK).

Enzyme-linked immunosorbent assays (ELISAs)

Interleukin (IL)-6 sandwich ELISA capture antibody
(15 pg/ml limit, MP5-20F3; BD Biosciences, Oxford, UK)
was applied in carbonate buffer, pH 9·6. The detection anti-
body (MP5-32C11; BD Biosciences, Oxford, UK) was added
for 1 h at room temperature. The manufacturer’s instruc-
tions were followed for the sandwich TNF ELISA kit
(30 pg/ml limit; R&D Systems, Abingdon, UK).

Statistical analysis

The Mann–Whitney U-test (two-tailed) was used for statisti-
cal analysis and P < 0·05 was considered significant. All in
vitro experiments were carried out at least three times. The in
vivo experiments were carried out multiple times (>2) and the
results combined. The mean � standard error is shown
graphically. Each eye was treated as an independent
variable.

Results

XPro1595 inhibits sTNF but not IL-6 production from
LPS-stimulated macrophages

Consistent with published data [13,17], XPro1595 and
sTNFR-Ig can inhibit production of sTNF by macrophages
(Fig. 1a,b). However, in contrast to sTNFR-Ig (32·4%
decrease, P = 0·0495), XPro1595 failed to suppress IL-6
production (Fig. 1c,d). The data demonstrate that both
sTNFRIg and XPro1595 can suppress sTNF production in
vitro while establishing that tmTNF alone is sufficient to
induce IL-6 production by BMDMj.

Systemic inhibition of sTNF alone can significantly
suppress EAU

Previous work has shown that inhibition of TNF signal-
ling using the sTNFR-Ig fusion protein (which inhibits

Table 1. Topical endoscopic fundus imaging (TEFI) scoring criteria.

Score Optic disc Retinal vessels Retinal tissue infiltrate Structural damage

1 Minimal inflammation 1–4 mild cuffings 1–4 small lesions or 1

linear lesion

Retinal lesions or retinal atrophy involving 1/4

to 3/4 retina area

2 Mild inflammation >4 mild cuffings or 1–3

moderate cuffings

5–10 small lesions or

2–3 linear lesions

Pan retinal atrophy with multiple small lesions

(scars) or <3 linear lesions (scars)

3 Moderate inflammation >3 moderate cuffings >10 small lesions or

>3 linear lesions

Pan-retinal atrophy with >3 linear lesions or

confluent lesions (scars)

4 Severe inflammation >1 severe cuffing Linear lesion confluent Retinal detachment with folding

5 Not visible (white-out or

extreme detachment)

Not visible (white-out or

extreme detachment)

Not visible (white-out

or extreme detachment)

Not visible

XPro1595 EAU
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pan-TNF) can suppress murine EAU [8–12]. Given the
potency of XPro1595 (which inhibits sTNF only) in sup-
pressing sTNF secretion from macrophages, it was impor-
tant to assess the in vivo efficacy of XPro1595 treatment
compared to the efficacy of sTNFR-Ig treatment. I-XPro-
treated mice have comparable disease to phosphate-buffered
saline (PBS)-treated mice (Fig. 3a). Progression of clinical
disease [20,21] (Fig. 3b) is slower in both the treated groups
in comparison to the control group. While the control mice
developed severe EAU, with synechia, vitritis, pan-vasculitis
and retinal lesions (Fig. 2), both the treated groups only
showed signs of mild EAU with an inflamed optic disc and
mild vasculitis in some mice. Other treated mice showed no
clinical signs of EAU, but a few developed severe EAU. By day
18 post-immunization (p.i.), the control I-XPro-treated
mice had obvious signs of severe disease, therefore the mice
were killed and eyes enucleated for flow cytometric
(Fig. 3c,d) and histological (Fig. 3e) analysis. Treatment with
sTNFR-Ig led to a 83·0% reduction in CD11b+ cells
(P = 0·002) and a 94·5% reduction in CD4+ cells (P = 0·003)
compared to the I-XPro control. In the XPro1595-treated
group, there was a 77·9% reduction in CD11b+ cells
(P = 0·040) and a 68·7% reduction in CD4+ cells (P = 0·040)
compared to the I-XPro control. There was a significant
increase in the CD11b+ : CD4+ cell populations (P = 0·03) in
the sTNFR-Ig-treated mice versus the control I-XPro-treated
group; there was no significant difference between the
XPro1595 treatment group and the sTNFR-Ig or the
XPro1595 and I-XPro control groups.

Histological analysis showed that on day 18 p.i., the scores
decreased by 85·1% (P = 0·007) in the sTNFR-Ig group and
41·1% (P = 0·038) in the XPro1595-treated group compared
to the I-XPro control group. These data demonstrate that
selective inhibition of sTNF alone is sufficient to suppress
infiltration to the retina of both CD11b+ macrophages and
CD4+ T cells subsets during EAU, with reduced retinal
damage.

On day 18 p.i., splenocytes were obtained to assess poten-
tial differences in antigen-specific (RBP-3161–180) T cell prolif-
eration (Fig. 3f). Treatment with sTNFR-Ig suppressed T cell
proliferation significantly, while XPro1595 left T cell prolif-
eration unimpaired.

The presence of nitrotyrosine in the histological sections
was also investigated (Fig. 3g). No nitrotyrosine is present in
naive eyes. Nitrotyrosine is present in eyes from mice treated
with I-XPro, in contrast to eyes from mice treated with
sTNFR-Ig or XPro1595, suggesting that NO is not present in
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Fig. 1. Both soluble tumour necrosis factor receptor-immunoglobulin (sTNFR-Ig) and XPro1595 can inhibit sTNF production but only sTNFR-Ig

can suppress interleukin (IL)-6 secretion. Bone marrow-derived macrophages (BMDMj) from wild-type mice were incubated with 100 ng/ml

lipopolysaccharide (LPS) for 24 h in the presence of 10 mg/ml human IgG or sTNFR-Ig (a,c) or 10 mg/ml I-XPro or XPro1595 (b,d). TNF (a,b) or

IL-6 (c,d) production was quantified by enzyme-linked immunosorbent assay. Mean � standard error shown, n = 3, *P < 0·05.

Fig. 2. Topical endoscopic fundal imaging (TEFI). Experimental

autoimmune uveoretinitis (EAU) was induced in B10.RIII mice,

and on day 10 post-immunization (p.i.) the mice were treated intrap-

eritoneally (i.p.) with 10 mg/kg [in 100 ml phosphate-buffered saline

(PBS)] I-XPro or 100 m1 PBS. Clinical progression of disease was

assessed by TEFI from days 8 to 18; n = 4 mice per group and represen-

tative images are shown. In the PBS day 10 image, a raised and swollen

optic disc is clearly visible (arrow 1). In the PBS-treated group on days

14 and 16, severe vitritis is causing a vitreous haze, precluding fundal

imaging. On day 18 in the PBS-treated group, lesions (arrow 2) that

correspond to histological retinal folds are present. In the I-XPro-

treated mice on days 14 and 18, development of synechia was noted.

On day 16 in the I-XPro-treated group, the optic disc is inflamed

(raised and blurred margins; arrow 3) alongside widely distributed

perivascular inflammation (vasculitis) and exudative retinal detach-

ment as well as development of inflammatory retinal infiltrates.
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Fig. 3. Inhibition of soluble tumour necrosis

factor (sTNF) can suppress experimental

autoimmune uveoretinitis (EAU). EAU was

induced in B10.RIII mice, and on day 10

post-immunization (p.i.) the mice were treated

intraperitoneally (i.p.) with 10 mg/kg [in 100 ml

phosphate-buffered saline (PBS)] I-XPro or

100 m1 PBS. Clinical progression of disease with

assessed by topical endoscopic fundus imaging

(TEFI) from days 8 to 18; n = 4 mice per group

(a). EAU was induced in B10.RIII mice, and on

day 10 p.i. the mice were treated i.p. with

10 mg/kg of either I-XPro, sTNF

receptor-immunoglobulin (sTNFR-Ig) or

XPro1595 and the clinical progression of

disease with assessed by TEFI from days 8 to 18.

Treatment day is indicated by the arrow (b).

The P-values for each day are tabulated below

the graph. On day 18, the mice were killed and

eyes taken for flow cytometric analysis of

CD11b+ (c) and CD4+ (d) cells and histological

analysis (e); mean � standard error shown,

n = 7–9 mice per group. On day 18

post-immunization, splenocytes were also used

for a proliferation assay using 0·1–100 mg

retinol-binding protein 3 (RBP-3)161–181 peptide

(f); mean � standard error shown. Eye sections

from each mouse were also processed to detect

nitrotryosine (red) and nuclear staining with

4′,6-diamidino-2-phenylindole (DAPI) (blue),

¥20 magnification (g). Naive mice were injected

(i.p.) with 200 mg/mouse of I-XPro, sTNFR-Ig

or XPro1595 and after 3 days the spleens

removed and macrophages isolated using

magnetic affinity cell sorting (MACS). The

macrophages were stimulated in vitro with

100 U/ml interferon (IFN)-g for 72 h prior to

nitric oxide (NO) quantification; n = 3 (h).
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the eyes of treated mice. Using macrophages isolated from
spleens of naive mice that were treated with I-XPro,
sTNFR-Ig and XPro1595, we showed that IFN-g-induced
NO is suppressed significantly when the cells have been
treated previously with sTNFR-Ig but not when they have
been treated with XPro1595 (Fig. 3h).

These results demonstrate that systemic inhibition of
sTNF alone, with a single dose of either sTNFR-Ig or
XPro1595, can reduce clinical disease, structural tissue
damage and CD4+ and CD11b+ cell infiltration. Systemic
treatment reduces the number of infiltrating cells in the eye,
therefore nitrotyrosine production is absent or very low.
However, splenic macrophages in the XPro1595-treated
group can still produce NO, unlike splenic macrophages
from the sTNFR-Ig-treated group.

XPro1595 can suppress established EAU

Clearly, inhibition of sTNF alone is sufficient to prevent the
progression of EAU when treatment was initiated before
clinical signs developed, with no significant differences
between sTNFR-Ig [8–12] and XPro1595 [17]; therefore, it
was necessary to determine whether similar efficacy could
be achieved in established disease when only inhibiting
sTNF. To this end, on day 12 p.i., only animals that had
developed initial signs of clinical disease by TEFI were
selected and randomized into different groups. Groups of
mice were then treated continuously with either XPro1595
or I-XPro and monitored clinically (Fig. 4a). XPro1595
suppressed clinical disease significantly throughout the
course of the experiment. Treatment retarded EAU, with

Fig. 4. Inhibition of soluble tumour necrosis

factor (sTNF) can also suppress established

experimental autoimmune uveoretinitis (EAU).

EAU was induced in B10.RIII mice and on day

12 post-immunization (p.i.); only mice that

showed signs of clinical disease by topical

endoscopic fundus imaging (TEFI) were used in

the experiment. These mice were randomized

prior to intraperitoneal (i.p.) treatment with

10 mg/kg of either I-XPro or XPro1595 every 3

days from day 12 (indicated by arrows). Clinical

progression of disease with assessed by TEFI

from days 8 to 22 (a). The P-value for each day

is stated in the table under the graph. On day

23, the mice were killed and eyes taken for flow

cytometric analysis of CD11b+ (b) and CD4+

(c) cells and histological analysis (d);

mean � standard error shown, n = 10 mice per

group. On day 18 p.i., splenocytes were also

used in a proliferation assay stimulated with a

range of 0·1–100 mg retinol-binding protein 3

(RBP-3)161–181 peptide (e); mean � standard

error shown.
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delayed development of vasculitis and lesions. On day 23
p.i., the mice were killed and eyes enucleated for flow cyto-
metric (Fig. 4b,c) and histological (Fig. 4d) analysis. Inhi-
bition of sTNF after clinical disease had been established
still led to 58·5% fewer CD11b+ macrophages (P = 0·023)
and 77·3% fewer CD4+ T cells (P = 0·0064) in the retinas of
XPro1595-treated mice.

Histological scores showed a 54·7% (P = 0·017) decrease
in disease in the XPro1595-treated group. Proliferation
assays were performed using spleens taken on day 23 p.i., and
confirmed the previous observation that inhibition of sTNF
does not alter T cell proliferation (Fig. 3e).

The results thus far show that systemic inhibition of
sTNF in the periphery can suppress established EAU with a
concomitant reduction in extent and number of infiltrating
macrophages and T cells into the retina.

Inhibition of both sTNF and tmTNF is required to
inhibit macrophage activation

TNF plays a central role in macrophage activation,
disease expression and ultimately tissue damage in EAU
[4,9,13,14,23–25]. Inhibiting TNF activity via sTNFR-Ig

reduces EAU severity, suppresses NO expression in infiltrat-
ing myeloid cells [25] and reduces the activation status of
both T cell and myeloid cells isolated from the retina [26].
Here we show that, in agreement with published data [13],
and as seen in the rat [24], sTNFR-Ig can inhibit IFN-g-
induced NO production by WT BMDMj effectively
(Fig. 5a), whereas XPro1595 does not suppress IFN-g-
induced NO by WT BMDMj (Fig. 5b). WT BMDMj still
produced NO in the presence of XPro1595, while BMDMj
from TNFR1-/- mice did not (Fig. 5c). These results show
that tmTNF signalling via TNFR1 is sufficient to induce
NO from IFN-g stimulated macrophages. LPS-induced
NO production is not TNF-dependent and was not
suppressed by either sTNFR-Ig (Fig. 5d) or XPro1595
(Fig. 5e).

IFN-g-induced expression of both CD40 and major his-
tocompatibility complex (MHC) class II (I-Ab) has been
shown previously to be TNF-dependent [13]. CCR2 has also
been implicated as a pivotal receptor required by inflamma-
tory macrophages to infiltrate inflamed organs [27–29].
Therefore, the effects of sTNFR-Ig and XPro1595 on CD40,
MHC class II and CCR2 cell surface expression were
investigated. IFN-g (Fig. 6a) and LPS (Fig. 6b) were used to

Fig. 5. Transmembrane tumour necrosis factor

(TNF) signalling via TNF receptor 1 (TNFR1)

in interferon (IFN)-g-induced macrophages

is sufficient to induce nitric oxide. BMDMj
from wild-type mice were incubated with

0 U/ml (media alone), 20 U/ml or 100 U/ml

IFN-g for 24 h in the presence of either

10 mg/ml human IgG or sTNFR-Ig (a) or

10 mg/ml I-XPro or XPro1595 (b). BMDMj
from wild-type and TNFR1-/- were also

incubated with 0–100 U/ml IFN-g in the

presence of XPro1595 (all samples, c). Nitric

oxide in the supernatant was quantified. Bone

marrow-derived macrophages (BMDMj)

from wild-type mice were also incubated with

media alone or 100 ng/ml lipopolysaccharide

(LPS) for 24 h in the presence of 10 mg/ml

immunoglobulin (Ig)G or soluble TNFR-Ig

(sTNFR-Ig) (d) or 10 mg/ml I-XPro or

XPro1595 (e). Mean � standard error shown;

n = 3–4.
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stimulate WT and TNFR1-/- BMDMj. Stimulation with
both LPS and IFN-g induced CD40, MHC class II and CCR2
expression in WT macrophages but macrophages from
TNFR1-/- mice expressed lower levels of CD40 after addition
of IFN-g compared to WT, in concordance with published
data [13]. CCR2 expression was also reduced in macroph-
ages from TNFR1-/- mice after stimulation with both IFN-g
and LPS. Addition of sTNFR-Ig reduced expression of IFN-
g-induced MHC class II, CD40 and CCR2 as well as LPS-
induced MHC class II and CCR2, but not LPS-induced
CD40. XPro1595, however, did not reduce the LPS- or IFN-
g-induced expression of MHC class II, CD40 or CCR2.

Taking the data together, the results support the conclu-
sion that inhibition of pan-TNF is necessary to inhibit NO
production.

Local inhibition of sTNF cannot suppress EAU

Despite being dispensable for macrophage activation, selec-
tive systemic inhibition of sTNF alone suppressed EAU
severity and reduced the extent of inflammatory cell infil-
trate to the retina. We therefore investigated the effect of
selective inhibition of sTNF within the target organ. The
rationale for this approach was that treatment would not
directly affect systemic cell emigration to the eye, but may
still suppress activation of retinal infiltrating cells.

Treatments were administered by intravitreal injection on
day 9 p.i., with XPro1595 or sTNFR-Ig in one eye and I-XPro
or human IgG controls in the contralateral eye. In compari-
son to PBS, intravitreal injections of IgG can increase clinical
disease significantly by 1·8-fold (P = 0·044), but I-XPro has
no effect (data not shown). Clinical disease after treatment
with sTNFR-Ig was suppressed significantly (Fig. 7a), but
XPro1595 had no significant effect (Fig. 7b). Histological
assessment on day 15 p.i. demonstrated that administration
of sTNFR-Ig suppressed the total disease severity with 66·8%
less structural damage (P = 0·036) (Fig. 7c). In contrast, in
mice that received XPro1595, disease severity was not
reduced, and was comparable to control I-XPro-treated eyes
(Fig. 7d). Further analysis of the infiltrate using immunohis-
tochemical stains demonstrated infiltrate that was present
regardless of treatment, and consisted of both CD4+ T cells
(Fig. 7e) and F4/80+ macrophages (Fig. 7f) within the vitre-
ous and retinal layers.

We then sought to determine whether disease suppression
observed in the sTNFR-Ig animals following local adminis-
tration was therefore as a direct result of reduced macro-
phage activation. A surrogate of myeloid-derived NO
production via staining for the presence of nitrotyrosine
(Fig. 7g) was investigated. Nitrotyrosine was clearly evident
(red) within areas of retinal damage and disruption (Fig. 7g)
in eyes from mice treated with XPro1595, I-XPro and IgG. In
contrast, sections from eyes that received sTNFR-Ig were
completely absent of nitrotyrosine.

These results show that pan-TNF inhibition within the eye
decreases clinical disease significantly, with less structural
damage but no effect on cell infiltration. Although there are
macrophages and CD4+ T cells present in all the eyes, when
pan-TNF is inhibited there is no evidence of classical macro-
phage activation, as corroborated by the absence of nitro-
tyrosine expression. Taken together, these results show that
inhibition of both tmTNF and sTNF in the target organ is
required to suppress inflammatory damage caused by acti-
vated macrophages.

Discussion

In this study, XPro1595 (an inhibitor of sTNF) and
sTNFR-Ig (an inhibitor of sTNF and tmTNF) were used to
investigate the contributions of sTNF versus tmTNF during
autoimmune inflammation. The EAU model provides an
excellent platform to dissect the immunopathogenic mecha-
nisms controlling disease, as the target organ can be isolated
easily to investigate the contribution of TNF action on
myeloid cell recruitment and activation. Three different
methods were used to assess EAU: TEFI to quantify clinical
disease, flow cytometry to quantify and qualify cell infiltrate
and histology to quantify morphological changes and
infiltrate. The results of sTNF and pan-TNF blockade were
assessed using all these methods. Blocking sTNF alone to
suppress uveitis is potentially advantageous because the
tmTNF response to infections such as tuberculosis (TB),
which is a major concern in anti-TNF therapies, is
maintained.

We have established here that for the full manifestation
of disease, the release and action of sTNF is required for
inflammatory cells to infiltrate the target organ during
inflammation. The use of anti-TNF biologics in models of
non-infectious posterior uveitis (EAU) has shown that elimi-

Fig. 6. Inhibition of both transmembrane tumour necrosis factor (tmTNF) and soluble TNF (sTNF) is required to suppress interferon

(IFN)-g-induced CD40, major histocompatibility complex (MHC) class II and chemokine receptor 2 (CCR2) expression by macrophages. Bone

marrow-derived macrophages (BMDMj) from wild-type or TNF receptor 1 (TNFR1-/-) mice were incubated with 100 U/ml IFN-g for 24 h prior

to analysis of cell surface expression of MHC class II, CD40 and CCR2 by fluorescence activated cell sorter (FACS). In some samples, IFN-g and

10 mg/ml immunoglobulin (Ig)G, sTNFR-Ig or IFN-g and 10 mg/ml I-XPro or XPro1595 were added to wild-type cells (a). BMDMj from wild-type

or TNFR1-/- mice were also incubated with 100 ng/ml lipopolysaccharide (LPS) for 24 h prior to analysis of cell surface expression of MHC class II,

CD40 and CCR2 by FACS. In some samples, LPS and 10 mg/ml IgG, sTNFR-Ig or LPS and 10 mg/ml I-XPro or XPro1595 were added to wild-type

cells (b). Representative results from three independent experiments are shown.
�
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Fig. 7. Local inhibition of soluble tumour

necrosis factor (sTNF) and transmembrane

(tm)TNF is required to suppress experimental

autoimmune uveoretinitis (EAU). EAU was

induced in B10.RIII mice, and on day 9

post-immunization (p.i.) mice were treated

intravitreally with 10 mg/eye of human

immunoglobulin (Ig)G or sTNFR-Ig (same

mouse, contralateral eyes) or 10 mg/ml of

I-XPro or XPro1595. Clinical progression of

disease was assessed by topical endoscopic

fundus imaging (TEFI) from days 8 to 15 p.i.

(a,b). The P-value for each day is stated in the

table beneath the graphs. On day 15, the mice

were killed and eyes taken for histological

analysis (c,d); mean � standard error shown,

n = 9–11 mice per group. The Mann–Whitney

U-test was used for statistical analysis.

Histological sections were used to assess F4/80+

(a mouse macrophage marker) (e) and CD4+

(f) cell infiltrate. Histological sections were also

used to assess nitrotyrosine expression (red)

in conjunction with 4′,6-diamidino-2-

phenylindole (DAPI) (blue); ¥20 magnification

(g).
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nating TNF signalling delays cell trafficking into the retina
[8–12]. We have shown previously that signalling via TNFR1
controls macrophage activation as well as trafficking to the
site of inflammation [4,13,14]. TNFR1-/- mice have reduced
disease index and incidence of disease [4,13] and have fewer
CD11b+ and CD4+ cells infiltrating the retina during EAU.
However, structural damage is reduced because these cells
cannot become fully activated, for example generating NO.

Together with these published studies, the current results
show that sTNF signalling is required for macrophage traf-
ficking into the eye and hence disease development. Other
data in the EAU model have shown that inhibition of pan-
TNF delays, but does not inhibit, infiltration of inflamma-
tory cells into the eye [9]. In the eye, these cells are unable to
cause damage due to the inability to become active. Thus,
sTNF signalling via TNFR1 mediates cell trafficking into the
eye. Once in the eye, both sTNF and tmTNF signalling via
TNFR1 can lead to macrophage activation and subsequent
tissue damage. Clinically, therefore, systemic treatment with
both XPro1595 and sTNFR-Ig could suppress disease, but
intravitreal delivery of sTNFR-Ig will be required to suppress
tissue damage within the eye.

CCR2 has been implicated as a pivotal receptor for inflam-
matory cell migration to the target organs from bone
marrow [27–29]. However, infliximab (an anti-TNF bio-
logics) treatment of patients with rheumatoid arthritis
decreases CCR2 expression by CD4+ cells [30], but clinical
inhibition of CCR2 failed to suppress rheumatoid arthritis
[31,32]. Previous work in EAU has shown that macrophage
migration into the eye is CCR2-independent [33]. Also,
corneal inflammation (cauterization-induced) has been
shown to be CCR2-independent [34]. We show here that
LPS-induced CCR2 up-regulation is partially dependent on
signalling via TNFR1. IFN-g-induced CCR2 up-regulation,
however, is fully dependent on TNF signalling, involving
both receptors of TNF. Inhibition of sTNF did not suppress
IFN-g-induced CCR2 up-regulation, even though systemic
inhibition of sTNF using XPro1595 suppressed CD11b+ and
CD4+ cell infiltration into the eye. One theory from the data
is that although CCR2 is not essential for myeloid migration
to the eye during EAU, changes in expression represent
altered macrophage activation and this is mediated in part by
TNF.

Current therapies targeting TNF are effective in patients
with autoimmune and autoinflammatory disorders such as
uveitis and rheumatoid arthritis [9,24,35–37], but it is rec-
ognized that long-term treatment is associated with reduced
immunosurveillance leading to an enhanced risk of infec-
tions and potentially neoplasia [38,39]. It has been shown
that by sparing tmTNF signalling mice are able to recover
from sepsis even though sTNF is blocked [40], because these
mice can produce local NO which is sufficient to fight
infection. More recent work has also shown that, in contrast
to treatment with etanercept, which blocks all TNF, mice
treated with XPro1595 did not succumb to infection but

were able to recover from both Listeria monocytogenes and
M. tuberculosis [17,41].

Our data and these other reports in the literature therefore
indicate that more selective targeting of sTNF using
XPro1595 can be effective in treating uveitis, while sparing
immunosurveillance, particularly in countries with a high
incidence of latent TB. Inhibition of sTNF will reduce
inflammatory cell migration into the eye but allow macroph-
ages to maintain their ability to counter infection systemi-
cally, as they can still be classically activated. These results
show that neutralizing the activity of both sTNF and tmTNF
via local delivery to the site of inflammation, the intravitreal
route (with anti-TNF biologics), inhibits macrophage acti-
vation and therefore suppresses structural and functional
tissue damage. Moreover, in situations where the target
organ can be accessed easily (such as by intravitreal injec-
tion), a combination of local therapy inhibiting pan-TNF
actions via sTNFR-Ig or current anti-TNF biologics, com-
bined with blockade of sTNF with XPro1595 systemically,
might generate increased efficacy clinically alongside a more
favourable adverse effect profile than offered by current sys-
temic anti-TNF therapies. These results put forward a strong
case for clinical trials of anti-TNF therapy as intravitreal
injections to treat uveitis in combination or independently to
clinical trials to establish the efficacy and safety of small
biological inhibitors and potentially circumvent the side
effects of pan-TNF blockade.
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