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Introduction

The pro-inflammatory activities of tumour necrosis factor

Summary

Exposure of macrophages to transforming growth factor (TGF)-B is
known to alter their functional phenotype such that antigen presentation
by these cells leads to tolerance rather than an inflammatory immune
response. Typically, eye-derived antigen-presenting cells (APCs) exposed
to TGF-f in the local environment are known to induce a form of peri-
pheral tolerance and protect the eye from inflammatory immune effector-
mediated damage. In response to TGF-3, APCs increase their expression
of tumour necrosis factor (TNF)-o. and TNF receptor 2 (TNF-R2).
Although TNF-a has been implicated in tolerance and the associated regu-
lation of the inflammatory immune response, its source and the receptors
involved remain unclear. In this report we determined the contribution of
TNF-o0 and TNF-R2 expressed by TGF-f-treated APCs to their anti-
inflammatory tolerogenic effect. Our results indicate that APC-derived
TNF-o is essential for the ability of APCs to regulate the immune
response and their IL-12 secretion. Moreover, in the absence of TNF-R2,
APCs exposed to TGF-f failed to induce tolerance or regulatory cells
known to participate in this tolerance. Also, blocking of TNF-R1 signal-
ling enhanced the ability of the APCs to secrete increased TGF-f in
response to TGF-f§ exposure. Together our results support an anti-inflam-
matory role of TNF-o in regulation of an immune response by TGF-p-
treated APCs and suggest that TNF-R2 contributes significantly to this
role.
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inflammation.”” An immunosuppressive role for TNF-a
has been demonstrated in autoimmune diseases such as

experimental autoimmune encephalomyelitis (EAE),®

(TNF)-o are well established. This cytokine has been impli-
cated in various autoimmune and inflammatory diseases
such as rheumatoid arthritis, Crohn’s disease, multiple
sclerosis and uveitis.'™ Many treatment strategies have tar-
geted TNF-o for interventions against inflammatory immuno-
logical processes. However, a number of reports have
identified complications associated with systemic blockade
of TNF-o, which include reactivation of tuberculosis,
development of vasculitis and autoantibodies, and ocular

UV-B radiation-induced suppression of contact hypersensi-
tivity responses’ and suppression of delayed type hypersen-
sitivity (DTH) responses to ocular antigens.'® Studies
examining TNF-o-deficient animals have reported a critical
role for this cytokine in regulating and limiting the extent
and duration of the inflammatory response in vivo through
regulation of macrophage interleukin (IL)-12 production.''
Thus TNF-o is also known for its biologically contrasting
activity that negatively regulates inflammation.

Abbreviations: DTH, delayed type hypersensitivity; EAE, experimental autoimmune encephalomyelitis; PEC, peritoneal exudate

cells; TRAF2, tumour necrosis factor receptor-associated factor 2.

62

© 2008 Blackwell Publishing Ltd, Immunology, 127, 62-72



The activities of TNF-o are mediated by two receptors,
TNF-R1 (p55) and TNF-R2 (p75), which belong to the
same family but are functionally distinct. Signalling
through TNF-R1, which is considered the primary recep-
tor, mediates the inflammatory effects of TNF-a, while
TNF-R2-mediated signals contribute to effects such as
thymocyte proliferation, TNF-o-mediated skin necrosis
and apoptosis of activated T cells.">™'> However, the two
receptors are known to trigger overlapping intracellular
signalling events.'®!” Therefore, regulatory or anti-inflam-
matory effects of TNF-o have not yet been attributed to
either one of these receptors.

Previously it has been reported that transforming growth
factor (TGF)-B-exposed antigen-presenting cells (APCs)
acquire the ability to induce a form of peripheral tolerance
that produces a deviation in the immune response away
from a T helper type 1 (Thl) response in an antigen-spe-
cific manner and results in a suppressed DTH response.'®"
This tolerance resembles that induced by eye-derived APCs
that are exposed to TGF-P in the ocular environment. The
tolerogenic property of TGF-B-exposed APCs was demon-
strated to be dependent on TNF-a as systemic administra-
tion of neutralizing anti-TNF-o antibodies abrogated the
tolerance.”® Although TGEF-pB-treated APCs have been
shown to secrete increased levels of TNF-o,, it was not clear
if this APC-derived TNF-o. was necessary to produce a
deviation in the inflammatory immune response. Also, the
mechanism by which TNF-a contributes to suppression of
DTH induced by TGF-B-exposed APCs remains unclear.
When we compared the transcriptional programmes of
TGEF-B-exposed APCs and conventional APCs we noted
increased message for TNF-R2 in the former cells.*' In this
study we investigated further whether APC-derived TNF-o
is relevant in anti-inflammatory effects that lead to DTH
suppression and if TNF-R2 plays a role in promoting such
tolerogenic properties of these APCs.

Our results indicate that indeed APC-derived TNF-a is
essential for the ability of APCs to produce a deviation in
the immune response to achieve DTH suppression as well
as to impair their secretion of IL-12, an important cytokine
that supports the immune response during DTH. Similarly,
TNF-R2 expressed by TGF-B-treated APCs is critical for
their tolerogenic property. In the absence of this receptor,
TGF-B-treated APCs fail to activate effectors with regula-
tory properties that are associated with their tolerance. Our
observations suggest that TNF-R2 contributes significantly
to the tolerance-inducing ability of TGF-B-treated APCs.

Materials and methods

Mice

TNF-R2 (p75) KO, TNF-a KO (C57BL/6 background,
H-2%), C57BL/6-Tg(TcraTcrb)425Cbn/] [also known as
OT-II — these are transgenic mice that express T-cell
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receptor (TCR) specific for chicken ovalbumin 323-339
in the context of I-Ab] and C57BL/6 (H-Zb) mice,
6-8 weeks old, were purchased from Jackson Laboratories
(Bar Harbor, ME).

APCs

Thioglycolate-elicited peritoneal exudate cells (PECs) were
used as APCs. Cells were cultured in serum-free medium:
RPMI-1640 (BioWhittaker, Walkersville, MD) containing
10 mMm HEPES, 0-1 mm non-essential amino acids (NEAA),
1 mm sodium pyruvate, 2mM L-glutamine, 100 U/ml
penicillin, 100 mg/ml streptomycin (BioWhittaker), 0-1%
bovine serum albumin (BSA; Sigma Chemical Co, St Louis,
MO) and ITS+ culture supplement [1 pg/ml iron-free
transferrin, 10 ng/ml linoleic acid, 0-3 ng/ml Na,Se and
0-2 pg/ml Fe(NO;);] (Sigma Chemical Co). PECs were
obtained from mice that had received 2 ml of a 3% thiogly-
colate solution (Sigma Chemical Co) intraperitoneally
(i.p.) 3 days earlier.

In vitro treatment of APCs with cytokines or antibodies

APCs were cultured (1-2 x 10° cells/well) in a 96-well
plate overnight with TGF-B2 (R&D Systems, Minneapolis,
MN; 5 ng/ml final concentration) in serum-free culture
medium and pulsed with ovalbumin (OVA) antigen
(Sigma; 7 mg/ml). As previously described these APCs
resemble those derived from the eye and hence the use of
TGF-B2, a predominant isoform in the ocular environ-
ment."® These APCs will be referred to as ‘TGF-B-treated
APCs’ in this study. In some experiments TNF-o (Phar-
Mingen, San Diego, CA; 5 ng/ml), anti-TNF-R1 antibodies
(BioLegend, San Diego, CA; 50 pg/ml) or isotype control
goat immunoglobulin G (IgG; amounts matching test
antibody) (R&D Systems) was added. Culture superna-
tants were collected at a 48-hr interval and were tested
for either IL-12p70 content using an enzyme-linked
immunosorbent assay (ELISA; R&D Systems) or for TGF-
B levels using a bioassay. For the DTH experiments, after
overnight culture, cells were cooled for 30 min at 4°, dis-
lodged from the culture plate by vigorous pipetting,
washed twice, resuspended and infused intravenously
(i.v.) as indicated in each experiment.

Flow cytometry

PECs were analysed by flow cytometry to assess cell surface
expression of TNF receptors or TNF-o converting enzyme
(TACE). Cells were stained with phycoerythrin (PE)-
labelled anti-TNF-R2, anti-TNF-R1 or anti-TACE (PharM-
ingen). Matching isotype antibody was used as a control.
For intracellular detection of tumour necrosis factor recep-
tor-associated factor 2 (TRAF-2), cells were permeabilized
(eBioscience, San Diego, CA) before staining with biotin-
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conjugated anti-TRAF-2 followed by PE-conjugated strep-
tavidin. Stained cells were washed with phosphate-buffered
saline (PBS) containing 0-1% BSA and analysed on a
Coulter Epics XL flow cytometer with COULTER SYSTEM II
software (Beckman Coulter, Miami, FL).

DTH suppression assay to detect immune deviation or
tolerance induction by APCs

Seven days after i.v. infusion of OVA-pulsed APCs sub-
jected to various in vitro treatments (2-5x 10> cells/
mouse), recipients were immunized subcutaneously into
the nape of the neck with OVA/complete Freund’s adju-
vant (CFA) (50 pg). A week later these animals received
an intradermal inoculation of OVA (200 pg/20 pl) into
their right ear pinna. The left ear served as an untreated
control. The thickness of both ears was measured imme-
diately before and 24 hr after the OVA injection using a
micrometer (Mitutoyo 227-101; MTI Corp., Paramus,
NJ). The measurements were performed in triplicate on
each mouse (n = 5 per group). DTH was measured as the
change in ear swelling [(24-hr measurement — 0-hr mea-
surement in the experimental ear) — (24-hr measurement
— 0-hr measurement in the untreated control ear)]. Tol-
erance induction or immune deviation was detected as
suppression of DTH in groups infused with TGF-f-trea-
ted APCs as compared with that seen in recipients of
untreated APCs. A two-tailed Student’s f-test was used
with significance assumed at P < 0-05. Results of DTH
assays presented in this report are representative of two
to three experiments.

In vitro co-culture of APCs and T cells

PECs (1 x 10°), pretreated with or without TGF-B (5 ng/
ml) in 24-well plates were cultured in 500 pl of serum-
free medium with OVA (100 pg/ml). After overnight cul-
ture, the plates were washed three times with culture
medium to remove TGF-f and non-adherent cells. OT-II
T cells (3 x 10°) were added to 24-well plates containing
TGF-p-treated or untreated PECs. After 24 hr, non-
adherent cells were collected, washed and cultured
(1 x 10° cells/well) in 24-well plates for an additional
24-hr period and culture supernatants were collected to
test for the presence of TGF-f in a bioassay.

Real-time polymerase chain reaction (PCR)

Total RNA was isolated from untreated or TGF-pB-treated
APCs using the RNA STAT-60 kit (Tel-Test, Inc., Friends-
wood, TX) according to the manufacturer’s instructions.
This kit utilizes a single-step method with acid guanidi-
nium thiocyanate-phenol-chloroform extraction. cDNA
was synthesized by reverse-transcribing RNA using oligodT
and M-MLV RT (Promega, Madison, WI). A real-time
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PCR assay based on SYBR Green fluorescence was used to
determine relative quantitative expression of selected genes.
The sequences of the primers used for these genes were as
follows: TNF-R2, forward 5-CCC TTC AGG TTA GTG
CTA AAC TG, reverse 5-TAC AGC CCT ACC ATC CTA
TAA CAG; TNF-R1, forward 5'-CCA AGT GCC ACA AAG
GAA CCT ACT, reverse 5- TGA GGT AAT TCT GGG
AAG CCG TAA; TACE, forward 5'-AAG AAA GCG AGT
ACA GCG TGA A, reverse 5-CAT CAT CTC CTA TGT
GGG CTA GAA; GAPDH, forward 5-CGA GAA TGG
GAA GCT TGT CA, reverse 5'-AGA CAC CAG TAG ACT
CCA CGA CAT. Amplification reactions were set up using
SurePRIME&GO™ Mastermix (QBiogene/MP Biomedi-
cals, Irvine, CA). Briefly, each reaction contained 1x of mas-
termix, 100 um of each dNTP, 10 mm Tris—HCI (pH 8-3),
50 mm KCl, 2-5 mm MgCl,, 0-02 U/ul SurePRIME™ DNA
polymerase, 200 nm forward and 200 nM reverse primers,
1:20 000 SYBR green I dye (Molecular Probes Inc./
Invitrogen Corp., Carlsbad, CA) and a 1 : 50 dilution of
cDNA. The reactions were performed in a MicroAmp
96-well plate sealed with an optical adhesive cover (Applied
Biosystems, Foster City, CA) and amplified for 40 cycles in
ABI Prism® 7900HT (AME Bioscience Ltd, Toroed,
Norway) with the standard PCR parameters (thermal
profile: 50° for 2 min- one cycle, 95° for 15 min- one cycle,
52-55° for 1 min- 40 cycles, and 72° for 30 seconds- one
cycle). Dissociation curves were analysed to ensure product
specificity and amplicon identification based on T,
(melting temperature of a PCR product) values. The data
generated from reactions were analysed by plotting the
ARn fluorescence signal versus the cycle number. An
arbitrary threshold was set at the midpoint of the log ARn
(difference in the fluorescence intensity in the test reaction
and baseline) versus cycle number plot. The threshold cycle
(Ct) values calculated from this plot were used to deter-
mine relative quantification of gene expression by applying
the comparative Ct method (AACt). ACt was calculated by
subtracting Ct(reference gene) from Ct(target gene). The
reference gene was GAPDH. The comparative expression
level was then calculated by converting AACt from a
logarithmic to a linear value. Fold change = 27",

Bioassay to detect TGF-f3

Biologically active TGF-f was measured using Mv1Lu cells
(ATCC, Rockville, MD) cultured in Eagle’s minimum
essential medium (EMEM) (BioWhittaker) containing
2 mM L-glutamine, 10 mm HEPES, 0-1 mmM non-essential
amino acids, 1 mm sodium pyruvate, 100 U/ml penicillin,
100 mg/ml streptomycin and 0-5% fetal calf serum (FCS).
To measure total TGF-B (active + latent) supernatants
were acid-treated (I ~ HCIL, 1:10) for 1 hr followed
by neutralization with a mixture of 1N NaOH: 1M
HEPES (1 : 1). Samples (100 pl) were added to a 96-well
flat-bottom plate. Mv1Lu cells (1 X 10° cells/100 pl) were
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then added to each well and cultures were incubated for
72 hr at 37° in an atmosphere of 5% CO,. Cultures were
pulsed with 20 ul of Cell Counting Kit-8 dye (Dojindo
Molecular Technologies, Kumamoto, Japan). After 1-2 hr
(at 37°, 5% CO,) cell proliferation was determined by
measuring optical density in each well at 450 nm using a
spectrophotometer (Bio-Tek, Winooski, VT) and half
maximal inhibition was determined by polynomial regres-
sion on log-log transformation of standard curves and
experimental samples.

Results

APC-derived TNF-o is essential for the tolerance
induced by TGF-p-treated APCs

Intravenously infused antigen-pulsed TGF-p-treated APCs
are known to induce systemic tolerance that results in
deviation of an immune response away from the Thl
type." This tolerance is antigen specific and is attributed
to regulatory T cells generated in the recipient spleen that
are known to suppress Thl-mediated immune responses
such as DTH or inflammatory autoimmune diseases such
as uveitis. In vitro, when co-cultured with antigen-specific
T cells, these APCs can also prevent interferon (IFN)-y
secretion by Th1 cells.”” Paradoxically, these APCs produce
increased levels of TNF-o. Systemic administration of
TNF-o neutralizing antibodies in the recipients of TGF-f3-
treated APCs led to a reversal of DTH suppression, indicat-
ing a critical role for TNF-o in such tolerance induction.”
However, the source of this critical TNF-of remains
unclear. In our experiments we assessed if it is the APC-
derived TNF-a that is essential for inducing tolerance.

We used macrophages isolated from thioglycolate-elic-
ited PECs as APCs. Upon overnight exposure to TGF-,
in vitro, these macrophages acquire the ability to induce
antigen-specific tolerance, which suppresses a DTH
response to that antigen. Experimentally this property is
demonstrated when recipients infused with such APCs
and subsequently immunized with antigen in complete
Freund’s adjuvant (CFA) fail to develop inflammation-
associated local swelling at the site of antigenic challenge.
Peritoneal macrophages from either wild-type or TNF-a-
deficient mice were cultured with the soluble antigen
OVA in the presence or absence of TGF-B. After over-
night culture, these cells were harvested and infused i.v.
into naive recipients. Seven days later, these recipients
were immunized with OVA in CFA. The inflammatory
response in these recipients was tested a week later by
injecting OVA intradermally into their ear pinnae and
measuring the ear swelling response 24 hr later. A control
group of animals received only OVA ear challenge.
Figure la shows results consistent with the previously
established tolerance-inducing ability of TGF-B-treated
APCs. That is, while recipients of untreated wild-type
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APCs developed a DTH response detectable as signifi-
cantly increased ear swelling compared with that detected
in the control group (P < 0-05), this DTH was suppressed
in the recipients of TGF-f-treated APCs (P < 0-05, com-
pared with recipients of untreated APCs). However, as
shown in Fig. 1b, TNF-o-deficient APCs treated with
TGE-p failed to suppress the DTH response. These results
support a critical autocrine role of TNF-a in endowing
TGE-f-treated APCs with the ability to induce tolerance
and suppress the inflammatory DTH response.

TNF-o. contributes to the inhibition of IL-12 secretion
in TGF-fB-treated APCs

A prototypic inflammatory cytokine such as IL-12 is
known for its ability to induce pro-inflammatory Thl

(a) WT APCs
60=

50+
40+
30+
204

10+

Mean ear swelling (um + SEM)

O-

Untreated

TGF--treated Control

TNF-a-deficient APCs

—
=)

Mean ear swelling (mm + SEM)

TGF-B-treated Control

Untreated

Figure 1. Antigen-presenting cell (APC)-derived tumour necrosis
factor (TNF)-a is essential for the induction of tolerance by trans-
forming growth factor (TGEF)-f-treated APCs. Ovalbumin-pulsed
(a) wild-type (WT) or (b) TNF-a-deficient APCs cultured with or
without TGF-3 were injected intravenously into C57BL/6 recipients.
Delayed type hypersensitivity (DTH) response was determined as
described in the Materials and methods. Induction of tolerance was
detected by the inhibition of DTH as determined by the decreased
mean ear-swelling response in mice that received TGEF-B-treated
APCs compared with the recipients of untreated APCs (*P < 0-05).
The ear-swelling response in recipients of untreated APCs was com-
pared to that of the control group, which received only ear challenge
(**P < 0-05).
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responses. The ability of APCs such as macrophages and
dendritic cells to secrete IL-12 correlates with their ability
to deliver an immunogenic stimulus.>> The significance of
the absence of IL-12 in the induction of tolerance is well
supported by reports in which blocking of IL-12 secretion
has led to the induction of tolerance®*° as well as reports
documenting adjuvant effects of IL-12 that interrupt toler-
ance induction.”””*® Previously it was demonstrated that
TGEF-B-treated APCs are impaired in their ability to secrete
IL-12, and this deficiency is accompanied by decreased
expression of CD40, ligation of which is known to induce
IL-12 secretion.”” The decreased IL-12 synthesis by TGF-f-
treated APCs is consistent with their ability to induce
peripheral tolerance and suppress the Thl-mediated DTH
response. Some reports have shown that IL-12 production
by macrophages can be suppressed by TNF-o..'"*® As TGF-
B exposure of APCs was reported to increase their TNF-a
synthesis, we examined the possibility that reduced IL-12
secretion in these APCs is dependent on TNF-a.

To examine this possibility, we cultured thioglycolate-
elicited PECs derived from either wild-type or TNF-o-
deficient mice in the presence of antigen (OVA) and with
or without TGF-B. In some cultures of TNF-o-deficient
APCs with TGF-B, TNF-o was provided exogenously.
Culture supernatants were collected after overnight incu-
bation of cells at 37° in 5% CO,. These supernatants were
tested for their IL-12 content using ELISA. As expected,
culture supernatants from wild-type APCs exposed to
TGF-B contained significantly reduced levels of IL-12
(Fig. 2a). However, such a decrease was not detectable in
TNF-o-deficient APCs treated with TGF-B (Fig. 2b).
Exogenously added TNF-a, however, permitted significant
IL-12 inhibition in TGF-p-treated TNF-a-deficient APCs.
These results indicate that TNF-o secreted by TGF-[-trea-
ted APCs contributes to reduced synthesis of IL-12 and
thereby supports their ability to induce peripheral toler-
ance and DTH suppression.

TGF-B-treated APCs increase expression of TNF-R2
but not TNF-R1

Of the two TNF receptors, most of the pro-inflammatory
activities of TNF-a are associated with TNF-R1, and sig-
nalling via TNF-R2 is considered potentially immuno-
regulatory.>>*'?  Experiments conducted using mice
deficient in either of the TNF receptors have highlighted
their different functional roles. In microarray analysis,
macrophage hybridoma cells which are functionally equiva-
lent to primary macrophages were found to up-regulate
their expression of TNF-R2 when treated with TGF-f.
No significant change was detected in the expression of
TNF-RI. Similar to primary macrophages these hybrid-
oma cells acquire a tolerance-inducing property upon
their exposure to TGF-P.'”” This increased selective
expression of TNF-R2 in tolerogenic APCs is consistent
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Figure 2. Tumour necrosis factor (TNF)-o contributes to impaired
interleukin (IL)-12 secretion by transforming growth factor (TGF)-
f-treated antigen-presenting cells (APCs). Culture supernatants were
collected from untreated APCs or those treated with TGF- (5 ng/ml)
and/or TNF-a (5 ng/ml) as described in the Materials and methods.
These APCs were harvested from either (a) wild-type (WT) or (b)
TNF-a-deficient mice. The amount of IL-12 in culture supernatants
was measured by enzyme-linked immunosorbent assay (ELISA)
(*P < 0-05 compared with untreated control).

with its possible immunoregulatory role. We further
confirmed our observations in the microarray analysis by
real-time PCR (data not shown). To ensure that increased
message for TNF-R2 in TGF-B-treated APCs is reflected
in the associated protein levels in these APCs, we assessed
cell surface expression of TNF-R1 and TNF-R2 on APCs
by flow cytometry. Untreated and TGEF-B-treated thio-
glycolate-elicited PECs were stained with fluorescent
label-conjugated anti-TNF-R1, anti-TNF-R2 or isotype
control antibody. As shown in Fig. 3a we detected
increased levels of TNF-R2 but not TNF-R1 on the cell
surface in TGF-B-treated APCs. We also confirmed that
TGEF-B-treated primary macrophages derived from these
PECs increase their expression of TNF-R2 but not
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Figure 3. Tumour necrosis factor receptor 2 (TNF-R2) expression is increased in TGF-B-treated antigen-presenting cells (APCs). (a) APCs were
cultured overnight in the presence of medium alone or transforming growth factor (TGF)-B2 (5 ng/ml). Harvested cells were stained with phyco-
erythrin (PE)-labelled anti-TNF-R2 or anti-TNF-R1 or isotype control antibodies and analysed by flow cytometry. (b) Total RNA isolated from
untreated or TGF-B2 (5 ng/ml)-treated APCs was subjected to SYBR green real-time polymerase chain reaction (PCR) analysis as described in
the Materials and methods using specific primers for TNF-R2, TNF-R1 and the housekeeping gene GAPDH. Message levels for TNF-R2 and TNF-
R1 are presented as expression relative to GAPDH (*P < 0-05 compared with message level in untreated APCs).

TNF-R1 using real-time PCR analysis (Fig. 3b). Similar to
hybridoma cells, macrophages from PECs exhibit
selectively increased expression of TNF-R2 in response to
TGEF-f treatment. Based on these results we speculate that
increased expression of TNF-R2 is likely to be important
in attributing a critical role to TNF-o in inducing
tolerance.

While the soluble form of TNF-a predominantly signals
via TNF-R1,* it is known that the membrane-bound
form of TNF-o activates TNF-R2.** A metalloproteinase
TACE is responsible for the proteolytic cleavage of trans-
membrane TNF-o as well as both the receptors to release
them in a soluble form.”” To determine whether increased
expression of TACE in TGF-B-treated APCs might explain
the lack of a pro-inflammatory effect of TNF-o by virtue
of its ability to generate increased numbers of soluble
TNF receptors capable of neutralizing soluble TNF-o, we
compared expression of TACE in untreated and TGF-§-
treated APCs using real-time PCR to detect the message
and flow cytometry to detect its cell surface expression.
As shown in Fig. 4a, although there was no significant
change in the message for TACE, the cell surface expres-
sion of this enzyme was reduced in TGF-B-treated APCs
compared with that detected on untreated APCs. These
results suggest that TGF-f alters TACE expression, possi-
bly by regulating its post-transcriptional modification,
and that reduced expression of this enzyme rules out

© 2008 Blackwell Publishing Ltd, Immunology, 127, 62-72

generation of increased numbers of soluble TNF
receptors. It also suggests a possible increase in the
expression of membrane-bound TNF-o which is known
to primarily activate TNF-R2. Activation of TNF-R2 is
associated with cytosolic depletion of a signalling adaptor
protein, TRAF-2.>° We therefore next assessed cytosolic
TRAF-2 levels in TGF-B-treated APCs to determine
whether TNF-R2 on these cells was engaged. For this
purpose, untreated and TGF--treated APCs were permea-
bilized and stained with fluorescent label-conjugated anti-
TRAF-2 antibodies followed by flow cytometric analysis. As
shown in Fig. 4b, cytosolic TRAF-2 was indeed depleted in
TGF-B-treated APCs compared with the untreated APCs,
suggesting TNF-R2 engagement in these cells.

TNF-R2-deficient APCs treated with TGF-J fail to
induce peripheral tolerance

As depicted in Fig. 1la, TGF-B-treated APCs of wild-type
mice induce peripheral tolerance that suppresses Thl-
mediated immune responses such as DTH. To determine
the significance of TNF-R2 in this ability of APCs to
induce peripheral tolerance, we used thioglycolate-elicited
PEC-derived macrophages from TNF-R2-deficient mice as
APCs. These cells were pulsed with OVA in the presence
or absence of TGF-f and cultured overnight at 37°. Two
groups of wild-type mice were infused iv. with these
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Figure 4. Tumour necrosis factor receptor 2 (TNF-R2) is essential for
the ability of transforming growth factor (TGF)-B-treated antigen-
presenting cells (APCs) to induce immune deviation. (a) Expression of
TNF-o converting enzyme (TACE) was detected on the cell surface of
untreated or TGF-B-treated APCs by flow cytometry using phyco-
erythrin (PE)-conjugated anti-TACE antiobody (left panel) and total
RNA harvested from these cells was analysed by real-time polymerase
chain reaction (PCR) to measure message levels for TACE as described
in the Materials and methods. Message levels are presented as expres-
sion relative to GAPDH (right panel). (b) Intracellular levels of
tumour necrosis factor receptor-associated factor 2 (TRAF-2) were
determined in untreated or TGF-B-treated APCs by staining permeabi-
lized cells with biotin-conjugated anti-TRAF-2 followed by PE-conju-
gated streptavidin. The mean fluorescence intensity (MFI) of staining
is presented (*P < 0-05 compared with MFI in untreated APCs). (c)
C57BL/6 recipients were infused intravenously with untreated or
TGE-p-treated APCs derived from TNF-R2-deficient mice. Immune
deviation was determined using a delayed type hypersensitivity (DTH)
assay and by comparing the mean ear-swelling response in mice that
received TGEF-B-treated APCs with that detected in the recipients of
untreated APCs (P > 0:-05). The ear-swelling response in the recipients
of untreated APCs was compared to that of the control group which
received only ear challenge (**P < 0-05).

OVA-pulsed APCs, while a third group that did not
receive any cells served as a control. One week later, the
two experimental groups (and not the control group) that
received APCs were immunized subcutaneously with
OVA in CFA and 7 days later all three groups were tested
for their DTH response to an ear challenge with OVA at
24-hr intervals. As shown in Fig. 4c, the ear-swelling
response was minimal in the control group, indicating an
absence of DTH response. A significantly increased ear
swelling response in recipients of untreated APCs was
consistent with that seen in wild-type recipients (Fig. 1a).
However, unlike the TGF-p-treated wild-type APCs, TNE-
R2-deficient APCs treated with TGF-B did not suppress
the DTH response. This failure to suppress DTH is
indicated by the increased ear-swelling response in the
recipients of untreated as well as TGF-B-treated TNEF-R2-
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deficient APCs. In fact the ear-swelling response detected
in the latter group was significantly increased compared
with that in the former group. This was probably a result
of the enhanced inflammatory effects of TNF-o secreted
by these APCs mediated via TNF-R1 in the absence of
TNF-R2. These results support a significant role played
by TNF-R2 in permitting tolerogenic activity of TGF-f-
treated APCs.

Failure to induce peripheral tolerance of TNF-R2-
deficient APCs treated with TGF-3 correlates with
their activation of effector T cells with an altered
phenotype

The deficiency in acquiring a tolerogenic phenotype in the
absence of TNF-R2 was further confirmed by examining
effector T cells activated by these APCs in an in vitro assay.
Previously it was demonstrated that OVA-specific T cells
activated by OVA-pulsed TGF-B-treated APCs either
in vivo or in vitro exhibit regulatory properties and can
prevent inflammation in an antigen-specific manner by
secreting their own TGF-B.%”*® Neutralization of this TGF-p
interfered with the regulatory ability of these T cells,
demonstrating TGF-B-dependent regulation of inflamma-
tory effectors. We therefore compared the TGF--secreting
abilities of OVA-specific T cells co-cultured with untreated
or TGF-B-treated APCs isolated either from wild-type or
TNF-R2-deficient mice. Thioglycolate-elicited macrophages
derived from PECs of wild-type or TNF-R2-deficient mice
were pulsed with OVA and cultured overnight at 37° in the
presence or absence of TGEF-fB. After overnight culture,
adherent cells were rinsed with freshly prepared cultured
medium without any TGF-B. These cells were then co-
cultured with OVA-specific T cells derived from OT-II
mice at 37° in serum-free culture medium. After 24 hr of
co-culture, these T cells were harvested, washed with med-
ium and cultured in a 96-well plate in freshly prepared
serum-free medium. Culture supernatants collected from
these cultures 24 hr later were analysed for the presence of
TGF-B using a bioassay. As shown in Fig. 5a, T cells
co-cultured with TGF-B-treated wild-type APCs produced
significantly increased amounts of total TGF-f (as reported
previously), indicating their regulatory phenotype.
However, T cells co-cultured with TGF-B-treated TNF-R2-
deficient APCs failed to produce increased levels of total
TGEF-B (Fig. 5b). Therefore, the phenotype of these T cells
was altered and was deficient in a key feature of regulatory
cells, thus reflecting their potential lack of regulatory prop-
erties. These results are consistent with the failure of these
TNF-R2-deficient APCs to suppress the inflammatory
DTH response after TGF-f exposure. Together these results
suggest that TNF-R2 expressed by TGEF-B-treated APCs
plays a significant role in generating regulatory T cells that
participate in suppressing the inflammatory DTH response
and inducing peripheral tolerance.
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Figure 5. Expression of tumour necrosis factor receptor 2 (TNF-R2)
by transforming growth factor (TGF)-B-treated antigen-presenting
cells (APCs) supports a regulatory phenotype of effector T cells.
Transgenic ovalbumin (OVA)-specific T cells were co-cultured with
OVA-pulsed (a) wild-type (WT) or (b) TNF-R2-deficient APCs that
were either untreated or TGF-B-treated (see Materials and methods).
Activated T cells were washed and transferred to a fresh well and
total TGF-P released in culture supernatants in 24 hr was measured
using a bioassay (*P < 0-05 compared with T cells co-cultured with
untreated APCs).

TNF-R2 on APCs contributes to increased TGF-f3
secretion of tolerogenic APCs

Previously it was demonstrated that APCs exposed to
TGF-B produced increased levels of TGF-B message as
well as protein and that their ability to induce regulatory
T cells capable of suppressing the inflammatory response
depended on this increased synthesis of TGEF-B.** Our
results so far indicate that the effectors activated by TGEF-

© 2008 Blackwell Publishing Ltd, Immunology, 127, 62-72
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B-treated APCs in the absence of TNF-R2 do not exhibit
a typical regulatory phenotype. To determine whether
TNF-R2 on APCs contributes to their ability to modulate
their TGF-f secretion, we chose to address whether sig-
nals mediated by this receptor can enhance TGF- secre-
tion in tolerogenic APCs. We were unable to test this by
directly activating TNF-R2 using agonist antibody in our
experiments because such an antibody for the murine
receptor was not available. We therefore attempted an
indirect approach of blocking TNF-R1-mediated signals.
Untreated APCs or those treated with TGF- in the pres-
ence or absence of TNF-R1 blocking antibody were cul-
tured overnight (antibody concentrations used were 50
times higher than the reported concentration required to
attain 50% blockade of receptors) followed by thorough
washes with culture medium to remove TGF-f. Adherent
cells were further cultured in serum-free medium for
24 hr and culture supernatants collected from these cul-
tures were analysed for their total TGF-f content in a
bioassay. As indicated by the results in Fig. 6, the pres-
ence of isotype control antibody did not interfere with
the increased levels of total TGF-f released by TGF-
B-treated APCs and these levels were further enhanced in
the presence of TNF-R1 blocking antibody. A similar
experiment using TNF-R2 blocking antibody did not
result in any change in the total TGF-f produced by
TGF-B-treated APCs (data not shown). These results sug-
gest that signals mediated through TNF-R2 are supportive

P<0.-05

TGF-S (ng/ml)

0-0
TGF-B - + +
Isotype control - + -
Anti-TNF-R1 Ab - - +

Figure 6. Tumour necrosis factor receptor 2 (TNF-R2)-mediated sig-
nals contribute to increased transforming growth factor (TGF)-B
secretion by tolerance-inducing TGEF-B-treated antigen-presenting
cells (APCs). Culture supernatants were collected at 24-hr intervals
from APCs cultured in the absence or presence of TGF-f and anti-
TNF-R1 blocking antibody or isotype control antibody as described
in the Materials and methods. The total TGF-B content of these
supernatants was determined using a bioassay.
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of the ability of TGF-B-treated APCs to produce more
TGEF-B, a property important for their ability to induce
regulatory cells and tolerance. Therefore an increased
expression of TNF-R2 on such APCs appears to correlate
with their tolerance-inducing property. Furthermore,
these results indicate a possible reason behind the altered
phenotype of effectors activated by TGF-B-treated TNF-
R2-deficient APCs. Together these data support the possi-
bility that signals mediated through TNF-R2 support
anti-inflammatory/tolerogenic properties of TGF-f-treated
APCs.

Discussion

TGEF-B exposure of APCs such as macrophages in the ocu-
lar environment confers upon them the ability to induce a
form of peripheral tolerance that suppresses inflammatory
immune responses. This is accomplished by generating
regulatory T cells that are antigen specific. Tolerogenic
TGF-B-exposed APCs have been shown to suppress
inflammation in autoimmune diseases such as uveitis and
EAE."” Previously, on the basis of differential expression
of genes in APCs exposed to TGF-B compared with
untreated controls, we identified TNF-R2 (p75) as one of
the genes up-regulated in TGF-B-treated APCs. In this
study we report a significant contribution by TNF-R2 to
anti-inflammatory or tolerizing properties of such APCs.
In response to TGF-B treatment APCs produce
increased levels of TNF-o, and systemic neutralization of
this typically pro-inflammatory cytokine led to a loss of
tolerance induced by such APCs.'*" These observations
suggested an anti-inflammatory role of TNF-o that is
consistent with recent reports on its regulatory potential
in inflammation.*'"***® During an inflammatory res-
ponse, effector T cells are also known to secrete TNF-o.
Therefore, loss of tolerance by systemic neutralization of
TNF-a did not address the significance of TNF-o
expressed specifically by TGF-p-treated APCs. Our results
in this study suggest attribution of such an anti-inflam-
matory role to APC-derived TNF-a, as cells deficient in
TNF-a failed to induce tolerance when exposed to TGF-p.
It was previously demonstrated that TGF-B inhibits
expression of accessory molecules, including IL-12, in
APCs, thereby interrupting their ability to initiate or sup-
port a typical Thl response.” Our results indicate that, in
the absence of TNF-o, regulation of IL-12 secretion is
impaired, as TNF-o-deficient APCs express significantly
higher levels of IL-12, and that their exposure to TGF-
does not inhibit this IL-12 expression unless TNF-o is
provided exogenously. These results clearly indicate that
APC-derived TNF-a contributes to the impaired IL-12
expression reported previously in TGF-B-treated APCs.
Similar TNF-o-dependent modulation of IL-12 synthesis
was reported by others and was associated with the role
of TNF-o in terminating an inflammatory response
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against a bacterial infection.*® In our experiments, lack of
tolerance induction by TNF-o-deficient TGF-B-treated
APCs is consistent with their impaired ability to regulate
IL-12. Our results therefore support an anti-inflammatory
role of TNF-a in tolerance induced by TGEF-p-treated
APCs.

Although both TNF-R1 and TNF-R2 are expressed on
macrophages, a selective increase in the expression of
TNF-R2 in tolerogenic macrophages suggested a possible
association of this receptor with the anti-inflammatory
effect of TNF-o.. Unlike TNF-R1, TNF-R2 is incapable of
activating the mitogen-activated protein kinase (MAPK)
pathway and is also known to be less efficient in activating
the nuclear factor (NF)-xB pathway.* ™ Taking into
account such differences, it is conceivable that a relative
change in the expression of one of the two receptors on
the TNF-a target cell can change the physiological effect
of TNF-o. This possibility is supported by our results, as
the absence of TNF-R2 signalling interfered with the
tolerogenic property of APCs. In fact, our results indicate
that, in the absence of TNF-R2, APC-derived TNF-o
exerts a more pro-inflammatory effect, presumably by pre-
dominant activation of TNF-R1. These results are
consistent with the observations reported by others that
TNF-R1-mediated signalling in TNF-R2 knock-out cells
induces nitric oxide production.*** In our experiments,
APCs are treated overnight with TGF-B and during this
period they acquire tolerogenic properties. Therefore,
TNF-o produced by these cells may act in either an auto-
crine or a paracrine manner. Consistent with the reduced
TACE expression on TGF-B-exposed APCs, we noted
enhanced cell surface expression of TNF-a in these cells
compared with untreated cells by flow cytometry (data
not shown). It has been reported that the membrane-
bound form of TNF-a is far superior to soluble TNF-o in
activating TNF-R2.** Therefore, it is quite possible that
small amounts of membrane-bound TNF-a on TGF-f-
exposed APCs predominantly activate TNF-R2 on the cells
in the vicinity. It has been shown that stimulation of
TNF-R2 leads to recruitment of an adaptor protein,
TRAF-2, thus resulting in depletion of cytosolic TRAF-2.7°
Indeed, such depletion of cytosolic TRAF-2 was detectable
in TGF-B-exposed APCs, confirming ligation of TNF-R2
on these APCs. Therefore, increased TNF-R2 expression
and its requirement for tolerance induction by TGF-B-
treated APCs suggest that increased relative signalling via
this TNF receptor contributes significantly to an
anti-inflammatory role of TNF-a secreted by these APCs.

Two significant properties of TGF-B-exposed APCs are
currently thought to contribute to their anti-inflamma-
tory effect. One of these is their impaired IL-12 secretion
and the other their enhanced ability to secrete TGF-B.**
Previously we have reported that impaired IL-12 secretion
by APCs is not adequate for their tolerance-inducing abil-
ity.** Type 1 IFN (IFN-B) secreted by TGF-B-exposed
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APCs, although it can impair IL-12 secretion, could not
confer a tolerance-inducing property on APCs directly
exposed to IFN-B. We did not detect any significant alter-
ation in IL-12 impairment of TGF-B-treated APCs in the
absence of TNF-R2-mediated signals (data not shown).
Therefore, although TNF-o regulates IL-12 secretion by
APCs, this effect appears to be independent of their
TNF-R2 expression. However, we noted a significant en-
hancement in TGF-f secretion in the presence of TNF-R1
blocking antibody. Also, in the absence of TNF-R2, TGF-
B-treated APCs failed to activate the regulatory phenotype
of effector T cells. This phenotype is known be dependent
on TGF-p secreted by APCs. Thus TNF-R2-mediated sig-
nals appear to regulate TGF-P secretion by APCs, which
supports the development of regulatory T cells and asso-
ciated immunological tolerance. Therefore, increased
expression of TNF-R2 in TGF-B-exposed APCs correlates
with their tolerogenic property. These results suggest that
an altered balance in relative signalling mediated by the
two TNF receptors in TGF-B-treated APCs contributes to
their ability to induce tolerance. Although signalling
events associated with TNF-R2 are not yet directly linked
to the expression of TGF-f, based on our results such a
possibility cannot be ruled out.

Taken together, our results demonstrate that both
TNF-a. and TNF-R2 expressed by TGF-B-treated APCs
are critical to their ability to induce tolerance and
suppress the inflammatory response. While TNF-o
exerts its anti-inflammatory effect by contributing to
impaired IL-12 synthesis in TGF-B-treated APCs, TNE-
R2 contributes partly by enhancing the TGF-B secretion
of APCs. Furthermore, these results suggest that the
distribution of TNF receptors on target cells may
dictate the physiological effect of TNF-o. Our observa-
tions highlight a beneficial effect of TNF-a in tolerance
induction and suggest that interruption of this mecha-
nism during systemic TNF-a blockade may be the basis
of some complications reported in anti-TNF therapies.
These results therefore indicate the need to modify
attempts to disable TNF-o function in therapeutic
approaches in such a way as to spare the tolerogenic
properties of APCs.
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