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Introduction

Summary

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)-immunoglobulin
(Ig) has immunosuppressive properties both in vivo and in vitro, but much
is still unknown about the mechanisms by which CTLA-4-Ig exerts its
immunosuppressive activities in vivo. The aim of this study was to investi-
gate the effect of CTLA-4-Ig in a mouse model of contact hypersensitivity
(CHS). The inflammatory response in the presence or absence of CTLA-4-Ig
was evaluated by measuring the increase in ear thickness in sensitized
animals after challenge. We observed a dose-dependent suppression of the
ear swelling in both dinitrofluorobenzene (DNFB)- and oxazolone-induced
CHS. The suppressive effect was still present 3 weeks after administration,
even in the absence of circulating levels of CTLA-4-Ig. It was further shown
that CTLA-4-Ig inhibits activation of T cells in the draining lymph node
after sensitization and affects the maturation level of both dendritic cells
and B cells. Furthermore, CTLA-4-Ig reduces infiltration of activated CD8*
T cells into the inflamed ear tissue and suppresses both local and systemic
inflammation, as illustrated by reduced expression of cytokines and chem-
okines in the inflamed ear and a reduced level of acute-phase proteins
in circulation. Finally, our results suggest that CTLA-4-Ig has a mainly
immunosuppressive effect during the sensitization phase. We conclude that
CTLA-4-Ig induces long-term immunosuppression of both DNFB- and
oxazolone-induced inflammation and our data are the first to compare the
effect of this compound in both DNFB- and oxazolone-induced CHS and to
show that CTLA-4-Ig exerts an immunosuppressive effect on both local and
systemic inflammatory mediators which is mediated principally during the
sensitization phase.

Keywords: contact hypersensitivity, CTLA-4-Ig, immunosuppression, T cell
activation, T cells

[8]. Furthermore, several cytokines and chemokines have
been implicated in the process [9]. The CHS model in mice

Contact hypersensitivity (CHS) is a T cell-mediated
immune reaction in which a presensitized animal is
re-exposed to an antigen, thereby eliciting an immunologi-
cal reaction at the site of antigen exposure. In mice, contact
hypersensitivity has been studied in great detail using
haptens such as dinitrofluorobenzene (DNFB) and oxa-
zolone, and the immunological reaction is thought to
encompass multiple cell types, including both Langerhans
cells (LC) [1], dermal dendritic cells (DCs) [2], T cells [3],
B-1 cells [4], natural killer T (NK T) cells [5], NK cells [6],
granulocytes (in particular neutrophils) [7] and mast cells
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thus represents classical re-activation of antigen-specific
T cells involving many different molecular and cellular
pathways; thus, the CHS model is useful for studying the
in vivo effect of modulating one or more of these pathways
and therefore represents a mechanistic model of immune
activation in general [9].

Activation of mnaive T cells is dependent on
co-stimulation between CD80/CD86 on antigen-presenting
cells (APCs) and CD28 expressed on T cells. This inter-
action triggers a signalling pathway that augments inter-

leukin (IL)-2 production and T cell proliferation. To
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prevent excessive and uncontrollable activation, CD80/
CD86 also binds to cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4, CD152), which is a negative regulator
of T cell activation, and CTLA-4 plays an important role
in the induction and maintenance of peripheral tolerance
[10,11]. The soluble form of CTLA-4 [CTLA-4-
immunoglobulin (Ig)] has been shown to induce T cell
anergy in vitro, inhibit T cell-dependent antibody responses
and prolong survival of allogeneic and xenogeneic grafts in
vivo [12-15]. Furthermore, human CTLA-4-Ig induces
long-term immune suppression of dinitrofluorobenzene
(DNEB)-induced CHS [16], but the mechanism(s) by
which CTLA-4-Ig exerts its action are not fully described. In
this study, we confirm previous findings that CTLA-4-Ig
mediates both short- and long-term immune suppression
of the response in both DNFB- and oxazolone-induced
CHS models. Furthermore, we extend previous findings by
showing that CTLA-4-Ig inhibits activation of T cells in the
draining lymph node after sensitization and reduces infil-
tration of activated CD8" T cells into the inflamed ear after
challenge. Additionally, we find that CTLA-4-Ig suppresses
both local and systemic inflammation, as illustrated by
reduced expression of certain cytokines and chemokines in
the inflamed ear and a reduced level of acute-phase proteins
in the serum. Finally, our results suggest that CTLA-4-Ig
exerts its effect primarily during the sensitization phase of
CHS and seems to be dispensable during the challenge
phase. During the sensitization phase, CTLA-4-Ig is found
to bind to DCs and to mediate a reduced expression of
CD86 on both B cells and DCs. These results are useful to
understand the mechanisms behind CTLA-4-Ig-mediated
immune suppression in vivo.

Materials and methods

Mice

Female BALB/c mice were purchased from Taconic (Ry,
Denmark). The mice were used at the age of 8-10 weeks.
The mice had free access to water and to standard mouse
chow (Altromin®, Lage, Germany) and were kept in a room
with 12-h day/night cycle. All animal experiments were
approved by the Danish Animal Inspectorate.

Contact hypersensitivity

CHS experiments were performed largely as described pre-
viously [17]. In brief, the mice were sensitized on day 0 by
applying 20 pul 0-5% DNFB (1-fluoro-2-4-dinitrobenzene;
Sigma, St Louis, MO, USA) or 100 ul 1% oxazolone (4-
ethoxy-methylene-2-phenyl-3-oxazalin-5-one; Sigma), dis-
solved in 4:1 acetone (VWR)/olive oil (Sigma) on the
shaved abdominal skin. Five (DNFB) or six (oxazolone)
days later, the baseline ear thickness on the left ear
was measured, after which both sides of the left ear
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were challenged by epicutaneous application of 20 ul 0-2%
DNFB or 20 pl 0-75% oxazolone. The challenge treatment
was performed under light anaesthesia with isoflurane. The
ear thickness of the left ear was measured 24, 48 and 72 h
after challenge with a dial thickness gauge from Mitutoyo
(Mitutoyo Pocket Thickness Gages 7309; Kawasaki, Japan).
The ear swelling (AT) was calculated as ear thickness 24, 48
or 72 h after challenge minus baseline ear thickness. It is
expressed as the mean * standard error (s.e.m.) in units of
107 mm. In the dose-titration studies with CTLA-4-Ig (see
Fig. 1) one group was sensitized with acetone/olive oil alone
but challenged with DNFB or oxazolone, which induced a
non-specific irritative ear-swelling response. Another group
was treated only with acetone/olive oil in both the sensitiza-
tion and challenge phases, and together these two groups
served as negative controls. For resensitization experiments,
mice were repainted epicutaneously with 0-5% DNFB or
1% oxazolone on the shaved abdomen 3 weeks after the first
sensitization. Five or 6 days later, 20 ul of 0-2% DNFB or
20 ul 0-75% oxazolone was applied to the left ear and ear
thickness was measured 24, 48 and 72 h post-challenge. All
groups always comprised five animals.

CTLA-4-Ig treatment

CTLA-4-Ig (Orencia®, Abatacept marketed by Bristol-Myers
Squibb, New Hampshire, USA) was tested in doses of 1, 5,
25 or 125 mg/kg, as indicated. As controls, mice, injected
with the Fc-part of a human IgGl (BioXcell, Penzberg,
Germany), in the same doses as CTLA-4-Ig, were included
in all experiments. Serum levels of CTLA-4-Ig were deter-
mined by anti-human IgG1 enzyme-linked immunosorbent
assay (ELISA) (Invitrogen, Carlsbad, CA, USA) 3 and 21
days after administration.

Flow cytometry

To examine the activation status of T cells after sensi-
tization, inguinal lymph node was removed 24 h post-
sensitization. Single-cell suspension was prepared by
transferring the lymph node through a 70-um cell strainer
and washing cells with 1 X phosphate-buffered saline (PBS)
(w/o Mg* and Ca’; Gico/Invitrogen). Cells were resus-
pended at 10 x 10° cells/ml and 1x 10° cells/sample were
used for staining. Additionally, the activation status of T
cells in the inflamed ear was analysed 48 h after challenge.
Briefly, the inflamed ear was divided into dorsal and ventral
halves. Using a scalpel, the dermis was separated from epi-
dermis and both parts were incubated subsequently with
2000 U/ml collagenase (Sigma) and 2000 U/ml DNAse
(Roche, San Diego, CA, USA) for 60 min. Next, ear tissue
was passed through a 70-um cell strainer before cells were
washed and resuspended in PBS (w/o Mg* and Ca®;
Gisco/Invitrogen). The cell suspensions were blocked with
anti-CD32/CD16 (Fc block; BD Biosciences, San Jose, CA,
USA) for 10 min and stained with the following anti-mouse
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monoclonal antibodies (mAb): CD45-eFluor605 (eBio-
science, San Diego, CA, USA), T cell receptor (TCR)-B-
phycoerythrin (PE)-cyanin-7 (Cy7) (Biolegend, San Diego,
CA, USA), CD4-APC (BD Biosciences), CD8-fluorescein
isothicyanate (FITC) (Santa-Cruz Laboratories, Santa Cruz,
CA, USA), CD19-Q655 (Invitrogen), CD44-Pacific Blue
(eBioscience), CD62L-Alexa-Fluor-700 (Biolegend), CD69-
peridinin chlorophyll protein (PerCP)-Cy5-5 (BDBio-
sciences) and NKG2D-PE (eBioscience) for 30 min. Flow
cytometric analysis of samples was analysed on a BD LSRII
flow cytometer equipped with a blue, red and violet laser
and data were analysed in BD FACS Diva software version
6-1.3.

Cytokine measurements

Ears were removed 24 and 48 h after challenge and a punch
biopsy of 8 mm in diameter was collected from each
ear, weighted and placed in 1 ml buffer [0-9% saline with
0-01% Triton X-100 (Sigma) + 1 protease inhibitor cocktail
tablet (complete ethylenediamine tetraacetic acid-free from
Roche)] on ice. The biopsies were subsequently homog-
enized and centrifuged at 4°C, 10 000 g for 15 min. The
supernatants were centrifuged once more before being
frozen at —80 degrees until use. Supernatants were analysed
with Milliplex Map mouse cytokine/chemokine panel (Mil-
lipore, Billerica, MA, USA) using the Luminex detection
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method. Supernatants were analysed for the following
cytokines and chemokines: IL-4, interferon gamma-induced
protein (IP)-10, IL-12 (p40), macrophage inflammatory
protein-2 (MIP-2), tumour necrosis factor (TNF)-a,, inter-
feron (IFN)-v, IL-1f3, IL-10 and IL-6.

Acute-phase proteins

Serum samples taken 24 and 48 h after challenge were ana-
lysed for serum amyloid P (SAP) and haptoglobin using
ELISAs according to the manufacturer’s recommendations
(Genway, San Diego, CA, USA).

Adoptive transfer experiment

Where indicated, donor mice were treated with 25 mg/kg
CTLA-4-Ig 1 day prior to sensitization and sensitized subse-
quently with DNFB on day 0 according to standard proce-
dure. Five days later the donor mice were killed and the
inguinal lymph node was isolated. Single cell suspension
was prepared by transferring the lymph node through a
70-um cell strainer and washing cells with 1 X PBS (w/o
Mg and Ca®, GiBco/Invitrogen). Lymph node cells from
each group, respectively, were pooled and resuspended in
1 X PBS. Subsequently, cells were injected intravenously
(i.v.) into naive recipient mice, so each recipient mouse
received lymph node cells from one donor mouse. The day
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before adoptive transfer, recipient mice were treated where
indicated with 25 mg/kg CTLA-4-Ig. Five hours after adop-
tive transfer the recipient groups were challenged with
DNEFB by the standard procedure and ear swelling meas-
ured 24, 48 and 72 h post-challenge. A second adoptive
transfer experiment was conducted where biopsies were
taken from the inflamed ear 48 h post-challenge. These
were analysed for their content of different cytokines
and chemokines, as described previously, in order to
investigate whether the changed cytokine and chemokine
expression after CTLA-4-Ig treatment is due to a direct sup-
pressive effect on the keratinocytes or if it can be explained
by a decreased infiltration of effector cells after CTLA-4-Ig
treatment.

Binding of CTLA-4-Ig on lymph node cells after
sensitization with DNFB

To investigate binding of CTLA-4-Ig on lymph node cells in
the inguinal lymph node after sensitization, groups of mice
(n=5) were treated with CTLA-4-Ig or isotype control
(25 mg/kg). The next day all mice were sensitized with 0-5%
DNEFB, as described above. Subsequently, mice were killed 3,
4 and 5 days after sensitization and single cells from the
inguinal lymph node were prepared for flow cytometric
analysis as described above and the cell suspensions were
blocked with anti-CD32/CD16 (Fc block; BDBiosciences)
for 10 min and stained with the following anti-mouse
monoclonal antibodies (mAb): anti-human IgG1-APC
(Jackson Immunoresearch, West Grove, PA, USA), CD45-
Efluor605 (eBiosciences), TCR-B-Qdot655 (Invitrogen),
CD19-V450 (BDBiosciences), CD11c-PECy7 (BDBio-
sciences), [-A/E-FITC (eBiosciences) and CD86-PE (eBio-
sciences) for 30 min. Flow cytometric analysis of samples
was analysed on a BD LSRII flow cytometer equipped with
a blue, red and violet laser and data were analysed in BD
fluorescence activated cell sorter (FACS) Diva software,
version 6:1.3. DCs were gated as CD45'TCR-B~CD19,
MHCIT* and CDIllc*, while B cells were gated as
CD45*CD19* cells, and the level of human IgG1* DCs and B
cells together with CD86" DCs and B cells were investigated.

Results

Dose-dependent immune suppression by CTLA-4-Ig
in two hapten-induced inflammation models

To investigate whether CTLA-4-Ig is able to suppress
hapten-induced inflammation in vivo, two mouse models of
contact hypersensitivity were analysed: the DNFB- and
oxazolone-induced CHS models, respectively. BALB/c mice
were treated with CTLA-4-Ig or control proteins (hIgG1Fc)
and subsequently sensitized on day 0. Five (DNFB) or 6
(oxazolone) days later, mice were challenged with hapten,
and ear thickness measured 24, 48 and 72 h later. Control
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groups included mice which were sensitized with acetone/
olive oil but challenged with DNFB or oxazolone, and mice
which were treated with only acetone/olive oil in both the
sensitization and challenge phases. Figure 1 shows the ear-
swelling response after 24 h (Fig. la,c) and summarized as
area under the curve (AUC) from 0-72 h (Fig. 1b,d); the
data confirm that CTLA-4-Ig mediates a dose-dependent
suppression of the ear-swelling response in both models.
Initial studies in the oxazolone model revealed no effect of
1 mg/kg and insufficient effect of 5 and 25 mg/kg (data not
shown); hence, in the second study, mice were treated with
CTLA-4-Ig or isotype control at 5, 25 and 125 mg/kg. Using
these doses, a dose-dependent suppression of the response
was observed with 125 mg/kg reducing the response to
background levels (Fig. 1a,b). In the DNFB-induced model,
CTLA-4-Ig inhibited the ear swelling in a dose-dependent
manner and 25 mg/kg virtually inhibited the response com-
pletely (Fig. 1c,d). Taken together, these results show that
CTLA-4-Ig mediates a dose-dependent immune suppres-
sion in both models and that the DNFB-induced model was
responsive to lower doses of CTLA-4-Ig than the oxazolone-
induced model.

Sustained immune suppression after
CTLA-4-Ig treatment

Three weeks after the first sensitization and challenge, mice
were resensitized and rechallenged with DNFB or oxa-
zolone, respectively, without any further treatment with
CTLA-4-Ig. As shown in Fig. 2a, mice in the DNFB-induced
model dosed previously with 25 mg/kg still exhibited a sig-
nificantly reduced ear-swelling response compared to the
hIgG1 control group. In the oxazolone-induced model, the
highest dose also exerted a suppressive effect 3 weeks after
administration (Fig. 2b). Exposure analysis of circulating
levels of CTLA-4-Ig 3 and 21 days after administration
(Fig. 2¢,d) were performed subsequently. Figure 2c shows
serum levels 3 days after administration and clearly revealed
detectable levels of CTLA-4-Ig. However, after 21 days the
levels of CTLA-4-Ig in the serum samples were below the
detection level of the assay (<0-43 ug/ml), suggesting that
no or very low levels of CTLA-4-Ig were present in the
serum (Fig. 2d). Based on this, we conclude that treatment
with CTLA-4-Ig results in a sustained suppression of the
ear-swelling response in both models independent of the
presence of detectable, circulating levels of CTLA-4-Ig in
the serum.

CTLA-4-Ig suppresses activation of T cells, DCs and
B cells in the draining lymph node after sensitization

To investigate the mechanism by which CTLA-4-Ig exerts its
suppressive function in greater detail, cells isolated from the
inguinal lymph node draining the area of sensitized skin
were stained for activation markers and analysed by flow
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cytometry 24 h post-sensitization (Fig. 3). CTLA-4-Ig treat-
ment led to a reduced number of CD8" and CD4" T cells in
the draining lymph node (Fig. 3a,b, right). This reduction
was due to an overall lower number of cells in the lymph
nodes, as the percentages of CD4* and CD8" T cells of
CD45" live cells were similar between the CTLA-4-Ig-
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Because inflammation in this model is dependent on
CD8" T cells [3], we investigated this cell population in
greater detail. Figure 3¢,d shows that CD8" T cells in the
draining lymph node have a less activated phenotype after
CTLA-4-Ig treatment, as the number and percentage
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Flow cytometric analysis of activation status of T cells in the draining lymph node after sensitization with dinitrofluorobenzene (DNFB).

Cells were isolated from the inguinal lymph node draining the sensitized abdominal skin 24 h post-sensitization, stained for activation markers and
analysed by flow cytometry. (a) Left: %CD8" cells of CD45" living cells. Right: absolute number of CD8" cells. (b) Left: %CD4" cells of CD45" living
cells. Right: absolute numbers of CD4" cells. (c) Left: %CD69"CD8" cells of CD45" living cells. Right: absolute numbers of CD69*CD8" cells. (d)
Left: %CD44"CD62LCD8" cells of CD45" living cells. Right: absolute numbers of CD44"CD62L"CD8" cells. Data are depicted as mean * standard
error of the mean, *P < 0-05. E: Tsotype control-treated mice (hIgG1) (25 mg/kg); M: cytotoxic T lymphocyte antigen-4 (CTLA-4)-immunoglobulin

(Ig)-treated mice (25 mg/kg).
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of CD44'CD62L°CD8" T cells and CD69'CD8" T cells
were reduced significantly in the CTLA-4-Ig-treated mice
compared to the control group. These results demonstrate
that treatment with CTLA-4-Ig leads to reduced numbers of
CD4" and CD8" T cells in the inguinal lymph node after
sensitization and that CD8" T cells in the draining lymph
node have a less activated phenotype. We next analysed
binding of CTLA-4-Ig on DCs and B cells after sensitization
with DNFB. Mice were treated with 25 mg/kg of CTLA-4-Ig
or control protein 1 day prior to sensitization. As shown in
Fig. S1A, significant binding of CTLA-4-Ig to DCs could be
detected on day 3. Furthermore, we found a significantly
reduced expression of CD86 4 and 5 days after sensitization
in CTLA-4-Ig-treated mice (Fig. S1B,C). In contrast, no
specific binding of CTLA-4-Ig to B cells could be detected at
either time-point examined (Fig. S1D), but expression of
CD86 on B cells was strongly suppressed at every time-
point after sensitization in the CTLA-4-Ig-treated group
compared to treatment with isotype control (Fig. S1E,F).
Together, these data suggest that CTLA-4-Ig binds preferen-
tially to DCs in the draining lymph node after hapten sen-
sitization, and that CTLA-4-Ig reduces the level of the
maturation marker CD86 on both DCs and B cells.

Decreased infiltration of activated effector cells into the
inflamed tissue after CTLA-4-Ig treatment

Having demonstrated a reduction of CD4" and CD8" T cell
activation in draining lymph nodes in the presence of
CTLA-4-Ig, we wanted to investigate the consequences for
the inflammatory reaction in the tissue after challenge.
Thus, infiltrating cells were isolated from the inflamed ear
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48 h after challenge, stained for activation markers and ana-
lysed by flow cytometry. As shown in Fig. 4, CTLA-4-Ig
treatment led to a significant reduction in both number and
percentage of CD8" T cells in the inflamed ear compared to
controls (Fig. 4a). In contrast, the number of CD4" T cells
was not significantly different, but the percentage of CD4*
T cells was increased in the CTLA-4-Ig-treated group
(Fig. 4b). More importantly, CTLA-4-Ig treatment resulted
in a reduction in the number of activated CD8" T cells in
the inflamed ear compared to controls. Thus, we observed a
decreased number and percentage of CD44"CD62L CD8*
T cells and CD69'CD8* T cells in the CTLA-4-Ig-treated
group compared to controls (Fig. 4c,d). In conclusion, these
results suggest that CTLA-4-Ig inhibits infiltration of
activated CD8" T cells into the challenged tissue.

Altered expression of cytokines and chemokines in the
inflamed ear after CTLA-4-Ig treatment

To correlate the reduced cellular infiltration into the target
tissue after CTLA-4-Ig treatment with the local production
of cytokines and chemokines, homogenates of inflamed ear
tissue from CTLA-4-Ig-treated and isotype control-treated
animals were analysed for their content of a number of
cytokines and chemokines including IL-4, CXCL10 (IP-10),
IL-12 (p40), MIP-2, TNF-a., IFN-y, IL-1f, IL-10 and IL-6.
As shown in Fig. 5, IL-1P and IL-4 were suppressed signifi-
cantly in the CTLA-4-Ig-treated group compared to the
control group both in the DNFB- and in the oxazolone-
induced models (Fig. 5a—d). Additionally, the concentra-
tions of the chemokines MIP-2 and CXCL10 (IP-10) were
reduced in both models (Fig. 5¢,d,g,h) after CTLA-4-Ig
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Fig. 4. Flow cytometric analysis of activation status of infiltrating cells in the dinitrofluorobenzene (DNFB)-challenged ear. Infiltrating cells were

isolated from the inflamed ear 48 h after challenge, stained for activation markers and analysed by flow cytometry. (a) Left: %CD8" cells of CD45*
living cells. Right: absolute number of CD8" cells. (b) Left: %CD4" cells of CD45" living cells. Right: absolute numbers of CD4" cells. (c) Left:
%CD69"CD8" cells of CD45" living cells. Right: absolute numbers of CD69*CD8" cells. (d) Left: %CD44*CD62L-CD8" cells of CD45" living cells.
Right: absolute numbers of CD44*CD62L"CD8* cells. Data are depicted as mean * standard error of the mean, *P < 0-05; **P < 0-01. E: Tsotype
control-treated mice (hIgG1) (25 mg/kg); M: cytotoxic T lymphocyte antigen-4 (CTLA-4)-immunoglobulin (Ig)-treated mice (25 mg/kg).
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Fig. 5. Changed expression of cytokines and chemokines in the inflamed ear after cytotoxic T lymphocyte antigen-4 (CTLA-4)-immunoglobulin

(Ig) treatment. Homogenates of inflamed ear tissue from CTLA-4-Ig-treated or isotype control-treated animals were analysed at 48

[dinitrofluorobenzene (DNEB)] or 24 (oxazolone) h for their content of a number of cytokines and chemokines including interleukin (IL)-4,

interferon gamma-induced protein 10 (IP)-10, IL-12 (p40), macrophage inflammatory protein-2 (MIP-2), tumour necrosis factor (TNF)-a,
interferon (IFN)-y, IL-1B, IL-10 and IL-6. (a—h). CTLA-4-Ig treatment led to a reduced expression of the following analytes in both models: IL-1
(at+e), IL-4 (b+f), MIP-2 (c+g) and IP-10 (d+h). Data are depicted as mean * standard error of the mean, *P < 0-05; **P < 0-01; **P < 0-001.

treatment. In contrast, the measured amounts of
TNF-o., IFN-y, IL-6, IL-12 p40 and IL-10 were not affected
significantly by treatment with CTLA-4-Ig compared to
isotype treatment (data not shown). Taken together, we
conclude that CTLA-4-Ig affects the level of cytokines and
chemokines in the affected tissue by significantly reducing
IL-4, IL-13, MIP-2 and IP-10.

CTLA-4-1g suppresses systemic inflammation

To analyse the effect of CTLA-4-Ig on systemic inflamma-
tion, serum samples taken 24 and 48 h after challenge were
analysed by ELISA for the acute-phase proteins SAP and
haptoglobin. These factors have been shown to be reliable
markers of inflammation in this model as their serum levels
correspond to ear swelling (A.D.C. and C.H., data not
shown). Furthermore, increased serum concentration of
these components indicates systemic inflammation with
involvement of the liver [18]. Figure 6b,d shows that serum
levels of SAP and haptoglobin were reduced significantly
following treatment with CTLA-4-Ig compared to control
treatment at both 24 and 48 h after challenge in the DNFB-
induced model, and in the oxazolone-induced model serum
concentrations of haptoglobin were suppressed significantly
after both 24 and 48 h (Fig. 6¢). Similarly, SAP was reduced
significantly after 48 h but not at 24 h (Fig. 6a). Based on
these findings, we conclude that CTLA-4-Ig inhibits
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systemic inflammation as measured by circulating levels of
SAP and haptoglobin.

CTLA-4-Ig exerts its effect mainly during the
activation phase

In the CHS model, it is not known whether CTLA-4-Ig
exerts its effect in the sensitization phase alone or whether
the presence of CTLA-4-Ig is also important in the effector
phase. To test this, we set up an adoptive transfer system in
which donor mice were sensitized in the presence or
absence of CTLA-4-Ig. After 5 days, cells from the draining
lymph node were transferred to recipient mice which had
been treated with CTLA-4-Ig 24 h earlier or left untreated.
Recipient mice were subsequently challenged with DNFB
and ear swelling was measured 24, 48 and 72 h after chal-
lenge. As shown in Fig.7, mice transferred with cells
exposed to CTLA-4-Ig during both the sensitization phase
and the challenge phase or during the sensitization phase
alone (labelled +/+ and +/—, respectively) exhibited a signifi-
cantly suppressed ear-swelling response compared to the
untreated control group (labelled —/—). In contrast, the mice
which were treated only with CTLA-4-Ig during the chal-
lenge phase (labelled —/+) exhibited ear swelling similar to
the untreated mice. Taken together, these results indicate
that CTLA-4-Ig exerts its immunosuppressive effect prima-
rily during the sensitization phase. We next tested whether
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regulation of cytokines and chemokines in the inflamed in either sensitization or challenge phase alone, IL-4 and
tissue followed the same pattern as ear swelling by compar- MIP-2 levels were suppressed strongly in both CTLA-4-Ig
ing levels of IL-1PB, IL-4, IP-10 and MIP-2 in the adoptive treatment protocols (Fig. S2). In contrast, levels of IP-10
transfer model treated with CTLA-4-Ig in the sensitization correlated well with ear swelling, because only CTLA-4-Ig
or challenge phase only. Interestingly, the pattern of regula- treatment in the sensitization phase — but not the challenge
tion was not similar between the cytokines examined: phase — could reduce the levels of IP-10. These data suggest

whereas IL-1[3 was unaffected by the presence of CTLA-4-Ig that the release of IL-4, IL-1B, MIP-2 and IP-10 locally in
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Fig. 7. Cytotoxic T lymphocyte antigen-4 (CTLA-4)-immunoglobulin (Ig) exerts its effect primarily during the sensitization phase. Donor mice
were sensitized to dinitrofluorobenzene (DNFB)in the presence or absence of CTLA-4-Ig. After 5 days, cells from the draining lymph node were
transferred to recipient mice which had been treated with CTLA-4-Ig 24 h earlier where indicated. Mice were subsequently challenged with DNFB
and ear swelling measured 24, 48 and 72 h later. +/+: CTLA-4-Ig-treatment during both sensitization and challenge phases. +/—: CTLA-4-Ig
treatment during sensitization phase alone. —/+: CTLA-4-Ig treatment during challenge phase alone. —/—: No treatment with CTLA-4-Ig. Ear swelling
is shown after 24 h (a) and summarized as area under the curve (AUC) (b). Data are depicted as mean = standard error of the mean, *P < 0-05;
**P<0-01.
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the inflamed ear is regulated differently by CTLA-4-Ig;
whereas IL-4, MIP-2 and IP-10 are suppressed when CTLA-
4-Ig is present only in the sensitization phase, our data show
that MIP-2 and IL-4 can also be suppressed when CTLA-
4-Ig is present during the challenge phase alone.

Discussion

In this study we show that CTLA-4-Ig treatment suppresses
hapten-induced inflammation in two skin inflammation
models. The effect of CTLA-4-Ig has been shown previously
in the DNFB-induced CHS model but not in the oxazolone-
induced CHS model. The short-term effect on ear swelling
was detected in both the DNFB-induced model, where
25 mg/kg was sufficient to suppress the response com-
pletely, while in the oxazolone model 125 mg/kg was neces-
sary to obtain the same degree of suppression. DNFB has
been described previously to induce a T helper type 1
(Th1)-mediated response [16,19], whereas oxazolone is
shown to mediate a mixed phenotype characterized by both
Th1 and Th2 cells [20]. The different efficacy of CTLA-4-Ig
in the two models may be attributed to the notion that
CTLA-4-Ig may suppress Thl responses more efficiently
than Th2 responses [16]. Furthermore, in our hands
oxazolone-induced inflammation is dominated more by
neutrophils than T cells (compared to the DNFB-model);
thus, it is formally possible that the effect of CTLA-4-Ig is
less efficient in the oxazolone model because of the consid-
erable involvement of neutrophils. Alternatively, the need
for a higher dose to suppress oxazolone-induced inflamma-
tion could also reflect the stronger overall response by
oxazolone compared to DNFB (see Fig. 1).

In addition to the short-term effect, we found that
CTLA-4-Ig induces a long-lasting suppression of inflamma-
tion in both models even in the absence of any detectable,
circulating CTLA-4-Ig during the secondary response. The
lack of circulating CTLA-4-Ig 3 weeks after administration
is expected, as the half-life of human CTLA-4-Ig has been
estimated to be 30 h in mice [13,21]. Interestingly, sustained
immune modulation by CTLA-4-Ig has also been shown in
other settings, including transplantation, where short-term
CTLA-4-Ig therapy led to long-term tissue- and organ-graft
survival and induction of tolerance [14,22-24]. Further-
more, it has been shown in vitro that CTLA-4-Ig induces a
long-lasting hypo-responsiveness in human mixed leuco-
cyte cultures (MLC) [12]. The precise mechanisms by which
CTLA-4-Ig mediates the sustained suppression are not
entirely clear. However, it has been suggested that CTLA-
4-Ig is able to induce anergy in effector T cells [12], delete
effector T cells by apoptosis [25] and/or prevent antigen-
specific activation and proliferation of T cells [26]. Addi-
tionally, CTLA-4-Ig has been shown to induce production
of indoleamine 2,3-dioxygenase (IDO) from APCs, which
would inhibit T cell activation by tryptophan depletion
[27,28]. Another potential immunosuppressive mechanism
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has been suggested by which CTLA-4-Ig can induce and
increase the population of regulatory T cells both in vitro
[29] as well as in collagen-induced arthritis in mice [30].

In this study, we have shown further that activation and
proliferation of T cells in the sensitized draining lymph
node are inhibited after treatment with CTLA-4-Ig and that
infiltration of activated effector CD8" T cells in the
inflamed tissue is reduced after challenge. The effect in the
draining lymph node is in accordance with a study per-
formed by Platt ef al. [26], who demonstrated that in an
ovalbumin (OVA)-specific T cell activation model, CTLA-
4-Ig treatment leads to a reduced proliferation of T cells
and reduced down-regulation of CD62L on OVA-specific T
cells 3 days post-immunization together with a reduced
expression of CD69 1 day post-immunization [26]. Less
efficient down-regulation of CD62L on T cells in CTLA-4-
Ig-treated mice is consistent with a reduced infiltration of
effector cells into the inflamed ear tissue, as down-
regulation of CD62L is needed for lymphocytes to exit the
draining lymph node and to enter the site of inflammation
[31]. Further, our data suggest that CTLA-4-Ig binds prima-
rily to DCs but also mediates a strong inhibition of CD86
expression on B cells. Cytokines IL-4 and IL-1, together
with chemokines MIP-2 and IP-10, were suppressed after
CTLA-4-Ig treatment. In the skin, a major source of both
MIP-2 and IP-10 is keratinocytes [32,33] and it is currently
not known how CTLA-4-Ig may suppress production of
these two chemokines. It has been suggested that IP-10 pro-
duction from keratinocytes attracts CD8* T cells, which
subsequently secrete IFN-y, further stimulating keratinoc-
ytes to produce more IP-10 and thereby completing a posi-
tive feedback loop [34]. Because CTLA-4-Ig inhibits
infiltration of CD8" T cells into the challenged ear it is pos-
sible that the reduced infiltration of CD8" T cells could lead
to decreased release of IP-10, as found in our analysis. The
data in the adoptive transfer studies show that both IP-10
and MIP-2 are suppressed when CTLA-4-Ig is present only
in the sensitization phase — this is expected, as the presence
of CTLA-4-Ig in the sensitization phase only also results in
a reduced ear swelling and reduced influx of CD8* T cells
(Figs 4 and S2). However, it was surprising that MIP-2 but
not IP-10 was suppressed when CTLA-4-Ig was present in
the challenge phase alone, which does not reduce ear swell-
ing (Fig. S2). Thus, regulation of IP-10 correlates with ear
swelling and tissue inflammation, whereas regulation of
MIP-2 is independent of ear swelling and suggests that
MIP-2 is dispensable for the full elicitation of ear swelling,
although we cannot completely exclude the possibility of
subtle changes in the cellular composition in the tissue.

It is interesting to note that CTLA-4-Ig inhibits the sys-
temic inflammatory response, as suggested by a reduced
concentration of the acute-phase proteins SAP and hap-
toglobin levels in the blood. This may imply that CTLA-4-Ig
affects systemic levels of the inflammatory cytokines IL-6,
IL-1B and TNF-0, which are thought to stimulate the
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production of these acute-phase proteins from the liver, but
this needs to be investigated further. To our knowledge, this
is the first study to show that CTLA-4-Ig causes a reduced
level of systemic inflammation markers in the CHS model
but is in accordance with data from rheumatoid arthritis
patients, where treatment with CTLA-4-Ig results in
reduced serum levels of the acute-phase protein C-reactive
protein (CRP) [35]. Our adoptive transfer study suggests
that CTLA-4-Ig mainly mediates an immunosuppressive
effect during the sensitization phase. This is in accordance
with the fact that CTLA-4 is a negative regulator of T cell
activation and thereby works primarily to dampen the
inflammation during the activation phase. However, we
cannot exclude that CTLA-4-Ig can modulate more subtle
aspects of the secondary challenge response (e.g. chemokine
or cytokine profiles).

In conclusion, our study shows that CTLA-4-Ig treatment
suppresses inflammation measured by several different
parameters, including reduced ear swelling, reduced activa-
tion of effector T cells in the skin-draining lymph node
after sensitization, reduced infiltration of activated T cells
into the inflamed ear after challenge, a decreased detection
of certain cytokines and chemokines in the inflamed tissue
and — on a systemic level — reduced serum levels of acute-
phase proteins. Furthermore, our results suggest that CTLA-
4-Ig mediates its effect primarily during the sensitization
phase of CHS and is dispensable during the challenge
phase.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Cytotoxic T lymphocyte antigen-4 (CTLA-4)-
immunoglobulin (Ig) binds to dendritic cells (DCs) and
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down-regulates CD86 on both DCs and B cells in the drain-
ing lymph node after sensitization with dinitrofluoroben-
zene (DNFB). Groups of mice were treated with either
CTLA-4-Ig or isotype control and sensitized with 0-5%
DNFB the following day. Lymph node cells from the drain-
ing lymph node were stained with anti-human IgG1 and
analysed by flow cytometry at days 3, 4 and 5 after sensitiza-
tion for detection of binding of CTLA-4-Ig on lymph
node cells. (A) %hIgGl* cells of DCs gated as CD19T
cell receptor (TCR)-B major histocompatibility complex II
(MHC)IT*CD11c" cells 3, 4 and 5 days after sensitization.
(B) %CD86" cells of DCs. (C) Median fluorescence inten-
sity (MFI) of CD86 phycoerythrin (PE) on CDI19"
MHCII'CD11C* cells. (D) %hIgG1* cells of B cells gated
as CD19" cells. (E) %CD86" cells of B cells gated as
CD19" cells. (F) MFI of CD86 PE on CD19" cells. Data are
depicted as mean * standard error of the mean, *P < 0-05,
**P<0-01 and ***P < 0-001. ‘Grey box’: Isotype control-
treated mice (hIgGl) (25 mg/kg); ‘black box’ : CTLA-4-Ig-
treated mice (25 mg/kg).

Figure S2. Cytotoxic T lymphocyte antigen-4 (CTLA-4)-
immunoglobulin (Ig) treatment during challenge phase
mediates a reduced release of interleukin (IL)-4 and macro-
phage inflammatory protein-2 (MIP-2). Donor mice were
sensitized to dinitrofluorobenzene (DNFB) in the presence
or absence of CTLA-4-Ig. After 5 days, cells from the drain-
ing lymph node were transferred to recipient mice which
were treated with CTLA-4-Ig 24 h earlier where indicated.
Mice were challenged 5 h later with DNFB and ear swelling
measured 24 and 48 h later; 48 h after challenge homoge-
nates of inflamed ear tissue were analysed for their content
of IL-1PB, IL-4, interferon gamma-induced protein (IP)-10
and MIP-2 (a). Ear swelling in the groups is shown in (b)
after 24 h (upper) and as area under the curve (lower). +/—:
CTLA-4-Ig treatment during sensitization phase alone; —/+:
CTLA-4-Ig treatment during challenge phase alone; —/—: no
treatment with CTLA-4-Ig. Data are depicted as
mean = standard error of the mean, *P < 0-05, **P < 0-01
and ***P < 0-001.
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