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CTLAA4-Ig inhibits allergic airway inflammation
by a novel CD28-independent, nitric oxide synthase-
dependent mechanism
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The T-cell response to antigen depends on coordinate signaling between costimulatory
and inhibitory receptors. The altered function of either may underlie the pathophysiology
of autoimmune and/or chronic inflammatory diseases and manipulation of these path-
ways is an important emerging area of therapeutics. We report here that the immuno-
suppressant drug CTLA4-Ig inhibits the effector phase of allergic airway inflammation
through a CD28-independent, nitric oxide synthase (NOS)-dependent mechanism. Using
mice deficient in both B- and T-lymphocyte attenuator (BTLA) and CD28, we demonstrate
that simultaneous deficiency of an inhibitory receptor can rescue the in vivo but not the
in vitro CD28-deficient phenotype. Furthermore, we demonstrate that inflammation
in CD28/BTLA-double-deficient mice is suppressed by CTLA4-Ig. This suppression is
reversed by treatment with the NOS inhibitor, N®>-methyl-1-arginine acetate (L-NMMA).
In addition, CTLA4-Ig is ineffective at inhibiting inflammation in NOS2-deficient mice
when given at the effector phase. Thus, CD28 and BTLA coordinately regulate the in vivo
response to inhaled allergen, and CTLA4-Ig binding to B7-proteins inhibits the effector
phase of inflammation by a CD28-independent, NOS-dependent mechanism.
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Introduction

The outcome of a T cell’s encounter with antigen is determined by
the integration of multiple signals delivered through the T-cell
antigen receptor as well as via costimulatory and inhibitory
pathways (for review, see [1, 2]). CD28 is one of the best-
characterized costimulatory receptors and its engagement
potently augments the T-cell response to sub-mitogenic levels of
antigen [3-5]. Following initial activation, additional costimula-

tory receptors such as ICOS and TNF receptor family members, as
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well as inhibitory receptors including CTLA-4 (CD152) and
B- and T-lymphocyte attenuator (BTLA), are expressed. [6-10].
The coordinate regulation of the expression of these opposing
receptors is important in modulating the intensity and duration of
the T-cell response.

Inflammation in vivo can be manipulated by altering the
expression of and/or signaling through costimulatory and inhib-
itory receptors. For example, we had previously shown that mice
deficient in BTLA develop prolonged airway inflammation
following a single allergen challenge [11]. In contrast, mice that
lack CD28 or in which CD28:ligand interactions are pharmaco-
logically blocked do not develop lung inflammation [12-15].
However, less is known about the effects of a combinatorial
blockade of both inhibitory and activating receptors on immune
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responses. To explore this, we generated mice deficient in both
CD28 and BTLA. While T cells from the CD28/BTLA-double-
deficient (CD28"BTLA™/7) mice did not respond to in vitro
stimulation with anti-CD3, the double knockout mice developed
significant lung inflammation following in vivo allergen chal-
lenge.

CTLA4-Ig is a recombinant fusion protein that binds CD80 and
CD86, preventing ligation of the counter-receptors CD28 and
CTLA4 [16] and is effective in inhibiting inflammation in both
animals and humans. Abatacept, a humanized version of CTLA4-
Ig, is now an approved treatment for rheumatoid arthritis [17].
The prevention of CD28-mediated costimulation has been
presumed to be the primary mechanism by which CTLA4-Ig
functions in vivo. However, an alternative explanation has been
put forth which depends on B7-dependent expression of IDO
[18, 19]. The CD28/"BTLA~/~ mice presented a novel oppor-
tunity to directly test if CTLA4-Ig could inhibit inflammation in
the absence of CD28. In fact, airway inflammation in the double
knockout mice was suppressed by CTLA4-Ig, but this was
dependent on nitric oxide synthase 2 (NOS2) activity, not IDO.
Thus, these data demonstrate that (i) unopposed inhibitory
signaling by BTLA in the CD28/~ mice suppresses inflammation
in vivo and (ii) CTLA4-Ig engagement of B7-proteins inhibits
inflammation through an NO-dependent, CD28-independent
mechanism. These findings have important implications for both
understanding the pathophysiology of inflammatory diseases and
understanding the mechanism of current therapeutic agents.

Results
CTLA4-Ig terminates established airway inflammation

Blocking of B7:CD28 interactions by CTLA4-Ig prevents produc-
tive T-lymphocyte activation and therefore the initiation of a
T-cell-directed immune response. However, whether this inter-
vention can alter the course of already established inflammation
is not known. We used a well-characterized T-cell and CD28-
dependent model of allergic lung inflammation to examine this
question [12, 20]. We had previously shown that mice deficient
for the inhibitory receptor, BTLA, had airway inflammation for up
to 21 days following a single allergen challenge, whereas WT
mice resolved the infiltrate by day 7 [11]. We took advantage of
this prolonged inflammatory response to test whether CTLA4-Ig
could accelerate the resolution of allergic airway inflammation.
We tested two different dosing schemes, one in which CTLA4-Ig
was administered at the time of challenge and then redosed
7 days later to account for the half life of the drug, and an
alternate regimen in which a single dose of CTLA4-Ig was
administered 3 days following challenge, a time point at which
we typically observe abundant inflammation. In these experi-
ments, tissue was collected for analysis 10 days following
challenge as opposed to 3 days in the remaining experiments.
As shown in Fig. 1, administration of a single dose of CTLA4-Ig at
the time of peak inflammation (day 3) led to a clearing of tissue
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inflammation 7 days later, whereas untreated BTLA™/~ mice had
persistent inflammation. In fact, a single dose at day 3 was as
effective as administration throughout the entire challenge phase.
These data demonstrate that CTLA4-Ig can promote the termina-
tion and resolution of the inflammatory process.

BTLA-deficiency rescues the phenotype of CD28-
deficient T cells in vivo but not in vitro

The ability of CTLA4-Ig to terminate inflammation in the
BTLA™/~ mice is consistent with a model in which the
inflammation is driven by persistent, unopposed B7:CD28
mediated T-cell activation. From this, it follows that the converse
situation, in which there is a loss of costimulation through CD28,
might result in dominance of inhibitory signals through BTLA,
thereby suppressing T-cell function. To test this, we bred mice
that were deficient in both CD28 and BTLA. The response of these
mice to an in vivo antigen challenge was tested. Mice of each
genotype were sensitized and challenged with OVA and samples
collected 72 h following the inhaled challenge (Fig. 2). Consistent
with our previous work, acute inflammation in the BTLA™/~ mice
was similar to that seen in the WT (Fig. 2A) [11, 21]. As
expected, the CD28 ™/~ mice did not show any evidence of
inflammation either in the BAL or in the histological examination
of lung sections. In contrast, challenge of the CD28 ' BTLA™/~
mice resulted in significant airway inflammation, detected
histologically as well as by an increase in both the total number
of cells and an increased percentage of eosinophils recovered in
the BAL (Fig. 2). Flow cytometric analysis of cells recovered
in the BAL showed similar percentages of total CD4" T cells
(4.3+0.6% in WT versus 5.3+1.5% in CD28 ' BTLA™/") as
well as CD25" CD4" T cells (17+2% in WT versus 13+4% in
CD28/"BTLA™7), suggesting that T cells were recruited and
activated. In contrast, no CD25™ cells were detected in the BAL
from CD28 /™ mice. Thus, despite the lack of CD28 expression,
the mice responded to an in vivo challenge to a similar extent as
WT mice. However, not all aspects of the in vivo response were
similarly restored, as no OVA-specific IgG1 was detected in the
serum of sensitized CD28/ BTLA™/~ mice (data not shown).
These data suggest that unopposed inhibitory signaling through
BTLA suppresses inflammation in the CD28/~ mice, and that
elimination of this BTLA-mediated suppression enabled restora-
tion of some aspects of the inflammatory response despite an
absence of CD28-mediated costimulation.

We next assayed the proliferative response of splenocytes
from the CD28/"BTLA™/~ mice to in vitro stimulation (Fig. 3).
Consistent with the previous reports, cells isolated from BTLA™/~
mice proliferated to a greater extent than WT cells. However,
both CD28/~ and CD28/"BTLA™/~ splenocytes failed to
proliferate when stimulated with anti-CD3 or anti-CD3/
CD28 (Fig. 3A), whereas cells from all genotypes did proliferate
in response to PMA and ionomycin (Fig. 3B). Thus, despite
an ability to respond to antigen in vivo, the lack of CD28
dominates the cellular response to in vitro stimulation. These
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Figure 1. CTLA4-Ig promotes the resolution of airway inflammation in BTLA™/~ mice. C57BL/6 or BTLA /" -deficient mice were sensitized and
challenged with OVA. Groups of mice (n = 5/group) received either control or CTLA4-Ig (100 pg, i.p.) on either day 1 and day 7 or on day 3 only
following challenge. Samples were collected for analysis 10 days following the inhaled challenge. (A) Schematic representation of the
experimental protocol. (B) Representative lung sections stained with H&E. (C) Total BAL cell numbers and (D) differential analysis of cells recovered
from the BAL fluid. Data show mean+SD (n=>5) and are representative of more than five independent experiments. **p<0.01, ***p<0.0005,
#*¥%5<0.0001 as compared with BTLA~~ mice that had not received CTLA4-Ig.
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Figure 2. CD28/"BTLA™~/~ mice respond to allergen challenge in vivo. Mice of each genotype were systemically sensitized with OVA/Alum then
given an inhaled challenge of OVA as described in the Materials and methods. Samples were collected for analysis 3 days following the inhaled
challenge. (A) Total BAL cell number and (B) differential analysis of cells recovered from the BAL fluid. (C) Histologic examination of H&E-stained
sections confirms peribronchial and perivacular inflammation in the lungs of the C57BL/6, BTLA™/~ and CD28/~BTLA /" mice, but not the CD28/~
mice. Data show mean+SD (n=>5 mice per group) and are representative of more than five independent experiments. *p<0.01 compared with

CD28~/~ mice.
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Figure 3. CD28/"BTLA™/~ T cells do not proliferate to anti-CD3 in vitro.
Splenocytes were isolated from C57BL/6, BTLA™~, CD28/~ or
CD28 /"BTLA™/~ mice and stimulated with anti-CD3 alone,
anti-CD3+anti-CD28 or anti-CD3+CTLA4-Ig. Alternatively, splenocytes
were stimulated with PMA, PMA+ionomycin or PMA+anti-CD28.
Proliferation was determined by tritiated thymidine incorporation.
Data show mean+SD (n=4) and are representative of three indepen-
dent experiments.

data also suggest that factors present in vivo that allow for T-cell
function in the double knockout are not fully recapitulated
in vitro.

As both CD28 and BTLA are expressed on cells other than
T-lymphocytes, it is possible that the inflammation observed in
the double knockout mice is not a T-cell dependent or antigen-
specific response. This might also account for the discrepancy
between the in vivo and the in vitro observations. We reasoned
that if this were the case, the double knockout mice should
respond in an antigen nonspecific manner to inhaled challenge.
To test this, we systemically sensitized mice to OVA and then
administered an inhaled challenge with either OVA or hen egg
lysozyme. Both WT and CD28 7 BTLA™/~ mice developed
inflammation when challenged with OVA, but neither did when
challenged with hen egg lysozyme (Supporting Information
Fig. 1). These data support that the inflammation is in fact
antigen specific and therefore likely dependent on T-cell function.

CTLA4-Ig inhibits allergic airway inflammation
independent of CD28

The predominant mechanism by which CTLA4-Ig is thought to

modulate inflammation is by binding CD80 and CD86 and
preventing engagement of CD28 [16, 22, 23]. However,
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[18]. The
CD28/"BTLA™/~ mice provided a unique opportunity to test

alternative mechanisms have been proposed
whether CTLA4-Ig could inhibit inflammation independent of
CD28. Allergen-challenged CD28 /~"BTLA ™/~ mice were treated
with CTLA4-Ig and inflammation determined by BAL and
histology. Surprisingly, eosinophilic inflammation in the
CD28/"BTLA™/~ mice was efficiently inhibited by CTLA4-Ig,
as determined by a decrease in the number of eosinophils
recovered in the BAL as well as a resolution of the cellular
infiltrate seen by histological examination (Fig. 4). Inflammation
was also effectively inhibited in allergen-challenged WT and
BTLA™/~ mice by CTLA4-Ig, although for the sake of clarity,
these data are not presented in the figure. Consistent with our
previous work, no inflammation was induced in the CD287/~
mice and CTLA4-Ig had no effect in these animals [13]. As
CD28/"BTLA™/~ mice genetically lack CD28, this established
that a second, novel mechanism of CTLA4-Ig immune suppression
must be present that is independent of the prevention of
B7:CD28-mediated costimulation.

Engagement of B7 by CTLA4-Ig has been shown to induce
IDO, which catalyzes the rate limiting step in tryptophan
metabolism [18, 19]. IDO activity can suppress inflammation
through direct inhibition of effector T cells and by inducing the
generation of Treg [19, 24-27]. The effect of IDO can be reversed
in vivo by treatment with a competitive inhibitor, 1-methyl
tryptophan (1-MT) [28]. To test if IDO mediated the CD28-
independent effect of CTLA4-Ig, allergen-challenged mice were
treated with CTLA4-Ig alone or in combination with 1-MT.
However, as shown in Fig. 5, 1-MT had no effect on the ability
of CTLA4-Ig to inhibit lung inflammation as determined by
BAL cell counts and histology. No effect of 1-MT was seen
whether it was administered by i.p. injection or in the drinking
water (data not shown).

The lack of effectiveness of IDO inhibition suggested that an
alternative mechanism must be responsible for CD28-indepen-
dent immunosuppression mediated by CTLA4-Ig. NO has been
demonstrated to have broad effects in many different cell types
both pro- and anti-inflammatory (for review see [29]). To test the
role of NO in this model, mice were systemically administered
N®-methyl-1-arginine acetate (L-NMMA), which broadly inhibits
NOS function, during the challenge phase. In both WT and
CD28/"BTLA~/~ mice, treatment with L-NMMA reversed the
immunosuppressive effect of CTLA4-Ig (Fig. 5B and C). This was
evident both in the cellularity of the BAL and in the histology of
lung sections. Inflammation was not inhibited in WT or
CD28 /" BTLA /™ mice, given L-NMMA in the absence of CTLA4-
Ig (data not shown).

Using mice genetically deficient in NOS2, we further exam-
ined the requirement for the NO pathway in the ability of CTLA4-
Ig to modulate airway inflammation (Fig. 6). Following OVA
challenge, the NOS2™~ mice had slightly lower cell recoveries in
the BAL although this was not statistically significant. Impor-
tantly, challenge of the NOS2™/~ mice still resulted in a marked
increase in overall cell and eosinophil recruitment to the lung as
determined by both BAL cell counts and histology. However,
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Figure 4. CTLA4-Ig inhibits airway inflammation in CD28/"BTLA~~ mice. Mice of each genotype were systemically sensitized with OVA/Alum
then given an inhaled challenge of OVA as described in the Materials and methods. For clarity, only data from the CD28/~ and CD28 /"BTLA ™/~
groups are presented, although C56BL/6 and BTLA™/~ mice were also tested, and the data were similar to that of shown in Fig. 1. CTLA4-Ig was
administered (100 pg, i.p.) on the day of inhaled challenge. Samples were collected for analysis 3 days later. (A) Total cell number and (B) differential
cell analysis. (C) Histology of H&E-stained lung sections. Data show mean+SD (n = 5) and are representative of five experiments, *p<0.05, **p<0.005
compared with CD28/"BTLA™/~ mice that had not received CTLA4-Ig.
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Figure 5. Inhibition of airway inflammation by CTLA4-Ig is dependent on NOS. Mice of each genotype were systemically sensitized with OVA/
Alum then given an inhaled challenge of OVA as described in the Materials and methods. CTLA4-Ig was administered (100 pg, i.p.) on the day of
inhaled challenge. Samples were collected for analysis 3 days later. Some mice also received daily injections of (A) 1-MT (10 mg, i.p.) or (B) the NOS
inhibitor L-NMMA (2mg, i.p.) from the time of challenge until harvest. No effect of L-NMMA was seen in mice that did not receive CTLA4-Ig (data
not shown). Data show mean+SD (n = 5), *p<0.05 as compared with mice of the same genotype that received CTLA4-Ig but not L-NMMA. (C) H&E-
stained lung sections from mice of each group. All data are representative of three independent experiments.

CTLA4-Ig was not effective in suppressing inflammation in the
NOS2™/~ mice, whereas it abrogated inflammation in WT mice.
Thus, these data clearly implicate the NOS/NO system as an
important component of the immunosuppressive mechanism by
which CTLA4-Ig functions.

We next tested whether NOS2 was required for CTLA4-Ig to
prevent inflammation when administered only at priming. WT,
NOS2-deficient and CD28/"BTLA™/~ mice were sensitized and
challenged with OVA and groups of mice received either no
CTLA4-Ig, CTLA4-Ig at the time of i.p. sensitization only, or at the
time of inhaled challenge only. Specimens were collected 3 days

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

following challenge (Supporting Information Fig. 2). These data
demonstrate that CTLA4-Ig inhibits priming by blocking CD28-
dependent costimulation, but when administered only during the
effector phase, inflammation is suppressed by a CD28-indepen-
dent, NOS2-dependent mechanism.

Discussion

CTLA4-Ig is a fusion protein that can inhibit T-cell responses in
vitro and inflammation in vivo [16, 22, 23, 30-34]. The presumed
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Figure 6. CTLA4-Ig does not inhibit inflammation in NOS2~/~ mice. C57BL/6 or NOS2~/~ mice were sensitized and challenged with OVA. CTLA4-Ig
was administered at the time of challenge and specimens collected 3 days later. CTLA4-Ig effectively suppressed allergic airway inflammation in
the C57BL/6 mice but not the NOS2~~ mice as shown by (A) BAL cell number, (B) differential analysis and (C) histology of H&E-stained lung

sections. Data are representative of two independent experiments. N =5 mice per group in each experiment.

mechanism of action for CTLA4-Ig has been that it prevents
binding of CD80 or CD86 to CD28 and therefore the delivery of a
costimulatory signal to the T cell, effectively blocking the priming
stage of an immune response. However, in most human diseases,
priming has occurred prior to any opportunity for therapeutic
intervention. The effectiveness of CTLA4-Ig to modulate inflam-
mation in these circumstances suggests that a different mechan-
ism may be operative. Whether CTLA4-Ig can regulate T-cell
function independent of CD28 has been difficult to experimen-
tally address. The ability of the CD28” "BTLA™~ mice to mount
an in vivo inflammatory response provided us an opportunity to
do so. We found that CTLA4-Ig was as effective in suppressing
inflammation in the CD28 /" BTLA ™/~ mice as it was in the WT
mice. In some systems, CTLA4-Ig has been suggested to work
through induction of IDO, which catalyzes the rate limiting step
in tryptophan metabolism [18, 19]. Induction of IDO results in
the local depletion of tryptophan, which is then sensed by
neighboring T cells. This induces expression of GCN2 kinase in
the effector T cell, leading to cell cycle arrest [27]. In addition to
this mechanism, IDO expressing dendritic cells promote the
differentiation of naive T cells to Treg cells [35, 36]. However,
IDO does not appear to play a role in our system, as inhibition of
IDO activity with 1-MT had no effect.

In contrast to the lack of effectiveness of IDO inhibition, when
a competitive inhibitor of NOS activity was given along with
CTLA4-Ig, the immunosuppressive effects of CTLA4-Ig were
completely reversed both in WT and in CD28 "BTLA™~ mice.
Strikingly, CTLA4-Ig was completely ineffective in inhibiting
inflammation induced in NOS2™/~ mice, demonstrating a strict
requirement for this enzyme in the suppressive function of
CTLA4-Ig in this system. Importantly, there are significant
differences in our experimental system from some others in
which CTLA4-Ig has been studied. In these experiments, we
administered CTLA4-Ig only at the time of inhaled challenge, and
not during the sensitization step when T-cell priming occurs.
Thus, it may be that the mechanism by which CTLA4-Ig works
differs depending on whether it is administered during priming

(CD28 dependent) or effector (CD28 independent, NOS

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dependent) phases. This is in fact supported by our finding that
CTLA4-Ig administered at priming was effective at preventing
inflammation in the NOS2 ™/~ mice but not the CD28 / BTLA ™/~
mice (Supporting Information Fig. 2). Thus, these data clearly
implicate the NOS/NO system as an important component of the
immunosuppressive mechanism by which CTLA4-Ig functions
during the effector phase of inflammation.

There are several possibilities as to how CTLA4-Ig may induce
NOS2. 1t is feasible that direct signaling through CD80 or CD86
may result in upregulation of NOS in the same cell, or alter-
natively the effect may be indirect, mediated by induction of a
cytokine such as IFN-y which might induce NOS2 in a different
cell. It is conceivable that there may be several steps and
cell types in between binding of CTLA4-Ig to CD80 and
CD86 and induction of NOS2. While this will be important to
elucidate in future studies, the data presented establish a novel
CD28-independent, NOS2-dependent mechanism for the drug.
Interestingly, a related compound, belatacept, has been shown to
induce the secretion of HLA-G by dendritic cells and by this
mechanism contribute to the suppression of immune responses in
humans [37, 38].

NO has been demonstrated to have broad effects in many
different cell types both pro- and anti-inflammatory (for review
see [29]). NO promotes the development of a population of
myeloid suppressor cells which dampen inflammation [39]. In
addition, NO-mediated nitrosylation of signaling proteins,
including JAK3 and STATS5 downstream of the IL-2 receptor
pathway, directly inhibits T-cell function [40, 41]. Finally, in a
manner similar to IDO, generation of NOS activity can deplete the
local milieu of arginine, inducing GCN2 kinase in neighboring
effector T cells leading to cell cycle arrest [42, 43].
In fact, synergy between NO and IDO has been suggested as an
important component of transplant immunosuppression by
CTLA4-Ig [44].

Using a murine model, several groups have examined the
requirement for NOS in allergic airway inflammation with
conflicting results, demonstrating either no effect from NOS
deficiency or inhibition or a reduction in airway inflammation
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[45-47]. We found a subtle but reproducible decrease in overall
lung inflammation in the NOS2™~ mice; however, the changes
were not statistically significant.

A large body of data supports the importance of CD28
signaling in the initiation of an inflammatory response. Blockade
of B7:CD28 engagement inhibits T-cell priming in vivo and
CD28~/~ mice fail to mount antibody responses to T-dependent
antigens [16, 22, 23, 48]. Additional data have suggested that
CD28 signaling may be important in maintaining inflammation
once established [13]. As CD28 is continuously expressed on the
T cell and B7-proteins can be induced on both immune and
nonimmune cells at the site of inflammation, the potential for
ongoing interactions exist.

During the course of an immune response, a number of
receptors are expressed by the T cell which can either activate
or inhibit function. Receptors of multiple classes may be
expressed simultaneously, requiring the T cell to integrate
potentially conflicting signals. BTLA is expressed following
activation and is required for the normal termination of a
model immune response to inhaled allergen, an inflammatory
response that is also dependent on CD28 [11, 49]. Using this
system, we explored the interrelationship of CD28 and BTLA
signaling. We generated mice deficient in both CD28 and BTLA
and tested their response to in vivo allergen challenge. Although
CD28 /™ mice fail to respond at all, somewhat surprisingly, the
CD28/ BTLA™/~ mice mounted significant lung inflammation
that was equivalent to that seen in WT mice. Thus, a simulta-
neous lack of the inhibitory receptor, BTLA, effectively rescued
the in vivo phenotype of the CD28 ™/~ mice. In contrast, however,
the T cells from the double knockout fail to respond to in vitro
activation with anti-CD3. Although the reason for this discre-
pancy has not been identified, it is likely that additional signals
present in the in vivo milieu but not recapitulated in vitro are
important. Nonetheless, this finding clearly demonstrates the
importance and interdependence of activating and inhibitory
signaling in determining the outcome of an encounter with
antigen.

Both CD28 and BTLA and their ligands are expressed on
several cell types, including hematopoietic and nonhematopoietic
cells. CD28 has been detected not only on T cells, but also on
plasma cells as well as human but not murine neutrophils and
eosinophils [13, 50-54]. However, the function in these cell types
is not well described. BTLA has multiple polymorphisms and can
be expressed by both T and B cells, as well as by dendritic cells,
macrophages and NK cells in some mouse strains [49]. The fact
that the counter-receptors for CD28 and BTLA, B7-proteins and
HVEM, respectively, can also be expressed by a variety of cell
types adds additional layers of complexity to the system. Thus,
while the model we have chosen to examine is predominantly
T-cell dependent, it is possible that the genetic and pharmaco-
logic manipulations have altered the function of a nonT-cell
population and in that manner changed the in vivo immune
response to inhaled allergen challenge. However, the observation
that the inflammation in the CD28/BTLA double knockout is
antigen specific demonstrates that T-cell recognition of antigen is

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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required, and that this is not a nonspecific inflammatory
response.

This study highlights the dynamic interplay of activating and
inhibitory signaling through CD28 and BTLA. Although mice
deficient in either CD28 or BTLA have the expected phenotype for
the loss of a costimulatory or inhibitory receptor, we found that
the simultaneous lack of BTLA and CD28 reversed the phenotype
of CD28™~ mice, restoring responsiveness to an in vivo antigen
challenge. We further demonstrated a novel, CD28-independent,
NO-dependent, mechanism of action for the immunosuppressive
drug CTLA4-Ig. This is of particular importance as this drug is
now in therapeutic use for the treatment of refractory rheumatoid
arthritis, marketed as abatacept (Orencia™, Bristol Myers
Squibb). Further studies as to how CTLA4-Ig regulates NOS
activity may provide greater insight as to the potential for
manipulation of these pathways as treatment for immune medi-
ated disease.

Materials and methods

Mice

BTLA™/~ mice on the C57BL/6 background were obtained from
K. Murphy (Washington University, St. Louis, MO, USA).
CD28 /" mice on the C57BL/6 background were originally
obtained from C. Thompson (University of Pennsylvania,
Philadelphia, PA, USA). Mice deficient in BTLA and CD28 on
the C57BL/6 background were generated by a simple cross of the
two strains and bred in our animal facility. C57BL/6 and
NOS2~/~ mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All mice were bred and housed in specific
pathogen-free facilities at Washington University School of
Medicine. All animal studies have been approved by the
Washington University Animal Studies Committee.

Antibodies

All antibodies were purchased from eBioscience (San Diego, CA,
USA), unless otherwise specified.

Allergic airway inflammation

Mice were primed and challenged with OVA, as described
previously [13, 20]. Briefly, mice received i.p. injections of OVA
adsorbed to alum on days O and 7. On day 14, the mice were
intranasally challenged with 50 uL of 2% OVA in PBS in the
morning and afternoon. Lung and BAL specimens were harvested
and analyzed as described previously [13]. Murine CTLA4-Ig
(100 ug/injection, either purchased from Sigma Chemical, St.
Louis, MO, USA, or provided by Bristol Myers Squibb, Princeton,
NJ, USA) was given by i.p. injection at the time of challenge or
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the indicated time points. In some experiments, 1-MT (Sigma
Chemical), 10mg/day, or L-NMMA (2mg/day in PBS by i.p.
injection, Sigma Chemical) were given at the time of challenge
and re-administered daily until harvest. The 1-MT was dissolved
first in 1N NaOH then diluted to a final concentration with PBS
and pH adjusted to 7.0 prior to i.p. injection. Each experiment
consisted of at least five mice per group and has been repeated a
minimum of three times. Representative data from one experi-
ment are shown.

Proliferation assays

Splenocytes were isolated by density gradient centrifugation
over Lympholyte M (Accurate Chemical, Westbury, NY, USA)
and then plated at 1 x 10° cells per well and stimulated with
anti-CD3 alone or in combination with anti-CD28 (1.0 pg/mL)
or CTLA4-Ig (10pg/mL). Replicate wells were stimulated
with PMA (5ng/mL) alone, PMA plus ionomycin (0.1 pg/mL),
or PMA plus anti-CD28. Quadruplicate wells were plated for
all conditions. After 48h, the cultures were pulsed with
tritiated thymidine (CH-TdR, 1pCi/well) overnight then
harvested onto glass microfiber filters and counts determined
by liquid scintillation counting. Data presented are the mean of
the quadruplicate wells + standard deviation. All experiments
have been repeated a minimum of three times and representative
data presented.

Statistical analysis

All data presented is the mean + SD of independent replicates.
All statistics were analyzed using a two-tailed Student’s T-test
with Microsoft Excel software (Microsoft, Seattle, WA, USA).
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Supplemental Figure 1: The in vivo response of BTLA/CD28-double deficient mice is

antigen specific: C57BL/6 or BTLA/CD28-double deficient mice were sensitized with either

OVA or HEL adsorbed to Alum as indicated and then given an inhaled challenge of either OVA

or HEL. Samples were collected 3 days following challenge. Total BAL cell number and

differential analysis is shown (mean +/- std dev). N=5 mice in each group.
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Supplemental Figure 2: CTL4Ig inhibits priming by a CD28 dependent, NOS2

independent mechanism. Mice of each genotype were sensitized and challenged with OVA

and administered either no CTLA4Ig at any point, or received CTLA4Ig during priming only or

at the time of challenge only. Specimens were collected 72 hours following inhaled challenge.

A) Schematic of the experimental protocol. B) representative lung sections from each group of

mice. N=5 mice per experimental group.





