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Chapter

CD28 and ICOS: similar or separate costimulators
of T cells?

Miranda E. A. T. van Berkel and Mariétte A. Oosterwegel

Department of Immunology, University Medical Center Utrecht, The Netherlands

Summary
Numerous studies have revealed that the B7.1/B7.2 - CD28 and B7RP-1 - ICOS (Inducible

COStimulator) pathways provide crucial costimulatory signals to T cells. We have compared
the contribution of these pathways during primary and effector responses, in vitro and in
vivo, molecularly as well as functionally. This comparison between CD28 an ICOS after
initiation of T cell activation demonstrates that both CD28 and ICOS function similarly
during expansion, survival and differentiation of T cells and that both CD28 and ICOS are
necessary for proper IgG responses. The major differences between CD28 and ICOS are
differences in expression of both receptors and ligands, and the fact that CD28 induces IL-2
production, whereas ICOS does not. In addition, ICOS is more potent in the induction of IL-
10 production, a cytokine important for suppressive function of T regulatory cells. All data
available at present indicate that both molecules are very suitable candidates for
immunotherapy, each in their own unique way.

Immunol.Lett. (2006): in press




Chapter 1

Introduction

Antigen (Ag)-specific recognition by the
TCR receptor is not sufficient to activate T
cells. In addition, signals provided by
costimulatory molecules are mandatory for
optimal T cell activation. An appropriate T
cell response requires optimal balance
between activatory and inhibitory signals.
the last decade,
molecules belonging to the B7-family of

Over a number of
costimulators has been discovered that can
conduct either positive or negative signals
in addition to the Ag-specific signal into T
in Ref. 1). The best
characterized ligand-receptor pairs are
B7.1/B7.2 (CD80/CD86)-CD28/CTLA-4
(CD152). Being expressed on naive T cells,

cells (reviewed

CD28 is the only activating receptor of the
B7-family for these T cells. CD287 mice
revealed pronounced

immune defects,

clearly evident in diminished T cell
dependent humoral responses (2). CTLA-4
(cytotoxic T lymphocyte antigen-4) is
rapidly upregulated after T cell activation
and serves as an attenuator for T cell
responses (3). Both receptors bind to
ligands B7.1 and B7.2 expressed on the
antigen presenting cell (APC), albeit with
different and with different
kinetics. Another important costimulation
ligand-receptor pair is B7RP-1 (ICOSL, B7h,
B7-H2, GL50)-1COS (Inducible
COstimulator). The phenotype of ICOS”
mice showed striking resemblance to that of
CD28” mice,
costimulatory function for T helper effector
functions and T:B cell help (4-6).

Other

costimulatory family of molecules include

affinities

suggesting an important

members of the B7

the negative regulators PD-1, with its
ligands PD-L1 (B7-H1) and PD-L2 (B7-DC),

and the recently discovered CD28
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to be
discovered ligand (7-10). In addition, two
novel B7 homologues B7-H3 (B7RP-2) and
B7-H4 (B7x, B7S1), both binding to an
unknown receptor on T cells have been

homologue BLTA with a yet

described to attenuate T cell responses (11-
14). Next to
costimulatory

members of the B7-

family, other surface
molecules have also been found to provide
costimulatory signals in addition to the
TCR, such as TNF-related family members
(CD27, 4-1BB, CD40L), adhesion molecules
(LFA-1, CD2) or CD4 (15-17). The eventual
activation state of the T cell is dependent on
the accumulation and net result of all
activatory and inhibitory signals. With an
abundance of both positive and negative
costimulators of T cells it is of great interest
to understand the contribution of each
ligand-receptor pair to a T cell response and
whether they have distinct or overlapping
functions. In this review we focus on
comparing two activatory receptors of the
B7-family, CD28 and ICOS.

Within the B7-family, CD28 and ICOS
are most homologous with respect to
structure and function. Both are type I
transmembrane receptors expressed as
homodimers, with an extracellular (Ig)V-
like domain, a hallmark of receptors of the
B7 related family. CD28 and ICOS share
19% (murine) and 24% (human) amino acid
(AA) homology (18, 19), which is common
among all functionally related members of
this family. Moreover, the ICOS and CD28
genes are located on the same chromosome
adjacent to each other, which suggests that
gene duplication has occurred in evolution
(20-22). Next to the clear immune defects
observed in the single knockout mice,
in CD28-ICOS double

knockout mice demonstrated even more

recent studies



profound compromised T cell responses.
Mice defective for both pathways
showed severely impaired humoral
responses against virus, protein antigens
(Ags) and environmental Ags (23),
indicating that both CD28 and ICOS
together are mandatory to drive an in vivo T
cell dependent B cell response. Although
the function of ICOS and CD28 on CD8* T
cells is well established, this review focuses
on the differences and similarities between
CD28 and ICOS with respect to their role in

a CD4* T cell response.

B7.1/2-CD28 and B7RP-1-1COS

expression in space and time
One way to control the function of

costimulatory molecules in T cell activation
is to tightly regulate their expression. An
important difference between CD28 and
ICOS is their expression pattern. In both
mice and humans, CD28 is constitutively
expressed at constant levels on both naive
and activated T  cells, as well as
differentiated T cells. In humans, only one
specific subpopulation of Ag-experienced
CD4* T cells lack expression of CD28 (24,
25). Compared to CD28, ICOS expression is
more variable. ICOS expression is low on
naive human and murine cells and is
upregulated within hours after TCR
engagement (18, 19, 26). After activation,
ICOS
activated as well as memory Thl and Th2
CD4* T cells (27, 28). In addition to the TCR
signal, cytokines such as IL-2 and IL-4 in
murine T cells, and IL-12 and IL-23 in
human T cells can further enhance ICOS
Although CD28
coligation is not necessary for induction of

expression persists on recently

expression (29, 30).

ICOS expression, it can promote ICOS
levels (31, 32). Of note, ICOS expression

ICOS and CD28 compared

appears to be higher on Th2 CD4* T cells
compared to Thl CD4* T cells (26, 27). Ex
vivo, the levels of ICOS expression correlate
with a cytokine production pattern;
peripheral T cells are either IL-10 producing
(high ICOS), IL-4, IL-5 and IL-13 producing
(medium ICOS) or IL-2, IL-3, IL-6 and IFN-
ICOS)  (33).

Interestingly, this is in concordance with the

Y producing cells (low

recent finding that ICOS expression is high
on IL-10 producing regulatory T cells
(Treg), which require presence of ICOS for
optimal regulatory function (34, 35).

The expression of the B7 ligands is
tightly and differentially regulated. B7.1
and B7.2
professional APCs, e.g. immature dendritic

expression is restricted to
cells (DCs), monocytes, macrophages, and B
cells. B7.2 is, unlike B7.1, constitutively
expressed at low levels on B cells,
and DCs (36-38).

activation by different kinds of stimuli both

monocytes Upon
B7.1 and B7.2 are upregulated, although
B7.2 expression is more rapidly enhanced
compared to B7.1. Like B7.1/2, B7RP-1 (the
ligand of ICOS) can be
macrophages and monocytes (39, 40). In
to B7.1/2, B7RP-1 is highly
expressed on immature DCs and B cells and

induced on
contrast

can even be downregulated upon
stimulation with bacterial stimuli and BCR
signaling or IL-4 respectively (41, 42).
B7RP-1

restricted to haematopoietic cells. It can be

Moreover, expression is not
induced on fibroblasts and epithelial cells
after addition of inflammatory stimuli such
as LPS, TNFa and IL-13 (43, 44). In
conclusion, B7-CD28 and B7RP-1-ICOS
receptor pair show distinct expression
profiles, some of which may account for the
functional differences described below.

11



Chapter 1

CD28 and ICOS intracellular tails

compared
TCR triggering provided with appropriate

costimulation initiates a series of molecular
events in signaling cascades eventually
leading to gene transcription in the nucleus.
B7-related
molecules are considered to modify the
TCR than
qualitatively different signals in the cell (45,
46) (reviewed in Ref. 7). Although CD28 has
been implicated to initiate unique signaling
pathways, TCR and CD28-induced signals
converge before or at the level of the
(Fig. 1).
cascades leading to gene expression may
elucidate the function of either CD28 or
ICOS: do they each amplify unique signals
initiated by the TCR or do both molecules
amplify similar signals? Looking at binding

In  general, costimulatory

signal, rather delivering

nucleus Dissecting signaling

partners of the intracellular tails may
to which
downstream  of

provide clues as signaling

pathways are each
molecule.

The CD28 intracellular tail consists of
41 amino acids (AA) containing multiple
putative binding motifs for signaling
molecules (reviewed in Ref. 48). Four
tyrosine residues are present in the CD28
tail, which are phosphorylated upon T cell

activation. Of these tyrosine residues, one

ICOS ITC_Rl
I [
oL

CD28

==J

Vv

R
gene induction

Figure 1. Costimulatory signals converge before
or at the level of the nucleus with signals
generated by the TCR.

(Tyrl70) is embedded into a highly
conserved YxxM = (YioMNM)  motif,
consensus for Src-homology 2 (SH2)

containing proteins shared by CTLA-4 and
ICOS (Fig. 2). Furthermore, the CD28
cytoplasmic tail contains two proline rich
regions each of which conforms to the
consensus PxxP SH3 binding sequence,
which are absent in the ICOS intracellular
tail. The p85 subunit of PI3K can associate
with phosphorylated Tyrl70 within the
YMNM motif of the CD28 intracellular tail
(49). Tyr170 mediates several functions of
CD28,
survival, possibly by induction of Bcl-Xt via

such as proliferation and cell

CcD28 TAIL Y17oINMINIM Y185 Y41ss Y197
[ | I | EEE B n
P175 P178 P187 P190
Itk, Tec
= Lck
- PI3-K - Grb-2
- Grb-2
- PP2A
1ICOS TAIL Y170 Y180MFM
| [ |
- PI3-K

Figure 2. Schematic representation of murine CD28 and ICOS intracellular tails. Shown are tyrosine (Y)
and proline (P) residues that serve as docking sites for the proteins depicted.
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a PKB dependent
dispensable for IL-2 production (50). Other
molecules have also been found to associate
within the YMNM motif, such as Grb-2
(growth factor receptor bound protein-2)
and phosphatase PP2a. In the CD28 tail,
Aspl172 (N) and the proximal proline rich

pathway, but is

region are mandatory for SH2- and SH3
domain association of Grb-2 respectively
(51). Grb-2 is complexed to Sos (son of
sevenless), an activator of RAS, and is
involved in IL-2 production (51). The
with the
unphosphorylated Tyr170 and is implicated

phosphatase PP2a associates

to negatively regulate CD28 signaling (52).
The CD28 COOH terminal PYxPP motif
ascertains binding of SRC-family kinase Lck
(53), mediating tyrosine phosphorylation of
CD28 itself thereby facilitating binding of
PI3K, Grb-2 and activation of Itk (IL-2
inducible T cell kinase) (54, 55). Moreover,
Itk itself and Tec (Tyrosine kinase expressed
in hepatocellular carcinoma) physically
associate with the proline motifs in the
CD28 intracellular tail, which regulate a
variety of downstream events through
activation of PLC-y1 and Erk (56). Both Itk
and Tec could be mediating signals leading
to T helper cell differentiation, since the
PYXPP region proved to be essential for IL-4
and IFN-y production in primary T cells
(57). Interestingly, this proline-rich region
in the CD28 intracellular tail appeared to be
CD28
development of Treg in the thymus (81).
The intracellular tail of ICOS is
shorter (21 AA) compared to the CD28 tail
and contains two tyrosine residues of which
one (Tyrl80) lies within the YxxM
(Y1soMFM) motif. Like CD28,
phosphorylation of Tyr180 leads to
PIBK, although the

mandatory for the induced

recruitment  of

ICOS and CD28 compared

implication of this interaction remains to be
determined (27). The one AA difference at
position three between CD28 and ICOS in
the common YxxM motif was implicated to
explain the lack of IL-2 production upon
ICOS signaling, since no Grb-2 could be
recruited to this motif in the ICOS tail (58).
Recently, we have identified a novel
binding partner of both ICOS and CD28,
Hax-1, which is important in CD28 induced
IL-2 production
preparation). The binding to both ICOS and
CD28 intracellular tails suggests a common

(manuscript in

role for Hax-1 in enhancement of the TCR
signal, perhaps potentiated further by Hax-
1 association to HS-1, a molecule involved
in TCR signaling (59). Compared to CD28,
ICOS is devoid of the distal region present
in the CD28 tail, which encompasses the
three additional
tyrosine residues and consequently the

proline rich regions,
associating molecules.
Despite differences in intracellular
associating molecules, common signaling
pathways are shared by CD28 and ICOS in
peripheral T cells. Phosphorylation of
Erk1/2, PKB, PDK1 and p38 occurs after
CD28 stimulation as well as after ICOS
stimulation,  possibly  through  PI3K
activation (60). In contrast, JNK (Jun N-
terminal kinase) is not activated upon ICOS
signaling, which might be consequence of
the lack of Grb-2
correlates with the difference between
CD28 and ICOS in the induction of IL-2,

since JNK activation leads to activation of

recruitment. This

protein-1 (AP-1) complex, a transcription
complex  required for IL-2  gene

transcription (61).
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Genes induced by CD28 and ICOS by ICOS compared to CD28 in murine CD4*
What are the consequences of these similar T cells (Fig. 3) or human CD4* T cells (46).
downstream pathways: are similar genes or ~ Genes upregulated by ICOS were very
a distinct array of genes induced by the two similar to genes upregulated by CD28 both
different receptors? Using gene profiling in human and in murine stimulated CD4* T
studies, we and others have investigated  cells. In general, the magnitude of

target genes that are differentially regulated upregulation of genes by ICOS was less

signal intensity aCD3+alCOS

signal intensity aCD3+aCD28

Figure 3. Gene expression profiles after ICOS and CD28 costimulation of CD4* T cells. Purified murine
CD4* T cells were isolated from lymph nodes and stimulated with aCD3-aCD28 Ab-coated beads and
aCD3-alCOS Ab coated beads for 24 hours. For optimal expression of ICOS, IL-2 was added to the
cultures. nRNA was amplified and microarray analysis was performed as described by Roepman et al.
(90). Cy3 and cy5 labeled cRNAs were combined and hybridized on spotted microarrays (Operon,
AROS Mouse Version 3). Data shown is average of 4 independent experiments each of which was
performed with dye-swap as described (91). Indicated is the diagonal line at which the genes regulated
are similar and perpendicular to that 2-fold changed. Grey dots represent the genes significantly
changed (analyzed with SAM-oneclass over the 4 averaged dye-swaps (92). Depicted with arrows are
the genes reproducibly more than 2-fold upregulated or downregulated by aCD3-aICOS compared to
aCD3-aCD28 with a false discovery rate of less than 5%. H2-Dma: Class II histocompatibility antigen,
m alpha chain precursor; Samhdl: SAM domain and HD domain-containing protein 1; Lyé6c:
lymphocyte Ag 6c; Tgtp: T-cell specific GTPases; Gbp2: Guanylate nucleotide binding protein 2;
Ms4a4b: Membrane-spanning 4-domain-a-6b; IL-2: Interleukin-2; Pim2: serine/threonine-protein kinase
Pim-2; Lad-1: Ladinin-1; Tfrc: Transferrin receptor protein-1; Sh2d1a: SH2 domain protein-1a.
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compared to CD28. In human CD4* T cells,
only IL-2, IL-9 and ICOS itself were
upregulated to a greater extend by CD28
compared to ICOS. In murine CD4* T cells,
only six genes were positively regulated in
aCD3-aCD28 compared to aCD3-aICOS
stimulated cells, among which IL-2 was
most pronounced (average of 10-fold
increase) (Fig. 3). For ICOS costimulated
cells, six to eight genes were reproducibly
induced at a 2- to 3-fold higher level
compared to CD28 stimulated cells. One
should bear in mind that the approach of
comparing aCD3-alCOS with
aCD3-aCD28 stimulated cells in gene array

directly

analysis does not distinguish between genes
that remain similar after aCD3-aCD28
stimulation and upregulated after aCD3-
aICOS or genes that are downregulated by
aCD3-aCD28 and remain similar in aCD3-
aICOS stimulated cells. Nevertheless, these
data are in accordance with data published
which indicate that
upregulation of many downstream target
genes are shared between CD28 and ICOS,
and that IL-2 is one gene that is specifically
regulated by CD28 (46). In conclusion, other
than the marked difference in IL-2 gene

by Riley et al,

induction, the differences in the
intracellular tail between ICOS and CD28
seem to result only in differential
magnitude of gene expression. Whether
similar regulation of genes also results in
similar functional consequences of ICOS
triggering compared to CD28 ligation will

be discussed next.

CD28 and ICOS: in vitroT cell response
Subsequent to the gene profiling, we have

studied CD28 and ICOS function in vitro.
CD28 is the major activator of naive T cells
resulting in high proliferative capacity, IL-2

ICOS and CD28 compared

production and induction of cell survival.
This is most clearly seen in CD28-deficient
T cells, which are refractory to T cell
proliferation in response to Ag in the
presence of APCs (2, 62, 63). ICOS deficient
T cells have no such obvious impairment,
although
proliferative capacity in splenic cultures
with anti-CD3 Ab (6, 64). Conversely,
murine T cells proliferate when stimulated

some  report  diminished

via TCR and agonistic ICOS signals, but
only in the presence of supplemental IL-2
(31). In contrast to murine cells, human
peripheral T cells can readily be activated in
vitro by co-crosslinking the TCR and ICOS
simultaneously  resulting in T cell
proliferation (65). Vice versa, blocking ICOS
results in reduced T cell proliferation, even
though blocking CD28 is more effective
(40).

Next to induction of proliferation,
ICOS has been implicated to contribute to T
cell survival. Cell death was decreased
when T cells were stimulated through the
TCR and ICOS simultaneously (65, 66). We
have demonstrated that ICOS stimulated
cells are equally viable as CD28 stimulated
cells, again indicating a role for cell
survival. In addition, we have shown that
ICOS induces similar expression of the cell
survival genes Bcl-Xt and A1, like observed
after CD28 ligation, which could be a
prerequisite for the induction of cell
survival (manuscript in preparation).

On recently activated T cells, where
ICOS and CD28 are both highly expressed,
ICOS and CD28 induce similar amounts of
cytokines, indicative for T cell
differentiation. In vitro costimulation with
either CD28 or ICOS results in cytokine
production characteristic for T helper

subsets such as IFN-y, TNFa (Thl) and IL-

15
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4, IL-10, IL-5, IL-13 (Th2) and IL-17 (Th17)
(19, 67). Conversely, T cells from CD28"
and ICOS* mice are defective in production
of both Thl and Th2 restricted cytokines,
although the IL-4
pronounced in both. Interestingly, ICOS

defect is most
was found to superinduce IL-10 in human
peripheral T cells and IL-10 was also
produced by murine T cells expressing high
levels of ICOS (19, 33). In addition, T cells
from ICOS-deficient patients show a severe
reduction in IL-10 production in response to
different stimuli, suggesting a crucial role
for ICOS in IL-10 production (68).

Taken together, induction of in vitro
proliferation, cell survival and
differentiation are features that are shared
by ICOS and CD28. CD28 is crucial for IL-2
production, while ICOS is implicated in IL-
10 production. Although this is informative
about the function of these molecules in
CD4* T cells, the contribution of each
molecule to an in vivo response complexed
by the interplay between different cell types
is still not clear.

CD28 versus ICOS /in vivoT cell-

dependent immune response
A primary T cell dependent response

encompasses initiation by TCR-mediated
recognition of the foreign Ag presented by
the APC, followed by T cell expansion and
differentiation. Subsequently, during the
effector phase, differentiated CD4* T helper
cells migrate to the germinal centers and
provide necessary help to B cells so that IgG
production and isotype switching can
occur. Both CD28 and ICOS have been
extensively studied during the course of
such an in vivo response. Yet, most studies
report the end result of the response, which
is an accumulation of all prior events.

16

Therefore, we made an effort to dissect the
roles of CD28 and ICOS during different
stages of a specific T cell dependent
immune response.

As we have described above, both
ICOS and CD28 mediate T cell expansion in
vitro. The role for CD28 during in vivo T cell
expansion has been well established (1). In
addition, several in vivo studies support a
role for ICOS in T cell expansion. We
demonstrated diminished T cell expansion
in vivo after blocking ICOS in CTLA-47
mice, although this was less effective
compared to CD28 blocking agents (31).
ICOS
reduced T cell numbers in response to

Similarly, blocking resulted in

bacterial Ags and allo-Ag and clonal

expansion was diminished during the
initiation phase of an immunization (69-71).
In addition, continuous ICOS triggering by
B7RP-1 induces CD4* T cell expansion in
vivo in terms of activation and T cell
numbers (18, 19, 72). Taken together, next to
CD28, also ICOS plays a role in T cell
expansion in vivo, which consequently
affects differentiation and effector functions
of CD4* T cells.

Numerous in vivo studies have shown
that defective CD28 and ICOS during the
course of an immune response exacerbated
both Thl and Th2 related diseases (1).
Although originally ICOS was identified as
a costimulatory molecule for Th2 cells,
ICOS does not appear to act uniquely in
Th2 cells. Rather, Th2 driven responses in
general seem to be more dependent on
costimulation than Th1 responses (73). Both
CD28 and ICOS deficient mice have
difficulties in forming functional germinal
centers during infection with viruses or
bacterial substances. Mice that are defective
for the B7/CD28 pathway do not form GCs



and fail to induce substantial levels of IgG
(2, 74, 75). Although primary germinal
centers are formed in B7RP-1/ or ICOS"
mice, they are smaller in size than GCs
formed in wild type mice and fail to
develop into large secondary GCs (76, 77).
This is accompanied by a reduction in
serum IgGl and IgG2a. Intestinal GCs, the
Peyers patches, do develop in ICOS” mice,
but also have a smaller diameter (78). The
diminished capacity to drive a Th1 and Th2
mediated humoral response in the absence
of ICOS and CD28 could either be a direct
effect on Th differentiation or T:B cell help
or indirectly be caused by the effect on T
cell expansion. Most interestingly, as a
result of disruptive germinal center
reactions, ICOS-deficient patients suffer
from severe hypo-gammaglobulemia, and
disturbed B cell homeostasis leading to
recurrent bacterial infections: a common
variable immunodeficiency phenotype (68).
T cell homeostasis seems not to be affected
in these patients, but a decrease in IL-10
production may contribute to the poor
germinal center formation. These data
support a crucial role for ICOS in humoral

responses.

Regulatory T cells

The importance of CD28 and ICOS during
an in vivo immune response could also arise
by their function in a relatively small subset
of peripheral T cells, called regulatory T
cells (Treg). This subset of T cells not only is
indispensable for the maintenance of T cell
tolerance

against self-Ags but also

suppresses immune responses against
microbes invading or cohabiting the host
79, 80).

compelling evidence arose for a role of

(reviewed in Refs. Recently,

CD28 in the development of regulatory T

ICOS and CD28 compared

cells. CD28 is essential in the development
and maintenance of regulatory T cells by
the induction of regulatory T cell related
genes FoxP3 and GITR in thymocytes (81-
84). Regulatory T cells that are defective for
CD28 have a
function, of which the residual function was

diminished regulatory
demonstrated to be dependent on ICOS in
model (85).
Moreover, ICOS expression is high on
regulatory T cells and block of ICOS
function on these cells abrogates their

an experimental colitis

regulatory capacity in diabetic lesions (35),
and an allergic asthma model (34), possibly
through lack of inhibitory IL-10 production.
So, although CD28 is mandatory for Treg
development in the thymus, both CD28 and
ICOS function in the periphery to maintain
regulatory T cell function.

ICOS versus CD28 in immunotherapy

B7-costimulatory molecules form attractive
targets for immunotherapy because they
can be used either to enhance or inhibit
antigen specific T cell responses. Blocking
either CD28 or ICOS, or both of these
costimulatory molecules can be beneficial
when inhibition of aberrant immune
activation is desired. In wvivo block of
B7:CD28 interaction has been shown to
prolong graft survival and suppress
autoimmunity as was also observed when
ICOS: B7RP-1 interaction was inhibited
(reviewed in Refs. 1 and 86). One should be
cautious, however, since the dual role for
both  costimulators in activation of
conventional CD4* T cells and activation of
suppressive Treg may have opposite effects,
potentially resulting in the induction of
even greater T cell activation (84, 87, 88).
Vice versa, boosting the immune response

via either CD28 or ICOS could have a
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potentiating effect on otherwise insufficient
immune responses such as anti-tumor
responses Or responses in immune-
compromised individuals. For instance,
vaccine non-responders could benefit from
enhanced CD28 or ICOS-mediated
costimulation.

Recently, another level of immune
activation was found for CD28:B7
interactions. Agonistic signals through B7
on DCs could reduce suppressive Treg
activity, presumably via IL-6 induction (89).
The choice of targeting ICOS or CD28 may
be influenced by the pathogenic T cell
population involved. Since a subset of
human memory T cells does not express
CD28, targeting memory cells through
ICOS is more favorable, while naive T cells
benefit more from CD28 directed targeting.
In  conclusion,  with  respect to
immunotherapy both CD28 and ICOS are
promising targets each having a unique
applicability and potential depending on
the T cell subset targeted.
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Chapter 2

B7-related costimulatory molecules
In addition to signals generated through

MHC-Ag recognition by the TCR, T cells
require additional costimulatory signals to
become fully activated. The family of B7

group
molecules belonging to the Ig-superfamily

costimulatory molecules is a

that consist of positive and negative
costimulators of T cells (Fig. 1). The
contribution of each of these costimulation
ligand-receptor pair to either enhancement
or suppression of a TCR-driven T cell
response is discussed in more detail below.

Negative costimulators: CTLA-4, PD-1,
BLTA

Negative costimulatory molecules can
suppress T cell responses on two different
levels: they either prevent unwanted T cell
responses by maintaining a tolerogenic

state in the T cell or they inhibit ongoing T

B7.1 or B7.2 =P— CD28 +
B7.1 or B7.2 ===

)————| ICOS +

CTLA-4 =

B7RP-1

PD-L1/2 =.]-— PD-1 -
? =8 |BTLA -
B7-H3 m==f))

? -

B7-H4

APC T cell

Figure 1. Schematic representation of members
of the B7-costimulatory family. B7-ligands are
expressed on the APC and their respective
CD28-like receptors on the T cells. Indicated are
the signals generated in the T cell after
interaction of the receptor with its respective
ligand.
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cell responses once the Ag is cleared.
CTLA-4 is by far the most potent attenuator
of T cell responses (1, 2). As the inhibitory
counterpart of CD28, it also associates with
B7.1 and B7.2. Its expression is low on naive
T cells, is readily wupregulated after
activation (3), and is constitutive on
regulatory T cells (4). Ligation of CTLA-4
can result in inhibition of T cell responses
several mechanisms:
with TCR
costimulation signaling, by competing with
CD28 for B7 ligand binding, and/or by
delivering negative signals in the DC
through B7.1/2 (5-7). The inhibitory function
of CTLA-4 is most clearly seen in CTLA-4-

deficient

using by direct

interference signaling or

mice that display massive
expansion of the T cell pool (8). The
aberrant T cell activation in CTLA-4-
deficient mice might be caused by two
different mechanisms. First, CTLA-4/- T
cells hyperproliferate in the absence of its
inhibitory signals (9, 10). In addition, the
lack of CTLA-4 could release tolerogenic
signals in the naive T cell to self-antigens,
which is either cell intrinsic or by means of
CTLA-4 function on suppressive regulatory
T cells. CTLA-4 highly

expressed on this subset, it proved to be

Not only is

essential for execution of the suppressive
effect of Treg on pathogenic T cells (4, 11).

CTLA-4, PD-1
(programmed cell death 1) is a less potent

Compared to

inhibitor of T cell activation. Unlike other
CD28 homologues PD-1 expression is not
limited to activated T cells but is also
present on recently stimulated B cells and
myeloid cells (12). Two ligands have been
identified for PD-1; PD-L1, which is present
on a diversity of cell types (including cells
of non-haematopoietic origin) and PD-L2 of
which the expression pattern is limited to



DCs and a subset of macrophages (13-15).
Depending on the mouse strain, mice
PD-1  exhibit mild
splenomegaly and develop spontaneous

deficient for

autoimmune disorders after a period of
time, like arthritis and glomerulonephritis
(C57/Bl6) or (16) the
cardiomyopathy and can accelerate onset of
diabetes in NOD mice (17-19). Recently, an
important attenuating function of PD-1 on

more acute

viral specific CD8* T cells during chronic
LCMYV infection was described, implicating
a specific function of PD-1 on CD8* T cells
(20).

The last negative regulatory receptor
of this family discovered so far is called B
(BLTA),
reflected molecularly by a two ITIM

and T Ilymphocyte attenuator
containing cytoplasmic tail (21). The
expression of BLTA is induced after
activation, persists during differentiation
and is maintained only on Thl-
differentiated T cells. Recently, a non-B7
like molecule, herpus virus entry mediator,
(HVEM) was identified as a ligand for
BLTA (22). HVEM is expressed on resting T
cells and downregulated upon activation. In
vitro, T cells lacking BLTA show enhanced
proliferation compared to wild type T cells.
Like CTLA-4/ and PD-17 mice, mice
deficient for BLTA are more susceptible to
the induction of auto-immune disease (21).
BLTA
compared to the other negative regulators
of T cell to be
determined.

For two novel B7-like ligands, B7-H3
and B7-H4 (B7x, B7S1), which attenuate T

cell function, no counterreceptor has been

The relative contribution of

activation remains

identified yet. B7-H4 is broadly expressed,
with expression on professional APC as
well as on non-lymphoid tissue (23, 24). In
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contrast, B7-H3 expression is restricted to
activated DCs and monocytes (25-27). Their
counter-receptor is not present on naive T
cells, but is upregulated after activation.
Discovering its ligand(s) and expression
pattern will shed more light on the
regulation of this receptor ligand-pair and
the relative contribution to inhibition of T
cell activation compared to BLTA, PD-1 and
CTLA-4.

Positive costimulators
Since the cloning of CD28, only ICOS as a

CD28

costimulator activity has been identified

homologue with positive
(both discussed in chapter 1). However,

several clues in literature point to
additional positive regulatory molecules,
yet to be identified.

First, next to the negative signal via
PD-1 ligation, both PDL-1 and PDL-2 can
also positively costimulate T cells in terms
of T cell proliferation and mainly IL-10 and
IFN-y production, respectively (14, 28, 29).
More substantial evidence was provided by
Wang et al., who demonstrated that both
ligands mutated for the PD-1 binding
domain could still activate T cells (30). In
fact, T cells deficient for PD-1 remained
sensitive to PDL-1 and PDL-2 stimulation
(29, 30). Whether indeed
counterpart of PD-1 exists, similar to CD28
and CTLA-4, remains to be determined.

Second,

a positive

several laboratories have
provided evidence for a novel CD28-like
molecule, with binding capacity to B7.1 and
B7.2. Not only could CD28-CTLA-4 T cells
be stimulated with B7 in wvitro, also B7
blockade in mice deficient for both CD28
and CTLA-4 significantly prolonged graft
survival (31, 32). Moreover, although

blockade of CD28 could inhibit generation
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of Ag-specific T cells in vivo, blocking both
B7.1/2 simultaneously was more effective
(33). This strongly indicates the existence of
a third unidentified receptor that binds B7.1
or B7.2. Also, this third receptor might be
more important in later stages of the
immune  response, since secondary
responses in terms of Ab production was
much more diminished by the block of

B7.1/2 compared to the block of CD28 (33).

Scope of this thesis
It is well established that CD28- and ICOS-

mediated costimulation are crucial for an
optimal T cell dependent immune response.
Within the family of B7 costimulatory
molecules, ICOS resembles CD28 function
the most (discussed in detail in chapter 1).
This thesis
function of CD28 and in the induction of

addresses the differential
CD4* T cell expansion, survival and B cell
help. In chapter 3 the role for ICOS in clonal
expansion of T cells in an in vivo T cell
proliferation model, the CTLA-4/ mice is
investigated. It is shown that next to CD28,
ICOS provides important signals for the
expansion of the murine CD4* T cell pool in
vivo and in vitro. In chapter 4 evidence is
provided for ICOS-induced cell survival in
human CD4* T cells via mechanisms similar
to those induced by CD28. A possible new
intracellular binding partner for both CD28
and ICOS is discussed. Lastly, the role of
ICOS and CD28 in the generation of
protective Abs is addressed in an in vivo
vaccination model in chapter 5. We have
ICOS- and CD28
together account for the adjuvant activity of
wild type H44/76 LPS and less toxic variant
IpxL1 LPS in terms of N. meningitidis-

demonstrated that

specific IgG production. Moreover, ICOS-
mediated costimulation predominates in

28

the adjuvant activity of IpxL1 LPS compared
to CD28-mediated costimulation. In chapter
6 the contribution of a putative B7.1/2
binding CD28 homologue in an allergic
airway hypersensitivity model is explored.
In the last chapter, chapter 7 the implication
of our findings are discussed in the context
of a T cell dependent immune response.
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Summary

Both CD28 and Inducible Costimulator (ICOS) are important costimulatory molecules that
promote Ag-specific cellular and humoral immune reactions. Whereas CD28 is generally
thought to be the most important molecule in the initiation of a T cell response, ICOS is
considered to act during the effector phase. We have investigated the contribution of ICOS to
T cell responses in the absence of CTLA-4 mediated inhibition. Mice lacking CTLA-4, which
show spontaneous CD28 mediated CD4* T cell activation, expansion and differentiation,
were treated with antagonistic alCOS antibodies. Blocking the interaction between ICOS and
its ligand B7RP-1 significantly reduced this aberrant T cell activation and caused a reduction
in T cell numbers. In vitro analysis of CD4* T cells from treated mice revealed that ICOS
blockade significantly reduced Thl differentiation, while Th2 differentiation was only
moderately inhibited. Further in vitro stimulation experiments demonstrated that ICOS is
able to induce proliferation of murine CD4* and CD8* T cells, but only in the presence of IL-2.
These results indicate that ICOS is not only important for T cell effector function, but also
contributes to the expansion phase of a T cell response in the presence of CD28 signaling.

J. of Immunol. (2005) 175:182-188
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Introduction

For an optimal T cell response a
combination of signals generated by the Ag-
(TCR) and

costimulatory molecules is required. One of

specific T cell receptor

these is CD28, which is considered to be one
of the

molecules during the onset of a T cell

most important costimulatory
response. Ligation of CD28 with its ligands
B7.1 and B7.2 can initiate T cell activation
and production of IL-2 (reviewed in refs. 1,
2). Mice deficient for CD28 have disrupted
primary T cell responses, which is reflected
by reduced proliferative capacity, and a
higher sensitivity to cell death (3-5). In
addition, CD28 is important for CD4* T cell
differentiation toward Th2, as shown in
several disease models (reviewed in refs. 1,
2, 6). Although the requirement for CD28 in
CD8* T cell responses seems to be less
profound, defects in antiviral responses
have been observed in the absence of CD28
(3, 7-9).

Similar functions have been described
for the CD28 homologue ICOS (10-15).
However, CD28 and ICOS differ in kinetics
of expression, such that CD28 is constantly
expressed on all T lymphocytes, whereas
ICOS is enhanced after T cell activation (10,
11, 16). Like CD28, ICOS is required for
both Thl and Th2 development, being most
indispensable  in  ongoing  immune
responses (17-21). This, together with the
fact that ICOS triggering does not induce
IL-2 production (11, 22), has led to the idea
that ICOS is mainly important during the
effector phase of the T cell response. Yet,
there is evidence that ICOS can also support
expansion of CD4* and CD8* T cells. In vitro,
co-crosslinking the TCR and ICOS initiates
CD4* T cell activation, as monitored by the
induction of T cell proliferation (10, 11).

32

Furthermore, primary CD4* T cell responses
are diminished in the absence of ICOS
signaling (14, 23). In addition, continuous
stimulation of ICOS causes an enhanced
cellular response in vivo, in terms of
activation and cell numbers (10, 24).
Although the function of ICOS on is most
studied on T helper cells, the importance of
ICOS on cytotoxic T cells is also starting to
become clear. Antitumor  responses
mediated by CD8" T cells could be
enhanced by ICOS (25, 26, 27). Moreover,
expansion of CD8* T cells in an allograft
rejection model was decreased after
blocking ICOS (28, 29). In contrast, ICOS is
not required for a prominent primary
antiviral response (18, 19).
CTLA-4 (CD152), the
receptor that opposes CD28, also binds B7.1

inhibitory

and B7.2 and serves to downregulate T cell
activation (30, 31). This is most clearly seen
in mice that lack CTLA-4. These mice
display
expansion of the CD4* and CD8* T cell pool,
which is considered to be driven by auto-
antigens (32). The CD4* T cells present in
these mice are differentiated, mostly into
Th2 type CD4* T  cells. The
lymphoproliferative phenotype is

severe T cell activation and

dependent on signals generated by CD28§,
because abrogating CD28 and B7.1/B7.2
interaction by gene targeting or blocking
agents completely abolishes this aberrant T
cell activation (33-35).

Because CD28 and ICOS function
similarly in many ways, we questioned
which part of the elicited T cell activation
and differentiation in CTLA-4" mice could
be attributed to signals generated by ICOS.
Therefore, the ICOS-B7RP-1 interaction was
blocked using an antagonistic antibody
(Ab) in mice deficient for CTLA-4. The



aberrant T cell activation and high T cell
numbers normally observed in mice lacking
CTLA-4 were reduced by abrogating ICOS
signaling, indicating a role for ICOS in T
cell expansion. This observation is
supported by in vitro studies where ICOS
can initiate T cell expansion by induction of
cell cycle progression in the presence of
exogenous IL-2. So, in the presence of a
CD28 signal, ICOS contributes to expansion

of primed T cells.

Materials & methods

Mice and treatment

Mice deficient for B7.1, B7.2 and CTLA-4
(CTLA-4+ B7.1/B7.2") (34) and CTLA-4"
(32) on a 129/SvS4Jae background, were
kindly provided by A. Sharpe (Brigham and
Women’s Hospital, Boston, MA). C57BL/6
wild type mice were purchased at Harlan.
All mice were bred under specific pathogen
free conditions, housed in accordance with
institutional ~ guidelines of  American
Association of Accreditation of Laboratory
Animal Care (AALAC). In experiments
neonatal CTLA-47 mice were used. These
mice were treated from birth with 10 ug per
gram body weight antagonistic alICOS Ab
(clone 12A8) or 4 ug per gram body weight
murine CTLA-4-Ig (kind gift from A. Coyle,
Millennium Pharmaceuticals, Cambridge),
which were injected i.p. on alternating days
for a period of 14 days. CTLA-47 B7.1/B7.27
mice were used in experiments at 6-8 weeks
of age and treated with 100 ug of agonistic
aCD28 Ab PV-1, kindly provided by C.
Broeren (University of Utrecht) (36). aCD28
Ab was injected i.v. on days 0, 7 and 14.
Furthermore, these mice received 100 pg of
either 12A8 or rat IgGs (own production)
i.p. on alternating days, starting at day O.

Role of ICOS in T cell expansion

Mice treated with CD4* depleting Ab
(GK1.5) received 50 ug i.p. on alternating
aCD28
treatment. Mice were sacrificed and lymph

days, starting 3 days before

nodes were collected for analysis on day 17.

Flow cytometry
Cell suspensions were prepared from
pooled isolated lymph nodes, counted and
stained with a panel of fluorochrome-
all purchased at BD
Pharmingen, except for alCOS Ab
(C398.4A, eBioscience). The Ab stainings
were performed in PBS/0.5% BSA and 0.1%

azide supplemented with 2% goat serum.

conjugated Abs,

Nonspecific FcR binding was prevented by
preincubating cells on ice with FcR blocking
Ab, clone 2.4G2 (BD Pharmingen) for 10
minutes. Subsequently, dilutions of the
staining Abs were added and cells were
incubated at 4°C for 30 minutes. CD4* and
CDS8* T cells were analyzed for CD25, CD69,
CD62L, CD44, CD45RB and CD43 surface
expression. Stained cells were washed twice
before analysis on a flow cytometer (BD
Biosciences).

T cell purification and T cell culture
CD4* T cells or CD8* T cells were purified

from peripheral lymph nodes by positive
selection with either aCD4 or aCDS8
magnetic MACS beads (Miltenyi Biotec).
Populations were reproducibly >98% pure.
T cell populations were stimulated with
magnetic beads (Dynal) covalently linked
according to manufacturer’s instructions
with either aCD3 (145-2C11) hamster Ig
(BD Pharmingen), aCD3-aCD28 (PV-1), or
aCD3-alCOS (C398.4A, eBioscience) in 1:10
molar ratio. T cells were mixed in a 1:1 ratio
with the Ab coated beads at 1x10° cells per
well and incubated at 37°C for several days.
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added at a
concentration of 360 units/ml. After the

Exogenous IL-2 was

indicated numbers of days supernatants
were harvested for cytokine measurement.

Cell cycle analysis
Purified CD4* and CDS8* T cells were labeled

with the membrane dye carboxyfluorescein
diacetate succinimidyl ester (CFSE) for
analysis of T cell proliferation. CD4* and
CD8* T cells

respectively 4 and 3 days of culture,

were harvested after
respectively, counted and the reduction of
signal of the CFSE dye per cell was
analyzed wusing flow cytometry. Cell
viability was assessed by resuspending cell
pellets in Viaprobe dye (BD Pharmingen)
followed by incubation at room
temperature for 5 min before analysis. The
total number of viable/non-viable cells after
each round of division was calculated as
follows. Cell populations that displayed
similar dilution of the CFSE dye were
gated, so that each gate represented cells
that underwent an equal number of cell
divisions. Within each gated population the
percentage of Viaprobe negative and
positive cells were distinguished. The
absolute numbers of cells in the acquired
gates were calculated by taking the
respective percentage of the counted total T
cell numbers. Cell debris and beads were

excluded from the analysis.

ELISA
To detect cytokine production from in vitro

stimulated CD4* T cells, supernatants were
collected at the indicated time points.
Cytokines were quantified by sandwich
ELISA, purchased from BD Pharmingen
(IL-2, IL-4, IL-10) or eBiosource (IFN-v).
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Statistical analysis
Results were analyzed using a Student’s ¢

test (two-tailed).
groups

Differences between

were considered  statistically
significant at the p<0.05 level. Data is
expressed as mean + standard error of mean

(SEM) unless indicated.

Results

ICOS expression is upregulated on
CD4+ and CD8+ T cells by CD28

costimulation
First, the effect of CD28 costimulation on

the augmentation of ICOS expression was
tested in vitro by coculturing T cells with Ab
coated beads. ICOS was readily detectable
on the surface of both resting CD4* and
CDS8* T cells (Fig. 1). Stimulation with aCD3

300 4
250 4

200 4

1COS expression (MFI)
] o
= =

50 o

aCD3 - + -+ -+ +
aCD28 - - - + +
IL-2 - - + - +

Figure 1. ICOS expression is enhanced by
aCD28 stimulation. CD4* and CD8* T cells were
purified from peripheral lymph nodes and were
either directly stained with alCOS Ab or stained
after stimulation with aCD3 or aCD3-aCD28
coated beads with or without exogenous IL-2 for
24 h. Expression levels of ICOS were analyzed
by flow cytometry. Indicated are means of
duplicates + SD. Shown is a representative of
two independent experiments.

oocpat
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in the presence of exogenous IL-2 enhanced
the expression of ICOS to some degree on
CD4+ T cells, whereas on CD8* T cells IL-2
did not elevate the level of ICOS compared
with aCD3 alone. Additional stimulation
with  aCD28 greatly enhanced the
expression levels of ICOS on both CD4* and
CD8* T cells, independent of the addition of
IL-2. So,
upregulated by signals generated by CD28

expression of ICOS can be

in conjunction with TCR signaling. These
results prompted us to study the role of
ICOS in CTLA-4 deficient mice, where a
TCR driven
enhanced by a strong CD28 signal.

immune response was

Blocking ICOS inhibits expansion of T

cells in mice lacking CTLA-4
The contribution of ICOS to an in vivo

immune response in the presence of a CD28
signal was determined in mice lacking
CTLA-4. As expected, T cells from these
mice had a 5- to 6-fold enhanced expression
of ICOS when analyzed ex vivo (data not
shown). Mice lacking CTLA-4 were treated
from birth with the antagonistic aICOS Ab
12A8. As previously reported, this Ab
functionally blocks the interaction between
ICOS and its natural ligand B7RP-1 in vivo
(21, 29, 37). Interestingly, administration of
blocking oaICOS Ab
reduction in the

caused a 4-fold
normally observed
expanded T cell pool in peripheral lymph
nodes of CTLA-4/ mice (Fig. 2). As shown
previously, treatment with CTLA-4-Ig,
preventing CD28 and B7.1/B7.2 interaction,
completely reduced T cell numbers back to
levels found in wild type animals (33).
Treatment with either CTLA-4-Ig or
blocking alCOS Ab alone did not affect T
cell numbers in wild type mice (data not

shown). So, the expansion of the T cell pool

Role of ICOS in T cell expansion

in mice lacking CTLA-4 is partly dependent
on signals generated by ICOS-B7RP-1

interaction.

ICOS and CD28 both contribute to CD4+
and CD&+ T cells expansion in the

absence of CTLA-4

To look in more detail at the contribution of
ICOS to CD28 mediated T cell expansion in
vivo, we used mice lacking CTLA-4 and
B7.1/2 (CTLA-4/ B7.1/B7.27).

The advantage of using this strain over
mice solely deficient for CTLA-4 is that in
adult CTLA-4/ B7.1/B7.27- mice a strong
CD28 can be

signal generated by

-

Absolute T cell #s (x10E7)

-

untreated CTLA-4-Ig ICOS block

Figure 2. Blocking ICOS partly prevents
lymphoproliferation in CTLA-4/ mice. Mice
deficient for CTLA-4 were treated from birth
with CTLA-4-Ig or blocking alCOS Ab by
injection i.p. on alternating days and were
sacrificed on day 14. Peripheral lymph nodes
were isolated and single cell suspensions were
prepared. The percentage of CD3* T cells was
analyzed by cell surface staining and flow
cytometry. Absolute numbers were determined
by calculating the percentages of CD3* cells of
the total number of cells isolated from
peripheral lymph nodes. Indicated are means +
SEM (* = p<0.05). Three animals were analyzed
per treatment.

35



Chapter 3

administration of agonistic aCD28 Ab. This
way any disorders by having CD28 signals
present in the absence of CTLA-4 during
development can be circumvented and the
T cell responses can be studied in adult
mice. As shown previously, injection of
agonistic aCD28 Ab in CTLA-4/- B7.1/B7.27
mice causes vigorous T cell expansion,
reflected in an increase in CD69 expression
as a marker for T cell activation and a 10-
and 20-fold increase in CD8* and CD4* T
cell numbers respectively in peripheral
lymph nodes (34) (Fig. 3A and 3B). The
peripheral T cell pool in these treated mice
was also affected by antagonistic aICOS Ab
treatment, like that observed in the CTLA-4
7 mice, in terms of T cell numbers and T cell
activation. Both CD4* and CDS8* T cell
numbers in the lymph nodes were 2-fold
reduced when stimulating aCD28 Ab was
coinjected with blocking aICOS Ab,
compared with aCD28 Ab alone (Fig. 3A).
But, T cell numbers of mice that received
both agonistic aCD28 Ab and antagonistic
aICOS Ab were still higher than T cell
numbers of mice that did not receive
treatment, indicating that CD28 mediated
CD4* and CD8* T cell expansion was
partially independent of ICOS. T cells from
mice treated with blocking alCOS Ab alone
remained naive and were similar in
absolute numbers compared with untreated
animals (data not shown).

To strengthen the observation that
ICOS plays a role in T cell expansion, we
looked at the activation state of CD4* and
CDS8* T cells phenotypically. The percentage
of CD69 expressing CD4* as well as CD8* T
cells was decreased when ICOS was
blocked (Fig. 3B, top and bottom, panel 3), but
did not decline to expression levels found
on T cells from untreated mice (Fig. 3B, top
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and bottom, panel 1). The lower activation
ICOS blockade was
confirmed by analysis of other markers of

status  following
activation, like upregulation of CD25 and
downregulation of CD62L (data not
shown). So, blocking ICOS in aCD28-
treated CTLA-47- B7.1/B7.27- mice results in
reduced activation and expansion of CD4*
and CD8* T cells.

Previously it was shown that CD8* T
in CTLA-4/
dependent on the presence of CD4* T cells
(38). We therefore questioned whether the
effect of ICOS blockade on CD8& T cell
numbers was caused by direct inhibition of

cell expansion mice is

CD8* T cell proliferation or indirectly due to
blocking of CD4* T cell activation and
expansion in our model. First, we
investigated CD8* T cell expansion in
CTLA-4 B7.1/B7.27- after aCD28 treatment
in the presence of CD4* depletion Abs.
Absence of CD4* T cells in aCD28-treated
CTLA-47 B7.1/B7.27 mice

complete normalization of the CD8* T cell

resulted in

pool, leaving CD8* T cell numbers similar to
untreated animals (Fig. 3C). These results
show that for CD8* T cells to proliferate the
presence of CD4* T cells is required.
However, this excludes the possibility of
testing the direct effect of ICOS on CD8* T
cell expansion in aCD28-treated CTLA-4-
B7.1/B7.27- mice. Taken together, ICOS
contributes directly to CD28-mediated CD4*
T cell activation and expansion in the
absence of CTLA-4.
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Figure 3. Blocking ICOS inhibits expansion of CD4* and CD8* T cells in mice deficient for CTLA-4/B7.1/B7.2.
CTLA-4/ B7.1/B7.27 mice were injected i.v. with agonistic «CD28 Ab (PV-1) on day 0, 7 and 14, with additional
antagonistic alCOS Ab or isotype control Ab i.p. on alternating days, starting on day 0. Mice were sacrificed on
day 17 and cell suspensions were prepared from pooled peripheral lymph nodes. A. Absolute numbers of CD4+
and CD8* T cells in peripheral lymph nodes. Cells were stained with aCD4 and aCD8 Ab and the percentages
of each subset were determined by flow cytometry. Absolute numbers of CD4*and CD8* T cells were calculated
by the percentage of positive cells of the total number of lymph node cells. Values represent means + SEM (* =
p<0.05). B. Comparison of the expression of activation markers on CD4* and CD8* T cells. Cells were stained
with aCD4, aCD8 and aCD69 Ab and analyzed by flow cytometry. Percentages of cells in each quadrant are
indicated. FACS plots show a representative of three independent experiments. A minimum of seven mice was
analyzed for each treatment. C. Absolute T cell numbers after CD4* T cell depletion. In addition to aCD28
treatment, CTLA-4+- B7.1/B7.27- mice received CD4* depletion Ab on alternating days, starting at day -3. Mice
were sacrificed on day 17 and absolute T cell numbers were calculated as in A. Four mice were analyzed per

group.
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ICOS partly drives Thi and Th2

differentiation in mice lacking CTLA-4
Next, the contribution of ICOS to CD28

induced CD4* Thl and Th2 cell
differentiation was assessed in CTLA-47
B7.1/B7.27- mice. Cytokines produced by
CD4* T cells from these mice injected with
aCD28 Ab in the absence or presence of
blocking aIlCOS Ab were determined in
vitro. Treatment of CTLA-4 B7.1/B7.27
mice with agonistic aCD28 Ab caused CD4*
T cell differentiation towards Thl and Th2
type cells, producing IFNy and IL-4/10,
(Fig. 4). When
simultaneously with antagonistic alCOS Ab

respectively treated
there was a noticeable (but not statistically
different) decrease in IL-4 and IL-10
cytokine production. Although the Thl
cytokine levels were much lower compared
with the Th2 cytokine levels, there was a
significant reduction in IFNy production
after blocking ICOS. IL-2 production was
similar between the two groups. CD4* T
cells from untreated CTLA-47- B7.1/B7.27
mice failed to produce any cytokines after
in wvitro stimulation (data not shown).

#

Overall, there is a reduction in cytokine
production from both Thl and Th2 type T
cells, indicating that cells from mice treated
with blocking «ICOS Ab were
differentiated. Thus, ICOS is involved in
both Thl and Th2 differentiation driven by
CD28 signaling.

less

1COS induced division of CD4+and CD&+*

T cells is dependent on IL-2 in vitro
The observed decrease in expansion of the

CD4* T cell pool after abrogation of ICOS
function could either be due to less cell
death. To
distinguish between these two putative
consequences of ICOS blocking, the
contribution of ICOS to both cell cycle
progression and cell survival was further

division or increased cell

investigated in vitro. Purified wild type
CD4* T cells were labeled with CFSE to be
able to track numbers of cells that go
through cell cycle by flow cytometry.
Viability of cells going through rounds of
division was analyzed simultaneously by
using Viaprobe as a fluorescent dye, which
only enters the cell when the membrane

conc. (pg/ml)
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Figure 4. ICOS and CD28 both contribute to Thl and Th2 development. Purified CD4* T cells were
isolated from peripheral lymph nodes of CTLA-4+/- B7.1/B7.27 treated with aCD28 with or without
blocking alCOS Ab. Similar numbers of CD4* T cells were stimulated in vitro with aCD3-aCD28 coated
beads for a period of three days. Supernatants were collected and cytokines were measured by
sandwich ELISA. Indicated are IL-2 levels on day 1, IFN-y on day 2 and IL-4/10 on day 3. A minimum of
seven mice was analyzed for each treatment. Values represent means + SEM (* = p<0.05).
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integrity is compromised. Results are
shown in fig. 5A, where the total numbers
of viable and nonviable CD4* T cells that
have undergone the indicated number of
cell divisions are displayed. Most of the T
aCD3
underwent only one or two cell divisions
(Fig. 5A,
simultaneous co-crosslinking with CD28

cells stimulated with alone

panel 1). However, after
(Fig. 5A, middle panel) cells went through
four to six rounds of division. In both of
these stimulation conditions exogenous IL-2
did not significantly influence cell division.
In contrast, addition of IL-2 considerably
changed the outcome of the response after
aCD3-alCOS stimulation. As depicted in
the third top/bottom panels (Fig. 5A), cell
cycle progression of CD4* T cells could only
be induced by ICOS in the presence of IL-2
(Fig. 5A). Because the majority of the cells
progressed through cell cycle, it is difficult
to draw conclusions about an effect on cell
survival by ICOS. Still, the total amount of
non-viable aCD3-alCOS stimulated cells
that have gone through one cell division
was unchanged compared with T cells that
were stimulated by aCD3 alone, indicating
that ICOS may not promote cell survival in
cells that were refractory to further cell
division (Fig. 5A, left and right lower panels,
black bars).

To address the question whether there
can be a direct effect of ICOS on CD8* T cell
expansion, we  performed similar
proliferation assays using purified wild
type CD8* T cells. As shown in fig. 5B, CD8*
T cells are able to progress through cell
aCD3-aICOS
stimulation, but only in the presence of
ICOS
induced cell cycle progression of both CD4+
and CD8* T cells in the presence of IL-2.

cycle in response to

exogenous IL-2. Taken together,

Role of ICOS in T cell expansion

Moreover, ICOS did not rescue cells that
had not progressed through cell cycle from
cell death.

Discussion
We here report a study in which the
contribution of ICOS to an in vivo immune
response was investigated in CTLA-4
deficient mice. When ICOS was blocked in
CTLA-4/ mice, the aberrant activation of
CD4* T cells and expansion of both CD4*
and CD8* T cells was reduced. Moreover,
CD28 mediated differentiation towards Th1l
and Th2 type CD4" T cells was partly
dependent on ICOS. Further in vitro studies
showed that ICOS induced cell cycle
progression of both CD4* and CD8* T cells,
which was dependent on exogenous IL-2.
Taken together, in the presence of CD28
signaling, ICOS functions early in the
cellular response, contributing to expansion
of T cells and differentiation of CD4* T cells.
The results presented here shed new
light on the role of ICOS in the expansion
phase of a T cell response. These data are in
accordance with other studies, which also
show that ICOS enhances T cell activation
and expansion both in vitro and in vivo (11,
24, 37). In contrast, several blocking studies
during different phases of an immune
response showed the most pronounced
effect when ICOS signaling is abrogated
later in the immune response (21, 28). It is
possible that a delicate balance between
TCR signal and CD28 determines the
requirement for ICOS early in the response.
When comparing the contribution of ICOS
and CD28 to the initial phase of the immune
response, we hypothesize that CD28 is the
molecule for initial

most important

activation and expansion of T cells.
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Figure 5. ICOS induces cell cycle progression of CD4* (A) and CD8* (B) T cells in the presence of IL-2.
Peripheral lymph node T cells were purified from wild type mice, labelled with CFSE and activated with Ab
coated beads as indicated, with or without addition of exogenous IL-2. CD8* T cells were harvested after three
days and CD4* T cells after four days. The percentage of cells that went through the indicated number of
divisions was determined by dilution of the CFSE label, while cell viability was simultaneously analyzed with
Viaprobe as a dye for non-viable cells. Cultured cells were counted and total viable (white bars) and non-viable
(black bars) T cell numbers, which had undergone the indicated number of cell divisions, were calculated
using the percentages of each population of the total number of T cells. Indicated are means of duplicates + SD.
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This can be explained not only by low
expression of ICOS on naive T cells, but
might also lie in the fact that ICOS, unlike
CD28, cannot induce IL-2 production in
murine T cells (11, 22). The importance of
CD28 as initiator molecule is also seen in
CTLA-4 mice, where blocking of CD28
completely abolishes T cell activation,
whereas ICOS blocking only partly does so.
Still, we have shown that CD28 does not
induce a complete T cell response in the
absence of ICOS in aCD28-treated CTLA-4
B7.1/B7.2- mice. The contribution of ICOS
to T cell
pronounced when T cell activation occurs
generated by CD28, as
suggested by the strong ICOS upregulation
after TCR-CD28 coligation and the necessity
of IL-2 for ICOS induced proliferation in
vitro. In conclusion, in the absence of CTLA-

expansion might be more

after signals

4, although CD28 functions as an initiator
molecule, sequential engagement of ICOS
has an additive effect on T cell expansion.
The observed reduction in peripheral
T cells could result from less division or
increased cell death. We conclude from our
in vitro T cell stimulation assay that ICOS, in
the presence of IL-2, is able to induce cell
cycle progression. Therefore, it is likely that
the observed inhibition of T cell expansion
after in vivo blockade of B7RP-1-ICOS
interaction in CTLA-47 is

reduced cell

caused by
proliferation. We cannot
exclude that abrogation of ICOS signaling
could have caused increased cell death in
vivo. Whether ICOS induces an intrinsic cell
survival mechanism independent from
CD28 does by up-

regulation of Bcl-x. (39, 40) is currently

proliferation, like

under investigation.
One way to explain the results
obtained here is by using the term “cell

Role of ICOS in T cell expansion

fitness”, first proposed by Lanzavecchia
and Sallusto (41). When optimal signals
from the TCR, costimulatory molecules and
cytokine receptors are integrated, cells go
through cell division acquiring resistance to
apoptosis and susceptibility to cytokines
like IL-2, IL-15 and IL-7. In the present
study cells stimulated with aCD3 alone or
aCD3-aICOS cells can be termed as “unfit”
cells. The signals provided are suboptimal;
therefore no cell cycle progression occurs.
When IL-2 is provided in the presence of a
TCR signal and ICOS, these cells obtain a
higher level of “fitness” and proceed
through cell cycle remaining viable. The
importance of IL-2 is also supported by
studies in human CD4* T cells, where
neutralizing IL-2 Ab can inhibit ICOS
induced proliferation (42). We and others
(43) have observed that IL-2 increases ICOS
expression on murine T cells in wvitro.
whether this
upregulation is mandatory for the induction

However, it is unclear
of proliferation via ICOS. Other possible
mechanisms by which IL-2 can enhance
ICOS
triggered cells remain to be determined.
Next to the effect on CD4* T cell
expansion, we have found a clear effect of
ICOS on CD8* T cell expansion in the
absence of CTLA-4. In agreement with these
results, ligation of ICOS on CD8* T cells
induced proliferation in the presence of IL-2

induced proliferation in TCR

in vitro. However, depletion of CD4* T cells
in aCD28-treated CTLA-47 B7.1/B7.27- mice
showed that the expansion of the CD8* T
cells is dependent on the presence of CD4* T
cells. Therefore, we cannot conclude from
our model that ICOS has a direct effect on
CD8* T cell expansion in vivo.

The assumption that therapeutic
interventions in the ICOS/B7RP-1 pathway
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is restricted to the effector phase may have
to be revised, because our data show that
ICOS plays a role in the expansion phase of
a T cell response. CD28 is believed to be one
of the most important initiator molecules of
an immune response discovered to date; so
CD28
implications when used in a therapeutical

blocking could have major
setting. Future therapies targeting ICOS
rather than CD28 may have to take into
account that abrogation of ICOS signaling
may not only affect secondary responses,
but may also inhibit earlier in cellular

responses.
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Hax-1 associates with ICOS and CD28 in yeast and
is required for CD28-induced IL-2 production in
human T cells
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Summary

CD28 and ICOS (Inducible Costimulator) are two homologues that belong to the B7-receptor
family of costimulatory molecules. Both function in addition to the Ag-specific signal
generated by the TCR, leading to T cell proliferation and differentiation. Moreover, CD28
delivers a cell survival signal mediated through pro-survival protein Bcl-Xt. Since CD28 and
ICOS are similar, we questioned whether CD28 and ICOS induce similar pro-survival genes
in human CD4* T cells. Like CD28, ICOS-mediated costimulation increased induction of Bcl-
Xu protein levels. In addition, we searched for new intracellular binding partners that could
mediate costimulation-specific functions. Hax-1 was identified as an ICOS and CD28
associating molecule in yeast and was found to mediate CD28-induced IL-2 production in
primary human CD4* T cells.
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Introduction
CD28 is an

molecule which, in conjunction with the

important costimulatory
TCR, serves as the major activator of naive
T cells. Interaction between CD28 and its
ligands B7.1 (CD86) and/or B7.2 (CD86)
results in clonal expansion, IL-2 production
and T cell survival that is mediated by the
induction of pro-survival protein Bcl-Xv (1-
3). CD28 is expressed as a homodimer of 45
kDa, with an intracellular tail containing
two proline rich regions and four tyrosine
residues (Y), one of which is embedded into
a highly conserved YxxM motif (4). The
identification of several intracellular
binding partners has contributed to the
understanding of downstream pathways
that mediate CD28-induced T cell
The p85 of PIBK
associates with the phosphorylated tyrosine
residue within the YMNM motif of the
CD28 intracellular tail (5). Mutation of this
Bcl-Xu

upregulation and resistance to cell death,

activation. subunit

tyrosine  residue  abrogates
suggesting a role for PI3K in CD28-
(6, 7). The

asparagine residue (N) within this motif is

mediated T cell survival

mandatory for association of Grb-2 and
mutation of this AA reduced IL-2 promoter
activity, suggesting a role for Grb-2 in
CD28-induced IL-2 production (8-10).
Although some reports describe the
importance of both tyrosine and asparagine
residues for CD28-induced proliferation,
this remains controversial (11). The
inhibitory CD28 CTLA-4,
functions to negatively regulate T cell

counterpart,

activation (12, 3). The intracellular tail of
CTLA-4 is 100% conserved between man
and mouse and contains docking site for
several molecules, some of which are
shared with CD28, like Pp2a and PI3K (4).
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ICOS (Inducible Costimulator) has
been identified as a CD28 homologue and
associates with its specific ligand B7RP-1
(14, 5). Next to structural resemblance, also
functional overlap has been described for
the two molecules, such as induction of
proliferation and cytokine production. The
most prominent difference between ICOS
and CD28 is the ability to induce IL-2: while
CD28-mediated costimulation can induce
large quantities of IL-2, ICOS is less capable
of doing so. Also, both molecules have
differential expression pattern: whereas
ICOS expression is low on naive cells and is
CD28 is
constitutively expressed on naive T cells.

upregulated after activation,

Despite well-studied functions of
ICOS, signaling pathways preceding ICOS-
mediated gene induction are ill defined.
The ICOS intracellular tail is shorter in
comparison to CD28 (21 AA vs. 41 AA,
respectively) but shares the common YxxM
motif. Similar to CD28, p85 subunit of PI3K
associates to the motif YMFM in the ICOS
tail (16). Moreover, TCR-induced PI3K
activation was more enhanced following
ICOS- CD28-mediated

costimulation (17). The difference between

compared to

asparagine and a phenylalanine residue at
position three within this motif in CD28 and
ICOS tail respectively has been implicated
difference  IL-2
production, due to the inability of ICOS to

to account for the

recruit Grb-2 (18). So far no associating
identified in ICOS-

mediated  proliferation and cytokine

protein has been

production.

In this study we investigated whether
ICOS functions similarly to CD28 in the
induction of cell survival in primary human
CD4+ T cells. In addition, we searched for
new intracellular binding partners for CD28



and ICOS. Using a yeast-2-hybrid we
demonstrate that Hax-1 associates with
both CD28 and ICOS. We provide evidence
that Hax-1 can be involved in CD28-
mediated IL-2 production of human CD4* T
cells.

Materials & Methods

CD4+ T cell purification and CD4+ T cell

culture

Human CD4* T cells were purified from
peripheral blood by Ficoll-Paque density
gradient  centrifugation  (Ficoll-Paque
plus™, Amersham Biosciences) followed by
positive selection with aCD4 magnetic
MACS beads (Miltenyi Biotec). Populations
were  reproducibly = >98%  pure as
determined by flow cytometry. All cells
were cultured in RPMI 1640 medium (Gibco
BRL, Life Paisley, UK),

supplemented with 10% heat-inactivated

Technologies,

fetal calf serum (FCS) (Fetalclone I, Hyclone,
Logan, UT), 50 IU/ml penicillin (Gibco BRL)
and 50 pg/ml streptomycin (Gibco BRL).
CD4* T cells were stimulated with aCD3
(OKT3)-hamsterlgG (Pharmingen), aCD3-
aCD28 (15E8), or aCD3-alCOS (C398.4A,
eBioscience) covalently linked to magnetic
beads (Dynal) according to manufacture’s
instructions. Beads were coated with a
suboptimal amount of aCD3 (7.5% of total
protein) and either alCOS (40% of total
protein) or aCD28 (aCD28: 5% of total
protein and aCD28": 40% of total protein)
supplemented with murine IgGl to final
amount of 5 pg/107 beads. T cells were
mixed in a 1:1 ratio with the Ab-coated
beads at 1x10° cells per well and incubated
at 37°C for several days. LY-294002 (Sigma)
was added where indicated at a
concentration of 10 uM. After the indicated

ICOS and CD28 in human CD4+ T cells

numbers of days supernatants were
harvested for analysis of cytokines and cells

were analyzed by flow cytometry.

CD4+ T cell proliferation analysis
Purified CD4+* T cells were labeled with the

membrane dye carboxyfluorescein diacetate
(CFSE,
probes) for analysis of T cell proliferation.

succinimidyl ester Molecular
CD4+ T cells were harvested after three days
of culture, counted and the reduction of
signal of the CFSE dye per cell was
analyzed by flow cytometry. Cell viability
was assessed by resuspending cell pellets in
Viaprobe dye (Pharmingen) followed by
incubation at room temperature for 5
minutes before analysis. The total number
of viable/non-viable cells after each round
of division was calculated as follows. Cell
populations that displayed similar dilution
of the CFSE dye were gated, so that each
gate represented cells that underwent an
equal number of cell divisions. Within each
gated population the percentage of
Viaprobe negative and positive cells were
distinguished. The absolute numbers of
cells in the acquired gates were calculated
by taking the respective percentage of the
counted total T cell numbers. Cell debris

and beads were excluded from analysis.

Flow cytometry

Cell suspensions were prepared, counted
and stained with a panel of fluorochrome-
conjugated  Abs, all purchased at
Pharmingen, except for alCOS Ab
(C398.4A, eBioscience). The Ab stainings
were performed in PBS/0.5% BSA and 0.1%
azide supplemented with 2% goat serum.
Dilutions of the staining Abs were added
and cells were incubated at 4°C for 30

minutes. For intracellular Bcl-Xt staining,
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cells were fixed in 96% ethanol and stained
with a-Bcl-Xv Ab (Pharmingen) diluted 1:10
in 0.5% saponin (Sigma) solution. Stained
cells were washed twice before analysis on
a flow cytometer (Beckton Dickinson).

Multiplex Ligation-dependent Probe
Amplification (MLPA)

Expression transcripts of apoptosis-related
genes was analyzed by MLPA as described
(19). Briefly, purified CD4* T cells were
stimulated with aCD3, aCD3-aCD28 or
aCD3-aICOS coated beads for 8 hours.
mRNA was extracted and MLPA reactions
were preformed. Results form all target
genes were normalized to mRNA levels of
the housekeeping gene 32-microglobulin.

mRNA analysis by quantitative PCR

Human primary T cells (1x10°) were
harvested and total mRNA was extracted
using the RNAeasy mini kit (Qiagen) and
was quantified by spectophotometry.
Before first strand cDNA amplification,
concentration was set at 200 ng/ul. Primers
to detect 18S, 28S, Bcl-Xt, Al and IL-2 were
designed using Primer3 software (20). Real
time PCR
detection was performed using the Light
cycler (Roche) (18S, Bcl-Xt and Al) or the
ABI Prism 7700 (Applied Biosystems) (28S,

IL-2) as recommended by the manufacturer.

amplification and product

A duplicate cDNA reaction was set up in
which reverse transcriptase was left out and
was used to detect the presence of genomic
DNA. Results were normalized to 18S (for
Bcl-X1. and A1 detection) or 285 RNA levels
(for IL-2 detection) and relative expression
was determined using the comparative
cycle threshold method as recommended by
mRNA

the manufacturer. levels are
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expressed as n-fold difference relative to
mRNA levels in unstimulated T cells.

Yeast-2-hybrid

cDNA from cytosolic tails of murine ICOS,
CD28 and CTLA-4 were generated and
cloned into pPC97r vector, containing the
GAL4 DNA binding domain. Oligo d(T)
activated T cell cDNA library (pPC86', Life
Technologies) was transformed into yeast
strain YGH1 (Clontech, Palo Alto, CA) and
used to screen interacting proteins. Protein
interactions were assessed by growth of
colonies on leucine, tryptophan and
histidine-depleted medium (-LTH), and £-
galactosidase activity was assessed with a
replica filter assay. cDNA sequences from
interacting proteins were determined by
blast analysis (NCBI).

Cell lysis, SDS-PAGE and Western

blotting
Cells were lysed in 1% Nonidet P-40 lysis

buffer. Lysates were resolved by SDS-PAGE
and transferred to nitrocellulose. Blots were
probed with appropriate primary Abs and
visualized with ECL*
(Amersham, Piscataway, NJ). All primary

proteins  were
Abs were obtained from (Cell Signaling
Technology, Beverly, MA) and the anti-
rabbit IgG-HRP secondary Abs was
obtained from Calbiochem (San Diego, CA).

Production of high titer lentiviral
vectors and transduction into CD4+ T

cells
Lentiviral vectors were produced after

transfection of 293T human embryonic
kidney cells cultured in RPMI 1640
(BioWhittaker, Rockville, MD), 10% FCS, 2
mM glutamine, and 100 IU/ml penicillin,



100 pg/ml streptomycin. Cells were seeded
at 5 x 10° per T 150 tissue culture flask 24 h
before transfection. All plasmid DNA was
double-purified using a CsCl gradient. Cells
were transfected with 7 pg of pMDG.1
(VSV-G envelope), 18 ug of pRSV.rev (HIV-
1 Rev encoding plasmid), 18 ug of
pMDLg/p.RRE (packaging plasmid), and 15
ug of pCLS transfer plasmid using Fugene 6
(Roche Molecular Biochemicals). Media was
changed 6 h after transfection and the viral
supernatant was harvested at 24 and 48 h
post transfection (21). Viral particles were
concentrated 10-fold by ultracentrifugation
for 3 h at 28,000 rpm with a Beckman SW28
rotor (Beckman Coulter, Fullerton, CA).
CD4* T cells were stimulated for 24 h with
Ab-coated beads before infection. 300 to 500
ul (~5 x 107 - 5 x 10% IFU) of lentiviruses
were incubated with the activated CD4* T
cells on retronectin-coated 6-well plates at
37°C (22) and centrifuged at 1,200 x g for 2 h
(23). The following day the medium was
exchanged and the cells were expanded

aCD3

s

total cells ( x10e5)
SamwLmO-meD

aCD3-0CD28

ICOS and CD28 in human CD4+ T cells

until they returned to near resting cell
volume as measured by a Coulter Counter
Multisizer IT (Coulter, Hialeah, FL).

Results

ICOS induces cell viability in primary

human T cells similar to CD28
CD28 is an important molecule for

induction of primary T cell proliferation
and T cell survival (1). Since ICOS is
homologous to CD28, the role of ICOS in
induction of cell survival of human CD4+ T
cells was determined. Therefore, purified
CFSE-labeled human CD4* T cells were
Ab-coated  beads.
Expansion was determined by analyzing

stimulated with

dilution of CFSE label by flow cytometry
and counting absolute numbers of cells.
Total numbers of viable cells that have gone
through each round of division were
distinguished simultaneously from non-
viable cells by using Viaprobe as a cell
death marker. This way cells that die after

0o CD3-aICOS

[ Jviable
[l non-viable

=

O Lhin~OwWwo

Mu 3l

1 2

fn

D,H_ | _D_m.

rounds ofdivision

Figure 1. ICOS-mediated costimulation induces cell cycle progression and cell viability similar to
CD28 in human CD4* T cells. CD4* T cells were isolated form peripheral blood and stimulated with
Ab-coated beads as indicated. After 72 hrs cells were counted and CFSE profiles were determined by

flow cytometry. The percentage of cells that underwent a number of divisions was determined and

cell viability was simultaneously analyzed with Viaprobe as a marker for non-viable cells. Total

viable (white bars) and non-viable (dark bars) T cell numbers which had undergone the number of

divisions are indicated and were calculated using the percentage of cell with similar CFSE dilution

profile of the total number of cells. Data are expressed as means + SD.
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going through one or more rounds of
division can be distinguished from non-
viable cells, which were not induced to
proliferate. To minimize secondary effects
of proliferation on cell death, both ICOS
and CD28 signals were provided in
addition to TCR signal (Fig. 1, aCD3) such
that similar proliferation in T cells was
induced (Fig. 1, compare aCD3-aCD28 and
aCD3-aICOS). Under these
ICOS-mediated costimulation results in
equal viability of CD4* T cells that have
gone through similar number of divisions

conditions,

compared to CD28-mediated costimulation
(Fig. 1A, compare dark bars). Thus, under
at which ICOS and CD28

similarly propagate cell cycle progression,

conditions

ICOS can maintain cell viability equally
well as CD28.

1COS-mediated costimulation enhances

Bcl-X; and Al pro-survival genes
Next, it was investigated whether the

ICOS-

compared to CD28-mediated costimulation

induction of cell viability by
correlated with induction of pro- and anti-
apoptotic genes. Therefore, RNA was
isolated from stimulated CD4* T cells and
expression of 45 transcripts of apoptosis-
related genes was analyzed by Multiplex
Ligation-dependent ~ Probe  Amplification
(MLPA). Of all genes tested, Noxa, Bcl-X.
and A1 mRNA were more than two fold
enhanced after stimulation with aCD3
alone and further upregulated by aCD3-
aICOS and aCD3-aCD28 after 8 hours (Fig.
2A). Noxa is a pro-apoptotic BH3-only
protein that is induced in response to DNA
damage (24). The relevance of upregulation
of this apoptosis-inducing protein after TCR
triggering remains to be elucidated. A1 (Bfl-
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1) is a pro-survival gene, which has
previously been shown to be upregulated in
T cells after aCD3-aCD28 stimulation (25).
Subsequent mRNA analysis by quantitative
PCR confirmed A1l mRNA induction by
aCD3 and further
simultaneous stimulation with either
alCOS or aCD28, which reached maximum
expression after 2 hours after stimulation

upregulation by

(Fig. 2B and data not shown). Furthermore,
Bcl-Xt mRNA was detected as soon as 4 hrs
in stimulated CD4* T cells and levels
persisted after 24 hours (Fig. 2B and data
not shown). Although upregulated by
stimulation with aCD3 signal alone, Bcl-Xt
mRNA levels were much more enhanced by
additional ICOS and CD28-mediated
costimulation. Moreover, the increase in
mRNA levels resulted in increased Bcl-Xt
protein  levels, as  determined by
intracellular staining and flow cytometry
(Fig. 2C). Interestingly, Bcl-Xt protein levels
were equal under experimental conditions
ICOS and CD28-mediated

costimulation induced similar proliferation

were

of T cells. However, when CD28 was
provided at higher concentration, Bcl-Xu
levels were enhanced compared to ICOS-
induced Bcl-Xw. (data not shown). The Bcl-Xt
upregulation showed to be independent of
cell cycle progression since expression was
enhanced in cells that had not divided and
remained similar after proliferation (Fig.
2D, left panels). In conclusion, ICOS can
induce anti-apoptosis genes Al and Bcl-Xu
in human CD4* T cells. In addition, Bcl-Xt
upregulation occurs independently from
ICOS and CD28-induced proliferation.
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Figure 2. ICOS-mediated costimulation induces expression of Al and Bcl-Xi. Purified CD4* T cells were
stimulated with aCD3, aCD3-aCD28 and aCD3-alCOS coated beads, RNA was extracted and expression of
apoptosis-related genes was analyzed with (A) MLPA analysis and (B) Quantitative PCR analysis. A1l and Bcl-
Xt mRNA expression was determined after 2 hours and 24 hours respectively. Each symbol represents mRNA
levels isolated from stimulated CD4* T cells derived from one donor. All RNA transcript levels are corrected for
2M (MLPA) or18S mRNA (quantitative PCR) and are relative to mRNA levels in unstimulated T cells. (B) Bcl-
Xu protein expression. CD4* T cells were stimulated as in (A) and Bcl-Xv levels were determined after 48 hours
by intracellular staining and flow cytometry. Results are representative of three independent experiments. In (c)
cells were CFSE labeled prior to stimulation with aCD3, aCD3-aCD28" and aCD3-alCOS coated beads and
Bcl-Xu expression/CFSE dilution was determined after 48 hours. LY-294002 was added to the cultures at a
concentration of 10 uM. Results are representative of two independent experiments.
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ICOS-mediated Bc/-X; induction is
inhibited by PI3K inhibition

The signal transduction mediator PI3K has
been implicated in CD28 induced Bcl-Xu
upregulation. Previous reports have shown
that ICOS associates with and activates
PI3K even to a greater extend than PI3K
activation induced by CD28 (17).

We investigated the involvement of PI3K in
ICOS-mediated Bcl-Xt upregulation in CD4*
T cells by inhibition of PI3K activation with
LY294002. Both ICOS-mediated prolifera-
tion and Bcl-Xt upregulation were reduced
after addition of LY294002, while CD28-
induced Bcl-Xt upregulation was only
partially inhibited (Fig. 2C, right panels).
Thus, PI3K is an important mediator of
ICOS Bel-Xc
Moreover, the partial inhibition observed

induced upregulation.

A

ICOS CTLA-4 CD28 ICOS CTLA-4CD28
Hax-1..,, |4 e o O £ )
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for CD28 induced Bcl-XL upregulation
might implicate additional molecules are

involved in this process.

Both ICOS and CD28 interact with Hax-

I in yeast
We next questioned whether other
molecules, next to the p85 subunit of PI3K,
could be recruited to ICOS and CD28
intracellular tail. Therefore, a yeast-2-hybrid
screen was performed with the intracellular
part of CD28 and ICOS. Three independent
Hax-1 clones were found to associate with
both the CD28 and ICOS intracellular tail in
yeast, resulting in yeast growth and (-gal
activity (Fig. 3A). Hax-1 is a 35 kDa cyto-
plasmatic protein, which was originally
cloned as an HS-1-associating protein (26).

While Hax-1 is ubiquitously expressed,

hCD28 -IIF ;
mCD28 =CVIWTNS
mICOS —LIIWFSK
hICOS -LICWLTK Y
h/mCTLA-4 VSLSKMI -SPLTT

Figure 3. Hax-1 interacts with ICOS and CD28 in yeast. (A) Protein interactions of three independently
picked up clones coding for the C-terminus of Hax-1 protein with the intracellular part of ICOS, CTLA-4
or CD28. Depicted are the size of the HAX-1 fragments (coding amino acids, left panel), growth on
selective -LTH plates (middle panels), and [-galactosidase activity (right panel). Experiments were
preformed three times with similar results. (B) Interaction of Hax-1 with ICOS tail mutants. Shown are

growth on selective -LTH media and (-galactosidase activity of yeast cells containing Hax-149-317 and the

indicated ICOS tail mutants. Experiments using Hax-1s1317 or Hax-1es-317 yielded similar results. Depicted

is representative of two independent experiments. (C) Comparison between AA sequence of proximal
part of human (h) and murine (m) ICOS, CD28 and CTLA-4 intracellular tail. * = similar, : = homologous.
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HS-1 expression is restricted to cells of
hematopoetic origin and is involved in TCR
and BCR signaling (27). The role of Hax-1 in
T cells is unknown. Interestingly, Hax-1 did
not associate with CTLA-4 (Fig. 3A).
Deletion mutants of the ICOS intracellular
tail showed that the binding domain of
Hax-1 was within the proximal twelve AA
and that the first five AA are crucial for
association in yeast (Fig. 3B). Alignment of
the first twelve AA of CD28 and ICOS
intracellular  tails revealed common
tryptophan residue within the proximal five
AA (Fig. 3C). Hax-1
associates with both cytoplasmic ICOS and
CD28 and the proximal five AA within the

ICOS intracellular tail are indispensable for

Taken together,

this association.

Hax-1 is involved in CD28 induced IL-2

production
We next determined whether ICOS or CD28

and Hax-1 could interact in mammalian
cells. Therefore, Hax-1 was co-expressed
with either ICOS or CD28 in 293T cells and
co-localisation was investigated by confocal
found to be
expressed in the cytoplasm and no clear co-
localisation with either ICOS or CD28 could
be demonstrated

microscopy. Hax-1 was

in unstimulated cells.
However, upon crosslinking of CD28, we
found that Hax-1 was relocalized to the
membrane (data not shown). This indicated
that Hax-1 might play a role in the signaling
pathway of CD28. Therefore, the functional
consequence of Hax-1 association with
CD28 was investigated by stimulating
primary T cells in which Hax-1 protein
levels were downregulated. To this end,
primary human T cells were isolated and
transfected with a vector containing Hax-1

RNAi oligo (siHax-1) linked to GFP

ICOS and CD28 in human CD4+ T cells

reported gene by lentiviral transfection.
Primary T cells were efficiently transduced,
yielding reproducibly high levels of GFP
(data not shown). Transduction of siHax-1

caused a significant downregulation of
x FI
A 3] 5
e =
£ B
«—Hax-1
&bt - PKB
B
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Figure 4. Hax-1 is involved in CD28-mediated
IL-2 production. (A) Endogenous Hax-1 protein
is downregulated in human CD4* T cells.
Primary CD4* T cells were isolated and
lentivirally transduced with vector encoding
Hax-1 RNA-i oligo (siHax-1 or empty vector
(mock). Cells were rested and restimulated
with either aCD3 or aCD3-aCD28 coated
beads. Total lysate was collected prior to
restimulation. Endogenous levels of PKB were
used as a loading control. (B) IL-2 production is
reduced after aCD3-aCD28 stimulation in
After 24 hours of
stimulation mRNA was extracted and IL-2

siHax-1 transfected cells.

levels were determined by quantitative PCR.
Indicated is the relative increase of IL-2 mRNA
as compared to levels in unstimulated CD4* T
cells. These experiments were performed twice
with similar results.
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endogenous Hax-1, although some residual
Hax-1 was still expressed in the cells (Fig.
4A). Despite only partial downregulation of
Hax-1, CD28-induced IL-2
production was clearly diminished after

endogenous

transfection of siHax-1 compared to mock
transfected cells (Fig. 4B). Thus Hax-1
appears to be involved in CD28-mediated
IL-2 production.

Discussion
CD28 is an

molecule of T cells and in conjunction to

important costimulatory
TCR engagement CD28 ligation results in
induction of proliferation, IL-2 production
and cell survival. Since ICOS and CD28 are
homologous, we questioned whether
induction of survival is a common function
between ICOS and CD28. It is demonstrated
that ICOS propagates cell cycle progression
while maintaining cell viability. Survival of
T cells is regulated by the balance between
pro- and anti-apoptotic proteins expressed
in the cell (28). Members of the Bcl-2 family
are expressed in naive T cells, such as pro-
apototic proteins Bax, Bak and Bim that
contribute to induction of cell death in
unstimulated cells (29, 30). Simultaneous
expression of anti-apoptotic members, such
as Bcl-2 (constitutively expressed in naive T
cells) and increased expression of Bcl-Xt by
CD28 may counteract this (2, 31). We
observed enhanced expression by both
CD28 and ICOS of pro-survival member Al
as early as 2 hours after activation and Bcl-
Xv upregulation in undivided cells. A1 may
act in concert with Bcl-Xu prior to cell
division to counterbalance the pro-
apoptotic signals in resting cells. Similarly,
simultaneous upregulation of Al and Bcl-Xc
might be a pre-requisite for ICOS-mediated
induced cell cycle progression.
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In the search for proteins contributing
to CD28 and ICOS downstream signaling
pathways we identified Hax-1 as a CD28-
and ICOS-associating protein. Moreover,
we demonstrate that Hax-1 is functionally
involved in CD28-induced IL-2 production.
Hax-1 is a cytoplasmatic protein, which has
associate with HS-1
molecule) (26).
Several studies support an important role
for HS1 in TCR signaling: not only is HS1
phosphorylated upon TCR triggering, it

been found to

(heamatopoeitic-specific

also has been found to associate with Lck, a
Src family kinase critical for TCR signaling
(27). In addition, HS1 defective T cells show
impaired proliferation to various stimuli.
Moreover, HS-1 was found to associate with
Grb-2, a molecule that is recruited to the
TCR upon ligation and, more importantly, a
CD28 associating protein crucial for IL-2
production (32). Co-ligation of TCR and
CD28 could therefore recruit Grb-2-HS1-
Hax-1 in one complex necessary for optimal
IL-2  production. Alternative functions
described for Hax-1 are anti-apoptotic
related, by virtue of its similarities with
BH3 like proteins such as Nip3. Mice
deficient for Hax-1, recently generated by J.
Ihle, display T and B cell depletion 2-3
months after birth (personal communi-
cation). However, we did not find increased
cell death after RNAi in primary cells nor in
jurkat cells, so a putative role for Hax-1in T
cell survival was not found under
conditions where Hax-1 was partially
(data  not
Alternatively, Hax-1 functions downstream
of CD28

mechanism.

downregulated shown).

through a yet wunknown

Preliminary data also suggest that
Hax-1 associates with ICOS. In yeast, the
binding domain pinpoints to the fist 10 AA



proximal in the ICOS tail. Sequence analysis
revealed a common tryptophan residue in
CD28 as well as ICOS intracellular tail.
Alignment of other interacting proteins to
Hax-1 did not this
tryptophan, or any other consensus binding

reveal common
sequence. Co-localisation studies showed
redistribution of Hax-1 after ICOS cross-
linking, similar to CD28 crosslinking (data
not shown). The role of Hax-1 in ICOS-
mediated costimulation awaits elucidation.
In summary, ICOS and CD28 show
similarities and differences in signaling
pathways, although both induce similar
pro-apoptosis genes in human CD4* T cells.
Hax-1 might mediate one or more shared
functions between both. Investigating CD28
and ICOS-mediated functions in Hax-17 T
cells will provide more answers to the role
of Hax-1 in CD28 and ICOS-mediated

costimulation.
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A critical but differential contribution of CD28 and
ICOS in the adjuvant activity of Neisseria
meningitidis H44 /76 LPS and /pxL17 LPS
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Peter van der Ley? Liana Steeghs' and Mariétte A. Oosterwegel
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Summary

The development of novel vaccines against Neisseria meningitidis recently gained momentum
by the generation of a mutant form of lipopolysaccharide (LPS), IpxL1 LPS, which has
comparable adjuvant activity, but reduced endotoxic activity compared to wild type
(H44/76) LPS. The costimulation requirements for optimal IgG production evoked by H44/76
LPS or IpxL1 LPS were investigated in vivo by immunizing mice lacking the B7.1/2/CD28 or
B7RP-1/ICOS pathway or lacking both pathways with outer membrane complexes of LPS-
deficient bacteria supplemented with either H44/76 LPS or IpxL1 LPS. Our experiments
demonstrate that B7RP-1/ICOS costimulation predominates over B7.1/2/CD28 costimulation
in the adjuvant function of IpxL1 LPS, while ICOS and CD28 are equally important for the
adjuvant activity of H44/76 LPS. The IgG response against N. meningitidis is solely dependent
on CD28 and ICOS, since no IgG is detected in mice that are deficient for both B7.1/2 and
ICOS. Thus we report differential costimulation requirements between H44/76 LPS and IpxL1
LPS, while both forms of LPS evoke similar magnitudes of IgG response. This implicates that
ICOS-mediated costimulation predominates in the adjuvant function of IpxL1 LPS and that
exploiting the B7RP-1/ICOS pathway could be beneficial to optimize vaccines against N.
meningitidis.
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Chapter 5

Introduction
Neisseria meningitidis group B is a human

pathogen, which can cause severe diseases
as meningitis and septic shock. Vaccines
under development against N. meningitidis
are based on outer membrane vesicles
(OMV), which primarily consist of outer
membrane proteins (1-3). Immunization
studies with these vaccines have revealed
that  their

Improvement of the vaccines

immunogenicity is low.
is thus
required and could potentially be achieved
by inclusion of N.  meningitidis
lipopolysaccharide (LPS), which has strong
adjuvant activity (4). The endotoxic effects
of LPS however are a major drawback and
have limited the use of LPS in human
vaccines so far.

The portion of LPS responsible for its
biological activities has been established to
reside in its lipid A part (Fig. 1) (5). We
recently demonstrated that alteration of the
fatty acyl composition of N. meningitidis
lipid A by genetic modification of its lipid A
biosynthesis pathway had profound effects

oligosaccharide core

on the biological activity of LPS (6).
Insertional inactivation of the IpxL1 gene,
encoding one of the acyloxyacyl
transferases, resulted in a penta-acylated
LPS that displayed 100-fold reduction in
endotoxin activity as compared to wild type
H44/76 LPS. Interestingly, the adjuvant
activity of IpxL1 LPS was unaffected as
demonstrated by its ability to restore the
immunogenicity of outer membrane
complexes (OMC) of a completely LPS-
deficient N. meningitidis mutant (6, 7). These
improved Dbiological properties make
mutant IlpxL1 LPS an interesting adjuvant
for inclusion in vaccines.

The pathways that determine the
adjuvant properties of N. meningitidis LPS
are not well defined. The adjuvant activity
of bacterial stimuli is believed to result from
their capability to target toll like receptors
(TLR) on dendritic cells (DC), which leads
to maturation of the DC (8). During this
MHCII  and

costimulatory molecules such as the TNF

process, expression of

family member CD40 and members of the

A
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A 4

o i i
o o
OH o OH o
- o
12 12
14 12 14 12
<
-
lipid A

Figure 1. Schematic representation of wild type N. meningitidis LPS. Indicated in grey is the side

chain, which is deleted in IpxL1 LPS.
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Role of ICOS in the IgG response against N. meningitidis

B7 costimulatory family is enhanced. The
best studied members of the B7 family are
B7.1 (CD80), B7.2 (CD86) and B7RP-1,
which induce T cell activation and Th1/Th2
differentiation upon ligation with their
counter receptors on T cells, CD28 and
ICOS (for Inducible COStimulator)
respectively (reviewed in ref. 9). Primed T
cells in turn can provide the necessary help
for B cells in antibody (Ab) production and
Ab class switching. Studies in mice deficient
for CD28 or ICOS have revealed that both
molecules are necessary for
More

immune responses in the absence of ICOS

profound

humoral responses. specifically,
or CD28 resulted in formation of smaller
germinal centers and defective Ab class
switching mainly towards IgG2a and IgGl1
(10-14). It is crucial that the expression of
costimulatory ligands and their receptors is
tightly spatially and temporally tightly
controlled, since aberrant costimulation has
severe consequences for the outcome of a
specific immune response.

As costimulatory molecules comprise
an important link between the innate and
adaptive immune systems, we addressed
the regulation of  expression  of

by different

adjuvants. Several studies have shown that

costimulatory ~ molecules

LPS-TLR4 interactions induce upregulation
of B7.2 expression on DC (15), however the
effect of LPS on B7RP-1 expression has not
been well defined. Likewise, while B7.1 and
B7.2 are upregulated by IpxL1 LPS, the
effect on B7RP-1 expression has not been
described (16). More
functional consequences of the regulation of
the B7.1/2 ligands on DC on the IgG
production in wvivo has not
together with the
importance of B7 costimulation in the

importantly, the

been
investigated. This,

generation of humoral immune responses,
prompted us to investigate whether B7.1-
B7.2/CD28 and B7RP-1/ICOS interactions
play a role in the adjuvant function of N.
meningitidis H44/76 LPS and mutant [pxL1
LPS. Our results demonstrate that ICOS and
CD28 together are responsible for the IgG
response against N. meningitidis, since no
IgG could be detected in sera from B7.1/2+
ICOS” mice. More importantly, it is shown
that the contribution of ICOS to the IgG
IpxL1  LPS
predominates over the contribution of
CD28.

response  evoked by

Materials & Methods

Bacterial strains and growth conditions
The structures of the lipid A of N.

meningitidis strain H44/76 and its IpxL1
derivative used in this study are shown in
fig. 1. All strains were grown overnight at
37°C  on (Difco
Laboratories) supplemented with

GC medium base

IsoVitaleX (Becton Dickinson) in a humid
atmosphere containing 5% CO:z or in liquid
Meningococcal Medium as described (17).
Bacterial suspensions were heat-inactivated
for 30 min at 56°C.

Isolation of outer membrane complexes
(OMCs)

Meningococci were grown in
Meningococcal Medium, and OMCs were
isolated by sarkosyl extraction (18). The
protein content was determined by using
the bicinchoninic acid protein assay reagent
(Pierce Chemical Co.) with BSA as a
standard. The protein composition of
H44/76 LPS- and IpxL1 LPS-containing
OMCs was similar as analyzed by sodium
dodecyl sulfate-polyacrylamide gel-
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electrophoresis (SDS-PAGE) and staining
with Coomassie Brilliant Blue.

Isolation of LPS
Meningococcal H44/76 wild type and IpxL1

LPS mutant LPS were isolated by the hot
phenol extraction method described by
Westphal and Jann (19).

Animal strains

C57BL/6 CD28-deficient mice were obtained
from the Jackson Laboratory (Bar Harbor,
Maine, USA) and C57BL/6 ICOS-deficient
mice were kindly provided by R. Flavell
(Yale University School of Medicine, New
Haven) (20). C57BL/6 ICOS”’ mice were
intercrossed with 129/SvS4Jae B7.1/27 mice
(kindly provided by A. Sharpe, Brigham
and Women’s Hospital, Boston, MA) (21),
generating B7.1/2ICOS” triple knockout
mice and B7.1/2*ICOS-/ littermates. All
animal experiments were performed in
compliance with institutional guidelines of
AALAC and were approved by the
institutional

animal care and ethics

committee.

Immunization of mice and serum

analysis

Ten- to twelve-weeks old CD28/-, ICOS or
B7.1/2/ 1COS* mice and their wild type- and
heterozygous littermates, were immunized
subcutaneously on day 0, 14 and 28 with
LPS-deficient OMCs (5 pg protein)
supplemented or not with 1.25 ug purified
H44/76 LPS or IpxL1 LPS. Sera was collected
at day 42 and antibody titers were
determined for each individual serum
against H44/76 whole cells in enzyme-
linked immunosorbent assays (ELISAs) as
described (22). Total IgG and IgG subclasses

were determined using goat-anti-mouse
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IgG, IgGl, IgG2a, IgG2b, IgG3 and
horseradisch  peroxidase (HRP)-labeled
conjugates (Southern Biotechnology

Associates, Inc.).

Statistical analysis
A four-parameter curve fit was made for

the optical density values obtained with
serial dilutions of the sera, and the antibody
titers were calculated as reciprocal dilutions
that gave 50% of the maximum absorbance
(= OD50).
antibody titers were logio converted, which

Before statistical analysis
normalized their distributions. Results were
analyzed using a Student’s t test (two-
tailed). Differences between groups were
considered statistically significant at the

p<0.05 level.

Dendfritic cell stimulation
Dendritic cells (DC) were cultured from

bone marrow as described by Inaba et al.
(23). At day 7 immature DCs were analyzed
for cell surface expression of CD1lc and
CD11b by flow cytometry. Subsequently,
DCs were stimulated with OMCs
containing H44/76 LPS or IpxL1 LPS (at an
LPS concentration of 100 ng/ml) or LPS-
deficient OMCs (at matching protein
concentrations to H44/76 LPS or IpxL1 LPS
containing OMC). After 20 hours and 40
hours DCs were stained with a panel of
fluorochrome-conjugated Abs as indicated,
all purchased at PharMingen (PharMingen
SanDiego, CA), B7RP-1-bio

(eBiosciences). Non-specific FcR binding

except for

was prevented with FcR blocking Ab, clone
2.4G2 (Pharmingen). Fluorchrome labeled
isotype controls were used as negative
controls. Stained cells were analyzed by
flow cytometry using a FACScalibur (BD
Bioscience).
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Results

B7.1/2 and B7RP-1 expression are
differentially regulated in response to
N. meningitidis H44/76 LPS and lpxL1

LPS
In search for new vaccines against N.

meningitidis we have previously shown that
the less toxic mutant /pxL1 LPS maintained
similar adjuvant capacity compared to its
wild type counterpart H44/76 LPS and fully
restores the
deficient OMC (7). To elucidate a putative
the

costimulatory pathways to the adjuvant

immunogenicity of LPS-

difference in contribution of B7

activity of N. meningitidis H44/76 LPS
versus IpxL1 LPS, expression levels of B7.1,
B7.2 and B7RP-1 on murine bone marrow
derived DC were investigated (Fig. 2).
Unstimulated immature DC expressed low
levels of the CD28 ligand B7.1 and B7.2 and
high levels of the ICOS ligand B7RP-1,
which remained stable after culture in the
absence of stimuli. Stimulation of DCs with
H44/76 LPS OMC as well as with IpxL1 LPS
OMC induced similar upregulation of
MHCII, a marker for DC maturation, while
after stimulation with LPS-deficient OMC
MHCII expression levels were unchanged
compared to levels on unstimulated DCs

H44/76 LPS OMC IpxL1 LPS OMC LPSOMC
20 40 20 40 20 40
B7.1 7.8% 5.3% 6.2% M,Q% 1 rj 1.3%
Y
B7.2 11,8%
B7RP-1 #12% 509%
CD40 73.6% _268% 24.4%

Figure 2. Differential regulation of B7 costimulatory molecules on DC by OMC in vitro. Bone
marrow derived DC were either left unstimulated (shaded plot), or stimulated for 20 and 40
hours (black line) with OMC containing H44/76 LPS or IpxL1 LPS or LPS-deficient OMC
(LPS’). Shown is the increase in percentages of positively stained cells for the indicated
molecules compared to unstimulated cells. Results are a representative of two independent

experiments.
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(data not shown). As soon as 20 hrs after
stimulation of DC with H44/76 LPS OMC
expression of B7.2 was enhanced, while B7.1
was only slightly upregulated. In contrast,
H44/76 LPS OMC induced downregulation
of the ICOS ligand B7RP-1 on murine DC,
which became most apparent after 40 hours
of culture. More importantly, culturing DC
in the presence of IpxL1 LPS OMC also
resulted in an enhanced B7.2 expression
and a reduction of B7RP-1 expression, albeit
to a lesser extend than in the presence of
H44/76 LPS OMC. Expression of CD40, a
costimulatory molecule of the TNF-related
family, was similarly elevated on DC after
stimulation in the presence H44/76 and
IpxL1 LPS OMC. H44/76 LPS and IpxL1 LPS
were the components responsible for the
change in expression of B7.1/2 and B7RP-1
on DC, since the B7.1/2 expression levels on
DC were unchanged after stimulation with
the corresponding LPS-deficient OMC.
Taken together, H44/76 LPS differentially

Total IgG

Antibody response (absorbance 450 nm)

H44/76 LPS

QD50 1.0+

the B7
costimulatory family members on DGC;
B7RP-1 was downregulated, while B7.1 and
B7.2 were upregulated.

regulated expression  of

ICOS-mediated costimulation
predominates in the adjuvant activity of

lpxL1 LPS
Once we had observed that H44/76 LPS and

IpxL1 LPS induce differential expression of
members of the B7 family members in vitro,
we next investigated the functional
requirement for B7.1/2/CD28 and B7RP-
1/ICOS ligand-receptor pairs the
adjuvant activity of H44/76 LPS and IpxL1
LPS in vivo. Therefore, wild type, CD28"
and ICOS’” mice were immunized with
LPS-deficient OMC supplemented with
either H44/76 LPS or IpxL1 LPS, and serum
IgG levels were determined by whole cell
ELISA (Fig. 3). Mice were immunized with
OMC containing 5 pg protein, since dose-

in

response analysis revealed that serum IgG

IpxL1 LPS -

——WI
- CD28-/-
== OO/~

ODs0 1.04

0.57

0.0

100
4007
16007
6400
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Figure 3. The IgG response induced by IpxL1 LPS is more dependent on ICOS than on CD28.
Wild type, CD28", or ICOS’ mice were immunized with LPS-deficient OMC supplemented or
not with H44/76 LPS, or IpxL1 LPS. Sera were collected on day 42 and IgG titers were
determined by whole-cell ELISA. Results are expressed as absorbance measured at 450 nm +
SEM. Indicated is OD50, which is the optical density at 50% of the maximal absorbance. Six to
twelve mice were analyzed per group generated from at least two independent experiments; *

p<0.05; ** p<0.05; *** p<0.001.
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levels reached an optimum when mice were
immunized with OMC containing 5 ug
protein (unpublished observations). In wild
type mice, immunization with LPS-deficient
OMC IeG
response, which was diminished in CD28"

alone evoked a minimal
mice and absent in ICOS’ mice. In wild
type mice, both H44/76 LPS and IpxL1 LPS
similarly increased the IgG levels induced
by LPS-deficient OMC more than 20-fold,
their

adjuvant activity as previously described

underscoring comparable potent

Subtype IgG

H44/76 LPS

Antibody response (absorbance 450 nm)

1.0 0OD50
0.5
0.0 5 5 & & &
(e o o o o o
— =T ~0 =T 0 =T
— ~O [Te) o
S

(Fig. 3) (7). In CD28"- mice, immunization in
the presence of H44/76 LPS and IpxL1 LPS
induced a 4- to 5-fold lower IgG response as
compared to wild type mice. Similarly, a 4-
to 5-fold reduction in IgG serum levels was
found when ICOS’ mice were immunized
in the presence of H44/76 LPS. In contrast,
when these mice were immunized with
LPS-deficient OMCs and IpxL1 LPS a 17-
fold reduction in the IgG response was
found as compared to the response evoked
in wild type mice. This indicates that the

IpxL1 LPS

——WT
—0—(D28-/-
—— IC0&-/-

——WT
—o— (D28-/-
- IC0&-/-

OoDso0

=
()

4007
16007]
64007

256007
102400

serum dilution (1/n)

Figure 4. Contribution of CD28 and ICOS to OMC specific IgG1 and IgG2b subtype responses
in the presence of H44/76 LPS or IpxL1 LPS. Wild type, CD287 or ICOS’ mice were
immunized with LPS-deficient OMC supplemented with H44/76 LPS or IpxL1 LPS. Sera were
collected on day 42 and IgG1 and IgG2b titers were determined by whole cell ELISA. Results
are expressed as absorbance measured at 450 nm + SEM. Indicated is OD50, which is the
optical density at 50% of the maximal absorbance. Six to twelve mice were analyzed per
group generated from at least two independent experiments; * p<0.05; ** p<0.05; ** p<0.001.
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adjuvant function of both H44/76 LPS and
IpxL1 LPS requires CD28-costimulation to
the same extend, whereas the adjuvant
activity of mutant IpxL1 LPS is more
dependent on ICOS than observed for
H44/76 LPS.

LpxL1 LPS adjuvant activity augments
ICOS dependent IgG1 and IgG2b

production
For the development of effective vaccines

against N. meningitidis it is important not
only to elicit proper Ab titers, but also to
enhance specific subclasses of Abs capable
of inducing Ab-mediated effector functions
this
pathogen. Among different murine IgG

necessary for immunity against
subtypes, IgG2a and IgG2b are considered
to be most important in the protection
against N. meningitidis for their complement
activating activity, while IgG1 production is

less protective (24, 25). Since both ICOS and

Total IgG
H44/76 LPS

o % Kk

Antibody response (absorbance 450 nm)

1600

1
o
(=)
=
o]
o

CD28 are reported to be crucial in isotype
switching, we next determined the subclass
distribution of the antibodies elicited in
wild type, CD28 and ICOS’ mice in
response to LPS-deficient OMC
supplemented with H44/76 LPS or IpxL1
LPS (Fig. 4). Unfortunately, C57BL/6 mice
are unable to produce high titers of IgG2a
(26), which was therefore not included in
further analysis. Furthermore, IgG3 and
IgG2c
immunization with both LPS-deficient
OMC supplemented with H44/76 LPS or
IpxL1 LPS in all mouse strains tested (data

levels were undetectable after

not shown).

In wild type mice, the IgGl and
IgG2b Ab levels induced by immunization
with IpxL1 LPS and LPS-deficient OMC
were not significantly different from IgGl
and IgG2b levels found in the presence of
H44/76 LPS, demonstrating that these
adjuvants subclass

elicited comparable

IpxL1 LPS

B0

v B7.1/2+-1CO&-/-
—— B7.1/2-/-ICOS-/-

0oDso
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o ) o o o o
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Figure 5. OMC specific IgG responses in the presence of H44/76 LPS or IpxL1 LPS are
completely dependent on CD28 and ICOS. B7.1/2 ICOS’ mice or B7.1/2*-ICOS”- littermates
were immunized with LPS-deficient OMC supplemented with H44/76 LPS or IpxL1 LPS.
Sera were collected on day 42 and total IgG titers were determined by whole-cell ELISA.
Results are expressed as absorbance measured at 450 nm + SEM. Indicated is OD50, which is
the optical density at 50% of the maximal absorbance. Seven to eight mice were analyzed per
group generated from at least two independent experiments; *** p<0.001.
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distributions. Yet, the induction of class
switching of IpxL1 LPS and H44/76 LPS
differed with respect to the costimulation
ICOS and CD28 were
indispensable for IgG1 class switching for
both H44/76 LPS and IpxL1 LPS. In contrast,
IgG2b class switching was more dependent
on ICOS in the case of IpxL1 LPS, as
concluded from a 14-fold reduction of

requirements.

serum IgG found after immunization of
ICOS” mice compared to wild type mice,
whereas in CD287- mice IgG2b levels were
only 5-fold reduced. Taken together, while
ICOS and CD28
functions in class switching, ICOS is more

show overlapping
important in class switching towards the
IeG2b after
immunization in the presence of IpxL1 LPS
compared to CD28.

protective subclass

ICOS and CD28 are both required and
sufficient for the adjuvant activity of

lpxL1 LPS

To test whether residual IgG production in
ICOS” mice after immunization in the
presence of IpxL1 LPS could be attributed to
CD28, vaccinations using mice deficient for
both the B7.1/2/CD28 and B7RP-1/ICOS and
pathways were performed. Therefore,
serum IgG levels were determined in B7.1/2-
FICOS” mice and B7.1/2*-/ICOS/ littermates
immunized with LPS-deficient OMC in the
presence of either H44/76 LPS or IpxL1 LPS.
Interestingly, no serum IgG could be
detected in B7.1/2ICOS”- deficient mice
after immunization in the presence of
H44/76 LPS or IpxL1 LPS (Fig. 5). Also,
neither IgG1 nor IgG2b could be detected in
B7.1/27ICOS’ mice (data not shown). In
B7.1/2# ICOS’ mice on mixed C57BL/6-
129/SvS4Jae background total IgG levels

after immunization were slightly higher

(Fig. 5) as compared to levels in ICOS”- mice
on C57BL/6 background (Fig. 3), which
reflected an overall higher IgG levels that
could be evoked in 129/SvS4Jae wild type
mice (data not shown).
B7.1/2/CD28 and
costimulatory  pathways

Apparently,
B7RP-1/ICOS
together are
indispensable for the adjuvant activity of
both H44/76 LPS and IpxL1 LPS.

Discussion
The inclusion of LPS into OMV for

vaccination against Neisseria meningitidis
group B is desirable for it's high adjuvant
activity, but restricted because of the toxic
side effects of LPS. Fortunately, a less toxic
variant of LPS was recently generated, I[pxL1
LPS, which has equally potent adjuvant
activity compared to wild type H44/76 LPS
in terms of IgG production (7). Despite
similar adjuvant activity between H44/76
LPS and IpxL1 LPS, we here
differences  in  their = costimulation
requirements. While H44/76 LPS and IpxL1
LPS require CD28 to the same extend, ICOS
is much more important in the adjuvant
activity of IpxL1 LPS compared to wild type
LPS. This correlated with the availability of
their respective ligand on DCs to a certain

report

degree. Namely, B7RP-1 expression on DCs
continued to be more pronounced after
IpxL1 LPS stimulation compared to H44/76
LPS stimulation. In contrast, the difference
in B7.2 expression induced by H44/76 LPS
compared to IpxL1 LPS did not correspond
with a more CD28 dependent response after
immunization with the respective agents in
vivo. Either minimal B7.2 expression on DC
is sufficient to have maximum CD28
B7.1/2
expression on other APCs also contribute to

dependent  costimulation  or

the response after immunization in vivo.
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The change in lipid A part as done in
IpxL1 LPS  diminished the B7.1/2
upregulation and especially
downregulation of B7RP-1 as was observed
for H44/76 LPS, while CD40 expression was
similar between the two forms. LPS exerts
its effect on DC via binding to the
TLR4/MD2/CD14
signal via the Myd88-dependent or Myd88-
independent TRIF/TRAM-dependent
pathway (8). It has previously been
demonstrated that LPS-mediated up
regulation of B7.2 and CD40 on DC occurs
via a MyD88-independent TRIF-mediated
pathway downstream of TLR4 (27), whereas

complex, which can

up regulation of B7/RP-1 on macrophages by
LPS primarily depends on the MyD88-
dependent pathway (28). Furthermore, it
has been shown that signaling of N.
meningitidis H44/76 LPS is mediated via the
TLR4/MD2 pathway (29).
composition of the lipid A part of LPS

Because the

determines the signaling pathway that is
preferentially used (30), it is conceivable
that the mutation in the lipid A region, as
done in IpxL1 LPS, alters the interaction
with TLR4, affecting MyD88-dependent and
-independent signaling and consequently
leading to differential regulation of B7.1/2
and B7RP-1.

The restored immunogenicity of LPS-
deficient OMC supplemented with H44/76
LPS or IpxL1 LPS could be
generation of Abs

due to
itself.
However, we have previously shown that
no LPS-specific Abs could be detected in the
sera of mice immunized with LPS-deficient
OMC supplemented with H44/76 LPS (7).
Based on these results it is likely that both
H44/76 LPS and IpxL1 LPS have a major
function in adjuvant activity rather than an

against LPS

immunogenic function.
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When mice were immunized with
LPS-deficient OMC alone a minimal IgG
response was still apparent, which was
dependent on the presence of CD28 and
ICOS. We and others have previously
shown that porins, such as PorA and PorB,
are the major antigenic components in
OMC, which in the case of LPS-deficient
OMC accounts for the induced IgG
response after immunization (7, 17, 31). A
CD28-dependent IgG
neisserial

response against
porins has previously been
demonstrated by Wetzler and coworkers
(32). Unlike the low levels of B7.1 and B7.2
resulting from stimulation with OMC in the
absence of LPS, ICOS ligand B7RP-1
remained highly expressed on the surface of
DC. This could explain that next to CD28§,
ICOS is indispensable for IgG production
against OMC in the absence of LPS.
Therefore, one could speculate that ICOS is
important for the immune response against
Gram-positive bacteria. Whether patients
with an ICOS defect are more sensitive to
infection with Gram-positive bacteria
compared to Gram-negative bacteria is a
point of interest and remains to be
investigated.

Both CD28 and ICOS have been
shown to be important molecules for
germinal center formation and isotype
switching. In many studies both CD28 and
ICOS are reported to be indispensable for
isotype switching towards IgG1, which is in
accordance with the role of ICOS and CD28
in Th2 differentiation (10, 11, 13, 14, 21).
Consistent with this, either CD28 or ICOS
could account for most of the IgG1 response
after vaccination with OMC in the presence
of either H44/76 LPS or IpxL1 LPS, showing
overlapping function. In contrast, ICOS was

more important than CD28 for IgG2b
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production after immunization in the
presence of IpxL1 LPS, although OMC
specific IgG2b response could still occur in
the absence of either ICOS or CD28.

The LPS adjuvant activity as assayed
by serum IgG production is demonstrated
to be completely dependent on the presence
of both B7.1/2/CD28 and B7RP-1/ICOS
ligand/receptor pair in vivo. These data are
in accordance with data reported by Suh et
al., which also show that double mutation
of the CD28 and ICOS pathways leads to
profound defects in the IgG response
against T-dependent antigen (11). The
relative contribution of each ligand-receptor
pair to the IgG response in vivo can be
directly compared in the study described
here. Our observation that ICOS plays a
more critical role than CD28 for the IgG
response after vaccination in the presence of
IpxL1 LPS suggests that there is an ICOS-
dependent IgG response, which is CD28-
independent.

This study has
important role for ICOS in vaccination

revealed an

protocols. We have demonstrated that
ICOS-B7RP-1 interaction is crucial in the
eliciting of an Ab response against N.
meningitidis in addition to the well-
characterized B7.1/2-CD28 interaction. This
has  broad

understanding of the differential function of

implications  for  our
the various members of the B7
costimulatory family and suggests that
ICOS could be more critical in enhancing B
cell responses. Interestingly, previous
studies showed that continuous stimulation
of ICOS by it's ligand B7RP-1 caused
increased serum IgG production, especially
of the Thl related IgG2a subtype, which
when CD28 was

stimulated in vivo (33, 34). Studies in which

was less effective

we use an agonistic anti-ICOS Ab in vivo to
enhance immune responses against N.
meningitidis are currently on their way in
our laboratory. Future studies will be aimed
at comparing vaccination responders and
non-responders with regard to ICOS and
B7RP-1 expression in order to investigate
the function of the B7RP-1/ICOS pathway
more specifically in healthy human donors.
These investigations could provide us with
new information for design of better

vaccines.
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Chapter

CD28/CTLA4 double deficient
mice demonstrate crucial role for B7 co-stimulation

in the induction of lower airways disease

Daphne T. Deurloo, Miranda E.A.T. van Berkel!, Betty C.A.M. van Esch, Frans
Hofthuis!, Frans P. Nijkamp, Mariette A. Oosterwegel! and Antoon J.M. van
Oosterhout

Department of Pharmacology and Pathophysiology, Faculty of Pharmaceutical Sciences, Utrecht
University, Utrecht, the Netherlands
! Department of Immunology, University Medical Center, Utrecht, the Netherlands

Summary

The existence of a third B7-1/B7-2 receptor was postulated in a recent study using a novel
mouse strain lacking both CD28 and CTLA4 (CD28/CTLA47). In the present study, it was
investigated if T-cell co-stimulation via the putative B7-1/B7-2 receptor plays a role in the
induction of Th2-mediated asthma manifestations in mice. BALB/c wild-type, CD28/CTLA4-"
and B7-1/B7-27- mice were sensitized and aerosol challenged with ovalbumin (OVA). At 24 h
after the last aerosol, wild-type mice showed airway hyperresponsiveness in vivo and up-
regulated levels of serum OV A-specific IgE compared with the situation shortly before OVA
challenge. In addition, eosinophil numbers and IL-5 levels in the broncho-alveolar lavage
fluid and Th2 cytokine production by lung cells upon OVA re-stimulation in vitro were
observed. In agreement with an earlier study, we failed to induce any of the asthma
manifestations in B7-1/B7-27 mice. Importantly, also CD28/CTLA4"- mice showed no asthma
manifestations upon OVA sensitization and challenge. These data clearly demonstrate that
T-cell co-stimulation via the putative B7-1/B7-2 receptor appears to have no role in the
induction of Th2-mediated asthma manifestations in this murine model and, conversely, that
CD28 signaling is crucial.

Clin. Exp. Allergy (2003) 33(9):1297-1304
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Introduction
Allergic asthma is a complex inflammatory
disease of the airways characterized by
reversible airflow obstruction, persistent
airway hyperresponsiveness to broncho-
spasmogenic stimuli such as methacholine,
chronic eosinophilic airway inflammation,
and airway remodeling (1). Allergen-
specific CD4* type 2 helper T- (Th2) cells
play a pivotal role in the pathogenesis and
progression of allergic asthma by
orchestrating the inflammatory response
(2). Over the past decade, it is well
established that for optimal activation, T-
lymphocytes require nonspecific co-
stimulatory signals in addition to the
antigen-specific signal conferred by the T-
cell receptor (TCR) (3-5). Although many
receptor-ligand  pairs for T-cell co-
stimulation have been identified since,
CD28 is the

molecule, constitutively present on the

primary co-stimulatory
surface of T-cells. Engagement of CD28 on
naive T-cells by its ligands B7-1 (CD80) or
B7-2 (CD86) on antigen-presenting cells
provides a potent co-stimulatory signal to
T-cells activated through their TCR that
contributes to elements of T-cell activation
such as proliferation and IL-2 secretion. The
second receptor for the B7-1/B7-2 ligands,
CTLA4, is expressed on activated T-cells
and delivers an inhibitory
T-cell
experimental murine models of allergic
asthma, blockade of the CD28/CTLA4:B7-
1/B7-2 pathway of T-cell co-stimulation

signal to

terminate the response (6). In

during the antigen sensitization and/or
challenge period ameliorates the features of
allergic airway sensitization (7-12).
Interestingly, a recent study using a
novel mouse strain lacking both CD28 and
CTLA4 (CD28/CTLA47) provided evidence
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for the existence of an additional receptor
for the B7-1 and B7-2 molecules (13). In this
CD28/CTLA4"  CD4*  T-cells
demonstrated considerable residual B7-
1/B7-2-dependent
polyclonal stimulation in vitro. In addition,

study,

proliferation ~ upon
T-cell co-stimulation via this putative B7-
1/B7-2 receptor was shown to contribute
Thl-mediated
allograft rejection in vivo, in contrast with

substantially to cardiac
long-term allograft survival in B7-1/B7-2+
mice (14-15).

The role of this putative B7-1/B7-2
receptor in other T-cell-mediated disease
models is unknown at the moment. With
regard to Th2-mediated allergic asthma, no
features of allergic airway sensitization can
be induced in B7-1/B7-27- mice (16), nor in
wild-type mice treated with mAbs against
both B7-1 and B7-2 throughout the antigen
sensitization and challenge period (17). In
CD287" mice, however, the failure to induce
manifestations of allergic asthma is
by the
lymphocytes and IFN-y in the broncho-
alveolar lavage fluid (BALF) (17-18) and the
priming of lymphocytes in the lungs, spleen
and lymph nodes (17-19). These data on
residual T-cell activation in CD287 mice but
not in B7-1/B7-27- mice (16), suggest a
potential role for the putative B7-1/B7-2
receptor. Co-stimulation by the supposed

accompanied presence  of

B7-1/B7-2 receptor would then result in
allergen-specific T-cell activation that is not
strong enough to induce the features of
allergic airway sensitization. However, the
failure to induce these symptoms in CD28"
mice might also be due to negative
signaling by CTLA4 (20-22) that opposes
T-cell
putative B7-1/B7-2 receptor. So, unmasking

potential co-stimulation wvia the

the possible role of co-stimulation by the
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supposed B7-1/B7-2 in T-cell
activation requires the absence of both
CD28 and CTLA4.

Therefore, in the present study, we

receptor

investigated if T-cell co-stimulation via the
putative B7-1/B7-2 receptor contributes to
the induction of Th2-dominated model of
allergic ~ asthma  using the novel
CD28/CTLA47 mouse strain. To this end,
BALB/c wild-type mice, CD28/CTLA4"
mice and B7-1/B7-27 mice were sensitized
challenged  with  the
experimental allergen ovalbumin (OVA). At
24 h after the last OVA aerosol, wild-type
mice show airway hyperresponsiveness to

and  aerosol

the non-specific stimulus methacholine,
allergen-specific IgE in serum and an
infiltration of eosinophils in the BALF. In
addition, Th2-type cytokines were observed
in the BALF and supernatant of OVA re-
stimulated lung cell cultures. In agreement
with an earlier study by Mark et al. (16), we
failed to induce any of these features of
allergic airway sensitization in the B7-1/B7-
27/~ mice. Interestingly, also CD28/CTLA4"
mice showed no manifestations of allergic
upon OVA
challenge. In addition, we were unable to

asthma sensitization and
demonstrate signs of residual OVA-specific
CD4+ T-cell activation in CD28/CTLA4-
mice. So, T-cell co-stimulation wvia the
putative B7-1/B7-2 receptor appears to have
no role in the induction of Th2-mediated
features of allergic airway sensitization in
this murine model. Conversely, further
evidence is provided for the critical role of
CD28 signaling in the development of Th2-
dominated allergic inflammatory responses
(17, 19, 23).

Materials & Methods

Animals
Specific pathogen-free wild-type BALB/c
mice were obtained from Charles River
(Maastricht, the Netherlands). BALB/c
CD28/CTLA47 mice (13) and BALB/c B7-
1/B7-27- mice (24) were generated in the
laboratory of Dr. A.H. Sharpe (Brigham and
Women’s Hospital and Harvard Medical
School, Boston, MA, USA), which is an
institution accredited by the American
Association for the Accreditation of
Laboratory Animal Care (AALAC). In the
Netherlands, these mice were bred and
maintained in a pathogen-free animal
facility of the Central Laboratory Animal
Institute (Utrecht). Female and male (4:2)
12-13 week-old mice were used for our
Animal care and use

studies. were

performed in accordance with the
guidelines of the Dutch Committee of

Animal Experiments.

Antigen sensitization and challenge
All mice were sensitized and challenged

with OVA (chicken egg albumin, crude
grade V, Sigma, St. Louis, MO, USA).
Systemic sensitization was performed by
two i.p. injections of 10 ug OVA adsorbed
onto 2.25 mg aluminium hydroxide (alum;
ImjectAlum, Pierce, Rockford, IL, USA) in
0.1 ml pyrogen-free saline on days 0 and 7.
On days 35, 38 and 41, mice were
challenged by inhalation of an OVA aerosol
in a Plexiglass exposure chamber (5 liter) for
20 min. The aerosols were generated by
nebulizing an OVA solution (10 mg/ml in
pyrogen-free saline) using a Pari LC Star
nebulizer (PARI Respiratory Equipment,
Richmond, VA, USA; particle size 2.5-3.1
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um) driven by compressed air at a flow rate

of 6 liters/min.

Measurement of airway responsiveness
in vivo

Airway responsiveness was measured in
conscious, unrestrained mice on day 30 (5
days before the OVA aerosol challenge
period) and at 24 h after the last OVA
aerosol challenge on day 42, by recording
respiratory pressure curves in response to
inhaled nebulized methacholine (acetyl-{3-
chloride;
barometric whole-body plethysmography
(Buxco; EMKA Technologies, Paris, France).
expressed in

methylcholine Sigma) using

Airway responses were
enhanced pause (Penn), an index of airway
detail

previously (25). Briefly, mice were placed in

obstruction as described in

a whole-body chamber and pressure
differences between this chamber and a
reference chamber were recorded. After
baseline Penh values were obtained for 3 min
and averaged, animals were exposed to a
saline aerosol and a series of methacholine
aerosols (solutions doubling in
concentration, ranging from 1.56-50 mg/ml
in saline). Aerosols were generated by a
Pari LC Star nebulizer for 3 min and after
each nebulization readings were taken for 3

min and averaged.

Determination of OVA-specific IgE

levels in serum
At day -3 and day 32 (three days before

challenge) approximately 0.25 ml blood was
recovered from mice by an incision in the
tail vein. After measurement of airway
responsiveness in vivo at 24 h after the last
OVA aerosol challenge on day 42, mice
were killed by i.p. injection of 1 ml 10%
urethane (Sigma) in sterile saline and bled
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by cardiac puncture. Serum was prepared
from blood samples and stored at -20°C
until determination of OVA-specific IgE
levels by ELISA. Briefly, Maxisorp 96-wells
flat-bottomed microtitre plates (Nunc A/S,
Roskilde, Denmark) were coated overnight
at 4°C with 1 ug/ml rat anti-mouse IgE mAb
(clone R35-72, PharMingen, San Diego, CA,
USA) diluted in PBS. The next day, the
ELISA was performed at room temperature
using ELISA buffer (PBS containing 0.5%
BSA (Sigma), 2 mM EDTA, 136.9 mM NaCl,
50 mM Tris, 0.05% Tween-20 (Merck,
Whitehouse Station, NJ, USA), pH 7.2) for
blocking and dilution of samples, standard
and reagents and PBS containing 0.05%
Tween-20 for washing between incubations.
After blocking of wells for 1 h, serum
samples and a duplicate dilution series of
an OVA-specific reference serum (starting
1:40) were added to the wells and incubated
for 2 h. An OVA-specific IgE reference
serum was obtained by sensitization and
challenge of mice with OVA -described
above and arbitrarily assigned a value of
1,000 experimental units/ml (EU/ml).
Hereafter, 1 pg/ml of OVA labeled to
digoxigenin (DIG) by a DIG protein
labeling kit (Roche Diagnostics, Basel,
Switzerland) was added for 1.5 h, followed
by incubation with 1:500 diluted anti-DIG-
Fab fragments coupled to horseradish
peroxidase (Roche Diagnostics) for 1 h.
Colour development was performed with o-
phenylenediamine-dichloride substrate (0.4
mg/ml, Sigma) and 4 mM H:O: in PBS and
the reaction was stopped by adding 4 M
H2SOs4. The OD was read at 490 nm, using a
Benchmark microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA). Results
were analyzed with Microplate Manager PC
software (Bio-Rad Laboratories). The lower
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detection limit of the ELISA was 4 EU/ml
IgE.

Analyzis of the BALF
BAL was obtained

bleeding of the mice by lavage of the

immediately after

airways through a tracheal cannula with 1
ml saline at 37°C containing 5% BSA and 2
ug/ml aprotinine (Roche Diagnostics). The
recovered lavage fluid of this first ml was
kept apart for determination of the amount
of IL-5 in the supernatant by ELISA.
Subsequently, mice were lavaged four times
with 1 ml aliquots of saline only at 37°C.
Recovered lavage fluid of the second
through fifth ml was pooled and cells
(including those from the first ml) were
pelleted (387 x g, 4°C, 10 min), and
resuspended in 0.15 ml cold PBS. The total
BALF was
determined using a Biirker-Tiirk counting-
chamber (Karl Hecht Assistant KG,
Sondheim/R6hm, Germany). For
differential BALF cell counts,
preparations were made (15 x g, 4°C, 5 min)
(Shandon Life
Science, Cheshire, UK), and cells were fixed
and stained with Diff-Quick (Dade AG,
Diidingen, Switzerland). Per cytospin, at
least 200
differentiated  into

number of cells in the

cytospin

using a cytocentrifuge

cells were counted and
mononuclear cells
(monocytes, macrophages and lympho-
cytes), eosinophils and neutrophils by

standard  morphology and  staining
characteristics. The investigator counting
the cells was blinded to the treatment

groups.

Culture of lung cells
Lungs were lavaged as described above and

perfused via the right heart ventricle with 4
ml saline at 37°C containing 100 U/ml

heparin (Leo Pharmaceuticals, Weesp, the
Netherlands) to remove any blood and
intravascular leucocytes. Complete lung
tissue was removed and transferred to cold
sterile PBS. Lungs were then minced and
digested in 3 ml RPMI 1640 containing 2.4
mg/ml collagenase A and 1.0 mg/ml DNase
I (grade II) (both from Roche Diagnostics)
for 30 min at 37°C. Enzyme activity was
stopped by adding 1 ml FCS. The lung
tissue digest was filtered through a 70-um
nylon cell strainer (Becton Dickinson
Labware, Franklin Lakes, NJ, USA) with 10
ml RPMI 1640 to obtain a single-cell
suspension. The lung-cell suspension was
washed, resuspended in culture medium
(RPMI 1640 supplemented with 10% FCS,
1% glutamax I and gentamicin (both from
Life Technologies, Gaithersburg, MD, USA)
and 50 pM [-mercaptoethanol (Sigma)),
and the total number of lung cells was
determined using a Biirker-Tiirk counting-
chamber. Lung cells (8 x 10° lung cells/well)
were cultured in 96-well round-bottomed
plates (Greiner Bio-One, Kremsmuenster,
Austria) in the presence or absence of OVA
(10 pg/ml). In addition, lung cells were
polyclonally stimulated with plate-bound
rat anti-mouse CD3 mAb (clone 17A2
rIgG2b, 50 pug/ml, coated overnight at 4°C).
The hybridoma for the 17A2 mAb to CD3
was obtained from the American Type
Tissue Collection (Manassas, VA, USA) and
purified Ab was used. After 5 days of
culture at 37°C in 5% CO, the supernatant
was harvested, and stored at -20°C until
determination of cytokine levels by ELISA.

Measurement of cytokines
Supernatants of the first millilitre BALF and

of the lung cell-cultures were analyzed for
IFN-y, IL-5 and IL-10 content by sandwich
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ELISA wusing Ab pairs and standards
purchased from PharMingen, according to
the manufacturer’s instructions. The lower
detection limits of the ELISAs were 16
pg/ml for IFN-y, 32 pg/ml for IL-5, and 63
pg/ml for IL-10.

Statistical analysis

All data are expressed as mean + SEM. The
airway dose-response curves to
methacholine were statistically analyzed by
a general linear model of repeated
measurements  followed by  post-hoc

comparison between groups. Data were
log10
equalize variances in all groups. Statistical
on BALF cell

performed using the non-parametric Mann

transformed before analysis to

analysis counts was
Whitney U test. For all other parameters,
results were statistically analyzed using a
Student’s t test (two-tailed, homoscedastic).
Differences  between  groups  were
considered statistically significant at the P <
0.05 level. Statistical
performed using SPSS for Windows version

10.0.5 (SPSS, Chicago, IL, USA).

analyses were

Results

BALB/c wild-type, CD28/CTLA4/ and B7-
1/B7-27 mice were i.p. sensitized to 10 ug
OVA adsorbed to alum on day 0 and 7 and
aerosol challenged with a 1.0% OVA
solution for 20 min on days 35, 38 and 41.

Absence of OVA-specific IgE in the sera
from CD28/CTLA4"- and B7-1/B7-2"
mice

To determine allergen-specific IgE levels in
serum, blood was withdrawn from each
mouse before sensitization to OVA (pre-
serum), after sensitization but before the
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OVA aerosol (post-

sensitization serum) and at 24 h after the

challenge period
last OVA aerosol (final serum). In the pre-
sera from the three BALB/c strains, no
OVA-specific IgE could be detected. After
sensitization to OVA, antigen-specific IgE
was found in the sera from wild-type mice
(11,664 + 2,034 EU/ml) and these levels were
greatly up-regulated upon OVA aerosol
challenge (103,487 + 15,811 EU/ml, P <
0.0005). In contrast, in both the post-
sensitization- and final sera from
CD28/CTLA47 and B7-1/B7-27/- mice the
amount of OVA-specific IgE was below the
detection level of the ELISA (4 EU/ml).
These data suggest that no sensitization to
OVA had taken place in the animals
deficient in CD28 and CTLA4 or the B7

molecules.

Absence of airway hyperresponsiveness
in CD28/CTLA4- and B7-1/B7-2" mice
Airway responsiveness in  vivo  to
methacholine was determined in conscious,
unrestrained mice by barometric whole-
body plethysmography and was first
measured after sensitization to OVA but
before the aerosol challenge period. As
shown in fig. 1, all three OVA-sensitized
BALB/c

dependent increase in Penn, an index of

strains, demonstrated a dose-

airway obstruction, in response to
aerosolized methacholine and the complete
methacholine dose-response curves (DRCs)
did not differ between the strains (P =1 for
each combination of two strains). Airway
responsiveness in vivo was measured again
at 24 h after the last OVA aerosol. Upon
OVA aerosol challenge, wild-type mice
developed airway hyperresponsiveness
because as the second methacholine DRC is
DRC

significantly ~different from the



CD28-CTLA-4-/- mice and Th2-dominated allergic asthma

obtained before challenge in this group of
mice (P < 0.05).
responsiveness to methacholine before- and
at 24 h after the OVA aerosol challenge
period was not different in CD28/CTLA4"
and B7-1/B7-27- mice, when comparing the
complete DRCs (P = 1 and P = 1,
respectively).

In contrast, airway

Comparing the airway
responses to the separate concentrations of
the methacholine DRC before- and after
OVA CD28/CTLA4 mice
showed airway hyperresponsiveness to 50
mg/ml methacholine (P < 0.05, Fig. 1).
However, in a duplicate
CD28/CTLA47" mice
induction of hyperresponsiveness upon
OVA

concentration of the methacholine DRC

challenge,
experiment,
demonstrated no
challenge to each

separate

(data not shown). So, no residual airway

hyperresponsiveness was induced in mice
lacking both CD28 and CTLA4 upon OVA-
sensitization and challenge.

Absence of eosinophils and IL-5 in the
BALF from CD28/CTLA4"- and B7-1/B7-
2+ mice

The number of various leukocytes in the
BALF was used as a measure for the
infiltration of these cells in the airways and
was determined at 24 h after the last OVA
aerosol challenge. OVA sensitization and
challenge from wild-type mice resulted in
an influx of inflammatory cells in the BALF,

predominantly eosinophils besides
mononuclear cells (monocytes, macro-
phages and lymphocytes) and a few

neutrophils (Fig. 2). In contrast, as in naive
wild-type mice (data not shown), only

12
-| @wild-type mice before OVA challenge
10 4 O wild-type mice after OVA challenge
| @ CD28/CTLA4-/- mice before OVA challenge
D_% g | @CD28/CTLA4-/- mice after OVA challenge T
° @m B7-1/B7-2-/- mice before OVA challenge
b _
S @ B7-1/B7-2-/- mice after OVA challenge T
2 64
(%]
2
g
s 44
Z
2 -
O a1 T 1
basal saline 1.56 3.13 6.25 125 25 50

Methacholine (mg/ml)

Figure 1. Absence of airway hyperresponsiveness in CD28/CTLA4/ and B7-1/B7-2-- mice. BALB/c
wild-type (first and second bar), CD28/CTLA4- (third and fourth bar) and B7-1/B7-2-- mice (fifth and sixth
bar) were sensitized to OVA adsorbed to alum and challenged with three OVA aerosols. Airway

responsiveness in vivo to aerosolized methacholine was measured in conscious, unrestrained mice by

whole-body plethysmography before (striped bars) and at 24 h after (plain bars) the OVA aerosol

challenge period. Values are expressed as mean + SEM (n = 5-6 per group).
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mononuclear cells were present in the BALF
from CD28/CTLA4” and B7-1/B7-2"- mice
upon OVA-sensitization and challenge and
the number of mononuclear cells was
significantly less compared with OVA-
sensitized and challenged wild-type mice (P
<0.005 and P < 0.05, respectively).

The influx of inflammatory cells in the
BALF of OVA-sensitized and challenged
wild-type mice was accompanied by the
presence of IL-5 (0.67 + 0.08 ng/ml), but no
detectable levels of IFN-y, pointing to a Th2-
dominated response. Because IL-5 is
involved in the migration of eosinophils,
this is in accordance with the BALF
eosinophilia observed in this group of mice.
In contrast, no IL-5 (and no IFN-y) could be
detected in the BALF from CD28/CTLA4"
and B7-1/B7-2/ mice. So, no residual Th2-
dominated inflammatory response could be
observed in the BALF from CD28/CTLA4"

mice  upon  OVA-sensitization  and

challenge.
10
- O wild-type mice
& 8- mCD28/ICTLA4" mice l
% | @B7-1uB7-2" mice
»
3 61
(8]
< i
g 4
€ i
p=}
b4
] ’—LL_L\
0 = ‘ | ]
eo's neutro's MNCs total

Cell type

Figure 2. Absence of eosinophils in the BALF
from CD28/CTLA47 and B7-1/B7-27/ mice.
BALB/c wild-type (open bars), CD28/CTLA4"
(closed bars) and B7-1/B7-27- mice (hatched/grey
bars) were sensitized to OVA adsorbed to alum
and challenged with three OVA aerosols. At 24
h after the last OVA aerosol challenge, BALF
was recovered and the cellular composition was
determined. Values are expressed as mean *
SEM (n = 5-6 per group).
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Lung T-cells from CD28/CTLA4- and
B7-1/B7-2" mice are not primed

A single-cell suspension of lung tissue was
prepared at 24 h after the last OVA aerosol.
T-cell
cytokine responses, lung cells were re-
stimulated with 10 pg/ml OVA for 5 days.
In addition, lung T-cells were polyclonally
stimulated with 50 pg/ml anti-CD3 mAb to

determine their

To determine antigen-specific

intrinsic  capacity to

produce cytokines or cultured with
medium only.

Lung cell cultures derived from OVA-
sensitized and challenged wild-type mice
only produced a small amount of IFN-y
upon stimulation with anti-CD3 mAb (0.042
+ 0.014 ng/ml, Fig. 3) and this amount was
reduced compared with cultures from naive
wild-type mice (0.128 + 0.021 ng/ml, data
not shown in Fig. 3). However, these
cultures produced fair amounts of the Th2
cytokines IL-5 and IL-10 upon re-
stimulation with OVA (8.20 + 1.35 ng/ml
and 4.73 + 1.48 ng/ml, respectively) and
polyclonal stimulation (7.97 + 1.45 ng/ml
and 3.31 + 0.71 ng/ml, respectively). So,
OVA-specific T-cells were present in lung
tissue derived from OVA-sensitized and
challenged wild-type mice that showed a
clear Th2-response upon antigenic re-
stimulation in vitro.

Polyclonal stimulation of lung cell
cultures derived from CD28/CTLA47 and
B7-1/B7-27- mice sensitized and challenged
with OVA, resulted in significantly more
IFN-y production (0.52 + 0.09 ng/ml, P
<0.005 and 0.39 + 0.13 pg/ml, P <0.05,
respectively) compared with cultures from
OVA-sensitized and challenged wild-type
mice (0.042 + 0.014 ng/ml). In contrast,
significantly less IL-10 could be observed in
the supernatant of these cultures after 5
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days of stimulation with anti-CD3 mAb
(1.09 + 0.12 ng/ml, P < 0.01 and 0.69 + 0.17
pg/ml, P < 0.01, respectively), compared
with those from OVA-sensitized and
challenged wild-type mice (3.31 + 0.71
ng/ml). IL-5 could only be detected in the
supernatant of cultures derived from
CD28/CTLA4 mice (0.94 + 0.25 ng/ml) and
this amount was significantly less
compared with cultures from OVA-
sensitized and challenged wild-type mice
stimulated with anti-CD3 mAb (7.97 + 1.45
ng/ml, P < 0.001). Antigenic re-stimulation
of lung cell cultures from OVA-sensitized
and challenged CD28/CTLA4 and B7-1/B7-
2/~ mice did not result in cytokine
production above medium control values.
So, these data suggest that T-cells
present in lung tissue derived from
CD28/CTLA47 and B7-1/B7-27- mice were
not primed after sensitization and challenge
with OVA in wvivo, as determined by
undetectable cytokine production upon
OVA re-stimulation ex vivo. Interestingly,
these unprimed T-cells seemed to be
characterized by an enhanced IFN-y
reactivity because these cultures produced
significantly more IFN-y upon polyclonal
stimulation not only compared with wild-
type mice sensitized and challenged with
OVA but also in comparison with naive
wild-type mice (data not shown in fig. 3).

Discussion

A recent study using a novel mouse strain
lacking both  CD28 and CTLA4
demonstrated considerable residual CD4+ T-
cell proliferation in witro that was
dependent on B7-1 or B7-2, suggesting the
existence of an additional third B7-1/B7-2
receptor (13). In addition, CD28/CTLA4"
mice mounted a substantial Th1l-mediated

0.7 1F N-g amma O wild-type mice
B CD28/CTLA4-/- mice
B7-1/B7-2-/- mice

: P P
aCD3 OVA medium
stimulation
12
10 ,,I L-5 O wild-type mice
B CD28/CTLA4-/- mice
8T B7-1/B7-2-/- mice
E
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c
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0
aCD3 OVA medium
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51 l B CD28/CTLA4-/- mice
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Figure 3. Lung T-cells from CD28/CTLA4/ and B7-
1/B7-27- mice are not primed. BALB/c wild-type (open
bars), CD28/CTLA4 (closed bars) and B7-1/B7-2/ mice
(hatched/grey bars) were sensitized to OVA adsorbed to
alum and challenged with three OVA aerosols. At 24
h after the last OVA aerosol challenge, a single-cell
suspension of lung tissue was prepared. Lung cells
were stimulated for 5 days with 50 pg/ml anti-CD3
mADb or 10 pug/ml OVA or cultured with medium only
and IFN-y, IL-5 and IL-10 in the supernatant of the
cultures was determined. Values are expressed as
mean + SEM (n = 5-6 per group).
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cardiac allograft rejection response in vivo,
in contrast with long-term allograft survival
in B7-1/B7-27- mice (14, 15). The role of this
putative B7-1/B7-2 receptor in other T-cell-
mediated disease models is unknown at the
moment. Therefore, in the present study,
we investigated if T-cell co-stimulation via
the supposed B7-1/B7-2 receptor has a role
in the induction of Th2-dominated murine
model of allergic asthma. Sensitization and
aerosol challenge of wild-type mice with
OVA hyper-
responsiveness to methacholine and the

resulted in  airway
influx of eosinophils in the BALF, cardinal
airway features of patients suffering from
allergic asthma. In addition, OVA-specific
IgE in serum, IL-5 in the BALF and Th2
cytokine production by lung cells upon
OVA re-stimulation in vitro were observed.
In agreement with an earlier study (16), we
failed to induce any of the features of
allergic airway sensitization in the B7-1/B7-
27/~ mice. Interestingly, also CD28/CTLA4"
mice showed no manifestations of allergic
upon OVA
these  data
demonstrate that T-cell co-stimulation via

asthma sensitization and

challenge.  So, clearly
the putative B7-1/B7-2 receptor appears to
have no role in the induction of Th2-
mediated features of

allergic airway

sensitization in this murine model.
Conversely, these data provide further
evidence for the critical role of CD28
signaling in the development of Th2-
dominated allergic inflammatory responses
(17,19, 23).

Previously, it has been demonstrated
that no
sensitization can be induced in CD287 mice
(17-19). In
contribution of other molecules including

features of allergic airway

these mice, however, the

the putative B7-1/B7-2 receptor to T-cell co-
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stimulation might be masked by negative
signaling via CTLA4 (20-22). Following the
observation that no manifestations of
allergic asthma could be induced in CD28"
mice, two research groups administered
CTLA4-Ig to these mice (17, 19) to
determine whether the absence of these
manifestations was due exclusively to the
lack of a positive signal by CD28 or whether
an unopposed negative signal via CTLA4
T-cell

Incongruent results were obtained because

was inhibiting the response.
in one study CTLA4-Ig administration had
no effect (17), whereas treatment of CD28"
mice with CTLA4-Ig restored lymphocyte
but not eosinophil recruitment to the
airways in the second study (19).

Importantly, CTLA4-Ig prevents the
interaction of the B7-1 and B7-2 molecules
with both CTLA4 and the putative B7-1/B7-
2 receptor, thus not allowing for
discrimination between these two pathways
regulating T-cell activation. In addition,
treatment of mice with CTLA4-Ig might
leave some B7-1 and B7-2 molecules
uncovered (26) that may bind CTLA4 (and
the supposed B7-1/B7-2 receptor), whereas
deficiency of a gene encoding a particular
molecule guarantees the complete absence
of this molecule. Therefore, unraveling the
potential role of co-stimulation by the
putative B7-1/B7-2 receptor required the
absence of both CD28 and CTLA4. This
study demonstrates that the additional
deficiency of the CTLA4 molecule in mice
did not result in considerable residual
manifestations of allergic asthma by
unmasking co-stimulation via the supposed
B7-1/B7-2 receptor.

In CD287- mice, the failure to induce
asthma is

manifestations of allergic

accompanied by signs of residual T-cell
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activation; lymphocytes and IFN-y are
BALF (17, 18) and
lymphocytes obtained from the lungs,

present in the

spleen and lymph nodes respond to
antigenic re-stimulation in wvitro (17-19).
Likewise, the absence of the key airway
features in CD28/CTLA4"- mice might leave
open the possibility that OV A-specific CD4*
T-cells in these mice are in fact co-
putative B7-1/B7-2

receptor, resulting in T-cell activation that is

stimulated via the
not strong enough to induce airway
pathology. However, the data presented in
this report provide no evidence for residual
T-cell activation in CD28/CTLA4/ mice.
First, the amount of antigen-specific IgE in
serum after OVA immunisation was below
the detection level, suggesting that no or
insufficient systemic Th2 cells have
developed because B-cells require help by
systemic Th2 cells for isotype switching to
IgE (27). It should be noted, that airway
hyperresponsiveness in vivo and airway
eosinophilia can be induced in mice in the
absence of systemic IgE (28) but has been
shown to be critically dependent on CD4*
cells (29-32). Second, T-cells present in lung
tissue derived from CD28/CTLA4/ mice
produced no cytokines upon antigenic re-
stimulation in wvitro, indicating that they
were not primed upon OVA sensitization
and challenge in vivo.

Yet it remained possible, that OVA-
specific CD28/CTLA47 CD4* cells in the
lung draining lymph nodes were co-
putative B7-1/B7-2
receptor but had failed to migrate to the

stimulated via the

airways. To test this hypothesis, also the
thoracic lymph nodes (TLNs) were isolated
at 24 h after the last OVA aerosol challenge
in the presented experiment. Whereas wild-
type, CD4* lymphocytes produced a small

amount of IFN-y and fair amounts of 1L.-4,
IL-5 and IL-10 upon polyclonal stimulation
in vitro, no cytokines were detectable in the
supernatant of CD4* TLN cell cultures
derived from both CD28/CTLA47 and B7-
1/B7-27- mice (data not shown). In addition,
the percentage of CD4* cells in the TLN was
very similar in OVA-sensitized and
challenged CD28/CTLA4/ and B7-1/B7-2
mice, indicating that no residual CD4* T-cell
expansion had occurred in CD28/CTLA4"
mice. Finally, FACS analysis demonstrated
no enhanced expression of activation
markers such as CD25, CD62L and CD69 on
CD4* TLN  cells obtained from
CD28/CTLA4 mice in comparison with B7-
1/B7-27F (data not

conclusion, we were unable to demonstrate

mice shown). In
any sign of residual T-cell activation in both
the TLNs and lungs from CD28/CTLA4"
mice upon OVA-sensitization and challenge
in vivo. However, this study cannot exclude
the possibility that after initial T-cell
activation in the presence of CD28, the
supposed B7-1/B7-2 receptor is involved in
a later phase of OVA-specific T-cell
activation.

The discrepancy of residual T-cell
activation in CD287 mice (17-19) vs. no
signs of T-cell activation in CD28/CTLA4
mice in this experiment might be explained
by the different antigens and protocols used
for the induction of manifestations of
allergic asthma. For example, Mathur et al.
used eggs and antigen of the Schistosoma
mansoni parasite (17) and Lambrecht et al.
passively sensitized naive CD287 mice with
OVA-pulsed myeloid dendritic cells (18).

Antigenic re-stimulation of lung cell
cultures  from  OVA-sensitized and
challenged CD28/CTLA4/ and B7-1/B7-2
mice did not result in Th1 or Th2 cytokine
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production above medium control values.
Interestingly, the seemingly unprimed T-
cells from both OVA-sensitized and
challenged CD28/CTLA47 and B7-1/B7-27
mice were characterized by an enhanced
IFN-y reactivity. Lung cell cultures derived
from these mice produced more IFN-y upon
polyclonal stimulation, not only compared
with wild-type mice displaying Th2-
mediated manifestations of asthma upon
OVA sensitization and challenge but also
compared with naive wild-type mice. In
agreement herewith, BALF CD4* T-cells
obtained after challenge from passively
sensitized CD287 mice were shown to have
an increased tendency to produce IFN-y
upon polyclonal stimulation compared with
wild-type mice (18). Moreover, CD4*
CD28/CTLA4 cells produced more IFN-y
and less IL-4 and IL-10 upon secondary
polyclonal stimulation in vitro compared
with wild-type CD4* cells (13). These
findings are consistent with the importance
of CD28 for Th2 differentiation (23). In
addition, this observation might explain
why it is seems impossible to prime
antigen-specific T-cells towards the Th2
phenotype -as opposed to a Thl-mediated
cardiac allograft rejection (13, 15, 22, 33) -
even though a protocol was used that
normally results in very strong Th2-
mediated inflammatory responses in
BALB/c mice. However, the enhanced IFN-y
reactivity did not prime OVA-specific T-
cells towards the Thl phenotype either as
observed locally in lung T-cell re-
stimulation and systemically by the absence
of the Thl cell-dependent IgG2a isotype
(34). In wild-type mice, besides a high level
of IgE also OVA-specific IgG2a can be
detected upon sensitization and challenge
with OVA (data not shown).
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With the caution that a single strain of
mice and a single protocol for the induction
of features of allergic airway sensitization
has been wused, the putative B7-1/B7-2
receptor apparently has a differential role in
Thl-mediated cardiac allograft rejection
and Th2-mediated allergic asthma. Perhaps,
the expression of the supposed B7-1/B7-2
receptor is differentially regulated on Thl
vs. Th2 cells. Indeed, T helper cells can be
divided not only on the basis of their
cytokine profile but also on their differential
expression  (kinetics) of cell surface
molecules such as chemokine receptors and
the CD28-related inducible T-cell co-
stimulator (ICOS) (35-37). Future studies
regarding the induction of other T-cell-
mediated diseases in CD28/CTLA4/ mice
might help to clarify the precise role of the
supposed B7-1/B7-2
responses. Ultimately, cloning of the gene

receptor in T-cell
encoding the putative B7-1/B7-2 receptor
will greatly facilitate research on this
receptor.

Whereas CD28-deficient mice are still
capable of raising a number of in vivo
immune responses, including cardiac
allograft rejection (13, 15, 22, 33), induction
of allogeneic graft-versus-host disease (38),
generation of cytotoxic T-cells (39) and
certain  delayed-type  hypersensitivity
responses (40), the present study provides
further evidence for the critical role of CD28
signaling in the development of Th2-
dominated allergic inflammatory responses
(17, 19, 23). Moreover, as anticipated by the
data on the failure to induce features of
allergic airway sensitization in B7-1/B7-27
mice (Ref. 16 and this study), T-cell co-
stimulatory receptors that interact with
ligands other than B7-1 and B7-2, e.g. ICOS,

appear to play no major role in the
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induction of asthma manifestations in this
model. So, blockade of CD28 in allergic

asthma appears to be a very promising

therapeutic option.
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Chapter 7

Summarizing conclusions

Costimulatory molecules act in conjunction
to the TCR for regulation of T cell
activation. Members of the B7-family of
costimulatory molecules are mandatory for
a good balance between activation and
inhibition of a T cell response. CD28 and
ICOS are the two most important positive
costimulators of this family. Since ICOS is
homologous to CD28, we questioned which
functions are similar and distinct between
ICOS and CD28 (described in chapter 1). In
this thesis, we have demonstrated that
ICOS resembles CD28 functioning in terms
of induction of proliferation (chapter 3),
survival and differentiation (chapter 4) and
T helper effector function (chapter 5) of
CD4* T cells. Next to these similarities in
function, unique functions can be ascribed
to either CD28 or ICOS.

ICOS and CD28 induction of

proliferation in CD4+ T cells

In chapter 3 it was demonstrated that next
to CD28, ICOS-mediated
drives CD4* T cell expansion in vivo in the
absence of CTLA-4. Expansion of the T cell
pool is the net result of proliferation and

costimulation

survival of T cells. We showed in vitro that
murine T cells proliferate in response to
ICOS-induced costimulation, but only in the
presence of supplemental IL-2. IL-2
supports growth of TCR activated T cells by
promoting cell cycle entry and induces
survival of T cells (1). In murine CD4* T
cells, supplemental IL-2 or CD28 triggering
elevates the expression of ICOS, which may
be prerequisite for ICOS induced T cell
proliferation. Since IL-2 is a cytokine, which
is highly induced after CD28-mediated

costimulation one hypothesis is that CD28-
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mediated signaling is required for ICOS
function. Arguing against this hypothesis is
the fact that CD287 T cells can respond to
ICOS-mediated costimulation, indicating
that ICOS functions independently from
CD28 (unpublished results) (2). In contrast
to murine T cells, peripheral human T cells
are readily activated by ICOS, resulting in T
cell proliferation (chapter 4) while no
additional IL-2 is required. This was not
due to the presence of Ag-experienced T
cells, since naive CD45RA* CD4* T cells
could also be co-stimulated via ICOS.
Despite differences between ICOS induced
proliferation in murine and human T cells
in conjunction with the TCR, aCD28 was
more effective in the induction of
proliferation compared to aICOS in both
cell types (unpublished data). The greater
of CD28 to

proliferation

induce T cell
ICOS is

supported by a more severe reduced

potential
compared to

primary T cell proliferation in T cells
lacking CD28 compared to ICOS” T cells
(3), suggesting that a difference in induction
of proliferation in vitro with Abs is unlikely
to result from a difference in agonistic
potential between the two Abs.

describe  that
activation of naive T cells occurs when a

Current  models
certain threshold is overcome by the
combined signaling through the TCR and
costimulatory molecules. ICOS is present at
low levels or readily (within hours)
upregulated after TCR engagement, so, why
is ICOS less sufficient in T cell activation of
naive T cells compared to CD28? There are
either the

strength of signal generated through ICOS

two possible explanations:
is not sufficient to overcome signaling
threshold or ICOS-mediated signals are
qualitatively not sufficient to initiate T cell



activation in naive T cells, or both, as
discussed next.

ICOS- and CD28-mediated
costimulation in naive CD4+ T cells:

threshold difference?
Co-ligation of CD28 can reduced the

number of TCRs that must be ligated for a
response, thereby lowering the activation
threshold (4). Similarly, the overall strength
of signals generated through ICOS to
overcome the TCR threshold could be
dependent on the number of molecules of
ICOS present on the T cell surface and the
availability of the B7RP-1 ligand. Mice
transgenic for soluble B7RP-1-Ig in vivo
resulted in a T cell proliferative phenotype,
as agonistic alCOS Ab treatment does in
wild type mice (2) (unpublished
observation). Apparently, the low ICOS
expression is sufficient to drive murine T
cell expansion when enough B7RP-1 is
provided in vivo; while in vitro these cells
ICOS-induced
costimulation. The difference might be
of APCs

expressing a variety of other costimulatory

were  refractory  to

explained by the presence
molecules in vivo, while in vitro purified
CD4* T cells were used. B7/CD28 interaction
did not contribute to the in vivo T cell
expansion, since treatment of CD28"-
CTLA-4" mice with agonistic ICOS agents
also caused lymphoproliferation
(unpublished result). Notably, in contrast to
agonistic ICOS agents, continued CD28
stimulation did not induce T cell
proliferation in vivo, most probably due to
the maintenance of tolerance induced by
CTLA-4 (5,6). In summary, in conjunction to
a TCR signal, ICOS is capable of induction
of proliferation in T cells per se, once strong

enough ligation is provided, which could

General discussion

overcome a certain TCR threshold for
activation. Whether the expression of ICOS
B7RP-1

in vivo allow

and availability  of under
physiological conditions
sufficient activation of naive T cell remains

to be seen.

ICOS- and CD28-mediated
costimulation in naive CD4+ T cells:

signaling difference?
Next to difference in expression on the

surface of naive T cells and
availability there is evidence that both ICOS
and CD28 signal in different ways. First, the
ICOS intracellular tail lacks motifs that are

present in CD28 and mediate the early T

ligand

cell processes. For instance, Lck is recruited
to the proximal proline-rich region of CD28
intracellular tail respectively, which was
shown to enhance early events of T cell
addition, ICOS
intracellular tail does not recruit Grb-2,

activation (7). In

important for the production of IL-2 a
cytokine important for clonal expansion (8).
Second, signaling pathways downstream
CD28 and ICOS are different. In
conjunction to the TCR signals, downstream
signaling pathways activated by CD28
include enhanced activation of PI3K and
subsequently PKB (protein kinase B) and
PDK1 (phosphoinositide-dependent kinase
1) activation, inhibition of GSK3 (glycogen
synthase kinase-3) and increased Ca?" influx
leading to calcineurin activation (reviewed
in (9, 10). Inhibition of GSK3, a NFAT
nuclear export kinase, and increased
calcineurin activity, a NFAT phosphatase,
NFAT

factor of

lead to nuclear transport of

transcription factor (nuclear
activated cells). Simultaneously, JNK is
activated via the Grb-2-sos pathway and

induces formation of the AP-1 transcription
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complex (11). Joined nuclear localization of
AP-1 and NFAT lead to activation of target
genes, such as IL-2. ICOS signaling
enhances activation of PI3BK and NFAT
nuclear localization, but does not lead to
JNK activation (12, 13). The absence of
proper AP-1 complex formation after ICOS-
mediated costimulation may be crucial
difference between CD28 and ICOS in
activation of T cells.

We have performed experiments to
compare ICOS and CD28 functioning in
CD4+ T cell activation when both molecules
are expressed simultaneously on the T cell
surface. Therefore, CD28" T cells were
reconstituted with either CD28 wild type or
CD28 (extracellular)-ICOS (intracellular tail)
chimeric molecules and activated with
APCs with Ag. In this experimental model,
CD28-ICOS chimera did not restore T cell
proliferation nor survival deficiency in
CD287 T cells, while CD28 wild type
molecules did (unpublished results). In
contrast to potent enhancement of
TCR/ICOS-induced proliferation in wild
type murine T cells by exogenous IL-2, the
addition of exogenous IL-2 could not
mediate induction of proliferation via
CD28-ICOS chimeric molecules in CD28"- T
cells stimulated with APCs and Ag.
these experimental
conditions, ICOS cannot equally regulate T
cell activation compared to CD28 in CD28-
deficient T cells. This could be due to
disability of ICOS to reverse a state of

Apparently, under

unresponsiveness, so called anergic state, of
the CD287 T cells (14). A state of anergy as
observed in CD287 T cells could be caused
by a disbalance between NFAT and AP-1
activation in the nucleus of the T cell (15).
NFAT
activation, but is unable to mount sufficient

TCR signaling alone leads to
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AP-1 translocation in the absence of CD28-
mediated costimulation. In the presence of a
TCR signal it is possible that ICOS, in
contrast to CD28 cannot reverse the anergic
state of CD28/ T cells, due to the lack of
AP-1 ICOS-
mediated costimulation. If this hypothesis
holds true, than
activation in addition to triggering of TCR
and CD28-ICOS chimeric molecules in
CD287 T cells would supplement the
induction of proliferation in these T cells.

In addition, the inability of CD28-
ICOS chimeric molecules to activate CD28

T cells might be due to a difference in

sufficient activation after

simultaneous JNK

induction of survival signals generated by
ICOS CD28.
comparative studies between CD28 and
ICOS have revealed that CD4* T cell
viability as well as pro-survival genes were
similarly regulated by ICOS and CD28 in
CD4* T cells and 4).
Alternatively, unidentified

compared to However,

(chapters 3
other yet
mechanisms are induced by wild type CD28
and not by CD28-ICOS chimera in CD28" T
cells.

Taken
downstream signaling pathways of CD28
and ICOS could explain the disability of
ICOS to induce activation in naive murine T
cells. CD28 predominates over ICOS with
respect to function in initiating naive CD4*

together, differences in

T cell activation, based on expression and
signaling divergence of both molecules, but
can readily be supplemented by ICOS for
further expansion.

Role of putative CD28 homologue in
immune response

Next to a unique role for CD28 in the
initiation of T cell activation, both ICOS and
CD28 substantial

have overlapping



functions in the subsequent immune
response. In chapter 5 it was demonstrated
that the absence of either CD28 or ICOS
resulted in reduced adjuvant activity of
Neisseria meningitidis LPS in terms of IgG
production. CD28 and ICOS cooperatively
accounted for the entire IgG response
against N. meningitides, since no IgG could
be detected in mice defective for both
pathways. It should be noted that these
studies were performed in B7.1/2-ICOS
triple which also lack
signaling via the third unidentified B7.1/2

receptor. This CD28-like molecule has been

deficient mice,

described to be important in chronic
allograft rejection, but does not contribute
to a Th2 driven allergic airway response, as
described in chapter 6. Other groups
showed that CD28-ICOS double deficient
mice lack detectable IgG production after
immunization, which rules out a potential
role for the putative receptor in a T cell
dependent B cell response (3). To ascertain
the lack of involvement of this putative
receptor in this model immunized CD28"
mice should be treated with CTLA-4-Ig,
which would not further reduce the IgG
response against N. meningitidis.

Contribution of ICOS-B7RP-1 to LPS

adjuvant activity
Adjuvant activity of LPS is ascribed to the

potent  induction  of  costimulatory
molecules on professional APCs that initiate
the adaptive response. Both CD28 and ICOS
contributed to the adjuvant activity of N.
meningitidis LPS, as observed by a reduction
in serum IgG in CD287 and ICOS” mice
after immunization in the presence of IpxL1
LPS. Notably, the adjuvant activity of
mutant IpxL1 LPS compared to wild type

H44/76 LPS was more dependent on ICOS-

General discussion

mediated costimulation. One explanation
for the ICOS dependent adjuvant activity is
the availability of the ligand, as described in
chapter 5. B7RP-1 expression is high on
immature DCs and maintains relatively
high after stimulation in the presence of
IpxL1 LPS, while H44/76 LPS causes more
downregulation  of  B7RP-1.
However, H44/76 LPS is a more potent
inducer of B7.1/2 expression on DCs than

severe

IpxL1 LPS, which did not result in a more
CD28 dependent response in wvivo. This
suggest either that the low levels of B7 are
sufficient to allow optimal CD28-driven
immune responses or that alternative
mechanisms than ligand availability might
influence the contribution of CD28 or ICOS
to the adjuvant activity. For instance,
members of other costimulatory families
might contribute to the IgG response after
immunization in the presence of strong

adjuvants.

TLRs on other cells
In addition to DC

containing OMCs may directly influence

activation, LPS

function of other cells contributing to IgG
production, such as B and T cells. Studying
the requirement for TLRs revealed the use
of TLR2 and TLR4 by OMCs (L. Steeghs,
personal communication). While LPS-
deficient OMC signaled via TLR2, TLR4
was necessary for H44/76 LPS and IpxL1
LPS induced DC activation. Next to
expression on cells of the innate immune
systems, TLR2 and TLR4 have been found
to be expressed on T cells where TLR2
ligation could cause costimulation of
human T cells together with the TCR (16,
17). Although the functional relevance of
expression of TLR4 on conventional CD4+ T
cells is controversial, the effect of OMCs
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containing LPS or IpxL1 LPS directly on
activation of T cells should be considered.
In addition, recently a down-regulating
function of TLRs
described next to the well-known activating

on Treg has been

function of triggering of TLRs on other
immune cells. Naturally occurring CD4*
regulatory T cells have been described to
contain TLR2 and TLR4 on the surface (18,
19). Stimulation through these receptors
could induce proliferation and suppressive
activity of Treg, which protects the host
from self-destructive inflammation.
Whether LPS and IpxL1 LPS differentially
influence activation of conventional and
regulatory T cells and perhaps expression of
ICOS on these cells to be
determined.

remains

Alternatively, LPS could act directly
on TLRs expressed on B cells. TLR ligation
on B cells was recently shown to be
mandatory for a T cell dependent immune
response, which resulted in enhanced IgG
Although direct TLR
ligation in B cells likely contributes to the

production (20).

eventual IgG response, fact remains that in
vivo IgG response is dependent on the
joined requirement of CD28 and ICOS. TLR
ligation on B cells could result in
differential display of B7 counterparts of
CD28 and ICOS, which in turn influences
the dependency on either pathway.
Preliminary results show that both LPS and
IpxL1 LPS regulated expression of B7RP-1
and B7.2/1 on B cells. The latter were
B7RP-1
downregulated as much as observed on
DCs. A difference between H44/76 LPS and

IpxL1 LPS directly on B and T cell activation

upregulated, while were not

remains to be determined.
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ICOS on regulatory T cells
Another puzzling question is the high

expression of B7RP-1 on immature murine
DCs. While B7.1/2 are low on immature
DCs, B7RP-1 is highly expressed on these
cells and is even downmodulated upon
maturation with LPS (chapter 5). Low
B7.1/2
demonstrated to function for maintance and

expression on APC has been
activation of Treg (21). Similarly, high
B7RP-1 on immature DCs could provide
maintenance of Treg activity through ICOS.
In agreement with this, ICOS is highly
expressed on Treg and blocking ICOS
abrogated the suppressive function of these
cells (22-24). Maintance of Treg could
provide an additional function for ICOS
and downmodulation of B7RP-1 may in
turn release suppressive function of Treg
and allow T cell activation.

The absence of functional Treg could
contribute to the phenotype of CTLA-47
mice described in chapter 3, since CTLA-4
is important for the suppressive function of
Treg (25, 26). ICOS contributes to Treg
effector function, so antagonistic alCOS Ab
may reduce the suppressive function of
Treg. Given the fact that inhibiting ICOS
reduced T cell
exacerbating it suggests that in this model

numbers rather than
the activatory function in conventional cells
outweighs the regulatory function in Treg.
Similarly, ICOS” and B7RP-17 mice do not
display enhanced auto-immunity reactivity,
although one report describes the
accelerated onset of EAE disease when
ICOS was blocked (27). Nevertheless, the
contribution of ICOS and CD28 to Treg
function cannot be excluded to contribute to
an in vivo T cell response and the outcome

of stimulation via these two receptors might



be a mix between activation of conventional
CD4+ T cells and inhibition of Treg.

Unknown ICOS: B7RP-1-mediated

functions
One yet unidentified result of B7RP-1: ICOS

ligation is the effect on the APC by this
interaction as has also been described for
B7.1/2 ligation by CD28. Although the
B7.1/2 tail is comprised of only 25 AA, it
does appear to signal into the DC (28).
ICOS-Ig could, similarly to CD28-Ig cause
signal transduction in the DC. No obvious
motifs nor similarities are apparent between
B7RP-1 and B7.1/2 intracellular tails (2, 29).
The reciprocal signaling via B7RP-1 could
alter expression of additional costimulatory
molecules, such as CD40, or increased
cytokines necessary for T cell activation or
differentiation.

Concluding remarks

In summary, CD28- and ICOS-mediated
functions in CD4* T cells show similarities
and differences. Uniquely described for
CD28 are IL-2 production, high expression
on naive cells, negative feedback by
counterpart CTLA-4 and the role in Treg
development in the thymus. Similarities
include induction of T cell expansion, T
helper cell differentiation, maintenance and
activation of Treg and T:B cell help. The
question remains: why are there two
costimulatory molecules that function in
many similar ways? So why is B7RP-1:1COS
necessary in immune response in addition
to B7.1/2: CD28? Although CD28-induced
functions seem to overlap ICOS function
completely, defects in ICOS” mice
demonstrate that there are ICOS-mediated
functions that cannot be compensated by

the presence of CD28. More research will

General discussion

shed light on yet unknown factors that
could ascribe unique functions to ICOS,
which are additional to CD28-mediated
response.
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Het immuunsysteem
Het menselijke lichaam bevat een uniek systeem, het immuunsysteem, wat ons beschermt

tegen ongewenste en schadelijk indringers (ook wel lichaamsvreemde substanties of
pathogenen genoemd) zoals bacterién en virussen. Het immuunsysteem herkent en
vernietigt deze pathogenen en vormt zelfs een geheugen zodat het bij een volgende keer dat
hetzelfde pathogeen het lichaam binnendringt sneller en efficiénter kan reageren. Om een
goede afweer reactie (immuun respons) te kunnen krijgen bestaat het immuunsysteem uit
een heel scala aan zogenaamde witte bloedcellen. Verschillende witte bloedcellen, met elk
hun specifieke functie, werken samen om de pathogenen onschadelijk te maken en een
geheugen te vormen om ook in de toekomst daartegen beschermt te zijn.

T cellen
Een groot gedeelte van de witte bloed cellen van het immuunsysteem zijn de zogenaamde T

cellen. T cellen zijn gespecialiseerd in het onschadelijk maken van lichaamsvreemde
substanties, wat kan gebeuren op een directe (door zelf stoffen uit te scheiden die dodelijk
zijn) of indirecte (door het aansturen van andere cellen) manier. Belangrijk voor de werking
van deze cellen is dat ze (1) in actie komen als lichaamsvreemde substanties herkend
worden, (2) alleen reageren op voor het lichaam gevaarlijke stoffen en (3) dat de werking van
de cellen stopt als de lichaamsvreemde substantie uit het lichaam verdwenen is. Het
uitblijven van actie van T cellen kan resulteren in voor het lichaam gevaarlijke chronische
infecties. Aan de andere kant, als T cellen reageren op stoffen die in het lichaam zelf
voorkomen, kan dat resulteren in een ongewenste immuun reactie tegen lichaamseigen
stoffen (auto-immuniteit). Het is daarom van belang dat de T cellen goed gecontroleerd in
actie komen. De rol van de zogenaamde antigen presenterende cellen (APC) is hierbij
essentieel.

Herkenning van lichaamsvreemde stoffen
De herkenning van een lichaamsvreemde substantie is het begin van een T cel-gemedieerde

immuun respons (figuur 1). Als een pathogeen het lichaam binnendringt wordt het in eerste
instantie herkend en opgegeten door de APCs. Deze cellen bewerken het pathogeen en
hakken het in kleine stukjes, de zogenaamde antigenen. Een antigen is een klein deel van een
lichaamsvreemde stof dat gebruikt wordt door de cellen van het immuunsysteem als
herkenning van het pathogeen. Deze antigenen laat de APC vervolgens aan de T cellen zien
met de boodschap: ‘substanties die dit antigen hebben zijn gevaarlijk en moeten onschadelijk
gemaakt worden’. Moleculen op het oppervlak van de T cel, de T cel receptor (TCR),
herkennen dit antigen. Ons lichaam heeft een groot aantal verschillende T cellen die allemaal
‘opgeleid” zijn om een specifiek stukje/antigen van een lichaamvreemde stof te herkennen
(Figuur 1, T cel 1 specifiek voor antigen 1, T cel 2 voor antigen 2, enz). Deze cellen circuleren
allemaal in het bloed wachtend op herkenning van dat stukje/antigen waarvoor ze zijn
opgeleid (een ‘rustende’ T cel). Zodra een T cel het antigen herkent waarvoor deze is
opgeleid dan krijgt ze tevens extra signalen van de APC om in actie te komen.
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T cellen in actie
Naast het feit dat de APC het antigen laat zien aan de voor het antigen specifieke T cel, geeft

het ook instructies mee hoe de T cel het beste het pathogeen kan gaan aanvallen. Deze
instructies zijn tweeledig: (1) de antigen- specifieke T cel moet zich gaan vermeerderen en (2)
hoe deze T cel moet veranderen om het pathogeen zo effectief mogelijk te vernietigen. Het
vermeerderen van een T cel zal na herkenning van het antigen gebeuren door celdeling,
zodat er meer cellen ontstaan die het pathogeen kunnen gaan aanvallen. Pas nadat de
antigen specifieke T cellen voldoende gedeeld zijn veranderen ze en krijgen een door de APC
geinstrueerde gespecialiseerde functie, de T helper functie. Dit proces wordt ook wel
differentiatie genoemd. Door deling en daarna differentiatie van een antigen-specifieke T cel
ontstaat er dus een grote populatie gespecialiseerde T helper cellen die allemaal hetzelfde
antigen herkennen. Deze T helper cellen zijn gespecialiseerd om hulp te bieden aan B cellen.
B cellen zijn cellen die stoffen, antilichamen genaamd, kunnen maken welke belangrijk zijn
bij de afweer. Net zoals de T cellen, bestaan er een grote hoeveelheid aan B cellen die
allemaal voor een speciaal een antigen opgeleid zijn. Als B cellen die voor hetzelfde
pathogeen (pathogeen 3 in het voorbeeld figuur 1) opgeleid zijn als de T cel die hulp komt
aanbieden dan verandert de B cel in een fabriek die antilichamen, ook wel immuunglobuline
(IgG) genoemd, produceert. Antilichamen herkennen en binden aan de lichaamsvreemde
stoffen of pathogenen zodat deze beter herkenbaar worden en een signaal geven aan de witte
bloed cellen van het immuunsysteem dat zegt ‘vernietig deze lichaamsvreemde stof’.

opname en verwerking ,_.-"'icér;.

ar ° . 1
e — (ARG
S ApC 3
\\ i herlsenning en deling Tcel
APC3; (Teel > Tcel 3
3: 3 3 /(Tcel
4 _ Ag presentatie
' Tcel Tce!
a4 T helper cellen
\ signoal2 / J'
1 |
| = | Y
[—{d _|[TCRI 5 Becel_
| . : I'\._\ i y
signaal 1 \_
>
X"— 3 e >_>;>__ Bcel
' >— 3

antiichaam productie

Figuur 1. Een T cel gemedieerde immuun response. APC: antigen presenterende cel; Ag: antigen;
TCR: T cel receptor.
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Nadat het pathogeen vernietigd is zijn veel van de gespecialiseerde cellen overbodig
geworden en wordt de aanmaak ervan geremd zodat er slechts een paar T en B cellen
overblijven die bij een volgende invasie van hetzelfde pathogeen sneller en efficiénter
kunnen reageren (zgn. memory T- en B-cellen).

Costimulatie van T cellen
De herkenning van het antigen op de APC is het eerste signaal dat T cellen ontvangen om in

actie te komen. Het eerste signaal wordt gegenereerd doordat het antigen wordt herkend
door een daarvoor specifiek molecuul, de T cel receptor (TCR) genoemd. Voor het ingang
zetten van de celdeling en differentiatie van de T cel zijn echter extra signalen nodig (figuur
1). Deze signalen (collectief ‘signaal 2" genoemd) worden gegenereerd door een groep
moleculen, de costimulatie receptoren genoemd, die zich bevinden op het oppervlak van de
T cel. De APC die het antigen aanbiedt heeft namelijk een andere groep ‘tegen’'moleculen -
liganden genaamd- op het oppervlak gebracht nadat het met de lichaamsvreemde substantie
in aanraking is geweest. Binding van deze liganden aan de costimulatie receptoren genereert
signalen die nodig zijn voor volledige activatie van T cellen dat leidt tot vermeerdering en

verandering van de T cellen.

B7 costimulatoire moleculen
Een belangrijke familie van costimulatoire ligand-receptor paren zijn de B7-CD28- achtige

moleculen. Op de APC komen B7-achtige liganden voor welke op de T cellen de costimulatie
receptoren, de CD28-achtige receptoren, binden (zie hoodstuk 2, figuur 1). Afhankelijk van
het type costimulatoire receptor genereert het een positief dan wel een negatief signaal.
Positieve signalen zijn essentieel voor de afweer tegen lichaamsvreemde stoffen; negatieve
signalen zijn belangrijk voor het bewaren van de balans zodat ongewenste immuunactivatie
uitblijft (bijv. bij auto-immuun reacties). Of een T cel wel of niet wordt geactiveerd is
afthankelijk van de optelsom tussen positieve en negatieve signalen. Eén van de belangrijkste
costimulatoire receptoren is CD28. Deze receptor bevindt zich op de T cel en bindt aan zijn
ligand B7.1 of B7.2 op de APC. In de aanwezigheid van een TCR signaal leidt binding van
B7.1 en/of B7.2 aan CD28 binding tot een positief signaal in de T cel. Ter illustratie: Als T
cellen geen CD28 hebben worden ze minder goed geactiveerd en gaan ze zelfs dood. Deze
gezamenlijke signalen leiden tot activatie en deling van een antigen specifieke T cel,
specialisatie in T helper cellen en zal uiteindelijk B cellen aan zetten tot IgG productie. Een
ander zeer belangrijk costimulatoir molecuul is zes jaar geleden ontdekt en is ICOS
(Inducible Costimulator) genaamd. ICOS lijkt veel op CD28 qua structuur en functie en heeft
een vergelijkbare ligand op de APC, B7RP-1. Omdat ICOS en CD28 zoveel op elkaar lijken
hebben we onderzocht of ICOS en CD28 vergelijkbare functies hebben in de verschillende
fasen van een immuun respons: T celdeling, overleving van de T cel en T cel gemedieerde
IgG productie.
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Samenvatting van de onderzoeksresultaten
We hebben ontdekt dat ICOS net als CD28 betrokken is bij deling van de T cellen. In

hoofdstuk 3 staat een muis model beschreven dat een defect heeft waardoor alle T cellen
ongeremd gaan delen. Zoveel, dat uiteindelijk deze muis daaraan overlijdt. Er was al bekend
dat deze deling afhankelijk is van CD28. Als CD28 er niet is, dan vind deze overdadige
celdeling niet plaats. In dit hoofdstuk laten we zien dat naast CD28, ICOS betrokken is bij
deze overmatige deling. Als ICOS geblokkeerd werd vond er minder celding plaats. Ook
was er minder vorming van gespecialiseerde T helper cellen, mogelijk als gevolg van deze
verminderde hoeveelheid cellen. Dit betekent dat naast CD28, ICOS ook een belangrijke rol
speelt in celdeling van muizen T cellen. Wel kwam uit deze studies naar voren dat CD28
beter in staat is T cellen te activeren dan ICOS. Hoofdstuk 4 beschrijft dat deze conclusie ook
geldt voor T cellen afkomstig van de mens. ICOS is niet alleen belangrijk voor de deling van
humane T cellen, ook kan ICOS signalen in de T cel genereren die er mogelijk voor zorgen
dat ze beter in leven blijven. In hoofdstuk 5 is de rol van ICOS ten opzichte van CD28 in de
immuun respons tegen een bacterie Neisseria menigitidis die nekkramp veroorzaakt getest. Er
bleek dat voor de vorming van IgG na vaccinatie tegen deze bacterie zowel ICOS als CD28
van essentieel belang waren. Tevens kwam uit dit onderzoek naar voren dat voor de
toepassing van mogelijke nieuwe en verbeterde stoffen voor vaccinaties de aanwezigheid
van ICOS zelfs belangrijker is dan CD28. In het laatste hoofdstuk, hoofdstuk 6, tonen we in
een diermodel aan dat CD28 cruciaal is voor het ontstaan van astma symptomen in de muis.
In conclusie zijn er dus verschillen en overeenkomsten tussen CD28 en ICOS. Terwijl CD28
cruciaal is voor de het eerste signaal dat leidt tot T celdeling en overleving, is ICOS
belangrijker direct na de initiatie, maar kan daar wel bijdragen aan de toename van de T cel
populatie. Beiden moleculen zijn belangrijk bij IgG productie, hoewel de aanwezigheid van
de liganden lijkt te bepalen welk molecuul wanneer het belangrijkst is. Hieruit komt naar
voren dat het manipuleren van ICOS naast CD28 aantrekkelijk kan zijn in situaties waar
beinvloeding van het immuunsysteem gebruikt wordt om ziekten te behandelen; dan wel
voor verhoging van de T cel functie voor optimale afweer tegen schadelijke stoffen of
remmen van de werking van T cellen in geval van immuun overactivatie zoals bij auto-
immune ziekten. Tevens kan in geval van personen die niet goed reageren op vaccinatie
gekeken worden of het niet goed functioneren van ICOS hiervoor de reden kan zijn.
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Ere wie ere toekomt: mijn dankwoord. Allereerst degene die dit promotie-onderzoek
mogelijk heeft gemaakt: mijn co-promotor Mariétte Oosterwegel (TCR, signaal 1, initiatie van
T cel respons): creatief en met passie en zeer goed in de grote lijnen en het overzicht
bewaren. Ik ben blij en trots dat we het samen hebben afgemaakt. Daar heeft co-promotor
Kiki Tesselaar (CD27, T cel survival signaal) een belangrijke bijdrage aan geleverd. Kiki, met
je pragmatische aanpak en verhelderende kijk op de dingen kon het project door blijven
lopen. Geruststellende woorden van jou kant deden me altijd veel goed.

In de directe manier van aanpak herkent iedereen mijn (laatste) promotor: Frank
Miedema (T cel, geactiveerde T cel eigenlijk). Met de extra steun en grote fan van T cellen
kreeg het werk voor mij een extra input. Je hebt de taak eigenlijk overgenomen van twee
voorgangers: Hans Clevers en Jan van de Winkel, die ik bij deze ook wil bedanken voor de
beginperiode.

Wat is een T cell zonder costimulatie? Elise (CD28, constitutief tot expressie, belangrijk
voor de initiatie van activatie en effector functie van T cellen), aan jou heb ik veel te danken.
Proeven doen samen met jou is een genot, is motiverend, inspirerend en vooral gezellig. Mijn
chaos heeft in jouw mappen structuur gevonden. Nuchter ‘dat doe je toch gewoon zo?" en
oplettend ‘wanneer moet het artikel eigenlijk terug naar ]J.I?”. Naast mijn paranimf en steun
en toeverlaat in het lab heb ik veel gehad aan jouw steun buiten het lab. Annette, mijn andere
paranimf (PI3K, intracellulair ICOS bindend molecuul, medieert downstream signal
transduction pathways), jij bent niet makkelijk in maar een paar woorden te omschrijven:
creatief, betrokken, liefdevol, gevoelig, veelzijdig en waardevol dekken de lading maar
amper. Het is werkelijk een genot om jou als vriendin te hebben!

Leden van het costimulatie-groepje: Frans, Petra, Paul (K), Yen, Annemarthe en Bjorn
bedankt voor jullie hulp! Frans: ‘laten we de proef nog een keer herhalen” werd een J.I
paper. Met jou positieve instelling en relativeringsvermogen wordt het leven in en buiten het
lab altijd mooier. Petra jouw rust en toewijding op het werk en persoonlijk hebben mij veel
geholpen.

Leden van de costimulatie-overleg-groep: Daphne (mijn eerste auteurschap op jouw
paper gaf mij mijn eerste -en laatste- hoofdstuk) en Antoon, Corlinda (ik zie jou bij de NVVI!)
en Peter (PV-1 man), Saskia bedankt voor de samenwerking. Members of the Abbas lab,
thanks for all the help, Kim especially: I have never had so much pain from laughing! Liana
en Andries bedankt voor de samenwerking, hulp bij de proeven en Liana ook nog voor input
en hulp bij het schrijven van de paper.

Collega’s en oud-collega’s van het Lair-groepje, de Immunotherapie-clan, de Coffer-
club en HIV-mensen: bedankt voor input en gezelligheid. Linde, Jeanette, Robert (H) en Paul
(C) de discussies waren zeer verhelderend en goede suggesties waren welkom. Dames van
het secretariaat: Saskia en Yvonne dank voor het hebben van alle antwoorden! Ook de
dierverzorgers van het GDL (van de afdelingen klein wit en spf), bedankt voor het fokken en

onderhouden van onze muizen.
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Vele vrienden maken het leven licht. Vrienden van het TBL: Hanneke (‘love is blind,
but frienship is clairvoyant’) en Steven, Danny (en Boofy), Jos (en dan moet ik toch ook even
Rik noemen!) en Jasper. En van opleiding Biologie: Serge (ceremoniemeester) en Judith
(toeziend ceremoniemeester), Pieter (het aantal vrienden in Utrecht werd gehalveerd toen je
wegging) en Carol, Leon, Philippine (Skypen?), Alex, Sijtje, Patrick (en de motor), Gabor,
Nicole, Niels, Rico, Patty, Monique, Ton, Imke, Marc, Imke, Matthew, Marjolein, Marcha,
Guido. Ik ben elk jaar trots als we rond de kersttafel zitten. Hopelijk komt er weer een
Heythuizen/Winssen dit jaar. Bedankt voor de fijne vriendschap, steun en afleiding door de
jaren heen.

Tijdens mijn promotieperiode heb ik een nieuwe familie leren kennen: mijn
schoonfamilie. Rini, Marian, Sven, Liedewij en Niels geven me weer een fijne plek in het
gezellige Brabantse om terug te keren. Fijn dat jullie er zijn!

En natuurlijk mijn eigen familie. Twan en Yvonne naast broer en schooonzus en goede
vrienden ook nog vader en moeder van drie belangrijke personen in mijn leven: Thijs, Sam
en Jens. Bedankt voor een tweede thuis waar altijd plaats was! Pap en mam zeker de
afgelopen jaren hebben we veel tegenslagen gekend. Ik hoop dat we nog lang samen mogen
genieten van alles. Ik ben blij en dankbaar dat we (nog) dichter tot elkaar zijn gekomen en
dat ik door en met jullie steun geworden ben wat ik nu ben!

Bjorn (B7RP-1, ligand voor ICOS), met jou wordt alles een beetje beter. Leuke dingen
worden geweldig en minder leuke dingen worden draaglijker. Voor mij eerst oppervlakkige
clichés hebben nu betekenis. Ik vind je heel bijzonder en ik vind het heerlijk om bij je te zijn
nu en heel lang!

Miranda (1COS)
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List of abbreviations

AA

Ab

Ag
alum
APC
BALF
BCR
BTLA
CTLA-4
DC
DIG
DRC
EU

GC
HVEM
ICOS
IFN-y
IgG
1L.-(2,4,10,17)
LPS
OMC
OVA
PD-1
Penn
TCR
TLN
TLR
Treg
Th

amino acid

antibody

antigen

aluminium hydroxide
antigen presenting cell
broncho-alveolar lavage

B cell receptor

B and T lymphocyte attenuator
cytotoxic T lymphocyte antigen-4
dendritic cell

digoxigenin

dose-response curve
experimental unit

germinal center

herpus virus entry mediator
inducible costimulator
Interferon gamma
immunoglobulin
interleukin-(2,4,10,17)
lipopolysaccharide

outer membrane complexes
ovalbumin

programmed cell death-1
enhanced pause

T cell receptor

thoracic lymph node

toll like receptor

regulatory T cell

helper T cell
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