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Abstract

Costimulatory signals are crucial for T cell activation.
Attempts to block costimulatory pathways have been
effective in preventing unwanted immune reactions. In
particular, blocking the CD28/cytotoxic T lymphocyte
antigen (CTLA)-4/B7 interaction (using CTLA-4Ig) and
the CD40/CD40L interaction (using anti-CD40L antibod-
ies) prevents T cell mediated autoimmune diseases,
transplant rejection and graft vs host disease in experi-
mental models. Moreover, CTLA-41g is in clinical use to
treat rheumatoid arthritis (abatacept) and to prevent
rejection of renal transplants (belatacept). Under certain
experimental conditions, this treatment can even result
in tolerance. Surprisingly, the underlying mechanisms of
immune modulation are still not completely understood.
We here discuss the evidence that costimulation block-
ade differentially affects effector T cells (Teff) and regu-
latory T cells (Treg). The latter are required to control
inappropriate and unwanted immune responses, and
their activity often contributes to tolerance induction
and maintenance. Unfortunately, our knowledge on the
costimulatory requirements of Treg cells is very limited.
We therefore summarize the current understanding of
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the costimulatory requirements of Treg cells, and elabo-
rate on the effect of anti-CD40L antibody and CTLA-4Ig
treatment on Treg cell activity. In this context, we point
out that the outcome of a treatment aiming at blocking
the CD28/CTLA-4/B7 costimulatory interaction can vary
with dosing, timing and underlying immunopathology.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Costimulation blockade (e.g., CD28/B7 and
CD40/CD40L blockade) has been successfully used
experimentally to induce tolerance to allo- or auto-
antigens. Several studies suggest that effector T cells
(Teff) and regulatory T cells (Treg) have different re-
quirements regarding costimulation. While blockade
of the CD40L receptor does not affect Treg cells and
targets Teff cells, the effect of blocking the CD28/cy-
totoxic T lymphocyte antigen (CTLA)-4/B7 interaction
(with CTLA-41g) is more difficult to predict and depends
on the type, the strength and the stage of an immune
process. Importantly, manipulating these costimulatory
signals can therefore shift the Treg/Teff cell balance to-
wards dominant Treg cell activity.
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INTRODUCTION

Costimulatory interactions between T cells and antigen

presenting cells (APCs), such as the CD28/B7 pathway
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and the CD40/CD40L pathway, are essential for T cell
activation. As a consequence, reagents that deliberately
block those costimulatory signals (e.g., the CTLA-4Ig
fusion protein or antagonistic anti-CD40L antibodies)
can be used to prevent unwanted or inappropriate T
cell activation. Blocking costimulation, therefore, has
been used to treat T' cell mediated autoimmune diseases,
transplant rejection or graft o5 host disease (GvHD). Al-
though anti-CD40L antibodies showed great potential in
pre-clinical animal models and cytotoxic T lymphocyte
antigen (CTLA)-4lg is successfully used in clinical prac-
tice to treat rheumatoid arthritis and to prevent rejection
of renal transplants, the precise mechanisms undetlying
their efficacy ate still not fully understood. While effector
T cells (Teff) cleatly depend on costimulation for their
activation, the costimulatory requirements of a suppres-
sive T cell population, the regulatory T cells (Treg), are
not completely clear. Several studies suggest that Treg
and Teff cells have different requirements regarding co-
stimulation. Furthermore, it has been suggested that Treg
cells play an important role in the process of tolerance
induction by costimulation blockade. In this review we
discuss some possibilities to modulate costimulation in
such a way that Teff cells are blocked but Treg cells re-
main active and functional. In this context, we summarize
the current understanding of the costimulatory require-
ments of Treg cells, and elaborate on the effect of anti-
CD40L antibody and CTLA-4Ig treatment on Treg cells.
We point out that CTLLA-4Ig has a quite complex effect
on Treg cells, which should be taken into account when
intetfering with the CD28/CTLA-4/B7 interaction.

MECHANISMS OF PERIPHERAL
TOLERANCE

Immune tolerance refers to a state of specific immune
non-responsiveness of the immune system to a particular
antigen or a group of antigens. Tolerance to self-antigens
is a hallmark of an effectively functioning immune sys-
tem and disabling tolerance to self-antigens can lead to
autoimmune diseases. In a similar way, an inappropriate
response to a harmless environmental antigen can result
in allergies. To avoid such harmful reactions, the immune
system has developed several sophisticated mechanisms
to induce and maintain tolerance.

Duting the maturation in the thymus, T cells undergo
positive and negative selection. T' cells which recognize a
self-antigen presented by major histocompatibility com-
plex (MHC) molecules, can be eliminated (negative selec-
tion)!"!. Tn this process, the signal strength with which the
T cell receptor (TCR) recognizes its antigen determines
the fate of the T cell. A strong signal and definite recog-
nition of the auto-antigen leads to immediate deletion
of the responding cell. A weak signal often leads to igno-
rance and migration to the periphery”. This is reasonable
in order to maintain a pool of variable TCRs in the pe-
riphery. However, these cells might regain self-reactivity
later on. Furthermore, some T cells escape thymic selec-
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tion. Under these circumstances, peripheral tolerance
induction should come into action.

Peripheral tolerance is maintained by mechanisms
such as anergy (which results from a lack of sufficient
activation signals)”, deletion by apoptosis™ and control
by regulatory T (Treg) cells. The role of regulatory T
cells, as well as the importance of costimulation for the
induction and maintenance of peripheral tolerance, will
be discussed in the following section.

Costimulatory signals

Naive T cells need two distinct signals in order to get
fully activated. The first signal is transmitted through
the TCR, which recognizes an antigen presented by spe-
cialized antigen-presenting cells (APCs) on MHC mol-
ecules. This signal determines the specificity of the T cell
response. The second (or accessory) signal is provided
by the ligation of costimulatory receptors on the cell
surface”. Without proper costimulation, T' cells fail to
become fully activated and enter a state of hypo-respon-
siveness (anergy)[s]. Up to now, many costimulatory sig-
nals and pathways have been identified, among which the
best charactetized are the CD28/CTLA-4/B7 pathway
and the CD40/CD40L pathway.

The CD28/CTLA-4/B7 interaction: Mice deficient in
CD28 are unable to mount an effective immune response
to foreign antigens, pathogens or allografts. The CD28
receptor is a disulfide-linked homodimer, which is con-
stitutively expressed on T cells and is engaged by both
the CD80 (B7-1) and CD86 (B7-2) molecule on activated
APC". The monomeric CD86 ligand is constitutively
expressed in low amounts on professional APC and up-
regulated upon activation, while CD80 is expressed as
a dimer on activated APC. The up-regulation of CD86
occurs rapidly after activation and reaches its maximum
18 to 24 h after stimulation, while the up-regulation of
CD&8O0 is delayed and reaches a maximum after 48 to 72
h"*", Studies with knock-out (KO) mice have shown
that CD86 is more important for initiating an immune
response than CD80. Otherwise the functions of the
two B7 molecules are largely overlapping[lz]. Signalling
via CD28 is mediated through the phosphatidylinositol
3-kinase-protein kinase B (PKB/Akt) and the growth
factor-receptor-bound protein 2 (Grb2) pathways and
promotes 1L-2 productionl13J and T cell prolifemtionl14J by
decreasing the threshold for activation viz the TCR"™. In
addition, T' cell survival is strengthened by up-regulation
of the anti-apoptotic factor Bel-xL"". CD28 engagement
also up-regulates or induces the expression of additional
costimulatory receptors such as ICOS and CTLA-4"",
While CD28/B7 signalling is crucial for the activation of
naive T' cells, previously activated cells are less depend-
ent on costimulation. After priming and differentiation
are completed, the production of effector cytokines (e.g.,
IL-4 or IFNy) does not require further costimulation.
Only IL-2 production depends on continuous costimula-

tory signa]lingmj.
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Another receptor molecule, which binds to both B7
molecules and is structurally homologous to CD28, is the
“cytotoxic T lymphocyte antigen 4” (CTLA-4) or CD152.
It is up-regulated on T cells upon activation with a peak
at 24-48 h after initial primingm. However, its expression
on the surface is not stable and the CTLA-4 molecule
is continuously internalized in a clathrin dependent way,
degraded in lysosomes and recycled to the cell surface!™.
CTLA-4 binds CD80 and CD86 with a 10-20 fold higher
affinity compared to CD28"" and consequently out-
competes CD28 mediated activation™. Furthermore,
CTLA-4 has an advantage in engaging to B7 molecules
as it binds divalently, while CD28 binds monovalently™.
In contrast to CD28 signalling, the CTLA-4 pathway
has a suppressive character, and CTLA-4 deficient mice
develop severe lymphoproliferative disease and die 3 to
4 wk after birth™. Of note, CTLA-4 KO mice deficient
in B7-1 and B7-2, as well as CTLA-4 KO mice with a
defective CD28 receptor are protected from this fatal dis-
ease”™?. This suggests that CTLA-4 selectively regulates
CD28 mediated activation. Binding of CTLA-4 to its
ligands recruits phosphatases (SHP-1, SHP-2 and PP2A),
which inhibit TCR phosphorylation and several other
pathways such as the PIKB/Akt activation as well as the
phosphorylation of extracellular-signal-regulated kinases
(ERK) and c-Jun N-terminal kinases (JNK)*, This re-
duces the production of IL.-2 and its receptor, inhibits T
cell proliferation, and consequently results in termination

. 18,27
of the immune response[ ]

Other members of the B7 and CD28 superfamilies:
Other members of the B7 superfamily, which have been
studied extensively, are the inducible costimulator ligand
(ICOSL, CD275, B7h or B7-PR-1), which binds to ICOS
(CD278) and the programmed death ligands 1 and 2
(PD-L1 and PD-L2) which binds to programmed death
1 (PD 1). ICOS is structurally and genetically related to
CD28 and up-regulated in the course of activation”.
ICOSL is expressed on APCs and some non-hematopoi-
etic cells (e.g, endothelial cells). Different from CD28/B7
signalling, ICOS/ICOSL interaction is not essential for
T cell activation, but rather acts by fine-tuning effector T
cell differentiation and cytokine productionm. Further-
more, ICOS is crucial for germinal centre formation and
class switching in B cells™™,

PD-1 is a suppressive member of the CD28 super-
family. Different from CD28 and CTLA-4, PD-1 is not
expressed as a dimer and its expression is not limited
to T cells. It can be found on activated T cells, but also
on B cells and myeloid cells, which suggests a broader
spectrum of regulation compared to CTLA-4™, Ligation
to PD-L1 and PD-1.2, which are expressed on activated
APCs, inhibits cytokine production and leads to cell cycle
arrest” ", Furthermore, PD-1 signalling was found to be
involved in CD8" T cell differentiation and regulationﬁs]

The CD40/CDA40L interaction: CD40 (INFRSF5) is a

type I trans-membrane protein, which clusters upon en-
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gagement to its ligand CD40L (CD154, TNFSFE5, gp39,
T-BAM, or TRAP)*. CD40 ligation further induces the
recruitment of adaptor proteins (TNF-associated fac-
tors), which then in turn trigger several possible pathways
including the canonical and non-canonical nuclear factor
kB (NFkB) signalling pathway, the mitogen activated
protein kinases (MAPK), the phosphoinositide 3-kinase
(PI3K) and the phospholipase Cy (PLCy) pathways[37].
CDA40 is constitutively expressed on APC and on many
other cell types including non-hematopoietic cells (e.g.,
fibroblasts and epithelial ceHs)Bg]. CDA40L forms a sand-
wich structure composed of a (-sheet, an a-helix loop
and another (3-sheet and is expressed as a trimeric com-
plex on activated T cells and plateletsml. Under inflamma-
tory conditions it can also be found on natural killer (NK)
cells, mastocytes and eosinophilsm. Its expression on T
cells is mainly restricted to CD4" T helper (Th) cells, but
there is also a small population of CD8" T cells and )
T cells which can express CD40L". Furthermore, it has
been shown that CD40L is expressed on CD8" T cells in
the presence of IL-12 and that these cells potentially rep-
resent a CD8™ T helper cell subset ™!,

Upon activation, CD40L is up-regulated as early as 5
to 15 min after stimulation and reaches a maximum after
6 to 8 h™. This fast up-regulation is made possible via
preformed CD40L (pCD40L), which is stored in lyso-
somal compartments and can be mobilised in response to
an activation signalm].

The broad expression of CD40 suggests involvement
in many different immune modulatory mechanisms. In
this context, CD40L engagement to CD40 results in in-
creased survival of APC™, production of cytokinesm,
up-regulation of B7 molecules and nitric oxide (NO) pro-
duction and is critical for full maturation of dendritic
cells (DC)™. Furthermore, CD40 signalling is crucial for
B cell activation and differentiation, antibody production,
immunoglobulin-class switching and germinal centre
formation*®, CD40/CD40I. KO mice do not only
show hyper-IgM syndrome, but also exhibit deficiency in
priming of T cells"”. Signalling 2z CD40/CD40L. results
in enforcement of the CD28-B7 interaction and antigen
presentation and is crucial for expansion and matura-
tion of effector T (Teff) cells*™”. Furthermore, CD40/
CD40L mediated contact between CD4" T helper cells
and professional APC (DC) is important to enable DC
to subsequently prime CD8" cytotoxic T lymphocytes
Ctn)™,

Other members of the TNF and TNFR supetfami-
lies: Other members of the TNF/TNFR superfamily
have gained importance during the last years. Among
those are the interactions between the glucocorticoid-
induced tumour necrosis factor related receptor (GITR)
and its ligand GITR-L, between OX40 (CD134 or
TNFRSF4) and OX40 ligand (OX40L, CD252 or
TNFSF4), between 4-1BB (CD137 or TNFRSF9)
and 4-1BB ligand (4-1BBL or TNFSF9) and CD27
(INFRSE7) and CD70 (ITNFSF7). In general, these
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TNF/TNFR superfamily members are up-regulated or
induced upon activation on T cells and their ligands on
APCs. Signalling via these pathways regulates the frequen-
cy of effector or memory cells, provides proliferation
and survival signals and promotes cytokine production[sﬂ
The expression of OX40L, 4-1BBL and CD70 on non-
immune cells (e.g., endothelial cells or smooth muscle
cells) further suggests a role in tissue inflammation in
different disease settingsm’sﬂ. In addition, TNF/TNFR
superfamily members are expressed on natural killer (NK)
and natural killer T (NKT) cells and signalling increases

their effector function”"

Regulatory T cells

A subset of CD4" T cells has regulatory capacity. In a
healthy individual they constitute about 10% of circulat-
ing CD4" T cells. Treg cells play a key role in dampening
of immune responses, prevention of autoimmune and
allergic diseases, as well as in tolerance after transplanta-
tion"™". They are characterized by constitutive expression
of the IL-2 receptor a-chain CD25, CTLA-4 and the
forkhead transcription factor Foxp3[55’56]. The latter one
is crucial for the suppressive function of Treg cells, as
ectopic expression of Foxp3 can induce regulatory func-
tion in naive T cells™”. Loss of Foxp3 results in impait-
ment of Treg cells and in autoimmune disorders in mice
(Scurfy)™ and humans (IPEX-syndrome)"”.

Two subgroups of Foxp3 expressing Treg cells have
been identified: the so called thymus derived Treg cells
(tTreg) and induced Treg cells (iTreg), which are gener-
ated in the periphery from naive CD4" T cells. In vitro,
Treg cells can be induced by antigenic stimulation in the
presence of II.-2 and TGF—B[()U’GH. Although the situation
in vivo is less clear, 1Treg cells are thought to be generated
under non-inflammatory conditions in the presence of
IL-2 and TGF-B by chronic sub-optimal antigen expo-
sure! ™, e.g., by recognition of an antigen on immature
DC which do not provide costimulation', Furthermore,
a role for retinoic acid (RA), which increases TGF-3
production and favors Foxp3 polarization, has been un-
raveled ™", During an acute inflammation (e.g., in aller-
gic or autoimmune diseases or during the course of an
infection), in the presence of high amounts of inflam-
matory cytokines, the generation of Teff cells is favored
over Treg cell induction'.

Unfortunately it is not yet possible to distinguish
tTreg and iTreg cells since both of them express
CTLA-4, CD25 and Foxp3. Helios (a member of the
Ikaros transcription factor family) and Neuropilin-1 (Nrp
1) have been suggested as specific markers for tTreg cells,
but controversial findings regarding their expression on
tTreg 25 {Treg cells limit their use as reliable markers® "™,

There are also CD4" Treg cell subtypes induced in
the periphery which do not express Foxp3. Among those
are T regulatory cells 1 (Tr1), which can be induced from
naive CD4" T cells in the presence of IL-10"" and T
helper cells type 3 (Th3), which require TGE-B™. Up to
now, it is difficult to identify those Treg cell subsets by
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means of a specific surface marker. Therefore, they are
predominantly defined by their cytokine profile. Tr1 cells
are characterized by a high IL-10 and TGF- production,
low levels of 11-2, variable levels of IL-5 and IFN-y and
no 1L-4". Th3 cells produce mainly TGF-f and variable
levels of 11.-10 and T1-4".

Activation and expansion of Treg cells requires a
TCR signal in vitrd”" and in vivd™"™ and is consequently
antigen specific. Whether or not they suppress in an
antigen-specific way is still a matter of debate. A key mol-
ecule in suppression by Treg cells is CTLLA-4. Mice which
display a Treg-specific deficiency in CTLA-4 develop se-
vere autoimmune diseases, and Treg cells from these mice
show reduced suppressive capacity 7 vitrd®™. Tn contrast
to conventional T cells, Treg cells express CTLA-4 con-
stitutively®™ and therefore have a natural advantage over
naive T cells in terms of CD80/CD86 engagement. In
addition, CTL.A-4 expressed by Treg cells also has a cell-
extrinsic mechanism of action. It has been demonstrated
by Qureshi and coworkers that CTLA-4 engagement to
the B7 molecules leads to trans-endocytosis and degrada-
tion of CD80 and CD86 on the surface of APCs"™. This
effect can only be mediated by CTLA-4 expressed on the
cell surface, but not by soluble CTLA-4. As a result, the
availability of B7 receptors and consequently the CD28
mediated activation of T cells are reduced. Moreover,
CTLA-4/B7 interaction might lead to “reverse signalling”
in APC. In the course of CTLA-4 engagement, APC
start to produce indoleamine 2,3-dioxygenase (IDO),
which catalyses the degradation of tryptophan and thus
creates a local inhibitory environment for T cells™. This
also induces the nuclear translocation of the transcription
factor Foxo3™ which inhibits the production of 1L.-6
and of tumor necrosis factor alpha (TNFaq) but increases
the secretion of suppressive cytokines such as 1L.-10™,
Apart from mechanisms mediated by direct cell contact
to APCs, Treg cells also secrete suppressive molecules
such as I1L-10™ TGFBM and 11.-35" and molecules
which can directly kill Teff cells, such as granzyme B and
perforin[so]. Membrane-bound TGFBW or production of
cyclic adenosine monophosphate (cAMP), which can be
transferred to Teff cells »ia gap junctions, can suppress
Teff cells via direct cell-cell contact”". Other suppressive
mechanisms involve CD39 and CD72 mediated degrada-
tion of adenosine monophosphate (AMP) and adenosine
triphosphate (ATP) to adenosine”™ or suppression by
Galectin-1". Finally, Treg cells are thought to suppress
Teff cells by IL.-2 deprivation and subsequent apopto-
sis™. TL.-2 is crucial for Treg cell generation, induction
and maintenance”, but, in contrast to Teff cells, Treg
cells lack the ability to produce IL-2 and are conse-
quently dependent on an external source™. Since Treg
cells constitutively express the high affinity receptor for
IL-2 (CD25)™, they have an advantage over Teff cells
in terms of binding IL-2. In an inflammatory setting,
however, when Teff cells also up-regulate CD25, this ad-
vantage is lost. Therefore, it was suggested that suppres-
sion by IL-2 consumption is predominantly important
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in steady-state conditions as a feed-back mechanism to
prevent Treg cell overgrowth and not in an inflammatory
settingm.

Since none of the above described mechanisms re-
sults in a complete absence of regulatory activity when
deleted, there is most likely not one core-mechanism of
suppression. In this context, Treg-specific CTLA-4 defi-
ciency resulted in systemic autoimmune diseases™. but
transfer of CTLA-4 deficient Treg cells could prevent ex-
perimental colitis 7 vivd™ and 11-10 deficient Treg cells
are able to suppress auto-immunity, but cannot prevent
experimental colitis™”., Thus, Treg cells can compensate
for defects and adapt to environmental circumstances.

THE EFFECTS OF BLOCKING
COSTIMULATORY SIGNALS

Since the “second” or “costimulatory” signal is of great

importance for the activation and successful differentia-
tion of naive T cells into fully functional Teff cells!
blocking these pathways presents a promising approach
to treat T cell mediated autoimmune diseases (eg., theu-
matoid arthritis or multiple sclerosis), transplant rejec-
tions or graft s host disease (GvHD). Compared to
conventional immunosuppressive drugs, costimulation
blockade provides the advantage of selective inhibition
of T cell responses and has the potential of inducing
long-lasting antigen-specific tolerance"". The most
promising and best studied candidates for such manipula-
tions are the CD28/B7 and CD40/CD40L pathways as

they are both critical for T cell activation.

Blocking the CD28/B7 pathway using CTLA-4lg
Up to now, the most promising candidate to achieve
CD28/B7 costimulation blockade is the CTLA-4Ig fu-
sion protein. It consists of the extracellular domain of
the CTLA-4 molecule fused to the Fe-region of IgG.
CTLA-4-Ig binds both B7 molecules with the same high
binding affinity as CTL.A-4. The effect of CTLA-4Ig has
first been demonstrated in an animal model of islet trans-
plantation, where CTLA-4Ig treatment led to long-term
acceptance of xenografts“oﬂ. Also in systems of alloge-
neic islet or cardiac transplantation or graft s host disease
(GvHD), CTLA-4Ig could prolong survival and reduce
rejection ™™, Furthermore, CTLA-4Ig is a potent im-
munosuppressor in animal models of autoimmunity such
as experimental autoimmune encephalomyelitis (EAE) (o)
diabetes""” and systemic lupus erythematodes (SLE) ton,
CTLA-4Ig has also been used effectively in clinical
trials. Davies and co-worker showed that tolerizing bone
marrow cells ex vivo in the presence of CTLA-4Ig prior to
transplantation to a MHC-matched recipient reduces the
incidence of acute and chronic GvHD"". Furthermore,
CTLA-4Ig (abatacept) treatment in combination with cy-
closporin and methotrexate prevents acute GvHD after
hematopoietic cell transplantation from an unrelated do-
not'"™. Since 2005, CTLA-4Ig (abatacept) is approved by
the FDA for the treatment of rheumatoid arthritis (RA)""
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and a second-generation molecule (belatacept) with higher
binding affinity for B7-1 and B7-2 was approved in 2011

. . . 111
to prevent rejection after renal transplantation ",

Blocking the CD40/CD40L pathway

Antagonistic anti-CD40L monoclonal antibodies (mADb)
have shown impressive effects in many animal models.
Blocking CD40L prevents acute and chronic GvHD"",
If given at the time of transplantation, anti-CD40L
treatment prolongs graft survival in a model of heart,
islet, liver and limb transplantation' """, Targeting the
CDA40L receptor proved to be efficient in animal models
of autoimmune diseases such as EAE, arthritis, SLE,
colitis and arteriosclerosis''”. However, clinical trials
with an anti-CD40L mAb (Ruplizumab) in SLE patients
have led to thromboembolic side-effects and had to be
halted"'™. This effect was caused by the Fe-fragment
of the antibody bound to a receptor on platelets which
also express CD40L. Nonetheless, the findings in animal
systems are extremely promising and, consequently, it
is attempted to find alternative ways to achieve CD40L
blockade. mAb with an engineered, aglycosylated or
mutated Fe-part were created” "', The modifications
alter the antibody in a way that Fe-receptor or comple-
ment mediated platelet aggregation and subsequent
thromboembolic events are prevented. Furthermore,
alternative blocking reagents such as small molecules or

. [122,123]

peptides are currently explored .

The CD40/CD40L interaction can also be inter-
rupted by targeting the CD40 receptor. A human antago-
nistic anti-CD40 antibody showed some effect in ex vivo
24151 and proved to be safe in a Phase I clinical
trial on lymphocytic leukaemia patients' . Another an-
tagonistic anti-CD40 antibody, chimeric 5D12, was tested
successfully in an EAE model in marmoset monkeys'*".
Furthermore, we showed that 5D12 was well tolerated in
a phase I clinical trial in patients with Crohn’s disease"™”.
However, CD40 is expressed on many different cell types
and consequently targeting this molecule might have
broad and undesired effects. Additionally, most antibod-
ies directed against CDD40 are stimulatory for APC and B
cells by cross-linking the trimeric receptor.

studies

Combined blockade of the CD28/B7 and the CD40/CD40L
pathway

Although CTLA-4Ig and anti-CD40L antibodies show
great potential in various disease models, the combination
of both is often superior. It is indeed possible that in the
absence of CD40L or CD28 triggering, the T cell can still
receive sufficient activation signals from other costimula-
tory pathways[m'w(”. Especially in animal models of solid
organ transplantation, combined blockade of CD28/B7
and CD40/CD40L is required for permanent tolerance

1 and non-human prirnatesmz]. Also,
[133]

induction in mice
in animal models of leukaemia ™" or autoimmune dis-
cases such as EAE"™ and SLE"™, the combination of
CTLA-4Ig and MR1 (an anti-CD40L mAb) could more
effectively reduce disease symptoms than both alone.
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We made similar observations in a fully MHC mismatch
model of GvHD with allogeneic bone marrow transfer.
In our study, only the combined blockade of the CD28/
B7 pathway (using CTLA-4Ig) and the CD40/CD40L
pathway (using MR1) prevented lethal GvHD and result-
ed in long-lasting tolerance and the induction of stable
mixed chimerism!™.

Mechanisms of suppression by CD28/CTLA-4/B7 and
CD40/CD40L blockade

The mechanisms of tolerance induction by costimulation
blockade, in particular of the CD28/CTLA-4/B7 and the
CD40/CDA40L interaction, have extensively been studied
in allo-responses such as GvHD or transplant rejection.
In these settings, deprivation of necessary activation sig-
nals (CD28 and/or CD40 triggering) leads to T cell hypo-
responsiveness[s], which is followed by peripheral clonal
deletion*"”". Elimination of the hypo-responsive T' cells
is predominantly mediated by apoptosis[m’m]. In a fully
miss-matched transplantation model, the tolerising effect
of combined CD28/B7 (using CTLA-4Ig) and CD40/
CDA40L (using MR1) blockade can be reversed by the cal-
cineurin inhibitor cyclosporine A (CsA), which prevents
apoptosis'™. In contrast, rapamycin (which favours ap-
optosis) acts synergistically with costimulation blockade.
While activation induced cell death (AICD) seems not to
be essential, passive cells death is crucial for the induction
of tolerance under the cover of CTLA-4Ig and MRI1.
Heart allografts were rejected in Bcl-xi deficient mice
despite costimulation blockade"™, but Fas-deficiency was
not able to break tolerance”. Additionally, CTLA-4Ig
has been suggested to act via reverse signalling to APCs
and to induce IDO production, which contributes to cre-

. . . 141
ating a suppressive environment" *".

THE ROLE OF TREG CELLS IN IMMUNE
SUPPRESSION BY COSTIMULATION
BLOCKADE

Although apoptosis of Teff cells after activation in the
absence of costimulatory has been demonstrated by
many research groups, complete deletion of responsive
T cells takes several weeks'” while tolerance can already
be observed shortly after treatment ™. In this context, it
has been demonstrated by the group of Waldmann that
CD4" cells, which have been tolerized to allo-antigens
by CD40L blockade, are not only hypo-responsive but
moreover display a suppressive function "™, Therefore,
it has been suggested that Treg cells, at least partially,
mediate tolerance until Teff cells have been eliminated.
In line with this, it has been demonstrated that tolerance
induction by CD40L or B7 blockade is abrogated when
Treg cells are depleted. In a study performed by Taylor
and co-workers, CD4" cells were tolerized to allo-antigens
ex vivo in the presence of antagonistic anti-CD40L or
anti-B7 antibodies. Transfer of these cells to animals suf-
fering from GvHD did abrogate the disease. However,
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if Treg cells were depleted prior to the transfer, GvHD
was not suppressedmsl. Also, long-term acceptance of
a skin or a heart allograft under the cover of CD40L
blockade could be abrogated if recipient Treg cells were
depleted“%’mﬂ. However, Kurtz e al'* showed that it
is possible to induce mixed chimerism after allogeneic
bone marrow transplantation under the cover of CD40L
blockade, but they did not find evidence for an involve-
ment of Treg in this system. In line with this, we have
previously shown in a model of GvHD with allogeneic
bone marrow transplantation that tolerance induction
by combined CD40/CD40L and CD28/B7 blockade
and the development of mixed chimerism are still pos-
sible despite the absence of donor Treg cells". In both
studies T cell hypo-responsiveness and deletion were
the main mechanisms by which tolerance was achieved.
The importance of Treg cells for tolerance induction by
costimulation blockade thus might depend on the disease
model. The recipient Treg cells might be important in the
setting of a solid organ transplant, while in GvHD the
presence of Treg cells within the donor cell transplant
might not be crucial for the outcome of the disease.

Costimulatory requirements of Treg cells

Involvement of Treg cells in tolerance induction by co-
stimulation blockade implies that Teff cells and Treg cells
have different requirements regarding costimulation. Such
different requirements could result in differential modula-
tion of Teff cells and Treg cells by costimulation block-
ade. Both cell types share the TCR-mediated recognition
of an antigen as the first signal for activation. However,
the costimulatory requirements for Treg cells are less clear
than those for Teff cells (Figure 1). CD28/B7 signalling
is crucial for thymic Treg cell generation and homeostasis
since mice deficient in CD28 or B7 molecules have a sig-
nificantly reduced number of Treg cells in the thymus as
well as in the peripherymg’lsul. CD40L and glucocorticoid-
induced tumour necrosis factor related receptor (GITR)
signalling also play an important role during thymic de-
velopment of Treg cells"”"™. Whether CD28 and/or
CDA40L costimulation is equally important for the activa-
tion or the induction of Treg cells in peripheral lymphoid
organs as it is for Teff cells, however, is still a matter of
debate. We have shown that blocking the B7 molecules
using anti-B7-1 and anti-B7-2 antibodies in combination
with an antagonistic anti-CD40 antibody resulted in hu-
man T cell hypo-responsiveness iz vitro. This effect was
assoclated with the induction of a T cell subset with sup-
pressive activity, which expressed high levels of ICOS and
produced I1.-10"", Furthermore, we have shown that the
beneficial effect of combined CTLA-4Ig and MR1 treat-
ment in a mouse model of GvHD is associated with an
increase in the frequency of Foxp3" Treg cells between
day 6 and 30 after T cell transfer' ™. Both findings argue
for costimulation independent Treg induction and expan-
sion. We further conducted a more detailed examination
of the effect of CTLA-4Ig and MR1 on murine Treg cells

in vitro. Here, we showed that Treg cells can proliferate
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Figure 1 Costimulatory requirements of Foxp3' Treg cells. Treg cells, similar to Teff cells, depend on T cell receptor (TCR)-mediated recognition of an antigen for
activation (signal 1). The requirements of Treg cells regarding the second, costimulatory signal are less clear. The exact pathways and necessary signals are still a
matter of debate. So far, it is well established that Treg cells depend on CD28 and CD40L for their thymic development. Also, glucocorticoid-induced tumour necrosis
factor related receptor (GITR) is stabilizing Foxp3 expression during maturation in the thymus. In order to get properly activated and to proliferate, triggering of 0X40
and GITR, in concert with IL-2, was reported to be crucial. The induction of iTreg cells in the periphery is promoted by PD-1 signalling. The function of Treg cells de-
pends on cytotoxic T lymphocyte antigen (CTLA)-4 and ICOS. See text for more details and references.

and be activated if CTLA-4Ig and MR1 were added to the
cultures at a dose where Teff cells are inhibited"™. Also
other laboratories, in which the blockade of the CD28/
B7 and/or the CD40/CD40L interaction was studied,
have observed an increase of functional Treg cells in
vitro" "% Furthermore, a selective non-cross-linking
CD28 antagonist induced tolerance to renal and cardiac
allografts in non-human primates and this was associated
with an increased frequency of Foxp3' Treg cells"””. In a
mouse model of heart transplantation under the cover of
an anti-CD40L mADb, Treg cell were functional and crucial
to prevent rejection”. Altogether, these findings sug-
gests that Treg cells are less dependent on CD28/B7 and
CD40/CD40L costimulation compated to Teff cells and
can therefore still be activated and expand in the presence
of CTLA-4Ig and MR1.

However, Treg cells ate probably not completely in-
dependent of CD28/B7 and CD40/CD40L costimula-
tion. In this context, we showed that the increase in the
Treg cell frequency 7 vitro observed in the presence of
CTLA-4Ig and MR1 is dependent on the concentration
of the blocking agents. While a low dose of CTLA-4lIg
and MR1, ranging between 0.125 pg/mL and 4 pg/mlL,
resulted in a concentration dependent increase in the
frequency of Treg cells, a higher dose (between 8 pg/mL
and 32 pg/mL) resulted in a concentration dependent
decrease in the frequency of the Treg cells (manuscript in
preparation). Thus, at a very high dose of costimulatory
blocking agents, Treg cells also seem to be affected. We
further explored this issue in a mouse model of GvHD.
A treatment regime using 500 pg (per mouse) of CTLA-
4lg (in combination with MR1) was equally effective as a
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10 times lower dose in preventing the disease. However,
intermediate doses had no effect on survival. Again, the
treatment with a low dose of CTLA-4Ig, but not with
a high dose, was followed by an increase in Treg cell
frequency (manuscript in preparation). This observa-
tion can potentially be explained assuming two sepatate
mechanisms of action (Figure 2): treatment with a high
dose blocks all the Teff cells (but also the Treg cells) and
therefore prevents the disease. At a low dose, however,
not all the Teff cells are blocked, but Treg cells remain
activated and are able to suppress the remaining Teff
cells. Intermediate doses are not effective, most likely be-
cause not all the Teff cells are blocked while at the same
time Treg cells are affected and therefore not able to
suppress Teff cells. It is possible that Treg cells need the
same costimulatory signals as Teff cells, but have a lower
threshold for activation. Another possibility is that a low
dose of CTLA-4lg and MR1 only partially blocks the
Teff cells, which produce low amounts of 11.-2. As Treg
cells can take up 1L-2 more efficiently than Teff cells due
to the constitutive expression of the high affinity I11.-2 re-
ceptor (CD25)™ the low amounts of T1.-2 might be suf-
ficient to maintain Treg cells but not enough to allow for
Teff cell priming and activation. This issue will have to
be examined more closely in the future. If 1L.-2 and not
costimulation is the limiting factor for Treg cell activa-
tion, expansion of Treg cells can be facilitated by adding
exogenous IL-2.

Other costimulatory pathways have been suggested
to be relevant for Treg cell activation and function. Trig-
gering GITR on Treg cells increases their proliferation
and enforces their suppressive activity' . Blocking the
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Figure 2 The potential effects of a cytotoxic T lymphocyte-associated antigen-4lg treatment started before T cell priming. If cytotoxic T lymphocyte antigen
(CTLA)-4lg is given before T cell priming at a low dose, it reduces CD28 mediated T cell activation. Since blockade of B7 molecules is not complete, some Teff cells
are still activated and produce interleukin (IL)-2. Treg cell-activation is less or not dependent on CD28 signalling and the low amounts of IL-2 produced by the Teff cells
are sufficient to maintain Treg cell activation. In that way activated Treg cells further suppress the remaining Teff cells. The effect of CTLA-4lg is in this situation based
on down-regulation of Teff cells and maintenance of Treg activity (A). If CTLA-4lg is given at a high concentration, Teff and Treg cells are equally suppressed due to
missing costimulation and/or IL-2. The effect of CTLA-4lg is in this case based on reduced Teff cell activity (B). APC: Antigen presenting cell, Teff: effector T cell, Treg:
Regulatory T cell.
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ICOS/ICOSL interactions in a model of ovalbumin  CD40L in the periphery"*. Up-regulation of CD40L

(OVA) induced airway inflammation'”™” and EAE™ ab- in Treg cells upon activation is delayed compared to
rogated Treg activity iz vitro and in vivo. An antagonistic Teff cells, which express CDA40L within the first 5 to 15
anti-PD-1 antibody can prevent the induction of Treg min after activation™. This fast up-regulation is made

cells from naive CD4" T cell #n vitro, which suggests that possible through the storage of preformed CD40L
PD-1 signalling is important in this process' . Defects (pCD40L). Treg cells, on the other hand, are incapable
in or blockade of CTLA-4 leads to uncontrolled expan- of storing pCD40L and consequently have to generate
sion of Treg cells, which suggests a cell-intrinsic effect it de novd™"™. Altogether this suggests that Treg cells are
of CTLA-4 triggering on Treg cells and an important indeed not dependent on CD40L signalling concerning
role for CTLA-4 in regulating Treg generation in the their activation. Therefore, CD40L blockade provides a
thymus and in the periphery™"'*. Also, CTLA-4 regu- promising target to modulate the balance between Treg
lates the TCR specificity during thymic development as cells and Teff cells in favour of Treg cell activity.
over-expression of CTLA-4 leads to a self-skewed TCR

repertoire whereas deficiency of CTLA-4 prevents the The effect of CTLA-4lg on Treg cells

development of a self-skewed TCR repertoire”. There CTLA-4Ig has been proven to be very effective as an im-

is also evidence that CTLA-4 signalling is involved in munosupptessive treatment in vatious animal models and

the induction of Foxp3 in naive T cells and promotes is successfully used in the clinic to treat theumatoid at-
. . . . 164] .. .. . . .

generation of {Treg cells in the periphery" ™. In addition,  thritis (abatacept) and rejection after renal transplantation

CTLA-4 is a key mediator in suppression by Treg cells as (belatacept)" ™", However, recent findings have raised
described before. Recently, the OX40/OX40L pathway concern about the use of CTLA-4Ig in systems whete

has come into focus with regard to Treg cell activation Treg cells are crucial for the success of the therapy. Ri-
and proliferation. OX40 triggering acts in concert with ella and co-workers showed that CTLA-4Ig accelerates
IL-2 and leads to extensive Treg cell expansion. In the transplant rejection in a MHC class II mismatch model,
presence of IL.-2, these cells are stable and show potent  in which tolerance induction and graft survival is crucially

165]
suppressive actlvlty[ "

dependent on Treg cell function"””. Furthermore, in a
study in which rejection of a skin transplant could be pre-
The effect of CD40/CD40L blockade on Treg cells vented by expansion of Treg cells using IL-2/anti-IL-2
A large body of evidence including our own studies sug- complexes, simultaneous administration of CTLA-4Ig
gests that Treg cells are not affected by CD40/CD40L could break tolerance induction®, As mentioned before,
blockade!?» 1431471531 Although Treg cells require we have observed a dose dependent effect of CTLA-4Ig
CD40L signalling during their development in the thy- on Treg cells (manuscript in preparation). It is possible

us!? only about 4%-9% of Treg cells express that the amount of CTLA-4Ig applied was indeed high
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Figure 3 The potential effects of cytolytic T lymphocyte-associated antigen-4lg treatment given after T cell priming. If cytolytic T lymphocyte antigen (CTLA)-4lg
is applied after priming when T cells are already activated, it mainly interferes with the CTLA-4/B7 interaction. This interaction is important for cell-intrinsic down-regu-
lation of Teff cells. In the absence of this cell-intrinsic regulation, activated Teff cells proliferate more strongly and secrete more inflammatory cytokines. Furthermore,
Treg cells are not able to exert their suppressive function mediated via CTLA-4. Both effects will potentially result in further increase of the T cell mediated inflamma-

tion. APC: Antigen presenting cell; Teff: Effector T cell; Treg: Regulatory T cell.

enough to interfere with the Treg cells. Especially in a
model where Treg cells are crucial for the outcome of
the disease, a high dose might be less effective than a low
dose which spares the Treg cells.

The differential sensitivity of Treg cells »s Teff cells
to CD28/CTLA-4/B7 blockade is certainly not the only
problem that might atise from CTLA-4lg treatment. An-
other factor that has to be considered is that CTLA-4Ig
does not only intetfere with the CD28/B7 signaling but
also with the CTLA-4/B7 signaling (Figure 3). CTLA-4
is expressed on activated Teff cells and constitutively on
Treg cells, and triggering of membrane CTLA-4 leads to
suppression of the corresponding T' cell"™*”. This holds
true for Teff cells as well as for Treg cells"”. Since Treg
cells express CTLA-4 constitutively, CTLA-4Ig adminis-
tration during priming will presumably prevent CTLA-4
mediated cell-intrinsic suppression of Treg cells and will
therefore enhance their activity. In addition, CTLA-4Ig
engagement to the B7 ligands leads to reverse signalling
to the APCs, which results in IDO production*". Both
mechanisms thus result in the creation of a suppressive
environment. However, CTLA-4 is a also key molecule
for Treg cell function™. Our above mentioned data argue
against interference of CTLA-4lg with Treg cell activa-
tion, but do not exclude interference with Treg function
or induction. In this context, blockade of the B7 mol-
ecules with CTLA-4lg prevents CTLA-4 mediated trans-
endocytosis and degradation of the B7 molecules by
Treg cells as well as “reverse signalling” via CTLA-4/B7
signalling and IDO production. Moreover, if CTLA-4Ig
is given after T cell priming, Teff cells will also have up-
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regulated CTLA-4 and by blocking B7 molecules, the
cell-intrinsic suppression of Teff cells might be blocked.
This is not relevant in a setting of transplantation, when
it is exactly known when T cell priming occurs. However,
for patients with autoimmune diseases such as multiple
sclerosis (MS), the situation is different. It is not possible
to predict disease onset or a relapse episode and therefore
it is not known when auto-reactive T cells are primed
and activated. In such settings it might be dangerous to
apply CTLA-4lIg treatment. Indeed, we have found in a
model of experimental autoimmune encephalomyelitis
(EAE), the mouse model for the human disease MS,
that treatment with CTLA-4Ig after T cell priming leads
to exacerbation of the disease. This is most likely due
to interference with the CTLA-4/B7 mediated suppres-
sion (manuscript in preparation). Further studies will be
required to examine if this exacerbation is a result of
missing cell-intrinsic suppression of the Teff cells, inter-
ference with Treg cell function and de novo induction or
both.

CONCLUSION

Based on the above discussed studies and our own results
we believe that it can be possible to modulate costimula-
tion in such a way that Teff cell activation is prevented
but Treg cells can still be activated. Especially blockade
of the CD40/CD40L pathway provides a promising
target to manipulate the Teff/Treg cell balance in favor
of Treg cell activity. However, blockade of the CD40/
CD40L interaction alone is not always sufficient to guar-
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antee full protection. Thetrefore, CD40/CD40L blockade
must be combined with CTLA-4Ig in order to prevent
CD28 mediated activation. Several factors have to be
taken into account when using CTLA-4Ig as a treatment
option. First, if CTLA-4Ig is given before T cell priming
(eg., in a transplant setting), the dose of the reagent is
an important factor. A high dose of CTLA-4Ig can also
affect the Treg cells. Careful titration is required to find
the optimal dose that blocks Teff cells but spares the
Treg cells (Figure 2). This might be of great importance
if Treg cells are crucial for the success of the therapy.
Second, it has to be considered whether CTLA-4Ig is
given before or after T' cell priming, CTLA-4Ig treatment
after T cell priming might be dangerous as it can interfere
with CTLA-4 mediated suppression (Figure 3). This can
affect cell-intrinsic suppression of the Teff cells and/or
affect Treg cell function and induction. Third, knowing
the pathophysiology of the disease (especially concern-
ing involvement of Treg cells) is crucial in order to find a
balance between maximal suppression of Teff cells and
minimal interference with Treg cells.

It will be important to more closely study the co-
stimulatory requirements of Treg cells and the effect of
blocking those signals on their activity. This will help to
improve the success of a therapy involving costimulation
blockade. Especially when using CTLA-4Ig, it will be
necessary to know exactly which effect the treatment has
in the corresponding disease setting in order to prevent
undesired effects. Furthermore, the finding that Treg
cells and Teff cells respond differently to costimulation
blockade can potentially be exploited in a context of Treg
cells based therapy. Treg cells can be expanded iz vitro or
perhaps even 7n vivo, while the outgrowth of Teff cells is
prevented under the cover of costimulation blockade.
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