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Summary

Acute cardiovascular syndromes are a major cause of death in Western society and
are generally triggered by rupture of an atherosclerotic plaque.* 2 Current treatment
of atherosclerosis involves lipid lowering using statins, beta blockers, anti-thrombotic
drugs, and life style advice. Even though improvements in treatment have led to a
reduction in atherosclerosis-associated deaths and have led to an improved quality of
life of patients, present treatment is inadequate to halt progression of cardiovascular
disease with respect to plaque size (degree of occlusion) or to reverse existing
plaques, and the number of people diagnosed with atherosclerosis still remains high.
This indicates an urgent need for new therapeutic strategies to inhibit atherosclerosis
and to prevent cardiovascular complications and acute syndromes.

Besides lipid accumulation, inflammation is considered a key process in atherosclerotic
plague development and in the pathogenesis of plaque rupture.> 4 Antigen
presenting cells, such as dendritic cells and macrophages, play an important role
in the inflammatory process within atherosclerotic plaques and are responsible for
presentation of atherosclerosis-related antigens, such as oxLDL and HSP60, resulting
in the attraction and activation of T cells.> ¢ Upon activation T cells produce large
amounts of pro-atherogenic cytokines that contribute to both the growth and
destabilization of lesions, which can result in rupture of the lesion leading to thrombus
formation and cardiovascular complications. T cells can be divided into several T cell
subsets that can either be pro-inflammatory/pro-atherogenic, such as Thl and Th2
cells, or anti-inflammatory/anti-atherogenic, such as regulatory T cells.
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Figure 1. Pro-atherogenic T cells can be inhibited by blocking antibodies for costimulatory molecules or
by agonistic antibodies for coinhibitory molecules and through the induction of suppressor cells, such as
Tregs and MDSCs. Examples of possible treatments are provided in the blue boxes.
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An imbalance between pro- and anti-inflammatory cells exists in atherosclerosis,
with increased numbers of the first. Therefore, restoration of this balance by (1)
inhibition of pro-inflammatory responses or by (2) inducing suppressor cells has great
therapeutic potential to prevent cardiovascular disease (Figure 1). In this thesis,
several therapeutic strategies to restore the balance of pro- and anti-inflammatory
immune responses in atherosclerosis were investigated. In Chapter 3-6, modulation
of costimulatory and coinhibitory pathways, a network of ligands present on antigen
presenting cells that bind to their corresponding receptors on T cells and can either
promote or inhibit immune cell function, was evaluated. In Chapter 7-9, the protective
role of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) was
studied.

Modulation of costimulatory and coinhibitory pathways as a treatment of
atherosclerosis

The immune system provides a large diversity of costimulatory and coinhibitory
pathways and each pathway has its own unique effect on the fate of individual immune
cells. Costimulatory signals can promote T cell survival, cell cycle progression and
differentiation of naive T cells to effector and memory T cells, whereas coinhibitory
molecules can terminate these processes directly or indirectly via the induction of
Tregs. In this thesis we performed several studies that addressed the role of several
costimulatory and coinhibitory pathways in atherosclerosis.

The costimulatory pathway formed by OX40 and OX40L is involved in the proliferation
and survival of T cells, particularly Th2 cells, drives isotype switching of B cells, and is
associated with cardiovascular disease incidence. In Chapter 3, we investigated the
effect of 0X40-0OX40L interference on the regression of atherosclerosis in LDLr/- mice
by a combined anti-inflammatory (10 week treatment with anti-OX40L) and lipid-
lowering strategy (switching to chow diet after 10 weeks of Western-type diet). Lipid
lowering alone increased lesion stability without reducing lesion size, while additional
anti-OX40L treatment also induced lesion regression. Treatment with anti-OX40L
reduced circulating OX40-expressing CD4* T cells and adventitial T cells.

In line with previous findings, interruption of the 0X40-0X40L pathway reduced the Th2
response, as shown by decreases in GATA-3, IL-4 and IL-10 expression.” Notably, we
demonstrate that the production of another typical Th2 cytokine, IL-5, was increased
in B1 cells and T cells. B1 cells are dependent on IL-5 and enhance the secretion
of atheroprotective natural oxLDL-specific IgM antibodies.® Anti-OX40L-treated mice
had increased numbers of B1 cells and increased oxLDL-specific IgM titers. T cells
that produce IL-5, independently of IL-4, can be induced by IL-33, which previously
has been shown to be protective in atherosclerosis by inducing IL-5 and anti-oxLDL-
specific IgM antibody formation®, and by inhibiting foam cell formation.® We observed
increased IL-33 expression in the spleen of anti-OX40L-treated mice and showed
that IL-33 production is dose-dependently increased by anti-OX40L treatment of DCs
and macrophages exposed to oxLDL. The increase in the atheroprotective factors IL-
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33, IL-5 and oxLDL-specific IgM in anti-OX40L-treated mice likely contributed to the
observed regression of atherosclerosis.

Another pathway through which 0X40-0OX40L blockade may facilitate lesion regression
is via reduced IgE levels and subsequent reduced mast cell numbers and activation.
IL-4 induces isotype switching of B cells from IgM- to IgE- and IgG-producing cells.
Previously, we showed that anti-OX40L treatment reduced IgG1 levels’ and we now
show that interruption of OX40-OX40L treatment also induced a strong reduction in
serum IgE. Activated mast cells are found in the adventitia of vulnerable and ruptured
lesions of patients suffering from myocardial infarction ' 2, and mast cell numbers
correlate with the incidence of plaque rupture and erosion.! Our lab has previously
shown that mast cells also play a crucial role in plaque progression and destabilization
in vivo.*® In addition, enhanced IgE levels were observed in patients with unstable
angina pectoris and in dyslipidemia* > and recently, Wang et al. showed that IgE
promotes atherosclerosis in ApoE7/~mice.¢ In line with these findings, we suggest that
the reduced IgE levels due to the anti-OX40L treatment contribute to the observed
lesion regression.

An overview of the mechanism of anti-OX40L-mediated regression of atherosclerosis
is shown in Figure 2. Finally, it must be noted that interruption of the OX40-OX40L
pathway did not induce full regression of lesions. Further research into modulating
immune responses to induce regression must be explored and, in combination with
lipid lowering, may hold the key to therapies for cardiovascular patients with well-
established lesions.

Foam cell

o OF

Figure 2. Schematic overview of the mechanism through which 0OX40-OX40L interruption can reduce
atherosclerosis. Anti-OX40L treatment induces IL-33, IL-5 and oxLDL-specific IgM and reduces IL-4 and
IgE levels, resulting in reduced mast cells numbers and activation.
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Similar to OX40 and OX40L, CD30 and CD30L are members of the TNF(R) superfamily
and are involved in the activation and proliferation of T and B cells. Whereas the
CD30-CD30L pathway has been implicated in various autoimmune diseases, such
as asthma'’, GVHD*® and type I diabetes!?, no studies describe a role for the CD30-
CD30L axis in atherosclerosis. In Chapter 4 we therefore treated Western-type
diet fed LDLr/- mice with an anti-CD30L antibody for 8 weeks, which resulted in a
reduction in atherosclerotic lesion formation in the aortic root by 35%. This reduction
in atherosclerosis coincided with reduced adventitial T cell numbers, reduced
percentages of CD4+* T cells in the spleen and lymph nodes and with strongly reduced
splenocyte proliferation. In particular, CD4* T cells isolated from anti-CD30L-treated
mice proliferated less vigorously after aCD3/CD28 stimulation than CD4* T cells from
control mice, whereas their adhesion and migration capacity remained unaffected.
Although signaling via CD30-CD30L may also affect humoral responses and mast
cell activity, we did not detect a significant difference in immunoglobulin production
and mast cell activity in anti-CD30L-treated mice compared with control mice. We
conclude that the CD30-CD30L pathway solely exerts its function via inhibition of T
cell responses in atherosclerosis, which identifies anti-CD30L treatment as a novel
therapeutic modality in the inhibition of atherosclerotic lesion development and the
prevention of acute cardiovascular syndromes.

In Chapter 5, we studied the role of T cell immunoglobulin and mucin domain 3 in
atherosclerosis. Tim-3 is a coinhibitory type I transmembrane protein, which affects
the function of several immune cells involved in atherosclerosis, such as monocytes,
macrophages, effector T cells and Tregs. It has been reported that patients with
atherosclerosis have increased Tim-3* NK cells compared with healthy controls.?® In
line with these findings, we observed that Western-type diet feeding increased the
percentage of Tim-3*NK cells in blood of LDLr”/- mice, but also increased the percentage
of Tim-3* monocytes and DCs, cell types that largely contribute to the inflammatory
process of atherosclerosis. When we treated Western-type diet fed LDLr/- mice with
an anti-Tim-3 antibody for 8 weeks, atherosclerotic plaque formation was increased
with 35% in the aortic root and with 50% in the aortic arch. Although lesion stability
did not differ between anti-Tim-3-treated mice and control mice, lesions of anti-Tim-
3-treated mice contained significantly more macrophages than lesions of control
mice. This might be the consequence of an increased influx of monocytes into the
arterial wall, since we observed increased circulating monocytes in anti-Tim-3-treated
mice. In addition, oxLDL-loaded macrophages treated with anti-Tim-3 secreted higher
levels of MCP-1 in vitro, which might suggest that MCP-1 secreted by foam cells in the
atherosclerotic lesions of anti-Tim-3-treated mice attracts monocytes to the inflamed
arterial wall. These data are in line with studies by Monney and Frisancho-Kiss et al.
who show that anti-Tim-3 treatment increases macrophage numbers and activation
in mouse models of EAE?! and inflammatory heart disease.?? Additionally, we showed
that anti-Tim-3 administration increased CD4+ T cells and reduced percentages of
IL-10 producing Tregs and Bregs. Tim-3 has previously been associated with Tregs, as
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blocking Tim-3 enhances type 1 diabetes in NOD-mice and prevents the generation
of immunological tolerance in a transplantation model by dampening the function
of Tregs.?® To conclude, inducing Tim-3 signaling could provide a novel approach to
inhibit pro-atherogenic immune responses.

To evaluate the contribution of another coinhibitory molecule, T cell immunoreceptor
with Ig and ITIM domains (TIGIT), to atherosclerosis, we used an agonistic anti-
TIGIT antibody as described in Chapter 6. Signaling via TIGIT directly inhibits T cell
activation and proliferation through downregulation of the T cell receptor?* 2> but can
also induce IL-10 producing tolerogenic DCs upon binding to the poliovirus receptor
(PVR).?5 26 Several studies have shown that TIGIT is essential for T cell function in
mice and humans and is mainly expressed on activated CD4+ T cells.?> 27 In line
with these findings, we observed that TIGIT was upregulated on CD4* T cells from
Western-type diet fed LDLr7- mice in comparison with chow diet fed LDLr7- mice and
was further enhanced after aCD3/CD28 stimulation. Furthermore, we showed that
agonistic anti-TIGIT greatly inhibited T cell activation and proliferation. This TIGIT-
mediated downregulation of T cell responses inhibited several diseases such as EAE,
collagen-induced arthritis and GVHD.2* 25> Surprisingly, we observed that treatment of
LDLr7- mice fed a Western-type diet for 4 or 8 weeks with agonistic anti-TIGIT did not
reduce atherosclerosis development and did not affect lesion composition. Possibly,
the reduced T cell function was counteracted by enhanced activity of dendritic cells,
which were elevated and expressed higher levels of MHC II and CD40 in agonistic
anti-TIGIT-treated mice. Since TIGIT normally binds to PVR expressed on DCs to
induce a tolerogenic phenotype, and agonistic anti-TIGIT blocks TIGIT-PVR signaling,
this may explain a more pro-inflammatory phenotype of DCs in agonistic anti-TIGIT-
treated mice. Despite agonistic anti-TIGIT treatment did not affect atherosclerosis, the
TIGIT-PVR pathway could still be of interest to modulate pro-inflammatory immune
responses in atherosclerosis and other autoimmune diseases.

Cellular targets of immune regulation to treat atherosclerosis

Another approach to regulate pathogenic immune responses in atherosclerosis is to
promote suppressor cells, such as Tregs and myeloid-derived suppressor cells (MDSCs).
Tregs play an important role in the regulation of T cell-mediated immune responses
through suppression of T cell proliferation and cytokine production. Impaired Treg
function has been associated with the pathogenesis of numerous diseases and in
atherosclerosis, an imbalance between pro-inflammatory/pro-atherogenic cells (Th1/
Th2) and Tregs exists.?® 2° Therefore, increased Treg numbers may be beneficial for
patients suffering from atherosclerosis. The role and therapeutic potential of Tregs
in atherosclerosis has been the subject of intense investigation. Adoptive transfer of
CD4+CD25* T cells causes a reduction in atherosclerotic lesion development3* while
a depletion of CD4*CD25* T cells aggravates lesion development.3® Furthermore, van
Puijvelde et al. showed that induction of antigen-specific Tregs via oral tolerance
induction against oxLDL and HSP60 inhibits the initiation and progression of
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atherosclerosis.3! 32

Tregs originate from the thymus and are characterized by the expression of the
surface molecules CD4 and CD25, and expression of the transcription factor Forkhead
box protein 3 (Foxp3).3® Tregs may also acquire Foxp3 after oral tolerance induction.
To study the effect of the elimination of Foxp3* Tregs in atherosclerosis, we used
a novel vaccination strategy directed against Foxp3 expressing cells. The effect of
Foxp3 specific elimination on initial and advanced atherosclerosis is described in
Chapter 7. A dendritic cell based vaccine was used to provoke a cytotoxic T cell
response against Foxp3 expressing cells. During the time course of the experiment
we observed significant less Foxp3* Tregs in the circulation and lymphoid tissues
of Foxp3 vaccinated mice. Furthermore, vaccination against Foxp3 aggravated
atherosclerotic plaque formation in both initial and advanced atherosclerosis. This
increase in lesion size was associated with increased cellularity, which may result from
impaired inhibition of pathogenic T cells within the plaque upon depletion of Treg cells.
Additionally, splenocytes from Foxp3 vaccinated mice proliferated more vigorously
than splenocytes from control mice, which is indicative for a reduced number of
Tregs since these cells suppress effector T cells. The results from this study further
established the role of Foxp3* Tregs in atherosclerosis and are in line with the results
of Ait-Oufella et al.3°

Tregs have been shown to depend on IL-2 for optimal growth and survival.3437 Recently,
it is shown that repeated injections of an IL-2 complex consisting of recombinant IL-2
and a specific anti-IL-2 monoclonal antibody expands Tregs3¢, which very potently
induces resistance to EAE and suppressed graft rejections®®, type I diabetes*’, murine-
asthma*' and myasthenia gravis.*? The protective role of Tregs in atherosclerosis has
been extensively investigated, however, only a modest increase in Treg numbers was
achieved in the order of 1.5- to 2-fold, mostly for 2-3 weeks. In Chapter 8 we
therefore determined the effect of a vast IL-2 complex-mediated expansion of Tregs
on the initiation and regression of well-established lesions. Administration of the IL-2
complex resulted in a 10-fold increase in Tregs in blood of LDLr’- mice, which potently
suppressed effector T cells and reduced initial atherosclerosis with 39%. Furthermore,
we observed an increase in gene expression of IL-10 in the spleen and increased IL-
10 secretion by Tregs, which suggests that IL-2 complex expanded Tregs exert their
suppressive capacity via IL-10. These data are in line with previous reports in which
IL-2 complex expanded Tregs suppressed airway inflammation*! and EAE in an IL-10
dependent manner.?® The increase in IL-10 in splenocytes of IL-2 complex treated
mice may at least partially be responsible for the decrease in lesion size since IL-10 is
protective in atherosclerosis.*3-4>

We also determined the role of IL-2 complex expanded Tregs in a more clinically
relevant regression model of atherosclerosis, as most of the cardiovascular patients
already have well-established lesions. Despite high Treg levels, no lesion regression
was found in the IL-2 complex-treated group. However, we observed that Treg induction
increased lesion stability as indicated by increased collagen content in the lesions.
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Additionally, a 60% increase of adventitial CD3* T cells within lesions of IL-2 complex
treated mice was observed, which most likely are the IL-2 complex-expanded Tregs.
These data suggest a differential role for Tregs in different stages of atherosclerosis.
Where Tregs inhibit lesion development during initial stages of atherosclerosis, they
are important in the stabilization of well-established lesions during regression.
Besides Tregs, MDSCs also strongly suppress T cell responses. MDSCs are a population
of early myeloid progenitor cells and immature myeloid cells that expand in the bone
marrow under various pathological conditions and accumulate in lymphoid and non-
lymphoid tissues where they serve a negative feedback function.*¢ In contrast to cancer
where expanded MDSCs aggravate the disease by the suppression of cytotoxic T cells,
MDSC activity is highly appreciated in autoimmune diseases where the unwanted
activation of the immune system needs to be suppressed. Although accumulating
evidence implicates MDSCs as potent suppressors of several autoimmune diseases*’->!,
the role of MDSCs in atherosclerosis is unknown.

In Chapter 9 we isolated bone marrow-derived CD11b*Gr-1* cells (MDSCs) from
LDLr/- mice in which the immune system was boosted by feeding a high-fat diet for
2 weeks.?® These high-fat diet-associated MDSCs potently suppressed in vitro T cell
proliferation in an IFN-y/iNOS-dependent manner without inducing T cell apoptosis.
Adoptive transfer of MDSCs into LDLr7- mice fed a high-fat diet for 6 weeks ameliorated
atherosclerosis with 35%. No differences were observed in collagen and macrophage
content of the lesions. This reduction in atherosclerosis formation was associated with
increased percentages of naive T cells and decreased percentages of effector T cells
in the spleens of mice that received MDSCs. More specifically, MDSC-treated mice
showed a 50% reduction in splenic Thl and Th17 cells, subsets that are generally
considered pro-inflammatory in atherosclerosis.>>>* Additionally, adoptive transfer of
MDSCs reduced B cell percentages, in particular pro-atherogenic B2 cells, possibly as
a consequence of impaired proliferative capacity.

In conclusion, our study describes a novel cellular therapy using MDSCs to inhibit
atherosclerosis. However, MDSCs can be subdivided in monocytic-MDSCs, induced
by Th1 signals and expressing iNOS, or granulocytic-MDSCs, induced by Th2 signals
and expressing arg-1, and whereas we adoptively transferred both monocytic
and granulocytic MDSC subsets, it seems that monocytic-MDSCs are most likely
responsible for the observed inhibition of atherosclerosis. In the Perspectives section,
future approaches are described to investigate the relative potency of monocytic and
granulocytic MDSCs to provoke immune suppression in atherosclerosis.
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Perspectives

In this thesis, several mechanisms to regulate pathogenic immune responses in
atherosclerosis have been studied. T cells play a major role in the pathogenesis of
atherosclerosis by promoting inflammation and destabilizing advanced lesions. T cells
are regulated by a network of costimulatory and coinhibitory molecules and by several
suppressor cells such as Tregs and MDSCs. These pathways of immune regulation
form potent candidates for an immunotherapy of atherosclerosis. Novel therapeutic
strategies to treat atherosclerosis are needed since death from cardiovascular diseases
continues to increase worldwide, despite the use of statins, anti-thrombotic drugs,
and anti-hypertensive treatment.>®

Modulation of costimulatory and coinhibitory pathways

In cardiovascular disease, modulation of costimulatory and coinhibitory molecules
can be a powerful tool to target specific stages of atherosclerosis or specific cell
types involved in the pathogenesis of atherosclerosis. A highly relevant feature of
costimulatory and coinhibitory pathways is that they individually have a unique effect
on the behaviour of specific immune cells and thus on the outcome of disease. As
shown in Chapter 3 and 4, interference of OX40-OX40L and CD30-CD30L signaling
both reduce atherosclerosis via different pathways; anti-OX40L specifically targets Th2
responses and mast cell activity, whereas anti-CD30L limits all CD4* T cell responses
without affecting a specific T cell subset or other immune cells. In addition, several
costimulatory and coinhibitory molecules are involved in the induction and function of
Tregs. This enables the development of a treatment that particularly targets different
subsets of T cells. Ultimately, it would be ideal to modulate antigen-specific pro-
atherogenic T cells with blocking costimulatory antibodies and agonistic coinhibitory
antibodies without affecting all T cells and other immune cells to limit any adverse
effects on the immune system. Although several candidates of atherosclerosis specific
antigens have been investigated, such as oxLDL, HSP60 and ApoB100, to date the
exclusively atherosclerosis-associated antigen is not identified yet, which makes it
difficult to specifically target the pro-atherogenic T cells. However, some costimulatory
molecules, such as 0X40, are virtually absent on naive T cells but are upregulated
on activated T cells. Targeting these costimulatory molecules with blocking antibodies
could specifically eliminate the pathogenic T cells without causing any side effects.
Furthermore, the ligand of 0X40, OX40L, is expressed on endothelial cells, which upon
blockade can also reduce the attraction of OX40+* T cells to the site of inflammation.

Blocking and agonistic antibodies for costimulatory and coinhibitory molecules
have already been extensively explored in cancer and allograft rejections. Blocking
antibodies for CTLA-4 and PD-1 to boost T cell responses are approved for treatment
of patients with several types of cancer.”® In contrast to cancer where T cell activity
is highly appreciated, the unwanted activation of the immune system needs to be
suppressed in atherosclerosis. Therefore, whereas in cancer for example a blocking
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PD-1 antibody to promote T cell activity is beneficial, in atherosclerosis an agonistic
PD-1 antibody is needed to suppress T cells. CTLA-4-1g has already been established
as an effective treatment for human autoimmune diseases including rheumatoid
arthritis®” and psoriasis.>® At present, one clinical trial has been completed using anti-
OX40L in the prevention of allergen-induced airway obstruction in adults with mild
asthma.>® However, no study results are reported yet.

Although many antibodies against costimulatory and coinhibitory molecules have been
approved and are used in clinical settings, caution is needed when translating animal
experiments to the clinic, as a Phase I clinical trial with an agonistic monoclonal anti-
CD28 antibody induced a strong cytokine storm (IFN-y, TNFa, IL-2) several hours
after drug infusion, which caused multiorgan failure in six human volunteers who
ended up on the intensive care unit.®® Moreover, blocking costimulatory pathways
and stimulating coinhibitory pathways may enable opportunistic infections to emerge.
However, treatment can be adjusted in a way that patients will only receive blocking
antibodies for costimulatory molecules or agonistic antibodies for coinhibitory
molecules temporarily until the lesion is stabilized.

No clinical trials investigating antibodies for costimulatory and coinhibitory molecules
in cardiovascular disease have been started yet. In fact, only recently the first clinical
trial involving interference of inflammatory pathways to reduce major cardiovascular
events in persons with pre-existing coronary artery disease was launched.®! 62 This
CANTOS trial is a large-scaled study in which over 17.000 subjects will be included
to test three different doses of Canakinumab, a humanized monoclonal antibody
specific for IL-1B, compared with placebo. Canakinumab is already approved in other
autoimmune diseases where IL-1 plays a major role, such as Muckle-Wells syndrome
and familial cold autoinflammatory syndrome.®® This study will provide the first
evidence whether interference in specific inflammatory pathways can reduce clinical
events in cardiovascular patients and will possibly initiate numerous clinical trials
focused on modulating immune responses in atherosclerosis.

Interestingly, some anti-tumor therapy studies have indicated that treatment with
only a single costimulatory agonist, in addition to existing cytostatic therapy or
cancer-antigen vaccination, is not effective or induces adverse immunological events.
The co-administration of a second agonist or another factor that stimulates T cell
function is necessary to achieve a greater anti-tumor reactivity. For example, a clinical
trial with an anti-CTLA-4 antibody (MDX-010) in conjunction with anti-cancer antigen
vaccination resulted in regression of cancer but unfortunately also induced severe
autoimmune diseases in melanoma patients.% Kocak et al. showed that a combination
therapy in mice with pre-existing tumors with anti-CTLA-4 and anti-4-1BB enhances
anti-tumor immunity without any adverse effects on the immune system.®> The
mechanism through which the combination of anti-CTLA-4 and anti-41BB reduce each
other’s side effects is not fully explained but it is shown that they synergistically
enhance the suppressive capacity of regulatory T cells. Currently, a phase I clinical



Summary and Perspectives | 183

trial is carried out in which anti-CTLA-4 (Ipilimumab) is combined with anti-PD-1
(BMS-936558) to treat melanoma patients.%®

It may be very likely that a combinatorial therapy may also be very effective in
atherosclerosis. For example, previous studies reported a synergistic effect of OX40L
and CD30L on T cell responses. Blocking CD30 together with OX40 signaling prevented
lethal X-linked CD4 T cell-dependent Th1l- and Th2-driven autoimmune disease in
mice lacking regulatory T cells®” and affected effector and memory T cell formation
and function.®® Moreover, a combined blockade of costimulatory signals, e.g. anti-
OX40L or anti-CD30L, with activation of coinhibitory signals, e.g. PD-1 or Tim-3
agonists, could be explored to suppress for example pro-atherogenic T cells while
stimulating athero-protective Tregs. More research should be performed to identify
the most relevant combinations of blocking and agonistic antibodies for costimulatory
and coinhibitory molecules respectively, which could be used as an immunotherapy to
inhibit atherosclerosis.

Costimulatory and coinhibitory molecules are also essential for the establishment
and maintenance of immunological tolerance via the induction of tolerogenic DCs
and Tregs. A frequently used method to induce tolerance is by oral immunization. In
atherosclerosis, oral tolerance induction to oxLDL3!, HSP6032, B2-glycoprotein I and
ApoB100 peptide’ has been shown to suppress atherosclerosis. Van Puijvelde et al.
showed that oral tolerance induction against oxLDL and HSP60 increased Tregs and
their CTLA-4 expression.3! 32 Possibly, oral tolerance induction against auto-antigens,
such as oxLDL, can be combined with blocking antibodies against costimulatory
molecules or agonists for coinhibitory molecules to achieve T cell non-responsiveness
against these auto-antigens and to promote the induction of antigen-specific Tregs.

Treg-based cell therapy

As shown in Chapter 7 and 8, Tregs are also efficient regulators of pathogenic
immune responses and the usage of Tregs as a therapeutic agent shows great potential
in the treatment of atherosclerosis. In several diseases the number or function of
Tregs is decreased and restoring the balance between Tregs and pro-inflammatory
cells may be beneficial. Therefore, a lot of research is nowadays focussed on the
development of Foxp3* regulatory T cells (Figure 3). One possible treatment strategy
is an adoptive transfer of Tregs. This procedure will require an enormous quantity of
Tregs and can be achieved by isolation of Foxp3*+ T cells from the blood of a patient
and subsequent ex vivo expansion to obtain large numbers for therapy.”! 72 Two Phase
I clinical trials have tested the ability of ex vivo expanded Tregs to prevent GVHD after
allogeneic bone marrow transplantation.”* 74 This Treg cell-based therapy proved to be
safe and reduced GVHD. Moreover, new clinical trials are starting in which the safety
and effectiveness of Treg cell-based therapy is tested in individuals with autoimmune
diseases such as type 1 diabetes’® and in organ transplantation patients.”®
Alternatively, Tregs can be expanded in vivo. This can be achieved by targeting some
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costimulatory and coinhibitory molecules as described previously but also with an IL-2
complex consisting of recombinant IL-2 and anti-IL-2. Besides effectively reducing
atherosclerosis (Chapter 8), this IL-2 complex very potently induced resistance to EAE
and suppressed graft rejections, type I diabetes*®, murine-asthma** and myasthenia
gravis*? in mouse studies. Future research should reveal whether administration of
this IL-2 complex would also be beneficial in patients with cardiovascular disease.
Although current experimental treatments and clinical trials are based on the
expansion of aspecific Tregs, it may be of great interest to induce antigen-specific
Tregs. Previously, oral tolerance induction against oxLDL and HSP60 inhibited
atherosclerosis development via the induction of antigen-specific Tregs3!' 32 Possibly,
oral tolerance induction can be combined with an IL-2 complex treatment to first
induce antigen-specific Tregs and thereafter expand these Tregs.
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Figure 3. Schematic overview of different approaches to target Tregs for immunotherapy.

MDSC-based cell therapy

In atherosclerosis, elevated numbers of CD11b*Ly6GLy6C" cells (inflammatory
monocytes) and CD11b*Ly6G*Ly6C"" cells (neutrophils) are considered pro-
inflammatory and correlate to lesion size.3% 37 However, in the cancer field cells with the
exact same phenotype exert an anti-inflammatory function and are called monocytic-
MDSCs and granulocytic-MDSCs, respectively. MDSCs are known to expand in the
bone marrow of diseased individuals and migrate into several lymphoid and non-
lymphoid tissues. Elevated levels of circulating MDSCs are found in patients with
cancer, multiple sclerosis and rheumatoid arthritis.”””7° Further research is needed to
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investigate whether MDSCs also accumulate in the blood of patients suffering from
cardiovascular disease and to what extent these cells overlap with the inflammatory
monocytes and neutrophils.

In Chapter 9 we show that adoptive transfer of MDSCs (mo-MDSCs and gr-MDSCs)
regulated T and B cell responses in an experimental model of atherosclerosis and
inhibited lesion development. This shows the therapeutic potential of MDSCs as a
novel immune-therapy to treat cardiovascular disease and opens an exciting new
area of investigation. To fully characterize and comprehend the role of MDSCs in
atherosclerosis multiple experiments should be performed. To determine the underlying
mechanism of MDSC-mediated suppression, MDSCs can be isolated from Arg-17/- and
iNOS- mice, which lack functional gr-MDSCs and mo-MDSCs, respectively. To further
determine the relative potency of mo-MDSCs and gr-MDSCs to inhibit atherosclerosis,
each subset can be sorted with FACS or with magnetic bead labeling and subsequently
adoptively transferred into Western-type diet fed LDLr/- mice. Furthermore, since
MDSCs respond to their microenvironment it is possible that they exhibit distinct
biological activities depending on the microenvironment in the different pathological
stages of atherosclerosis. It has also been shown that MDSC subpopulations from
blood and tumors can differ in their capacity to mediate T cell suppression.® This
raises the question whether MDSCs are present in lesions and whether MDSCs in
lesions will have a different phenotype and suppression capacity in comparison with
MDSCs present in the bone marrow and possibly in other sites.

Collectively, before MDSCs are considered as an innovative immunotherapeutic
strategy to prevent atherosclerosis in cardiovascular patients, more research is
required.

In conclusion, the research described in this thesis provided novel approaches to
dampen the immune response in atherosclerosis. However, further characterization of
these potential new drug targets and cellular therapies are necessary before they can
be applied in clinical research.

References

1. Shah PK. Mechanisms of plaque vulnerability and rupture. J Am Coll Cardiol. 2003;41:15S5-22S

2. Falk E. Why do plaques rupture? Circulation. 1992;86:1I1130-42

3. Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868-874

4. Stoll G, Bendszus M. Inflammation and atherosclerosis: Novel insights into plaque formation and

destabilization. Stroke. 2006;37:1923-1932

5. Hansson GK, Libby P. The immune response in atherosclerosis: A double-edged sword. Nat Rev
Immunol. 2006;6:508-519

6. Robertson AK, Hansson GK. T cells in atherogenesis: For better or for worse? Arteriosclerosis,
thrombosis, and vascular biology. 2006;26:2421-2432

7. van Wanrooij EJ, van Puijvelde GH, de Vos P, Yagita H, van Berkel T], Kuiper J. Interruption of the
tnfrsf4/tnfsf4 (ox40/0x40l) pathway attenuates atherogenesis in low-density lipoprotein receptor-
deficient mice. Arterioscler Thromb Vasc Biol. 2007;27:204-210

8. Binder CJ, Hartvigsen K, Chang MK, Miller M, Broide D, Palinski W, Curtiss LK, Corr M, Witztum
JL. II-5 links adaptive and natural immunity specific for epitopes of oxidized Idl and protects from
atherosclerosis. J Clin Invest. 2004;114:427-437



186 | Chapter 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Miller AM, Xu D, Asquith DL, Denby L, Li Y, Sattar N, Baker AH, McInnes IB, Liew FY. II-33 reduces
the development of atherosclerosis. J Exp Med. 2008;205:339-346

McLaren JE, Michael DR, Salter RC, Ashlin TG, Calder CJ, Miller AM, Liew FY, Ramji DP. II-33 reduces
macrophage foam cell formation. J Immunol.185:1222-1229

Laine P, Kaartinen M, Penttila A, Panula P, Paavonen T, Kovanen PT. Association between myocardial
infarction and the mast cells in the adventitia of the infarct-related coronary artery. Circulation.
1999;99:361-369

Chaldakov GN, Stankulov IS, Fiore M, Ghenev PI, Aloe L. Nerve growth factor levels and mast cell
distribution in human coronary atherosclerosis. Atherosclerosis. 2001;159:57-66

Bot I, de Jager SC, Zernecke A, Lindstedt KA, van Berkel T], Weber C, Biessen EA. Perivascular mast
cells promote atherogenesis and induce plaque destabilization in apolipoprotein e-deficient mice.
Circulation. 2007;115:2516-2525

Korkmaz ME, Oto A, Saraclar Y, Oram E, Oram A, Ugurlu S, Karamehmetoglu A, Karaagaoglu E.
Levels of ige in the serum of patients with coronary arterial disease. Int J Cardiol. 1991;31:199-204
Kovanen PT, Manttari M, Palosuo T, Manninen V, Aho K. Prediction of myocardial infarction in
dyslipidemic men by elevated levels of immunoglobulin classes a, e, and g, but not m. Arch Intern
Med. 1998;158:1434-1439

Wang J, Cheng X, Xiang MX, Alanne-Kinnunen M, Wang JA, Chen H, He A, Sun X, Lin Y, Tang TT,
Tu X, Sjoberg S, Sukhova GK, Liao YH, Conrad DH, Yu L, Kawakami T, Kovanen PT, Libby P, Shi
GP. Ige stimulates human and mouse arterial cell apoptosis and cytokine expression and promotes
atherogenesis in apoe-/- mice. J Clin Invest.121:3564-3577

Polte T, Behrendt AK, Hansen G. Direct evidence for a critical role of cd30 in the development of
allergic asthma. J Allergy Clin Immunol. 2006;118:942-948

Blazar BR, Levy RB, Mak TW, Panoskaltsis-Mortari A, Muta H, Jones M, Roskos M, Serody ]S, Yagita
H, Podack ER, Taylor PA. Cd30/cd30 ligand (cd153) interaction regulates cd4+ t cell-mediated graft-
versus-host disease. Journal of immunology. 2004;173:2933-2941

Chakrabarty S, Nagata M, Yasuda H, Wen L, Nakayama M, Chowdhury SA, Yamada K, Jin Z, Kotani
R, Moriyama H, Shimozato O, Yagita H, Yokono K. Critical roles of cd30/cd30I interactions in murine
autoimmune diabetes. Clin Exp Immunol. 2003;133:318-325

Hou N, Zhao D, Liu Y, Gao L, Liang X, Liu X, Gai X, Zhang X, Zhu F, Ni M, Zhang Y, Sun W, Ma C.
Increased expression of t cell immunoglobulin- and mucin domain-containing molecule-3 on natural
killer cells in atherogenesis. Atherosclerosis. 2012;222:67-73

Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, Manning S, Greenfield EA,
Coyle AJ, Sobel RA, Freeman GJ, Kuchroo VK. Thl-specific cell surface protein tim-3 regulates
macrophage activation and severity of an autoimmune disease. Nature. 2002;415:536-541
Frisancho-Kiss S, Nyland JF, Davis SE, Barrett MA, Gatewood SJ, Njoku DB, Cihakova D, Silbergeld
EK, Rose NR, Fairweather D. Cutting edge: T cell ig mucin-3 reduces inflammatory heart disease by
increasing ctla-4 during innate immunity. Journal of immunology. 2006;176:6411-6415
Sanchez-Fueyo A, Tian ], Picarella D, Domenig C, Zheng XX, Sabatos CA, Manlongat N, Bender
O, Kamradt T, Kuchroo VK, Gutierrez-Ramos JC, Coyle AJ, Strom TB. Tim-3 inhibits t helper type
1-mediated auto- and alloimmune responses and promotes immunological tolerance. Nat Immunol.
2003;4:1093-1101

Levin SD, Taft DW, Brandt CS, Bucher C, Howard ED, Chadwick EM, Johnston J, Hammond A,
Bontadelli K, Ardourel D, Hebb L, Wolf A, Bukowski TR, Rixon MW, Kuijper JL, Ostrander CD, West
JW, Bilsborough J, Fox B, Gao Z, Xu W, Ramsdell F, Blazar BR, Lewis KE. Vstm3 is a member of the
cd28 family and an important modulator of t-cell function. Eur J Immunol. 2011;41:902-915

Joller N, Hafler JP, Brynedal B, Kassam N, Spoerl S, Levin SD, Sharpe AH, Kuchroo VK. Cutting edge:
Tigit has t cell-intrinsic inhibitory functions. Journal of immunology. 2011;186:1338-1342

Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, Tom I, Ivelja S, Refino CJ, Clark
H, Eaton D, Grogan JL. The surface protein tigit suppresses t cell activation by promoting the
generation of mature immunoregulatory dendritic cells. Nat Immunol. 2009;10:48-57

Lozano E, Dominguez-Villar M, Kuchroo V, Hafler DA. The tigit/cd226 axis regulates human t cell
function. Journal of immunology. 2012;188:3869-3875

Hansson GK, Robertson AK, Soderberg-Naucler C. Inflammation and atherosclerosis. Annu Rev
Pathol. 2006;1:297-329

Mallat Z, Ait-Oufella H, Tedgui A. Regulatory t cell responses: Potential role in the control of
atherosclerosis. Curr Opin Lipidol. 2005;16:518-524

Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll J, Merval R, Esposito B, Cohen
JL, Fisson S, Flavell RA, Hansson GK, Klatzmann D, Tedgui A, Mallat Z. Natural regulatory t cells
control the development of atherosclerosis in mice. Nat Med. 2006;12:178-180



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.
48.

49.

50.

51.

52.

53.

Summary and Perspectives | 187

van Puijvelde GH, Hauer AD, de Vos P, van den Heuvel R, van Herwijnen MJ, van der Zee R, van
Eden W, van Berkel TJ, Kuiper J. Induction of oral tolerance to oxidized low-density lipoprotein
ameliorates atherosclerosis. Circulation. 2006;114:1968-1976

van Puijvelde GH, van Es T, van Wanrooij EJ, Habets KL, de Vos P, van der Zee R, van Eden W,
van Berkel TJ, Kuiper J. Induction of oral tolerance to hsp60 or an hsp60-peptide activates t cell
regulation and reduces atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology.
2007;27:2677-2683

Hori S, Nomura T, Sakaguchi S. Control of regulatory t cell development by the transcription factor
foxp3. Science. 2003;299:1057-1061

Murakami M, Sakamoto A, Bender ], Kappler J, Marrack P. Cd25+cd4+ t cells contribute to the
control of memory cd8+ t cells. Proc Natl Acad Sci U S A. 2002;99:8832-8837

Setoguchi R, Hori S, Takahashi T, Sakaguchi S. Homeostatic maintenance of natural foxp3(+)
cd25(+) cd4(+) regulatory t cells by interleukin (il)-2 and induction of autoimmune disease by il-2
neutralization. J Exp Med. 2005;201:723-735

D'Cruz LM, Klein L. Development and function of agonist-induced cd25+foxp3+ regulatory t cells in
the absence of interleukin 2 signaling. Nat Immunol. 2005;6:1152-1159

Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin 2 in foxp3-expressing
regulatory t cells. Nat Immunol. 2005;6:1142-1151

Boyman O, Kovar M, Rubinstein MP, Surh CD, Sprent J. Selective stimulation of t cell subsets with
antibody-cytokine immune complexes. Science. 2006;311:1924-1927

Webster KE, Walters S, Kohler RE, Mrkvan T, Boyman O, Surh CD, Grey ST, Sprent J. In vivo
expansion of t reg cells with il-2-mab complexes: Induction of resistance to eae and long-term
acceptance of islet allografts without immunosuppression. J Exp Med. 2009;206:751-760

Tang Q, Adams JY, Penaranda C, Melli K, Piaggio E, Sgouroudis E, Piccirillo CA, Salomon BL,
Bluestone JA. Central role of defective interleukin-2 production in the triggering of islet autoimmune
destruction. Immunity. 2008;28:687-697

Wilson MS, Pesce JT, Ramalingam TR, Thompson RW, Cheever A, Wynn TA. Suppression of murine
allergic airway disease by il-2:Anti-il-2 monoclonal antibody-induced regulatory t cells. J Immunol.
2008;181:6942-6954

Liu R, Zhou Q, La Cava A, Campagnolo DI, Van Kaer L, Shi FD. Expansion of regulatory t cells via
il-2/anti-il-2 mab complexes suppresses experimental myasthenia. Eur J Immunol.40:1577-1589
Mallat Z, Besnard S, Duriez M, Deleuze V, Emmanuel F, Bureau MF, Soubrier F, Esposito B, Duez
H, Fievet C, Staels B, Duverger N, Scherman D, Tedgui A. Protective role of interleukin-10 in
atherosclerosis. Circ Res. 1999;85:e17-24

Von Der Thusen JH, Kuiper J, Fekkes ML, De Vos P, Van Berkel TJ], Biessen EA. Attenuation of
atherogenesis by systemic and local adenovirus-mediated gene transfer of interleukin-10 in Idlr-/-
mice. FASEB J. 2001;15:2730-2732

Pinderski L], Fischbein MP, Subbanagounder G, Fishbein MC, Kubo N, Cheroutre H, Curtiss LK,
Berliner JA, Boisvert WA. Overexpression of interleukin-10 by activated t lymphocytes inhibits
atherosclerosis in Idl receptor-deficient mice by altering lymphocyte and macrophage phenotypes.
Circ Res. 2002;90:1064-1071

Nagaraj S, Gabrilovich DI. Myeloid-derived suppressor cells. Adv Exp Med Biol. 2007;601:213-223
King IL, Dickendesher TL, Segal BM. Circulating ly-6c+ myeloid precursors migrate to the cns and
play a pathogenic role during autoimmune demyelinating disease. Blood. 2009;113:3190-3197
Green KA, Cook WIJ], Green WR. Myeloid-derived suppressor cells in murine retrovirus-induced
aids inhibit t- and b-cell responses in vitro that are used to define the immunodeficiency. J Virol.
2013;87:2058-2071

Highfill SL, Rodriguez PC, Zhou Q, Goetz CA, Koehn BH, Veenstra R, Taylor PA, Panoskaltsis-Mortari
A, Serody ]S, Munn DH, Tolar J, Ochoa AC, Blazar BR. Bone marrow myeloid-derived suppressor
cells (mdscs) inhibit graft-versus-host disease (gvhd) via an arginase-1-dependent mechanism that
is up-regulated by interleukin-13. Blood. 2010;116:5738-5747

Moline-Velazquez V, Cuervo H, Vila-Del Sol V, Ortega MC, Clemente D, de Castro F. Myeloid-derived
suppressor cells limit the inflammation by promoting t lymphocyte apoptosis in the spinal cord of a
murine model of multiple sclerosis. Brain Pathol. 2011;21:678-691

Xia S, Sha H, Yang L, Ji Y, Ostrand-Rosenberg S, Qi L. Gr-14+ cdlib+ myeloid-derived
suppressor cells suppress inflammation and promote insulin sensitivity in obesity. J Biol Chem.
2011;286:23591-23599

Whitman SC, Ravisankar P, Daugherty A. Ifn-gamma deficiency exerts gender-specific effects on
atherogenesis in apolipoprotein e-/- mice. J Interferon Cytokine Res. 2002;22:661-670

Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, Wang Y, Bockler D, Katus HA, Dengler TJ.
Inhibition of il-17a attenuates atherosclerotic lesion development in apoe-deficient mice. Journal of
immunology. 2009;183:8167-8175



188 | Chapter 10

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Gao Q, Jiang Y, Ma T, Zhu F, Gao F, Zhang P, Guo C, Wang Q, Wang X, Ma C, Zhang Y, Chen W, Zhang
L. A critical function of th17 proinflammatory cells in the development of atherosclerotic plaque in
mice. Journal of immunology. 2010;185:5820-5827

Libby P. The forgotten majority: Unfinished business in cardiovascular risk reduction. J Am Coll
Cardiol. 2005;46:1225-1228

Topalian SL, Weiner GJ, Pardoll DM. Cancer immunotherapy comes of age. ] Clin Oncol.
2011;29:4828-4836

Kremer JM, Westhovens R, Leon M, Di Giorgio E, Alten R, Steinfeld S, Russell A, Dougados M, Emery
P, Nuamah IF, Williams GR, Becker JC, Hagerty DT, Moreland LW. Treatment of rheumatoid arthritis
by selective inhibition of t-cell activation with fusion protein ctla4ig. N Engl J Med. 2003;349:1907-
1915

Abrams JR, Lebwohl MG, Guzzo CA, Jegasothy BV, Goldfarb MT, Goffe BS, Menter A, Lowe NJ,
Krueger G, Brown MJ, Weiner RS, Birkhofer MJ, Warner GL, Berry KK, Linsley PS, Krueger JG, Ochs
HD, Kelley SL, Kang S. Ctla4ig-mediated blockade of t-cell costimulation in patients with psoriasis
vulgaris. The Journal of clinical investigation. 1999;103:1243-1252

National institutes of health clinical center. A study of humab 0x40l in the prevention of allergen-
induced airway obstruction in adults with mild allergic asthma. Nct00983658. 2009

Suntharalingam G, Perry MR, Ward S, Brett SJ], Castello-Cortes A, Brunner MD, Panoskaltsis N.
Cytokine storm in a phase 1 trial of the anti-cd28 monoclonal antibody tgn1412. N Engl J Med.
2006;355:1018-1028

Cardiovascular risk reduction study (reduction in recurrent major cv disease events) (cantos).
Nct01327846. 2011

Ridker PM, Thuren T, Zalewski A, Libby P. Interleukin-1beta inhibition and the prevention of
recurrent cardiovascular events: Rationale and design of the canakinumab anti-inflammatory
thrombosis outcomes study (cantos). Am Heart J. 2011;162:597-605

Walsh GM. Canakinumab for the treatment of cryopyrin-associated periodic syndromes. Drugs
Today (Barc). 2009;45:731-735

Phan GQ, Yang JC, Sherry RM, Hwu P, Topalian SL, Schwartzentruber DJ, Restifo NP, Haworth LR,
Seipp CA, Freezer L], Morton KE, Mavroukakis SA, Duray PH, Steinberg SM, Allison JP, Davis TA,
Rosenberg SA. Cancer regression and autoimmunity induced by cytotoxic t lymphocyte-associated
antigen 4 blockade in patients with metastatic melanoma. Proceedings of the National Academy of
Sciences of the United States of America. 2003;100:8372-8377

Kocak E, Lute K, Chang X, May KF, Jr.,, Exten KR, Zhang H, Abdessalam SF, Lehman AM, Jarjoura
D, Zheng P, Liu Y. Combination therapy with anti-ctl antigen-4 and anti-4-1bb antibodies enhances
cancer immunity and reduces autoimmunity. Cancer Res. 2006;66:7276-7284

Dose-escalation study of combination bms-936558 (mdx-1106) and ipilimumab in subjects with
unresectable stage iii or stage iv malignant melanoma. Nct01024231. 2009

Gaspal F, Withers D, Saini M, Bekiaris V, McConnell FM, White A, Khan M, Yagita H, Walker LS,
Anderson G, Lane PJ. Abrogation of cd30 and ox40 signals prevents autoimmune disease in foxp3-
deficient mice. The Journal of experimental medicine. 2011;208:1579-1584

Gaspal FM, Kim MY, McConnell FM, Raykundalia C, Bekiaris V, Lane PJ. Mice deficient in ox40 and
cd30 signals lack memory antibody responses because of deficient cd4 t cell memory. Journal of
immunology. 2005;174:3891-3896

George J, Yacov N, Breitbart E, Bangio L, Shaish A, Gilburd B, Shoenfeld Y, Harats D. Suppression
of early atherosclerosis in Idl-receptor deficient mice by oral tolerance with beta 2-glycoprotein i.
Cardiovasc Res. 2004;62:603-609

Fredrikson GN, Soderberg I, Lindholm M, Dimayuga P, Chyu KY, Shah PK, Nilsson J. Inhibition
of atherosclerosis in apoe-null mice by immunization with apob-100 peptide sequences.
Arteriosclerosis, thrombosis, and vascular biology. 2003;23:879-884

Trenado A, Fisson S, Braunberger E, Klatzmann D, Salomon BL, Cohen JL. Ex vivo selection of
recipient-type alloantigen-specific cd4(+)cd25(+) immunoregulatory t cells for the control of graft-
versus-host disease after allogeneic hematopoietic stem-cell transplantation. Transplantation.
2004;77:532-34

Godfrey WR, Ge YG, Spoden DJ, Levine BL, June CH, Blazar BR, Porter SB. In vitro-expanded human
cd4(+)cd25(+) t-regulatory cells can markedly inhibit allogeneic dendritic cell-stimulated mir
cultures. Blood. 2004;104:453-461

Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J, Defor T, Levine BL, June
CH, Rubinstein P, McGlave PB, Blazar BR, Wagner JE. Infusion of ex vivo expanded t regulatory
cells in adults transplanted with umbilical cord blood: Safety profile and detection kinetics. Blood.
2011;117:1061-1070



74.

75.

76.

77.

78.

79.

80.

Summary and Perspectives | 189

Trzonkowski P, Bieniaszewska M, Juscinska J, Dobyszuk A, Krzystyniak A, Marek N, Mysliwska J,
Hellmann A. First-in-man clinical results of the treatment of patients with graft versus host disease
with human ex vivo expanded cd4+cd25+cd127- t regulatory cells. Clin Immunol. 2009;133:22-26
T1dm immunotherapy using cd4+cd127lo/-cd25+ polyclonal tregs. Nct01210664. 2010

Safety study of using regulatory t cells induce liver transplantation tolerance (treg). Nct01624077.
2012

Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole D], Montero AJ. Increased
circulating myeloid-derived suppressor cells correlate with clinical cancer stage, metastatic
tumor burden, and doxorubicin-cyclophosphamide chemotherapy. Cancer Immunol Immunother.
2009;58:49-59

Jiao Z, Hua S, Wang W, Wang H, Gao ], Wang X. Increased circulating myeloid-derived suppressor
cells correlated negatively with th17 cells in patients with rheumatoid arthritis. Scand J Rheumatol.
2013;42:85-90

Vaknin I, Kunis G, Miller O, Butovsky O, Bukshpan S, Beers DR, Henkel ]S, Yoles E, Appel SH,
Schwartz M. Excess circulating alternatively activated myeloid (m2) cells accelerate als progression
while inhibiting experimental autoimmune encephalomyelitis. PLoS One. 2011;6:e26921

Schlecker E, Stojanovic A, Eisen C, Quack C, Falk CS, Umansky V, Cerwenka A. Tumor-infiltrating
monocytic myeloid-derived suppressor cells mediate ccr5-dependent recruitment of regulatory t
cells favoring tumor growth. Journal of immunology. 2012;189:5602-5611



190 |



