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Abstract

4 The development of atherosclerosis is tightly regulated by the \
innate and adaptive immune system. Communication between these
two compartments occurs, among others, also through lipid-antigen
presentation by CD1d, a protein found on antigen presenting cells, to
the NKT cell population. Recent evidence states that also mast cells
express CD1d and directly communicate with NKT cells. However, no
such relationship has been reported in atherosclerosis. Here, we aimed
to elucidate the CD1d-mediated interaction between mast cells and NKT
cells upon atherosclerosis progression in vivo. We adoptively transferred
CD1d” or control mast cells to mast cell deficient apoE/-/Kit"s"/"<h mice
and subsequently placed these animals on a Western-type diet for 10
weeks. In the course of the study, CD1d”/- mast cell restoration resulted
in a mild increase in total serum cholesterol levels. At the endpoint, the
aortic root of the CD1d”- mast cell reconstituted mice showed increased
plaque size with less collagen deposition and more intimal CD4* T cells,
as compared to control mice. The T cell population in the spleen and
circulation had higher T-bet expression and elevated pro-inflammatory
cytokine production inside the aortic arch, in the form of IFNy, TNFa
and IL-17. This study is the first to illustrate that disruption of the CD1d
communication pathway between mast cells and NKT cells aggravates
atherosclerosis through a shift towards inflammatory T cell responses.
This newly found ability of mast cell action during plaque progression

\.sheds new light on their role in atherosclerosis. J
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1. Introduction

The accumulation and modification of lipids within large arteries is the
essential step for the onset of atherosclerosis'. Yet, it is the activation of the innate
and adaptive immune system that establishes the disease development, in the form of
macrophage foam cells taking up these modified lipids and forming an atherosclerotic
plaque?. Along with foam cell formation, macrophages process and present digested
lipoprotein antigens to various T cell populations, through their MHC-machinery?.
However, lipid fragments can also be presented through an MHC-I like protein named
CD1d* Presentation through CD1d is designed to specifically target and activate NKT
cells, an adaptive cell population with unique T cell receptor (TCR) chains, tailored for
endogenous and exogenous lipids®. In addition, these cells carry various markers of
the innate NK cell population, therefore being the bridge between innate and adaptive
immunity. Upon activation, NKT cells secrete vastamounts of T, and T, cytokines, such
as IFNy, TNFa or IL-4 and IL-13, respectively, depending on the quality and prevalence
of their activating ligand®’. Furthermore, their activation can be differentially shaped by 5
co-stimulatory molecules, such as CD40L? and 0X40°. However, it can also be cytokine-
induced, independently of CD1d mediation!®!!. NKT cells reside at high numbers in the
liver'?, but have also been reported inside the atherosclerotic plaques of experimental
models®™ and human atheromata'4, where they are thought to act in a proatherogenic
manner’®. NKT cells appear crucial mostly in the initial phase of the disease where they
exacerbate plaque progression?®, until the adaptive response develops, whereupon
primarily IFNy producing CD4* T, cells'® take over. However, NKT cells have also
been described to influence advanced atherosclerosis, mainly by inducing plaque
destabilization and necrotic core formation'’. Previous studies have established that
NKT cell activation through its most potent known activator, a-galactosylceramide
(a-GalCer), increases atherosclerotic plaque progression in apoE”/- mice'’'®, whereas
CD1d deficiency impairs neointima formation'’. In addition, CD1d protein expression
was elevated inside human atherosclerotic tissues in comparison to normal intima?®
and its role has been further confirmed in CD1d/LDLr”- mice, which upon high fat diet
develop smaller plaques'’. In fact, CD1d/- mice completely lack NKT cells, indicating how
essential CD1d molecules are for the thymic development of the NKT cell population?'.
NKT cells undergo maturation in the thymus and upon reaching stage 2, can migrate to
the periphery?. Subsequently, these cells, whether in the periphery or in the thymus,
may advance to stage 3 after glycolipid presentation through CD1d?.

CD1d is expressed in various immune cells aside from macrophages. Professional
antigen presenting cells such as dendritic cells and B cells are known activators of
NKT cells through this receptor?*?®. CD1d has also been reported to appear on the
membrane of non-antigen presenting cell populations, such as the mast cells?. A recent
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study suggested that CD1d expression on peritoneal mast cells can lead to NKT cell
proliferation and cytokine release in vitro®. An indication of how this interaction may
shape the immune response in vivo is given in allergic asthma where the CD1d-mediated
action of mast cells on NKT cells aggravates airway inflammation by leading to more IgE
production?®, a pathway known to trigger mast cell activation?. Mast cells are classical
pro-inflammatory intermediaries in atherosclerosis®’, detected at an activated state
inside atherosclerotic plaques®. Under the influence of modified lipids, mast cells
secrete cytokines exacerbating disease progression®!, a characteristic that they share
with NKT cells.

However, no direct interaction between these two cell types has been described
in atherosclerosis before. Therefore, we aimed to examine whether an established
communication, mediated by CD1d, between mast cells and NKT cells would affect
disease progression in vivo. We adoptively transferred CD1d”- or control mast cells
into mast cell deficient apoE”/-/Kit"s""s" mice and examined the progression of
atherosclerosis in hyperlipidemic conditions.

2. Materials & Methods

2.1 Cell culture

Bone marrow isolated from female control LDLr”- or from CD1d"-/LDLr”- mice was cultured
for 4 weeks at 37°C and 5% CO,, in RPMI 1640 medium containing 25mM HEPES (Lonza)
supplemented with 10% fetal calf serum (FCS), 60uM B-mercaptoethanol (Sigma), 100U/mL
mix of penicillin/streptomycin (PAA), 1% non-essential amino-acids (NEAA; Gibco), 1% sodium
pyruvate (Sigma) and 2% L-glutamine (Lonza) in the presence of cytokine IL-3 (5 ng/mL;
Immunotools), to obtain mature mast cells. CD1d expression and mast cell purity, based on the
expression of FceRla and CD117, were assessed at the adoptive transfer point (Supplementary
Figures 1A,B).

2.2 Animals

All animal handling was executed in conformation with the guidelines of Directive
2010/63EU, as stated by the European Parliament and the experimental line was approved by
the Leiden University Animal Ethics committee. Mice were bred and housed in the local facility
with water and food supply ad libitum.

2.3 Atherosclerosis

Atherosclerosis-prone, mast cell deficient female apoE”-/Kit"*"/"sh mice with an average
age of 15 weeks (n=10/grp) were adoptively transferred iv. with 10*¥10°¢ fully maturated
bone marrow derived mast cells, isolated from either LDLr/- or CD1d”/"LDLr”/" mice, hereafter
referred to as control or CD1d”- mast cells, respectively. After 4 weeks, mice were placed on a
Western-Type diet (WTD) containing 0.25% cholesterol and 15% cocoa butter (SDS, Essex, UK)
for a period of 10 weeks. The experimental set-up is described in Supplementary Figure 1C.
During the study, tail blood was collected through the tail-vein, and serum was obtained upon
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centrifugation at 8.000 rpm for 10 minutes. Total cholesterol levels were assessed for weeks 0,
3, 6 and 9 of the experiment, using an enzymatic colorimetric assay and compared to an internal
Precipath control (Roche Diagnostics). Serum collected at the experimental endpoint was used
for lipoprotein fraction separation (n=9 mice/grp). Samples were separated through a Superose
6 column (Smart Systems, Pharmacia) and the retrieved fractions were subsequently analysed
for cholesterol levels. At the experimental end-point all animals were subcutaneous anesthetized
with a mix of ketamine (40mg/mL), sedazine (6.25mg/mL) and atropine (0.05mg/mL).

2.4 Immunohistochemistry

The hearts of all mice were dissected below the atria and freshly frozen in OCT compound
(Sakura). Hearts were sectioned, horizontally and towards the aortic arch. Upon identification
of the trivalve leaflets of the aortic root, 10um sections were collected. Mean plaque size was
calculated for 7-8 sequential sections using an Oil-Red-O (ORO) staining (Sigma Aldrich).
Macrophage content was assessed upon staining with a MOMA-2 antibody (1:1000, rat IgG2b,
Serotec Ltd.). Intraplaque collagen was quantified using a Masson’s Trichrome staining kit
(Sigma Aldrich). The CD4* (1:90, clone RM4-5, BD Biosciences) and CD8* (1:100, clone Ly-2, BD
Biosciences) T cell content in the aortic root was manually quantified. All morphometric analyses
were performed in a blinded independent fashion on a Leica DM-RE microscope using a Leica
QWin software (Leica Imaging Systems, UK). 5

2.5 Aortic arch cytokine stimulation

Aortic arches were digested in a mix of collagenase I (450u/mL; Sigma) and XI (250U/
mL Sigma) and DNase (120U/mL; Sigma) and hyaluronidase (120 U/mL; Sigma). Single cells
were obtained with a 70um cell strainer. Subsequently cells were stimulated with a mix of
PMA/Ionomycin (Sigma) in the presence of Brefeldin A (eBioscience) for 30 minutes. Cytokine
production was measured using flow cytometry, after cell fixation and permeabilization (BD
Bioscience).

2.6 Flow Cytometry

All blood and spleen samples were lysed with an erythrocyte lysis buffer (0.1mM EDTA,
10mM NaHCO,, 1mM NH,CI, pH=7.2) to obtain white blood cells. Spleen and thymus samples
were processed through a 70pm cell strainer for single cell selection. Single white blood (WB),
thymus and spleen cells were stained with a viability dye solution as well as fluorescently labeled
antibodies for extracellular proteins or permeabilized (Ebioscience) and subsequently stained
withintracellularantibodies for transcription factor and cytokine determination (Supplementary
Table 1). Measurements were performed on a FACS Canto II (Becton Dickinson, Mountain View,
CA) and analysed using Flow]o software.

2.7 Statistics

All data are depicted as mean+SEM and analysed in GraphPad Prism 7. A 2-tailed Student
t-test was used to compare between groups. Data were tested for normal distribution and Non-
Gaussian distributed values were compared with a Mann-Whitney U test. Probability P<0.05 was
considered significant.
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3. Results

3.1 NKT cell levels are elevated upon CD1d/- mast cell reconstitution

In this project, we aimed to examine the CD1d-mediated interaction between
mast cells and NKT cells in atherosclerosis. We adoptively transferred CD1d/ or control
mast cells into mast cell deficient mice and subsequently fed both groups a WTD for
10 weeks. Upon 3 weeks of WTD, circulating CD1d-tetramer* NKT cell levels were
elevated in the CD1d 7 mast cell reconstituted group as compared to the control mast
cell group (Figure 1A., w3: CD1d”/: 3.04+£0.5% vs control: 1.77+0.2%, P=0.0006).
However, no difference was detected in the activated CD69* circulating NKT cells
(Figure 1B). At the experimental end-point the NKT cell population in the thymus was
found increased upon CD1d”/" mast cell reconstitution, as compared to control mast
cells (Figure 1C, CD1d”: 0.65+0.05% vs control: 0.48+0.04%, P=0.014). Among the
thymic NKT cells, particularly stage 2 CD24'CD44"NK1.1 migrating NKT cells appeared
elevated (Figure 1D, CD1d”/: 69.9+3.2% vs control: 59.2+2.8%, P=0.024) while stage
3, CD24-CD44*NK1.1* NKT cells were slightly reduced in the CD1d/- mast cell group,
in comparison to control (Figure 1E, P=0.075). The liver NKT cell population did not
differ between the groups (Figure 1F). However, the NKT cells of the CD1d”/- mast
cell group were significantly less activated as compared to the control mast cell group
(Figure 1G, CD1d/: 55.9+1.8% vs control: 63.5+2.3%, P=0.018). It is worth noting that
at the experimental endpoint we were able to detect a similar level of mast cells inside
the peritoneal cavity in both groups of mice (Supplementary Figure 2A), whereas the
CD40L levels on the NKT population of CD1d”" reconstituted mice was found reduced
as compared to control (Supplementary Figure 2B). The above findings indicate that
lack of CD1d expression by the mast cells results in the migration of more stage 2 NKT
cells from the thymus to the periphery, yet, in the liver these cells do not appear to get
activated.
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Figure 1: NKT cell levels are elevated but cells appear less active upon reconstitution
of mast cell deficient mice with CD1d/- mast cells. (A) Circulating levels of NKT cells
increased at 3 weeks of WTD in the CD1d”- reconstituted mice as compared to control.
(B) No difference was detected on the NKT cell activation in the blood over time, between
the groups. (C) Total thymic NKT cells as well as (D) migrating stage 2 NKT cells of mice
carrying CD1d”/- mast cells were elevated, in comparison to NKT cells in mice reconstituted
with control mast cells. (E) CD1d-dependent stage 3 NKT cells in the thymus, were slightly
reduced in CD1d"" reconstituted mice, as compared to control. (F) No difference in the total
NKT cell populations of the liver between the two groups. (G) The NKT cells in the liver of
CD1d"" reconstituted mice showed decreased activation as compared to control mice. All
values are depicted as mean+SEM. *P<0.05, ***P<0.001

3.2 Serum cholesterol levels are elevated in the CD1d/- mast cell reconstituted
mice

In the course of the experiment, we analysed the total cholesterol levels in the
serum of both groups of mice. We observed that after 3 weeks of WTD, total cholesterol
was elevated in the circulation of CD1d”- mast cell reconstituted mice, as compared to
control mast cell repopulated mice (Figure 2A, w3: CD1d/: 1258+74 mg/dL vs control:
1066+46 mg/dL, P=0.02). At the experimental endpoint, we further examined the 5
lipoprotein fractions carried in the circulating cholesterol levels. We did not observe
any difference among the (V)LDL and HDL fractions between the groups (Figure 2B).
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3.3 CD1d-disruption on the mast cells increases atherosclerotic plaque size in
the aortic root

After 10 weeks of WTD, the aortic root was analysed to determine atherosclerotic
plaque size and morphology. Specifically, the atherosclerotic plaque size was analysed
using an ORO staining (Figure 3A), the macrophage content in the area was detected
using a MOMA-2 staining (Figure 3B) while the collagen composition of the plaque
was established using a Masson’s trichrome staining (Figure 3C). The atherosclerotic
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plaque of the aortic root in CD1d /- mast cell reconstituted mice was increased by 15% as
compared to the plaque size of control mast cell reconstituted mice (Figure 3D, CD1d"
/: 95%10*£3.7*10* um? vs control: 83*10*£3.8*¥10* um?, P=0.033). Of note, the plaque
development was elevated across the entire aortic root of the heart, measured from the
start of the three-valve area up to the receding of the valves (Supplementary Figure
3A). Furthermore, the macrophage deposition in the plaque area of these mice was
slightly elevated (Figure 3E, CD1d”/: 37*10*+1.4*10* um? vs control: 32*¥10*+2.5*¥10*
um?, P=0.066). In contrast, the plaques of the CD1d”/- mast cell reconstituted group
showed reduced collagen content, as compared to control (Figure 3F, CD1d/: 55.7+2%
vs control: 61.1+1%, P=0.038).

A Control cD1d” B Control CD1d”" C Control cD1d”/"

D E F Collagen content
Plaque size Macrophage deposition of the plaque
15x1006 6x10
“E N Ng P=0.086 = 7 "
£ = . A Q)
= 1.0x10% . o = 4x10% o 2 £ . #
$ X 2 5 5
5 Iy s . o 60
g 0 . 3 2cr0] | o0 = :
3 50x10 < 2x10 ] Y
g = O 50 A
= = 4
=
0 o n n
Control  CD1d™ Control  CD1d™ Control ~ CD1d™

Figure 3: Mice reconstituted with CD1d/-mast cells develop increased atherosclerosis
in the aortic root, as compared to mice reconstituted with control mast cells.
Representative pictures per group of mice for (A) ORO staining, (B) MOMA-2 staining and
(€) Masson’s trichrome staining (n=9/grp). The aortic root of mice reconstituted with CD1d"
/~mast cells show (D) higher atherosclerotic plaques, (E) higher macrophage area and (F)
lower collagen deposition, as compared to mice reconstituted with control mast cells. All
values are depicted as mean+SEM. *P<0.05

3.4 T cells within the atherosclerotic site produce pro-inflammatory cytokines

Upon further characterization of the aortic root area, we manually quantified the
CD4* and CD8* T cell content. The number of CD4* T cells in the CD1d/- mast cell mice
showed a slightincrease as compared to control (Figure 4A, CD1d/: 14.9+4.2 cells/pum?
vs control: 5.6+1.3 cells/um? P=0.060). No difference was observed in the intimal CD8*
T cells between the groups (Figure 4B). In addition, we analysed, using flow cytometry,
the T cell content -as defined by Thy1.2* expression- in the aortic arch of these mice. The
CD1d7 mast cell bearing mice showed a mild reduction in the percentage of T cells in
the area, in relation to control mice (Figure 4C, P=0.060). This was mainly attributed to
aslightreduction in the CD8* T cell percentage (Supplementary Figure 3B). Therefore,
the total T cell population present in the aortic arch of CD1d” mast cell reconstituted
mice is characterized mainly by CD4* T cells (Figure 4D, CD1d”/: 32.2+2.8% vs control:
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24.6%2.1%, P=0.041). Importantly, the T cells present in the aortic arch of these mice
showed a substantial increase in pro-inflammatory cytokine production. Specifically,
the aortic T cells of the CD1d” reconstituted group presented a significant increase in
the production of cytokines I[FNy (Figure 4E, P=0.012), IL-17 (Figure 4F, P=0.025) and
TNFa (P=0.0016) as opposed to the control group.
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Figure 4: CD4* T cells are increased inside atherosclerotic sites of CD1d”/- mast cell
reconstituted mice and produce higher amounts of pro-inflammatory cytokines. (A)
CD4* T cells in the plaque intima of the aortic root appeared increased upon CD1d”/"mast cell
reconstitution, as compared to control. (B) No difference was observed in the intimal CD8*
T cell numbers between the groups. (C) Aortic T cells appear reduced in the aorta of the
CD1d reconstituted group as compared to control reconstituted mice. (D) The CD4* T cell
levels of the total T cell population are elevated in the CD1d”- mast cell group as compared
to control. (E) IFNy-producing, (F) IL-17-producing and (G) TNFa-producing T cells in the
aorta of CD1d”reconstituted mice are increased, in comparison to control mice. All values
are depicted as mean+SEM. *P<0.05, **P<0.01

3.5 T-bet expression is higher in the CD4* and CD8"* T cell populations

Having in mind the close relation between NKT and T, cells, and upon observing
the T cell responses in the atherosclerotic tissue, we aimed to analyse the systemic
T cell response. We examined circulating and splenic T cells for the expression of
transcription factor T-bet, which controls the secretion of pro-inflammatory cytokine
IFNy and CD4 T, cells *. In the blood of the CD1d” mast cell reconstituted mice we
detected a substantial increase in T-betexpressing CD8* T cells, as compared to control
(Figure 5A, CD1d”/: 8.2+0.9% vs control: 4.7+0.5%, P=0.004). Furthermore, while
there was no difference in the percentage of T, cells (Figure 5B), the T-bet expression
levels of the total CD4* T cell population were elevated in the CD1d/- mast cell group
in relation to control (Figure 5C, P=0.034). On the same line, T-bet expressing CD8*
T cells were mildly elevated in the spleen of the CD1d”- group (Figure 5D, P=0.077).
The CD1d7 mast cell carrying mice showed higher T, levels in their spleen, in relation

127
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to the control group (Figure 5E, P=0.010). No difference was detected between the
groups in the levels of T-bet expression within the entire CD4* T cell population of the
spleen (Figure 5F). Of note, both groups showed a similar percentage of total CD8*
and CD4* T cells in the blood (Supplemental Figure 3C,D) and spleen (Supplemental

Figure 3EF).
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Figure 5: T-bet expression is increased in the circulating and splenic T cells of CD1d"
/- mast cell reconstituted mice. (A) The percentage of T-bet expressing CD8* T cells in the
blood was elevated upon CD1d”- mast cell reconstitution as compared to control mast cell
reconstitution (n=9/grp). (B) No difference was observed in the circulating CD4* T, cells
between the groups; however (C) T-bet expressing CD4* T cells were elevated in the blood
of CD1d”" reconstituted mice as compared to control reconstituted mice. (D) Splenic T-bet
expressing CD8* T cells (n=9/grp) as well as (E) CD4* T, cells are elevated in the spleen of
CD1d"" reconstituted mice in comparison to control reconstitution. (F) No difference was
detected in the T-bet expression levels of the total CD4* T cell population between the two
groups. All values are depicted as mean+SEM. *P<0.05, **P<0.01

4. Discussion

In this study, we examined the CD1d-mediated effect of mast cells on NKT cells
duringatherosclerosis progression. We discovered that disruption of this axis aggravates
atherosclerotic plaque development and destabilization through increased infiltration
of CD4" T cells in the plaque intima. The T cell population in the plaques of mice which
lacked CD1d-expressing mast cells showed high pro-inflammatory cytokine production,
in the form of [FNy, TNFa and IL-17. This may have caused the increased macrophage
accumulation in the plaque. Furthermore, after 3 weeks of WTD, these animals showed
a slight increase in serum cholesterol levels, and although temporary, it might have
contributed to the observed plaque progression. The above results suggest that mast
cell CD1d expression, influences the function of NKT cells and the subsequent control of
CD4* T cell infiltration in a protective manner, which is previously unreported.

Early through WTD, following the adoptive transfer of CD1d/" mast cells, we
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detected an increase in the circulating levels of NKT cells. This increase was also
apparent in the thymus of CD1d”/ mast cell reconstituted mice and could be explained
by the elevated stage 2 NKT cells. As mentioned, thymic NKT cells of this stage migrate
into peripheral tissues®?, which may thus explain their enhanced abundance in the
circulation. However, while stage 2 are migrators and potent cytokine secretors,
transition to stage 3 requires glycolipid presentation through CD1d3*. Interestingly,
we observed a reduction in the stage 3 thymic population of NKT cells, indicating that
signal through CD1d is partially absent in the CD1d”- mast cell reconstituted mice, as
it was expected. This is implied also by the reduced activation and co-stimulation of
the NKT population in the liver. These data suggest that the proatherogenic phenotype
observed does not arise from a possible positive feedback signaling of other CD1d-
expressing cells on the NKT population. It rather seems that NKT cells, generated in the
thymus progress to stage 2 and migrate to the periphery at higher frequencies, perhaps
to counteract for the absence in the CD1d signaling cascade initiated by the mast cells.

As stated before, NKT cells can potently activate T cells®® and, in atherosclerosis,

NKT cells are suggested to act prior to and pave the way for T cell infiltration in the 5
plaque. In contrast to the existing concept on the proatherogenic role of NKT cells in
atherosclerosis, and despite the reduced NKT cell activation, in this study we observed
increased CD4* T cells within the plaque intima of the aorticroot and an elevated cytokine
production mainly by CD4* T cells of the aortic arch. While this seems surprising,
particularly since CD1d signaling is known to induce a proatherogenic response on the
NKT cells'®, a previously published study demonstrated that NKT cells in mice fed a
high-fat diet, control T, cell responses specifically via a reduced IFNy secretion in the
serum upon o-GalCer injection®. Other reports have also stated that CD1d-mediated
effects on the NKT cells can subsequently control T, cells. For example, in arthritis
an autoimmune condition characterized by the presence of mast cells, loss of CD1d-
mediated NKT activation exacerbated the T,, responses, again in an IFNy mediated
manner®. In our study the pro-inflammatory IFNy production of both the CD4* and
CD8* T cell subsets seemed to be under the control of transcription factor T-bet, which
showed elevated expression in T cells of both the spleen and the circulation. T-bet
directly induces the production of IFNy*, whereas T, cells can also secrete TNFa*. In
addition, NKT cells have been previously reported to inhibit T, . cell differentiation®,
the main CD4* T cell subset secreting cytokine IL-17*! that increases in proatherogenic
conditions*%. Therefore, it seems that loss of CD1d expression by the mast cells, and
subsequent partial loss of NKT cell activation, led to an increase in T, cells, which in
turn augmented atherosclerotic plaque progression. Hence, there is a tight balance
between NKT and T, cellswith mast cells playing a fundamental role in it.

Theincrease in pro-inflammatory CD4* T cells observed within the atherosclerotic
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plaques of CD1d”/- mast cell reconstituted mice may have influenced the collagen
deposition in the area. Specifically, the atherosclerotic plaques of these mice contained
less collagen, signifying reduced plaque stability*. Cytokine IFNy, has been accounted for
its destabilizing manner****. Pro-inflammatory cytokine secretion by T cells could also
explain the enhanced macrophage infiltration observed in the plaque, particularly since
these cells inflict damage on the endothelium* and induce macrophage accumulation in
the area*®. Macrophages in turn produce a vast array of matrix metalloproteinases and
are greatly implicated in plaque destabilization*’. Therefore the increased macrophage
content may have contributed to the destabilizing phenotype observed. It is also
important to mention that the slight increase detected in circulating cholesterol levels
may have contributed to the enhanced plaque development.

Up to date there are limited reports on the CD1d mediated action of mast cells
on NKT cells. Mast cells on their own are potent cytokine secretors in organs where
NKT cells reside, such as the thymus*, the atherosclerotic plaque?® and the liver®.
Mast cell activation results in the release of proteases and cytokines, with IFNy and
TNFa considered among the typical cytokines excreted in their microenvironment.
Furthermore, CD1d expression on the mast cell surface has been associated with
mast cell activation via their classical receptor, FceR?®. Therefore, CD1d on the mast
cell surface could also partly affect the activation of mast cells and, through that, the
local response inside the plaque. The above study examining the function of mast cells
and NKT cells, indicated that mast cells express also the costimulatory protein CD40;
albeit not in a manner that influenced the NKT cell response in their experimental
setup. Our results however showed that CD1d” mast cells seem to negatively affect the
CD40L expression on liver NKT cells, thus supporting this mode of action. Additional
co-stimulatory pathways may also participate in the observed mast cell-NKT cell
interaction since ox40L and CD48 expression on the mast cells are reported to regulate
cytokine secretion by NKT cells?” .

To conclude, here we describe for the first time an in vivo interaction through
mast cell-CD1d and NKT cells in atherosclerosis. This relationship seems to be
protective, since its interruption increases atherosclerotic plaques, showing a highly
pro-inflammatory CD4* T cell content. A reduction in the mast cell-mediated CD1d
activation of the NKT cells may therefore result in a compensatory operation of their
close relatives, the T cells. While we have no further evidence of the exact lipid antigen
presented by mast cell-CD1d to NKT cells, or why disruption of a classical proatherogenic
pathway would enhance instead of hamper atherosclerosis, it is important to remember
that NKT cells are also involved in many tolerogenic responses with presentation of
endogenous lipids as to control autoimmune reactions®. Additionally, in the past it was
shown that activation of NKT cells protects against autoimmune conditions, such as
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diabetes®! or arthritis®2. In atherosclerosis, mast cells via the expression of CD1d and
subsequent lipid presentation, appear to be fine-tuning the NKT cell actions, leading
thus to a newly described mechanism of action in this disease.



132

| Chapter 5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Reference list:

Nakashima, Y., Wight, T. N. & Sueishi, K. Early atherosclerosis in humans: role of diffuse
intimal thickening and extracellular matrix proteoglycans. Cardiovasc. Res. 79, 14-23
(2008).

Legein, B., Temmerman, L., Biessen, E. A. L. & Lutgens, E. Inflammation and immune
system interactions in atherosclerosis. Cell. Mol. Life Sci. 70, 3847-3869 (2013).

Wolf, D., Zirlik, A. & Ley, K. Beyond vascular inflammation--recent advances in
understanding atherosclerosis. Cell. Mol. Life Sci. 72, 3853-3869 (2015).

Bondarenko, S., Catapano, A. L. & Norata, G. D. The CD1d-natural killer T cell axis in
atherosclerosis. J. Innate Immun. 6, 3-12 (2014).

Skold, M., Faizunnessa, N. N., Wang, C. R. & Cardell, S. CD1d-specific NK1.1+ T cells with a
transgenic variant TCR. J. Immunol. 165, 168-174 (2000).

Qiao, X. et al. OCH-mediated shift of Th1 and Th2 cytokines by NKT cells in mice with
aplastic anemia. Med. Oncol. 32, 67 (2015).

East, ]. E., Kennedy, A. ]. & Webb, T. ]. Raising the roof: the preferential pharmacological
stimulation of Th1 and th2 responses mediated by NKT cells. Med. Res. Rev. 34, 45-76
(2014).

Oki, S., Tomi, C., Yamamura, T. & Miyake, S. Preferential T(h)2 polarization by OCH is
supported by incompetent NKT cell induction of CD40L and following production of
inflammatory cytokines by bystander cells in vivo. Int. Immunol. 17, 1619-1629 (2005).

Zhou, D. 0X40 signaling directly triggers the antitumor effects of NKT cells. J. Clin. Invest.
117,3169-3172 (2007).

Leite-De-Moraes, M. C. et al. A distinct IL-18-induced pathway to fully activate NK T
lymphocytes independently from TCR engagement. J. Immunol. 163, 5871-5876 (1999).

Bourgeois, E. et al. The pro-Th2 cytokine IL-33 directly interacts with invariant NKT and
NK cells to induce IFN-gamma production. Eur. J. Immunol. 39, 1046-1055 (2009).

Major, A. S. et al. Quantitative and qualitative differences in proatherogenic NKT cells in
apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol. 24, 2351-2357 (2004).

Aslanian, A. M., Chapman, H. A. & Charo, L. F. Transient role for CD1d-restricted natural
killer T cells in the formation of atherosclerotic lesions. Arterioscler. Thromb. Vasc. Biol.
25,628-632 (2005).

Bobryshev, Y.V & Lord, R. S. A. Co-accumulation of dendritic cells and natural killer T cells
within rupture-prone regions in human atherosclerotic plaques. J. Histochem. Cytochem.
53, 781-785 (2005).

van Puijvelde, G. H. M. & Kuiper, J. NKT cells in cardiovascular diseases. Eur. J. Pharmacol.
(2017). doi:10.1016/j.ejphar.2017.03.052

Frostegard, ]. et al. Cytokine expression in advanced human atherosclerotic plaques:
dominance of pro-inflammatory (Th1l) and macrophage-stimulating cytokines.
Atherosclerosis 145, 33-43 (1999).

Nakai, Y. et al. Natural killer T cells accelerate atherogenesis in mice. Blood 104, 2051-
2059 (2004).

Tupin, E. et al. CD1d-dependent activation of NKT cells aggravates atherosclerosis. J. Exp.
Med. 199, 417-422 (2004).

Strom, A. et al. Involvement of the CD1d-natural killer T cell pathway in neointima
formation after vascular injury. Circ. Res. 101, e83-9 (2007).

Melian, A., Geng, Y. ], Sukhova, G. K., Libby, P. & Porcellj, S. A. CD1 expression in human

atherosclerosis. A potential mechanism for T cell activation by foam cells. Am. J. Pathol.
155, 775-786 (1999).



Disruption of a CD1d mediated interaction between mast cells and NKT cells aggravates atherosclerosis |

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gapin, L., Matsuda, J. L., Surh, C. D. & Kronenberg, M. NKT cells derive from double-positive
thymocytes that are positively selected by CD1d. Nat. Immunol. 2,971-978 (2001).

Das, R,, SantAngelo, D. B. & Nichols, K. E. Transcriptional control of invariant NKT cell
development. Immunol. Rev. 238, 195-215 (2010).

Godfrey, D. I, Stankovic, S. & Baxter, A. G. Raising the NKT cell family. Nat. Immunol. 11,
197-206 (2010).

Keller, C. W, Freigang, S. & Lunemann, J. D. Reciprocal Crosstalk between Dendritic Cells
and Natural Killer T Cells: Mechanisms and Therapeutic Potential. Front. Immunol. 8,570
(2017).

Chaudhry, M. S. & Karadimitris, A. Role and regulation of CD1d in normal and pathological
B cells. J. Immunol. 193, 4761-4768 (2014).

Hong, G. U, Kim, N. G., Kim, T. ]. & Ro, J. Y. CD1d expressed in mast cell surface enhances
IgE production in B cells by up-regulating CD40L expression and mediator release in
allergic asthma in mice. Cell. Signal. 26,1105-1117 (2014).

Gonzalez Roldan, N., Orinska, Z., Ewers, H. & Bulfone-Paus, S. CD252 regulates mast cell
mediated, CD1d-restricted NKT-cell activation in mice. Eur. J. Immunol. 46, 432-439
(2016).

Gallj, S.J. & Tsai, M. IgE and mast cells in allergic disease. Nat. Med. 18, 693-704 (2012).

Bot, 1., Shi, G.-P. & Kovanen, P. T. Mast cells as effectors in atherosclerosis. Arterioscler.
Thromb. Vasc. Biol. 35,265-271 (2015).

Kaartinen, M., Penttila, a. & Kovanen, P. T. Accumulation of activated mast cells in the
shoulder region of human coronary atheroma, the predilection site of atheromatous
rupture. Circulation 90, 1669-1678 (1994).

Lappalainen, J., Lindstedt, K. A., Oksjoki, R. & Kovanen, P. T. OxLDL-IgG immune complexes
induce expression and secretion of proatherogenic cytokines by cultured human mast
cells. Atherosclerosis 214, 357-363 (2011).

Miller, S. A. & Weinmann, A. S. Molecular mechanisms by which T-bet regulates T-helper
cell commitment. Immunol. Rev. 238, 233-246 (2010).

Matsuda, J. L. et al. T-bet concomitantly controls migration, survival, and effector functions
during the development of Valpha14i NKT cells. Blood 107, 2797-2805 (2006).

Gumperz, ]. E., Miyake, S., Yamamura, T. & Brenner, M. B. Functionally distinct subsets of
CD1d-restricted natural killer T cells revealed by CD1d tetramer staining. J. Exp. Med.
195, 625-636 (2002).

Nishimura, T. et al. The interface between innate and acquired immunity: glycolipid
antigen presentation by CD1d-expressing dendritic cells to NKT cells induces the
differentiation of antigen-specific cytotoxic T lymphocytes. Int. Immunol. 12, 987-994
(2000).

Miyazaki, Y. et al. Effect of high fat diet on NKT cell function and NKT cell-mediated
regulation of Th1 responses. Scand. J. Inmunol. 67, 230-237 (2008).

Teige, A. et al. CD1d-dependent NKT cells play a protective role in acute and chronic
arthritis models by ameliorating antigen-specific Th1 responses. J. Immunol. 185, 345-
56 (2010).

Lugo-Villarino, G., Maldonado-Lopez, R., Possemato, R., Penaranda, C. & Glimcher, L.
H. T-bet is required for optimal production of IFN-gamma and antigen-specific T cell
activation by dendritic cells. Proc. Natl. Acad. Sci. U. S. A. 100, 7749-7754 (2003).
Cantor, ]. & Haskins, K. Effector function of diabetogenic CD4 Th1 T cell clones: a central
role for TNF-alpha. J. Immunol. 175, 7738-7745 (2005).

Oh, K. Byoun, 0.-]., Ham, D.-I, Kim, Y. S. & Lee, D.-S. Invariant NKT cells regulate

experimental autoimmune uveitis through inhibition of Th17 differentiation. Eur. J.
Immunol. 41, 392-402 (2011).

133



134

| Chapter 5

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Gaffen, S. L. Structure and signalling in the IL-17 receptor family. Nat. Rev. Immunol. 9,
556-567 (2009).

Lim, H. et al. Proatherogenic conditions promote autoimmune T helper 17 cell responses
in vivo. Immunity 40, 153-165 (2014).

Halvorsen, B. et al. Atherosclerotic plaque stability--what determines the fate of a plaque?
Prog. Cardiovasc. Dis. 51, 183-194 (2008).

Amento, E. P, Ehsani, N., Palmer, H. & Libby, P. Cytokines and growth factors positively
and negatively regulate interstitial collagen gene expression in human vascular smooth
muscle cells. Arterioscler. Thromb. a . Vasc. Biol. 11, 1223-1230 (1991).

Nakajima, T. et al. T-cell-mediated lysis of endothelial cells in acute coronary syndromes.
Circulation 105, 570-575 (2002).

Galkina, E. et al. CXCR6 promotes atherosclerosis by supporting T-cell homing, interferon-
gamma production, and macrophage accumulation in the aortic wall. Circulation 116,
1801-1811 (2007).

Newby, A. C. Metalloproteinases promote plaque rupture and myocardial infarction: A
persuasive concept waiting for clinical translation. Matrix Biol. 44-46, 157-166 (2015).
Ribatti, D. & Crivellato, E. The role of mast cell in tissue morphogenesis. Thymus,
duodenum, and mammary gland as examples. Exp. Cell Res. 341, 105-109 (2016).
Jarido, V. et al. The emerging role of mast cells in liver disease. Am. J. Physiol. Gastrointest.
Liver Physiol. ajpgi.00333.2016 (2017). doi:10.1152/ajpgi.00333.2016

Godfrey, D. 1. & Kronenberg, M. Going both ways: immune regulation via CD1d-dependent
NKT cells. J. Clin. Invest. 114, 1379-1388 (2004).

Hong, S. et al. The natural killer T-cell ligand alpha-galactosylceramide prevents
autoimmune diabetes in non-obese diabetic mice. Nat. Med. 7, 1052-1056 (2001).

Coppieters, K. et al. A single early activation of invariant NK T cells confers long-term
protection against collagen-induced arthritis in a ligand-specific manner. J. Immunol.
179, 2300-2309 (2007).



Disruption of a CD1d mediated interaction between mast cells and NKT cells aggravates atherosclerosis | 135




136

| Chapter 5

A Control —» apoE-/KitW-sh-W-sh

Supplementary Information

FeoRIasCO11Te
a8,

FoaRiseCD11T+
95

CD1d" — apoE"/KitW-sh-W-sh B

cp17

Cell count

CD117 expression

FceRla expression

Cell count
Cell count

CD1d expression

FeeRla co117 FeeRla co1d
I 'sotype controls
[ Protein expression on control BMMCs
[ Protein expression on CD1d” BMMCs
C  Bwmmc
transfer WTD
l’ wo w3 wé w9 l
= | ! ! | o
Blood Blood Blood Blood

Supplemental Figure 1: Experimental set-up and controls. (A) Flow cytometry purity
check, 1 day prior to mast cell reconstitution. (B) Isotype controls for CD117, FceRla and
CD1d expression on the transferred BMMCs. (C) Mast cell deficient apoE/Kit"<"/"" mice
were adoptively transferred through i.v. injections with 10¥10° mature bone marrow derived
mast cells of either CD1d”- mice or control control mice. After a 4 week-recovery period, the
mice were placed on a WTD for an additional 10 weeks.

Antibody Clone Concentration Fluorochrome Company
leableDgéablhty - 0.05 pg/sample eFluor 780 eBioscience
FceRla MAR-1 0.1 pg/sample PercP Cy5.5 Biolegend
FceRla MAR-1 0.1 pg/sample APC eBioscience
CD117 2B8 0.1 pg/sample APC/PE Cy7 eBioscience
CD1d 1B1 0.1 pg/sample PE eBioscience
CD1d-tetramer - 0.125 pg/sample BV 420 -
CD69 H1.2F3 0.1 pg/sample PE eBioscience
CD24 M1/69 0.1 pg/sample PercP Cy5.5 BD Biosciences
CD44 IM7 0.1 pg/sample PE Cy7 eBioscience
NK1.1 PK136 0.1 pg/sample FITC eBioscience
CD40L MR1 0.1 pg/sample APC eBioscience
CD4 GK1.5 0.1 pg/sample FITC/eFluor 450 eBioscience
CD8a 53-6.7 0.1 pg/sample PercP BD Biosciences
CD8a 53-6.7 0.1 pg/sample APC eBioscience
Thy1.2 53-2.1 0.1 pg/sample PE Cy7 eBioscience
IFNy XMG1.2 0.3 ug/sample BV650 BD Biosciences
IL-17 eBio17B7 0.3 ug/sample Alexa Fluor 488 eBioscience
TNFa MP6-XT22 0.3 ug/sample PE eBioscience
T-bet eBio4B10 0.3 ug/sample Alexa Fluor 660 eBioscience

Supplementary Table 1. Flow cytometry antibodies:

antibodies

List of extracellular and intracellular
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Supplemental Figure 2: Mast cells are detected in the peritoneum of mast cell deficient
apoE7 /Kit"*"/"sh mjce in both groups at the experimental endpoint. (A) Mast cell levels
in the peritoneum of apoE7/Kit"*»"s mice reconstituted with either control or CD1d”
BMMCs show no difference between the two groups. (B) The percentage of liver NKT cells that
express the costimulatory molecule CD40L is decreased upon CD1d”/-BMMC reconstitution,
as compared to control BMMC reconstitution. All values are depicted as mean+SEM. *P<0.05
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Supplemental Figure 3: Atherosclerotic plaques in the heart of the CD1d”
reconstituted mice develop at a higher rate across the aortic root area. (A) CD1d”" mast
cell reconstitution results in increased atherosclerosis development through the aortic root,
as compared to reconstitution of mice with control mast cells (n=9/grp). (B) The CD8" T
cell content in the aortas of CD1d” reconstituted mice is slightly reduced in comparison to
control mice. No difference was detected in the total (C) circulating CD8* (D) splenic CD8* or
(E) circulating CD4* T cell levels and (F) spleen CD4* T cells between the two groups of mice.
All values are depicted as mean+SEM. *P<0.05
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