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Glucocorticoid-induced tumour necrosis
factor receptor family-related protein (GITR)
drives atherosclerosis in mice and is associated
with an unstable plaque phenotype and
cerebrovascular events in humans
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Aims GITR—a co-stimulatory immune checkpoint protein—is known for both its activating and regulating effects on T-
cells. As atherosclerosis bears features of chronic inflammation and autoimmunity, we investigated the relevance of
GITR in cardiovascular disease (CVD).

Methods GITR expression was elevated in carotid endarterectomy specimens obtained from patients with cerebrovascular
and results events (n=100) compared to asymptomatic patients (n=93) and correlated with parameters of plaque vulnerabil-
ity, including plaque macrophage, lipid and glycophorin A content, and levels of interleukin (IL)-6, IL-12, and C-C-
chemokine ligand 2. Soluble GITR levels were elevated in plasma from subjects with CVD compared to healthy
controls. Plaque area in 28-week-old Gitr'"Apoe ™'~ mice was reduced, and plaques had a favourable phenotype
with less macrophages, a smaller necrotic core and a thicker fibrous cap. GITR deficiency did not affect the
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Conclusion

lymphoid population. RNA sequencing of Gitr /~Apoe '~ and Apoe /= monocytes and macrophages revealed
altered pathways of cell migration, activation, and mitochondrial function. Indeed, Gitr—'~Apoe '~ monocytes
displayed decreased integrin levels, reduced recruitment to endothelium, and produced less reactive oxygen

species. Likewise, GITR-deficient macrophages produced less cytokines and had a reduced migratory capacity.

Our data reveal a novel role for the immune checkpoint GITR in driving myeloid cell recruitment and activation in
atherosclerosis, thereby inducing plaque growth and vulnerability. In humans, elevated GITR expression in carotid
plaques is associated with a vulnerable plaque phenotype and adverse cerebrovascular events. GITR has the
potential to become a novel therapeutic target in atherosclerosis as it reduces myeloid cell recruitment to the
arterial wall and impedes atherosclerosis progression.
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Translational perspective

With this study, we demonstrate that high levels of the co-stimulatory immune checkpoint GITR (GITR) in carotid artery atherosclerot-
ic plaques are associated with occurrence of cerebrovascular symptoms in humans. Our experimental data establish GITR as a driving
force in atherosclerosis during both plaque development and progression. Deficiency of GITR reduces monocyte activation and attenu-
ates leucocyte recruitment, thereby slowing down plaque progression. Notably, no effects on the lymphoid population were observed.
Thus, GITR may pose a promising novel therapeutic target in atherosclerosis to slow plaque progression and prevent plaque rupture,
while leaving the adaptive immune system intact.
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Introduction

Atherosclerosis, the underlying cause of the majority of cardiovascu-
lar disease (CVD) is a chronic, dyslipidaemia-driven inflammatory dis-
ease resulting from complex local and systemic immune reactions.”
Key players modulating these immune interactions are co-
stimulatory and co-inhibitory immune checkpoint proteins,H’

Glucocorticoid-induced tumour necrosis factor (TNF) receptor
family-related protein (GITR) or TNF-receptor superfamily-18
(TNFRSF18), a 70kDa homodimeric glycoprotein, is a powerful co-
stimulatory immune checkpoint protein that is expressed on T-cells
[both regulatory (Treg) and effector T-cells],”® dendritic cells (DCs),
macrophages,” and endothelial cells.™ Its ligand, GITR ligand (GITRL),
is found on antigen-presenting cells'" and endothelial cells.™

GITR/GITRL signalling regulates the extravasation and activation
of innate immune cells but is better known for its role in regulating T-
cell activation."® Increased numbers of GITR"E" Tregs and effector T-
cells, as well as increased soluble plasma GITR levels, have been
reported in inflammatory conditions, including rheumatoid arthritis,"*
systemic lupus erythematosus (SLE),">~" and Sjégren’s syndrome.'®
Enhanced numbers of GITR-expressing Tregs were also reported in
the endomyocardium from patients with dilated cardiomyopathy.'®

Although the presence of GITR in human atherosclerotic plaques
has been reported,” its functional role in atherosclerosis remains elu-
sive. Immunohistochemical analyses of small collections of carotid
endarterectomy plaques (6—11 specimens) showed that GITR is pre-
sent in plaque macrophages, smooth muscle cells (SMCs), and endo-
thelial cells,”® solely in macrophages,”’ or solely in T-cells.”” Kim et al.
hypothesized GITR to be pro-atherogenic based on the observation
that GITR-activation in macrophages in vitro appears to promote ex-
pression of TNFo and matrix metalloproteinase (MMP)-9, yet statis-
tical tests to confirm this conclusion were not included.”'
Remarkably, our previous study using an Apoefl* mouse model
revealed an atheroprotective function of constitutive GITRL expres-
sion by B-cells: the resulting plaques were smaller and had a more sta-
ble phenotype, a response that appeared to be driven by promotion
of a Treg over an effector T-cell response.”?

Though GITR clearly appears to be present during—and likely
plays a role in—atherogenesis, the diverse data reported by previous
studies demonstrate a great need to elucidate the effects of GITR in
atherosclerosis. With this study, we present an extensive report on
the important role of GITR in human atherosclerotic disease, as
explored in endarterectomy plaques from a large patient cohort, and
reveal the main underlying mechanisms using a GITR-deficient mouse
model.

Methods

Methods are provided in detail in the Supplementary material online. The
datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request, with the
exception of biobank data of "the Carotid Plaque Imaging Project’ (CPIP)
and the 'SUrrogate markers for Micro- and Macrovascular hard end
points for Innovative diabetes Tools’ (SUMMIT) cohorts due to limita-
tions specific to each respective ethical permit.

Human studies

Endarterectomy plaques were obtained from 193 patients from the
Carotid Plaque Imaging Project (CPIP, Lund University, Sweden) cohort
and were snap-frozen in liquid nitrogen immediately after surgical re-
moval. One-mm-thick portions from the most stenotic plaque region
were embedded in optimal cutting medium and used for histological anal-
yses. The remainder of the plaque was homogenized and used for protein
quantification, cytokine analysis, and real-time quantitative PCR (RT-
gPCR). The study fully conformed to the principles of the Declaration of
Helsinki and was approved by the local ethics committee. Patient charac-
teristics are summarized in Supplementary material online, Table S1.

Mouse studies

Male and female Gitr™’ “Apoe™ ', Apoe’/ ~, and ldlr~'~ mice were bred
and housed at the animal facilities of the Ludwig-Maximilian’s Universitét
Miinchen (LMU Munich, Germany) and of the Amsterdam Universitair
Medische Centers (location AMC) according to institutional guidelines.
All experiments were approved by the local ethical committees [TV55.2-
1-54-2532-156-2015/AVD1180020171666 (17-1666-1-23)]. Mice were
fed a chow diet or a Western-type diet containing 21% fat and 0.21%
cholesterol (EF TD88137, ssniff-Spezialdidten GmbH, Soest, Germany).

/-

Results

GITR expression in human carotid
plaques is associated with plaque

vulnerability and cerebrovascular events
All 193 carotid endarterectomy plaques contained GITR* cells that
were primarily located at the base of the plaque and in the shoulder
regions, with only a few GITR™ cells in the fibrous cap area. Double
immunohistochemistry showed that GITR was predominantly
located in CD68" and CD11b™ cells (macrophages), CD317" cells
(endothelial cells), a subset of CD3™ cells (T-cells) and, to a lesser de-
gree, in smooth muscle a-actin™ cells (a-SMA/differentiated vascular
SMC:s; Figure 1A-D/Supplementary material online, Figures S7 and S2).
Flow cytometric analysis of cells from human femoral plaques con-
firmed this pattern and revealed the key GITR-expressing cell types
to be T-cells, B-cells, and myeloid cells (Supplementary material on-
line, Figures $3-S5).

Higher levels of the soluble form of GITR (sGITR) were measured
in plasma from subjects with CVD compared with healthy controls
(P<0.0001; Figure 1E/Supplementary material online, Table S2).
Furthermore, GITR immunoreactivity was significantly higher in ca-
rotid plaques obtained from patients that had cerebrovascular symp-
toms (transient ischaemia attack, amaurosis fugax, or stroke) than in
those from asymptomatic patients (1.63%, IQR 0.83-3.01 vs. 0.90%,
IQR 0.46-2.1; Figure 1F—H, Supplementary material online, Figure S2D,
E). There was no correlation between plaque GITR content and
overall stenosis degree (Spearman’s rho, r=0.011, P=0.881).
However, GITR content does correlate with the presence of CD68™
macrophages, lipids (Oil Red O area), cleaved collagen (type I/l
neoepitope), and with necrotic core size. There was also a correl-
ation between GITR immunoreactivity and Glycophorin A, an intra-
plagque haemorrhage marker. GITR content in the plaque was
negatively correlated with differentiated smooth muscle cells (a-
SMA™) as well as with collagen type lll (Figure 2, Supplementary ma-
terial online, Table S3, Figure S6.
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Figure | GITR is expressed in human carotid artery plaques and associated with cerebrovascular events. Expression of GITR (blue chromogen in
Aand D, pink in B and C) co-localized with expression of CD3 (A; pink), CD68 (B; blue), CD31 (C, blue), and with a-smooth muscle actin (D; pink).
Co-localization is marked by black arrows, GITR expression by white arrows, and CD68/CD31/a-smooth muscle actin expression by arrowheads.
Higher levels of soluble GITR (sGITR) were measured in plasma from subjects with cardiovascular disease compared with healthy controls (E).
Expression of GITR was higher in endarterectomy plaques from symptomatic than asymptomatic patients (F). Representative immunohistochemical
detection of GITR is shown in plaques from asymptomatic (G, n=100) and symptomatic (G, n=93) patients. Scale bars represent 50 um in (A-D)
and 100 um in (F, G)—all insets are 2 mm. Statistical comparisons were performed using the unpaired t-test in (E) and the Mann—Whitney U test

in (F).

Moreover, elevated GITR expression in atherosclerotic plaques
correlated with the levels of the pro-inflammatory cytokines and che-
mokines interleukin (IL)-6, chemokine (C-C motif) ligand (CCL)-2,
CCL4, and CCLS5, as well as MMP1, MMP9, and tissue inhibitor of
metalloproteinases-1 measured in plaque homogenates (Table 1,
Supplementary material online, Table $3). Correlation was also found
between GITR expression and several plaque components involved
in extracellular matrix remodelling, namely fibromodulin, lumican,
and urokinase receptor (UPAR; Supplementary material online, Table
$3). Finally, GITR content also correlated with mRNA expression of
(helper) T-cells (CD3" and CD4™) and regulatory T-cells (FoxP3™)
(Supplementary material online, Table S3).

Taken together, these data suggest that in human atherosclerosis,
increased expression of GITR is associated with a vulnerable athero-
sclerotic plaque phenotype that is prone to cause cerebrovascular
events.

GITR-deficiency in atherosclerotic mice:

general characteristics

To further investigate how GITR affects atherogenesis, Gitr'~
Apoefl* mice, and Apoefl* littermates were generated, deficiency of
GITR was confirmed (Supplementary material online, Figure S7A-C)
and mice were aged until 28 weeks. Deficiency of GITR did not affect
body weight, cholesterol, or triglyceride levels (Supplementary ma-
terial online, Figure S7D—F), nor did it cause abnormalities in any of
the organs investigated (see Supplementary material online).
similar in
(Supplementary material online, Figure S7G-M).

Haematologic parameters were both genotypes

Flow cytometric analysis showed no abnormalities in the lymphoid
(including B-cells, T-cells, and its subsets) and myeloid (including
DGCs, neutrophils, and monocytes) populations of blood and lymph
nodes of Gitr'~Apoe ™"~ mice (Supplementary material online, Figure
$8). In spleen, Gitr'~Apoe™'~ mice displayed decreased dendritic cell
and altered CD8" T-cell fractions (Supplementary material online,
Figure S?A-D). There were no changes in T-cell content or subsets in
the atherosclerotic aorta (Supplementary material online, Figure S9E—
G). Furthermore, bone marrow haematopoietic stem and progenitor
cell populations were also unaffected by GITR deficiency
(Supplementary material online, Figure S?H-J). GITR deficiency thus
does not markedly affect systemic inflammation.

GITR-deficiency in mice reduces
atherosclerosis and promotes a

favourable plaque phenotype

The pattern of GITR immunoreactivity in mouse atherosclerotic pla-
ques mirrored that of human plaques, with GITR expression found in
CD3* T-cells, CD31" endothelium, some a-SMA™ SMCs and pre-
dominantly in CD68" and Mac2" macrophages (Figure 3A-D,
Supplementary material online, Figures S10-S11A—H).

Female GitF/*Apoef/f mice developed smaller atherosclerotic
lesions in the aortic root (Figure 3E) with reduced CD68" macro-
phage content (Figure 3F) and smaller necrotic core sizes (Figure 3G)
and thicker fibrous caps compared (Supplementary material online,
Figure 111) to Apoe™’
male mice (Supplementary material

~ littermates. This phenotype was confirmed in
online, Figure S11JK).
Furthermore, aortic cd68 expression was reduced in Gitr '~ Apoe™~
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Figure 2 GITR is associated with a vulnerable plaque phenotype. Table showing Spearman correlations between plaque GITR expression (visual-
ized by immunohistochemistry) and plaque components in human endarterectomy samples (B, n = 193, with the exception of necrotic core, n = 32).
Representative histology shown for asymptomatic (B—E, ]-M) and symptomatic plaques (F—|, N-Q) stained for GITR (B, F, J, N) OilRed O (C, G), a-
smooth muscle actin (D, H), cleaved collagen (E, /), CDé68 (K, O), glycophorin A (L, P), and collagen type Ill (M, Q) in consecutive sections of endarter-
ectomy plaques. Scale bars represent 1 mm. Statistical comparisons were performed using the Mann—Whitney U test.

compared to Apoe”"~ mice (Supplementary material online, Figure
S12A). Collagen, aSMA™ SMC content, the amount of CD3™" T-cells,
Ki67" proliferating cells, TUNEL™ apoptotic cells, intraplaque haem-
orrhage, and lipid content were not different (Supplementary mater-
ial online, Figure 12B—H), although the amount of intraplaque
haemorrhage tended to decrease in plaques of Gitr '~ Apoe ™'~ mice.
In order to better compare the degrees of vulnerability in Apoe ™'~
and Gitr"~Apoe™~ mice, a vulnerability-index was calculated.***
The vulnerability indices calculated were 0.66 (SD 0.21) for Apoe ™/~
mice and 0.30 (SD 0.23) for Gitr '~Apoe ™~ mice (Figure 3H).
Furthermore, applying the Virmani lesion classification scheme?®
revealed a higher ratio of fibrous cap atheroma (FCA) compared to
thin FCA among plaques from Gitr '~ Apoe '~ compared to Apoe '~
mice (Supplementary material online, Figure S12I). Total gelatinase ac-
tivity (mainly MMP-2 and -9) analysed in plaques by in situ zymography
did not differ in Gitr~’ ’Apoe’/’ and Apoefl ~ plaques and there was
no difference in aortic mmp-2 or -9 expression measured by qPCR
(Supplementary material online, Figure S12J-L).

To substantiate the role of haematopoietic GITR in atheroscler-
osis, we generated bone marrow chimeras. In line with our results in
Gitr~'~Apoe ™"~
rotic core sizes were reduced, while minimal fibrous cap thickness

mice, plaque macrophage content (mac3™) and nec-
was increased in atherosclerotic plaques from (dlr~'~ mice trans-
planted with Gitr '~ = — 1dlr~'"") compared to
ldlr™"™ mice transplanted with Gitr™" bone marrow (Gitr™'™—

bone marrow (Gitr™

Table | Spearman correlations between GITR (%
area) and cytokines (pg/g wet weight plaque)

Cytokine GITR
R P-value
Interleukin (IL)-6 0.182 0.011
IL-10 -0.010 0.894
Interferon y 0.050 0.494
Chemokine (C-C motif) ligand (CCL)-4 0.240 0.001
CCL2 0.143 0.047
Tumour necrosis factor o 0.113 0.119
Regulated on activation, normal 0.164 0.023
T-cell expressed and secreted (RANTES)

sCD40L 0.076 0.294
Vascular endothelial growth factor -0.001 0.979
Eotaxin -0.140 0.072

n=193 patients. Statistical comparisons were performed using Spearman’s rank
correlation and the Mann—Whitney U test.

ldlr='=, P=0.0029, Supplementary material online, Figure S13A-D). In
addition, Gitr '~ — Idlr”’"= mice contained more fibrous FCA and
less thin FCA than Gitr""— (dlr "~
not differ. Although plaque composition phenocopied the results of

mice. Plaque T cell content did
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Figure 3 GITR expression and plaque phenotype in murine aortic root plaques. Expression of GITR in aortic root plaques (brown chromogen in
A, pinkin B, blue in C, D) co-localized with expression of CD3 (A; blue), CD68 (B; blue), CD31 (C, pink), and with a-smooth muscle actin (D; pink).
Co-localization (dark brown in A, purple in B-D) is marked by black arrows, GITR expression by white arrows, and CD68/CD31/a-smooth muscle
actin expression by arrowheads. In Gitr '~ Apoe '~ mice aortic root plaque size (E; representative plaques stained by haematoxylin and eosin, n=10
mice) and CD68™ macrophages (F; n =9 mice) was reduced. Necrotic regions of aortic root plaques were smaller in Gitr—'~Apoe ™'~ mice compared
to Apoe '~ mice (G; Apoe'~, n= 16 plaques from six mice, Gitr'~Apoe '~ n = 20 plaques from eight mice). The vulnerability-index was lower in aor-
tic root plaques of Gitr'~Apoe '~ than in Apoe '~ mice (H; Apoe '~, n=6, Gitr '~Apoe ", =8 mice). Scale bars represent 50 um in (A-D) (with
200 pm in insets), 200 pm in (E, F) and 1 mm in (G). Analyses were performed on female mice and statistical comparisons were performed using the

unpaired t-test.

the Gitr'~Apoe '~ mice, plaque area did not differ, most likely due
to an increase in serum cholesterol levels, induced by the bone mar-
row transplant procedure (BMT) (Supplementary material online,
Figure S13E-G).

GITR-deficient monocytes display
impaired recruitment and limited react-

ive oxygen species production

The reduction in atherosclerotic plaque size, the decrease in the
number of plaque macrophages in GITR-deficient mice and the
strong correlation of GITR expression to plaque macrophage and
lipid content in human atherosclerotic plaques prompted us to fur-
ther elucidate the role of GITR in myeloid cells.

As the spleen contributes to the pool of circulating monocytes
that infiltrate atherosclerotic lesions and matures into macrophages
giving rise to foam cells to the same extent as monocytes/macro-
phages of medullary origin,”” > we performed RNA sequencing on

splenic classical and non-classical monocytes (as defined by
CD11b"Ly6G CD115*Ly6C* and CD11b*Ly6G CD115"Ly6C,
respectively) obtained from Apoe ™~ and Gitr '~ Apoe ™'~ mice.

In non-classical monocytes, GITR deficiency resulted in significant
down-regulation of 460 genes and up-regulation of 292 genes
(Supplementary material online, Figure S14, Table SI). Ingenuity path-
ways analysis (IPA) canonical pathway analysis revealed that GITR de-
ficiency affected pathways of mitochondrial function and immunity
and inflammation, while IPA downstream effects analysis also indi-
cated effects on cell homing (Figure 4A-C). In classical monocytes, the
number of differentially expressed genes was only 174, and involved
pathways with few common patterns (e.g. translation, cell division,
melatonin degradation and cholesterol biosynthesis) (Supplementary
material online, Figure S15A,B, Table SII).

Validation experiments confirmed that GITR drives mitochondrial
ROS production in non-classical, but not in classical, isolated blood

monocytes (Figure 4D,E). However, mitochondrial mass or
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transmembrane potential were not affected by GITR deficiency (data
not shown).

IPA downstream effects analysis also showed that GITR affected
biological functions related to homing and trans-endothelial leuco-
cyte migration (Figure 4C). Pursuing these findings, we tested whether
GITR-deficient monocytes displayed hampered recruitment to the
arterial wall. Carotid arteries of Apoe ™~ and Gitr ' ~Apoe ™~ mice
were perfused ex vivo with Green CMFDA- and Deep Red-labelled
bone marrow-derived leucocytes obtained from Gitr~'~Apoe ™'~ or
Apoe™'™ mice, respectively. Leucocyte adhesion to the arterial wall
was studied using an arterial adhesion assay and multi-photon micros-
copy. Significantly less Gitr '~ leucocytes adhered to both GITR' and
GITR  endothelium compared to Gitr™'"-derived leucocytes
(Figure 5A). Accordingly, expression of the integrins CD11b and L-
selectin (CD62L) were reduced in circulating classical and non-
classical monocytes (Figure 5B). Similar effects were observed in
splenic classical monocytes through reduced CD11a and L-selectin
expression, and in non-classical monocytes from bone marrow
through reduced L-selectin expression. Classical monocytes in bone
marrow exhibited increased expression of CD18 (integrin B2;
Figure 5B). GITR did not affect integrin and CD62L expression on
granulocytes (Supplementary material online, Figure S16).

Finally, to explore whether an altered endothelium activation state
may also contribute to decreased adhesion of Gitr '~ leucocytes,
immunohistochemical staining of ICAM-1 and vascular cell adhesion
molecule-1 (VCAM-1) was performed on atherosclerotic aortic root
lesions from the female 28-week-old cohort. Their expression was
not confined to the endothelium (as visualized by positive immunor-
eactivity for CD31 in an adjacent tissue section) and content of both
molecules was similar in plaques from Apoefl* and Gitr ™’ 7Apoe7/7
mice, both taking the whole plaque into account and in endothelial
regions only (Supplementary material online, Figure $17).

GITR-deficient macrophages display
decreased mitochondrial activation and
inflammation

In a follow-up experiment, bone marrow-derived macrophages
(BMDMs) of Gitr'"Apoe '~ and Apoe '"mice were cultured,
matured, stimulated with the agonistic GITR antibody DTA-1 and
subjected to RNA sequencing. GITR activation resulted in significant
up-regulation of 487 genes and down-regulation of 164 genes
(Supplementary material online, Figure S18A, Table SlIl). IPA revealed
that GITR deficiency affected pathways of immunity and inflamma-
tion, migration, and mitochondrial function (Figure 6A,B).

Validation experiments indeed confirmed decreased mitochon-
drial membrane potential (A%¥'m), mitochondrial mass, and nitric
oxide (NO) production in Gitr'~Apoe "~ BMDMs (Figure 6C-E),
while ROS production was unaltered (Supplementary material on-
line, Figure $18B). Moreover, BMDMs from Gitr '~ mice migrated to a
lower degree than BMDMs from GITR-expressing mice in a transwell
assay (Supplementary material online, Figure S18C). Macrophage
foam cell formation and cytokine secretion are other significant con-
tributors to plaque burden. Though in vitro uptake of acetylated low-
density lipoprotein, and consequently foam cell formation, was simi-
lar between BMDMs from Gitr '"Apoe™'~ and Apoe '~ mice
(Supplementary material online, Figure S18D), Gitr'~Apoe ™~

BMDMs exhibited decreased capacity for chemokine and cytokine
production. Multiplex cytokine analysis revealed decreased levels of
CCL3, CCL4, CXCL2, IL-6, IL-10, and IL-17A in Gitr '~ Apoe ™'~
BMDMs (Supplementary material online, Figure S18E), and qPCR ana-
lysis showed decreased levels of ccr5, ccl5, ccl3, Il-6, and [I-10 in lipo-
polysaccharide (LPS) and IFNy-treated Gitr '~Apoe '~ BMDM:s

= controls, while levels of ccl2, ccl7, ccl4, and

compared to Apoe™
cxcl2 were unaltered (Supplementary material online, Figure S18F).
GITR-deficient macrophages thus exhibited a decreased capacity for

promoting an inflammatory response.

Discussion

Immune checkpoint proteins, especially co-stimulatory proteins from
the TNFRSF, including CD40L-CD40, CD27-CD70, OX40L-OX40,
and CD137-CD137L, are important drivers of atherosclerosis.>*%3¢
Each member impacts atherosclerosis via distinct pathways, ranging
from macrophage or T-cell activation, antibody production to Treg
development. Interventions targeting these molecules have shown to
be promising therapeutic targets for atherosclerosis.>**’

In the present paper, data on human material and experimental
models revealed a prominent role for the co-stimulatory immune
checkpoint protein GITR in atherosclerosis. Not only was GITR ex-
pression higher in carotid plaques from patients with previous cere-
brovascular symptoms, a high plaque GITR content was also
associated with an infllmmatory, vulnerable plaque phenotype.
Moreover, we found that sGITR plasma levels had increased in
patients suffering from CVD when compared to healthy controls. Via
mechanistic studies we discovered that GITR is an important medi-
ator of monocyte recruitment and macrophage migration and activa-
tion, thereby driving atherosclerosis.

The role of GITR in human pathologies has often been related to
T-cells. Increased numbers of GITR-expressing Tregs are observed in
dilated cardiomyopathy,19 SLE,” and rheumatoid arthritis,"* where
numbers of GITR-expressing effector T-cells were also increased."
Surprisingly, activation of GITR via an agonistic antibody caused a de-
crease in Tregs and an enhanced Th1 and Th2 responses in a model
of hapten-induced colitis or experimental autoimmune thyroiditis in

mice,383%

whereas B-cell specific overexpression of GITRL promoted
a Treg response, thereby delaying the onset and severity of experi-
mental autoimmune encephalomyelitis.*® In oncology, treatment
with the agonistic GITR antibody TRX518 also reduced the amount
of Tregs in patients but failed to induce a sufficient anti-tumour re-
sponse. In mice, a similar pattern was seen, and GITR agonism caused
cytolytic T cell exhaustion, which could be overcome by using a com-
bination therapy with PD-1 blockade.*' The fate of T cells upon
GITR triggering thus appears to be heavily context dependent, and
seems to depend on the type of disease, the effector or regulatory T-
cell response, and severity of inflammation (acute vs. chronic).
Interestingly, GITR-deficient mice harboured normal T-cell and B-
cell numbers. Mahmud et al. found that Treg development was col-
lectively driven by TNFRSF members: while deletion of any one
TNFRSF family member alone, including GITR, had only modest
effects on the development of Tregs, neutralization of three or four
members imposed a substantial reduction in the frequency of mature
Tregs.*> These observations may in part explain why deficiency of
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Figure 4 Mitochondrial dysfunction in non-classical monocytes Gitr '~ Apoe
mice identified by IPA (A). Genes of the mitochondrial dysfunction pathway shown as a heatmap with each column representing
mice acquired via IPA downstream effects analysis are shown in (C). Activation Z-
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/-

. Dysregulated canonical pathways in Gitr '~Apoe "~ mice com-

score is calculated by the IPA software and predicts whether a specific function is increased (positive z-score) or decreased (negative z-score) based

on the experimental dataset. Production of reactive oxygen species (ROS) in classical (D) and non-classical (E) blood monocytes from Gitr—'~Apoe
mice as measured via flow cytometry. Statistical comparisons were performed using the unpaired t-test in (D, E). n = 3 mice

~ compared to Apoe '~
in (A—C), and n =5 replicates from a total of three mice in (D, E).

only GITR did not significantly affect T-cell subsets in our GITR-
deficient Apoe ™'~

Although GITR was previously reported to be expressed in plaque
T-cells*? and the proportion of circulating GITR Foxp3™ Tregs was
we found that besides T-cells, GITR
is also expressed in macrophages, vascular SMCs, and the endothe-

mouse model.

increased by statin treatment,43

lium of the arterial wall. We demonstrate in our study that mono-
cyte- and macrophage-expressed GITR have a key role in driving
atherosclerosis—a role that does not rule out, but seemingly out-
weighs parallel (and even opposite) effects that may be occurring in
other cell types such as T-cells. Similar results were observed in a
model of acute pleurisy and pancreatitis, where deficiency of GITR
predominantly reduced the amount of macrophages and neutrophils
in the lungs and pancreas.****

GITR signalling was also ascribed a central role in promoting ex-
pression of ICAM-1 and VCAM-1. GITR-deficient splenocytes adhere
less to endothelial cells, and pre-treatment of the endothelium with
an agonist GITR-Fc fusion protein enhanced the expression of

—/

endothelial ICAM-1 and VCAM-1.* Zymosan induced shock
resulted in a decrease in ICAM-1 expression in lungs and intestines of
GITR™

patients that are cultured with an agonistic GITR antibody express
48

mice.*” Macrophages obtained from rheumatoid arthritis
high levels of ICAM and exhibit increased cell-cell adhesion.
However, we did not observe any decrease in ICAM-1 or VCAM-1
expression in plaques—in the lesion as a whole or specifically in the
endothelial regions—and no decrease in leucocyte adhesion when
GITR is absent in the arterial wall. Therefore, although we found ex-
pression of GITR on the endothelium, these considerations support
our notion that myeloid GITR is a more important driver of
atherosclerosis.

The central role of myeloid GITR in atherogenesis is also affirmed
by the present study, reflected by the lack of any pronounced dysre-
gulation of CD4" T-cells or Tregs in our GITR-deficient Apoe '~
mouse model. Accordingly, no difference in the plaque content
of CD3™ T-cells was observed. Nevertheless, in a previous study
using a transgenic, dyslipidaemic mouse with B-cell-restricted
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Figure 5 Altered leucocyte recruitment in GITR-deficient mice. Adherence to carotid arteries ex vivo was reduced in Gitr '~
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to both GITR*"* and GITR™'~ endothelium (A, Apoe '~

Apoe™'~ leucocytes
cells are red, n =5 mice/10 carotid arteries per group, ex-

periment repeated twice). Flow cytometric analysis showing altered expression of activation markers on classical and non-classical monocytes among

circulating cells in the blood, in the spleen and in the bone marrow in Gitr/~Apoe

—/—

compared to Apoe '~ mice (B, n = 3 mice). Scale bar represents

100 pm. Statistical comparisons were performed using Student’s unpaired t-test (A) or a multiple t-test (B).

overexpression of GITRL, we found that such continuous GITRL-
GITR stimulation between B- and T-cells confers atheroprotection
via regulation of both effector CD4" T-cells and Tregs.” The present
study using a model with global GITR deficiency allowed us to assess
the role of GITR in atherosclerosis in a more physiological system
where effects on all cell types are considered. This approach thus
suggests that GITR activation by antigen-presenting cells other than
B-cells, such as macrophages and DCs, could be most crucial in pro-
moting atherosclerosis. Moreover, the opposite effects shown on
plaque growth further support the idea of distinctive cell-specific
promoted/inhibited by GITR in
Constitutive GITR triggering on T-cells is atheroprotective, most like-

mechanisms atherogenesis.
ly through the effect of enhanced Treg presence. However, as
revealed by our GITR-deficiency mouse model, GITR signalling in leu-
cocytes is required for proper endothelial adhesion in order to initi-
ate plaque growth, a dependency that outweighs the lack of
(suppressive effects from) GITRT Tregs. Intriguingly, this facet of

GITR signalling in driving inflammation proposed by the present study
may also play a role in other inflammatory conditions where GITR
correlates with disease severity.

Itis important to note that the murine and human plaques analysed
in this study feature different stages of atherosclerosis; the murine
plaques have developed over months and correspond to relatively
early lesions, whereas the human plaques have grown over decades
and constitute complex advanced, late stages of the disease including
plaque ruptures (that do not spontaneously occur in mice). We
observed a prominent role for leucocyte GITR in murine athero-
sclerosis strongly affecting leucocyte recruitment and their infiltration
into the atherosclerotic plaque. The elevated GITR content in
rupture-prone plaques in human disease may indicate an additional
role for GITR within the advanced plaque. The variety of correlations
with traditionally inflammatory plaque features—relating to cell
types, cytokines, and plaque components—suggests a role for GITR
in promoting an overall inflammatory plaque profile. Such a role
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Figure 6 RNA sequencing of bone marrow-derived macrophages show mitochondrial dysfunction and altered cell migration. Dysregulated canon-
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Mitochondrial membrane potential (A%¥m, C), mass (D), and nitric oxide (NO) production (E) was decreased in Gitr '~ Apoe

=~ mice compared to

Apoe '~ mice. Statistical comparisons were performed using the unpaired t-test in (C-E). n = 3 mice (A, B). n=4 replicates in (G, D), and n =3 repli-

cates in (E) (each from three mice in total).

could be exerted via effects on activation of plaque macrophages, for
example to promote lipid-uptake, cytokine production, MMP release,
and to affect SMC differentiation and collagen-synthesis. It is import-
ant to note that association does not necessarily indicate causation,
and we cannot exclude the possibility that GITR is upregulated in
rupture-prone plaques due to stimulatory actions from another up-
stream destabilizing effector as part of overall increased inflammatory
response or even as a defence mechanism in ongoing repair attempts.
Finally, while GITRL expression patterns appear similar in humans
and mice, tendencies for multimer formation differ as a result of
structural differences in the human and murine orthologues which
turn affect the multimerization state of GITR.***° Though our results
from both human and murine atherosclerosis indeed seem to imply
similar expression patterns and effects of GITR triggering within the
scope of the current study, minor differences of actions cannot be
excluded.

In conclusion, we have identified GITR as a driving force for leuco-
cyte recruitment in atherosclerosis and found GITR expression to be

associated with plaque vulnerability and cerebrovascular symptoms
in human atherosclerosis. Thus, our data identify GITR as a promising
novel therapeutic target in atherosclerosis. As such, blocking GITR
signalling may attenuate arterial leucocyte recruitment, in turn slow-
ing lesion progression and promoting a plaque phenotype less prone
to be rich in macrophages and destabilizing necrotic regions. As our
data confirm that lack of GITR has a profound effect on monocyte ac-
tivation, no effects were found on T-cell or B-cell numbers or activa-
tion status. This presents an opportunity to develop strategies for
inhibiting GITR through therapeutic intervention while leaving the
adaptive immune system intact. Accordingly, GITR antagonists bear
an imminent potential as safe cardiovascular immunotherapies.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Take home figure Our data reveal a novel role for the immune checkpoint GITR in driving myeloid cell recruitment and activation in athero-
sclerosis, thereby inducing plaque growth and vulnerability in mice. In humans, elevated GITR expression in carotid plaques is associated with a vul-
nerable plaque phenotype and adverse cerebrovascular events. (This figure was created in part using templates modified from Servier Medical Art
(Mountain View, CA, USA, www.servier.com, licensed under a Creative Commons Attribution 3.0 Unported Licence).

Acknowledgements

The authors would like to thank Linda Beckers, Myrthe den Toom,
Kikkie Poels, Sigrid Reim, Yvonne Janssen, Mihaela Nitulescu, Lena
Sundius, Ana Persson, Pratibha Singh for excellent technical support.
Christian Weber is a Van de Laar professor of atherosclerosis. Flow
cytometry experiments on human tissue were performed at the
LUDC-Flow Cytometry Core Facility and was supported by the
Swedish Research Council, Strategic Research Area Exodiab (Dnr
2009-1039), and by the Swedish Foundation for Strategic Research
(Dnr IRC15-0067).

Funding

The Swedish Heart and Lung Foundation (20150325, 20140206,
20180056 to AS., 20170333, 20140327, 20140078 to I.G., 20170437 to
AE); the Swedish Research Council (2015-00497 to A.S., 2015-02523 to
I.G.); Skanes University Hospital (2019-0000032 to I.G.); Southern
Sweden Regional Research Funding (REGSKANE-633571 to |G);
Sparbanks Fdrs and Frosta Foundation (V2016/405 to I.G.); Diabetes
Foundation (DIA2017-242 to 1.G.), and The Swedish Society for Medical
Research (A.E). We also acknowledge the support from the Netherlands
CardioVascular Research Initiative: the Dutch Heart Foundation, Dutch
Federation of University Medical Centres, the Netherlands Organization
for Health Research, and Development and the Royal Netherlands

Academy of Sciences for the GENIUS-II project ‘Generating the best
evidence-based pharmaceutical targets for atherosclerosis’ (CVON2017-
20 to EL, MdW, ]B), the Deutsche Forschungsgemeinschaft (CRC
1123 to DA, EL, N.G, RM,, CW.); the Netherlands Organization for
Scientific Research (NWO) (VICI grant to E.L); the EU (Horizon 2020,
REPROGRAM to EL., M.d.W.); the European Research Council (ERC
consolidator grant to EL, ERC advanced grant to CW.); and the
Fondation Leducq Transatlantic Network Grant (16CVDO1 to M.d.W.).

Conflict of interest: none declared.

References
1. Ridker PM, Everett BM, Thuren T, MacFadyen ]G, Chang WH, Ballantyne C,
Fonseca F, Nicolau J, Koenig W, Anker SD, Kastelein JJP, Cornel JH, Pais P, Pella
D, Genest J, Cifkova R, Lorenzatti A, Forster T, Kobalava Z, Vida-Simiti L, Flather
M, Shimokawa H, Ogawa H, Dellborg M, Rossi PRF, Troquay RPT, Libby P,
Glynn RJ, Group CT. Antiinflammatory therapy with canakinumab for athero-
sclerotic disease. N Engl | Med 2017;377:1119-1131.

. Tabas |, Lichtman AH. Monocyte-macrophages and T cells in atherosclerosis.
Immunity 2017;7:621-634.

. Winkels H, Meiler S, Smeets E, Lievens D, Engel D, Spitz C, Burger C, Rinne P,
Beckers L, Dandl A, Reim S, Ahmadsei M, Van den Bossche J, Holdt LM, Megens
RT, Schmitt M, de Winther M, Biessen EA, Borst |, Faussner A, Weber C,
Lutgens E, Gerdes N. CD70 limits atherosclerosis and promotes macrophage
function. Thromb Haemost 2017;117:164-175.

4. Back M, Weber C, Lutgens E. Regulation of atherosclerotic plague inflammation.
J Intern Med 2015;278:462-482.



GITR drives atherosclerosis through leucocyte recruitment

2948a

vl

o

focl

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Kusters PJH, Lutgens E, Seijkens T. Exploring immune checkpoints as potential

therapeutic targets in atherosclerosis. Cardiovasc Res 2018;114:368-377.

. Rouwet E, Lutgens E. 2016 Jeffrey M. Hoeg award lecture: immune checkpoints

in atherosclerosis: toward immunotherapy for atheroprotection. Arterioscler
Thromb Vasc Biol 2018.

. Nocentini G, Giunchi L, Ronchetti S, Krausz LT, Bartoli A, Moraca R, Migliorati

G, Riccardi C. A new member of the tumor necrosis factor/nerve growth factor
receptor family inhibits T cell receptor-induced apoptosis. Proc Natl Acad Sci USA
1997,94:6216-6221.

. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of

CD25(+)CDA4(+) regulatory T cells through GITR breaks immunological self-
tolerance. Nat Immunol 2002;3:135-142.

. Liao G, Detre C, Berger SB, Engel P, de Waal Malefyt R, Herzog RW, Bhan AK,

Terhorst C. Glucocorticoid-induced tumor necrosis factor receptor family-
related protein regulates CD4(+)T cell-mediated colitis in mice. Gastroenterology
2012;142:582-591 e8.

. Nocentini G, Ronchetti S, Cuzzocrea S, Riccardi C. GITR/GITRL: more than an

effector T cell co-stimulatory system. Eur | Immunol 2007;37:1165-1169.

. Tone M, Tone Y, Adams E, Yates SF, Frewin MR, Cobbold SP, Waldmann H.

Mouse glucocorticoid-induced tumor necrosis factor receptor ligand is costimu-
latory for T cells. Proc Natl Acad Sci USA 2003;100:15059—15064.

. Nardelli B, Zaritskaya L, McAuliffe W, Ni Y, Lincoln C, Cho YH, Birse CE,

Halpern W, Ullrich S, Moore PA. Osteostat/tumor necrosis factor superfamily
18 inhibits osteoclastogenesis and is selectively expressed by vascular endothelial
cells. Endocrinology 2006;147:70-78.

. Krausz LT, Bianchini R, Ronchetti S, Fettucciari K, Nocentini G, Riccardi C.

GITR-GITRL  system, a novel
ScientificWorldjournal 2007;7:533-566.

player in shock and inflammation.

. Han GM, O’Neil-Andersen NJ, Zurier RB, Lawrence DA. CD4+CD25high T cell

numbers are enriched in the peripheral blood of patients with rheumatoid arth-
ritis. Cell Immunol 2008;253:92-101.

. Hu S, Xiao W, Kong F, Ke D, Qin R, Su M. Regulatory T cells and their molecular

markers in peripheral blood of the patients with systemic lupus erythematosus. |
Huazhong Univ Sci Technolog Med Sci 2008;28:549-552.

. Sun J, Yu N, Li X, Wang L, Pan Y, Li X, Tao J, Chen Z, Wang G. Aberrant GITR

expression on different T cell subsets and the regulation by glucocorticoid in sys-
temic lupus erythematosus. Int | Rheum Dis 2016;19:199-204.

. Mesquita D Jr, Cruvinel WM, Araujo JA, Salmazi KC, Kallas EG, Andrade LE.

Imbalanced expression of functional surface molecules in regulatory and effector
T cells in systemic lupus erythematosus. Braz | Med Biol Res 2014;47:662—669.

. Gan X, Feng X, Gu L, Tan W, Sun X, Lv C, Zhang M. Correlation of increased

blood levels of GITR and GITRL with disease severity in patients with primary
Sjogren’s syndrome. Clin Dev Immunol 2013;2013:1-9.

. Pistulli R, Konig S, Drobnik S, Kretzschmar D, Rohm |, Lichtenauer M,

Fritzenwanger M, Mall G, Mall G, Figulla HR, Yilmaz A. Decrease in dendritic cells
in endomyocardial biopsies of human dilated cardiomyopathy. Eur | Heart Fail
2013;15:974-985.

Kim W], Kang Y], Suk K, Park JE, Kwon BS, Lee WH. Comparative analysis of the
expression patterns of various TNFSF/TNFRSF in atherosclerotic plaques.
Immunol Invest 2008;37:359-373.

Kim WJ, Bae EM, Kang Y], Bae HU, Hong SH, Lee JY, Park JE, Kwon BS, Suk K,
Lee WH. Glucocorticoid-induced tumour necrosis factor receptor family related
protein (GITR) mediates inflammatory activation of macrophages that can desta-
bilize atherosclerotic plaques. Immunology 2006;119:421-429.

de Boer OJ, van der Meer JJ, Teeling P, van der Loos CM, van der Wal AC. Low
numbers of FOXP3 positive regulatory T cells are present in all developmental
stages of human atherosclerotic lesions. PLoS One 2007;2:e779.

Meiler S, Smeets E, Winkels H, Shami A, Pascutti MF, Nolte MA, Beckers L,
Weber C, Gerdes N, Lutgens E. Constitutive GITR activation reduces athero-
sclerosis by promoting regulatory CD4+ T-cell responses-brief report.
Arterioscler Thromb Vasc Biol 2016;36:1748-1752.

Shiomi M, Ito T, Hirouchi Y, Enomoto M. Fibromuscular cap composition is im-
portant for the stability of established atherosclerotic plaques in mature WHHL
rabbits treated with statins. Atherosclerosis 2001;157:75-84.

Hartwig H, Silvestre-Roig C, Hendrikse ], Beckers L, Paulin N, Van der Heiden K,
Braster Q, Drechsler M, Daemen M, Lutgens E, Soehnlein O. Atherosclerotic
plaque destabilization in mice: a comparative study. PLoS One 2015;10:e0141019.
Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden
coronary death: a comprehensive morphological classification scheme for ath-
erosclerotic lesions. Arterioscler Thromb Vasc Biol 2000;20:1262-1275.

Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R, Pittet M).
Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and
give rise to macrophages in atheromata. | Clin Invest 2007;117:195-205.

Robbins CS, Chudnovskiy A, Rauch PJ, Figueiredo JL, Iwamoto Y, Gorbatov R,
Etzrodt M, Weber GF, Ueno T, van Rooijen N, Mulligan-Kehoe M, Libby P,
Nahrendorf M, Pittet M), Weissleder R, Swirski FK. Extramedullary

29.

30.

31.

32

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

hematopoiesis generates Ly-6C(high) monocytes that infiltrate atherosclerotic
lesions. Circulation 2012;125:364-374.

Tacke F, Alvarez D, Kaplan T), Jakubzick C, Spanbroek R, Llodra J, Garin A, Liu J,
Mack M, van Rooijen N, Lira SA, Habenicht A}, Randolph GJ. Monocyte subsets
differentially employ CCR2, CCR5, and CX3CR1 to accumulate within athero-
sclerotic plaques. J Clin Invest 2007;117:185-194.

Lutgens E, Gorelik L, Daemen MJ, de Muinck ED, Grewal IS, Koteliansky VE,
Flavell RA. Requirement for CD154 in the progression of atherosclerosis. Nat
Med 1999;5:1313-1316.

Lutgens E, Cleutjens KB, Heeneman S, Koteliansky VE, Burkly LC, Daemen M].
Both early and delayed anti-CD40L antibody treatment induces a stable plaque
phenotype. Proc Natl Acad Sci USA 2000;97:7464-7469.

Lutgens E, Lievens D, Beckers L, Wijnands E, Soehnlein O, Zernecke A, Seijkens
T, Engel D, Cleutjens ], Keller AM, Naik SH, Boon L, Oufella HA, Mallat Z,
Ahonen CL, Noelle R], de Winther MP, Daemen M, Biessen EA, Weber C.
Deficient CD40-TRAF6 signaling in leukocytes prevents atherosclerosis by skew-
ing the immune response toward an antiinflammatory profile. | Exp Med 2010;
207:391-404.

Seijkens TTP, van Tiel CM, Kusters PJH, Atzler D, Soehnlein O, Zarzycka B, Aarts
S, Lameijer M, Gijbels M), Beckers L, den Toom M, Slutter B, Kuiper J, Duchene J,
Aslani M, Megens RTA, van ‘t Veer C, Kooij G, Schrijver R, Hoeksema MA, Boon L,
Fay F, Tang |, Baxter S, Jongejan A, Moerland PD, Vriend G, Bleijlevens B, Fisher
EA, Duivenvoorden R, Gerdes N, de Winther MP), Nicolaes GA, Mulder WM,
Weber C, Lutgens E. Targeting CD40-induced TRAF6 signaling in macrophages
reduces atherosclerosis. | Am Coll Cardiol 2018;71:527-542.

Foks AC, van Puijvelde GH, Bot |, ter Borg MN, Habets KL, Johnson JL, Yagita H,
van Berkel TJ, Kuiper J. Interruption of the OX40-OX40 ligand pathway in LDL
receptor-deficient mice causes regression of atherosclerosis. | Immunol 2013;
191:4573-4580.

. Olofsson PS, Séderstrom L3, WAgséter D, Sheikine Y, Ocaya P, Lang F, Rabu C,

Chen L, Rudling M, Aukrust P, Hedin U, Paulsson-Berne G, Sirsjé A, Hansson GK.
CD137 is expressed in human atherosclerosis and promotes development of pla-
que inflammation in hypercholesterolemic mice. Circulation 2008;117:1292-1301.
Winkels H, Meiler S, Lievens D, Engel D, Spitz C, Burger C, Beckers L, Dandl A,
Reim S, Ahmadsei M, Hartwig H, Holdt LM, Hristov M, Megens RTA, Schmitt
MM, Biessen EA, Borst J, Faussner A, Weber C, Lutgens E, Gerdes N. CD27 co-
stimulation increases the abundance of regulatory T cells and reduces athero-
sclerosis in hyperlipidaemic mice. Eur Heart | 2017;38:3590-3599.

Lameijer M, Binderup T, van Leent MMT, Senders ML, Fay F, Malkus J, Sanchez-
Gaytan BL, Teunissen AJP, Karakatsanis N, Robson P, Zhou XX, Ye YX,
Wojtkiewicz G, Tang J, Seijkens TTP, Kroon J, Stroes ESG, Kjaer A, Ochando J,
Reiner T, Perez-Medina C, Calcagno C, Fisher EA, Zhang B, Temel RE, Swirski
FK, Nahrendorf M, Fayad ZA, Lutgens E, Mulder WJM, Duivenvoorden R.
Efficacy and safety assessment of a TRAF6-targeted nanoimmunotherapy in ath-
erosclerotic mice and non-human primates. Nat Biomed Eng 2018;2:623-623.

Lee SK, Choi BK, Kim YH, Kang W, Kim KH, Sakaguchi S, Suh JH, Kim TY, Kwon
BS. Glucocorticoid-induced tumour necrosis factor receptor family-related re-
ceptor signalling exacerbates hapten-induced colitis by CD4+ T cells.
Immunology 2006;119:479-487.

Morris GP, Kong YC. Interference with CD4-+CD25+ T-cell-mediated tolerance
to experimental autoimmune thyroiditis by glucocorticoid-induced tumor necro-
sis factor receptor monoclonal antibody. | Autoimmun 2006;26:24-31.

van Olffen RW, Koning N, van Gisbergen KP, Wensveen FM, Hoek RM, Boon L,
Hamann J, van Lier RA, Nolte MA. GITR triggering induces expansion of both ef-
fector and regulatory CD4+ T cells in vivo. | Immunol 2009;182:7490-7500.
Zappasodi R, Sirard C, Li Y, Budhu S, Abu-Akeel M, Liu C, Yang X, Zhong H,
Newman W, Qi ], Wong P, Schaer D, Koon H, Velcheti V, Hellmann MD,
Postow MA, Callahan MK, Wolchok D, Merghoub T. Rational design of anti-
GITR-based combination immunotherapy. Nat Med 2019;25:759-766.

Mahmud SA, Manlove LS, Schmitz HM, Xing Y, Wang Y, Owen DL, Schenkel JM,
Boomer JS, Green JM, Yagita H, Chi H, Hogquist KA, Farrar MA. Costimulation
via the tumor-necrosis factor receptor superfamily couples TCR signal strength
to the thymic differentiation of regulatory T cells. Nat Immunol 2014;15:473—-481.
Rodriguez-Perea AL, Montoya CJ, Olek S, Chougnet CA, Velilla PA. Statins in-
crease the frequency of circulating CD4+ FOXP3+ regulatory T cells in healthy
individuals. | Immunol Res 2015;2015:1-8.

Cuzzocrea S, Nocentini G, Di Paola R, Agostini M, Mazzon E, Ronchetti S,
Crisafulli C, Esposito E, Caputi AP, Riccardi C. Proinflammatory role of
glucocorticoid-induced TNF receptor-related gene in acute lung inflammation. J
Immunol 2006;177:631-641.

Galuppo M, Nocentini G, Mazzon E, Ronchetti S, Esposito E, Riccardi L, Sportoletti
P, Di Paola R, Bruscoli S, Riccardi C, Cuzzocrea S. The glucocorticoid-induced TNF
receptor family-related protein (GITR) is critical to the development of acute pan-
creatitis in mice. Br | Pharmacol 2011;162:1186-1201.

Lacal PM, Petrillo MG, Ruffini F, Muzi A, Bianchini R, Ronchetti S, Migliorati G,
Riccardi C, Graziani G, Nocentini G. Glucocorticoid-induced tumor necrosis



2948b

A. Shami et al.

47.

48.

factor receptor family-related ligand triggering upregulates vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1 and promotes leukocyte adhe-
sion. J Pharmacol Exp Ther 2013;347:164-172.

Galuppo M, Nocentini G, Mazzon E, Ronchetti S, Esposito E, Riccardi L, Di Paola
R, Bruscoli S, Riccardi C, Cuzzocrea S. GITR gene deletion and GITR-FC soluble
protein administration inhibit multiple organ failure induced by zymosan. Shock
2011;36:263-271.

Bae E, Kim W], Kang YM, Suk K, Koh EM, Cha HS, Ahn KS, Huh TL, Lee WH.
Glucocorticoid-induced tumour necrosis factor receptor-related protein-

49.

50.

mediated macrophage stimulation may induce cellular adhesion and cytokine ex-
pression in rheumatoid arthritis. Clin Exp Immunol 2007;148:410—418.
Chattopadhyay K, Ramagopal UA, Nathenson SG, Almo SC. A structure of mur-
ine GITR ligand dimer expressed in Drosophila melanogaster S2 cells. Acta
Crystallogr D Biol Crystallogr 2009;65:434—439.

Nocentini G, Ronchetti S, Petrillo MG, Riccardi C. Pharmacological modulation
of GITRL/GITR system: therapeutic perspectives. Br | Pharmacol 2012;165:
2089-2099.



	tblfn1

