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Chapter 4

Abstract

Increasing evidence has shown that immune checkpoint molecules of the T-cell im-
munoglobulin and mucin domain (TIM) family are associated with diverse physiologic
and pathologic processes. Previous studies of the role of TIM-1 in atherosclerosis
using anti-TIM-1 antibodies have yielded contradictory results. We thus aimed to
investigate atherosclerosis development in TIM-1 deficient mice. In this study, mice
with a specific loss of the TIM-1 mucin-domain (TIM-12™") were used. Introduc-
tion of atherosclerosis in TIM-12™¢" and C57BL/6 (WT) mice was performed with
a single injection of a recombinant adeno-associated virus encoding murine PCSK9
(rAAV2/8-D377Y-mPCSK?9). Subsequently mice were fed a Western type diet for 13
weeks and atherosclerosis development was quantified. TIM-12™" mice developed
significantly larger lesions in the aortic root and arch compared to WT mice. These
lesions were composed of significantly more macrophages and showed a trend
towards a larger necrotic core. The exacerbated atherosclerosis in TIM-12™" mice
was associated with a significant loss of IL-10" B cells and regulatory B cell subsets
compared to WT mice. TIM-12™" mjce also showed an increase in splenic and
circulating leukocytes compared to WT mice, which was caused by an increase in B
and CD4" T cells in the spleen, while no specific leukocyte population was changed
in the circulation. Splenic CD4" T cell activation was not affected, but TIM-14mu
mice showed decreased CD4" T cell differentiation as measured by an increased
number of naive CD4" T cells. TIM-12™" mice also displayed a dramatic reduction in
Th2-associated immune response compared to controls but no changes in humoral
immune response. In summary, TIM-12™" mice displayed a profound impairment in
IL-10" B cells and an imbalance in the Th1/Th2 ratio, which associated with exacer-
bated atherosclerosis.
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TIM-1 mucin domain-mutant mice display exacerbated atherosclerosis

Introduction

Regulation of immune responses represents a promising option for the treatment
of atherosclerosis®. Activation of the immune system is tightly controlled by im-
mune checkpoint proteins and these molecules comprise an interesting group of
therapeutic targets?. Immune checkpoint proteins are comprised of a diverse fam-
ily of molecules, each with its own target cells and pathways. In general, immune
checkpoint proteins are divided into stimulatory or inhibitory coreceptors, which
are often associated with a proatherogenic and atheroprotective role, respectively?
Earlier data show that immune checkpoint molecules of the T-cell immunoglobulin
and mucin domain (TIM) family are associated with a number of disorders including
asthma, allergy and autoimmunity®. Eight murine members of the TIM gene family
have been identified (TIM1-8), while in humans only three orthologues have been
characterized (TIM1, -3, and -4). Structurally, TIM molecules are composed of an
immunoglobulin V domain, a mucin-like domain, a transmembrane domain and a
cytoplasmic tail®. There are distinct ligands for each TIM protein, however, there
is some overlap between TIM-1 and TIM-4 since both molecules are able to bind
phosphatidylserine which is expressed by apoptotic cells*. Additionally, it has been
shown that TIM-4 is able to interact with TIM-1 as a ligand®. The cellular expression
pattern of TIM proteins is quite broad, including T cells, B cells, macrophages and
dendritic cells (DCs), highlighting the central role TIM molecules can play in the
immune response.

We have previously explored the effects of TIM-1, TIM-3 and TIM-4 in atherosclero-
sis®” and identified that antibody-mediated blockade of any of these TIM molecules
results in exacerbated atherosclerosis, indicating a general protective role of TIM-
signaling in atherosclerosis®’. In contrast, others have recently shown that by using a
different antibody clone, TIM-1 antagonism resulted in attenuated atherosclerosis®.
TIM-1 is an immune checkpoint protein which is primarily expressed on CD4" helper
type 2 cells?, dendritic cells and regulatory B cells™. Principal studies suggested that
TIM-1 is a stimulatory coreceptor since it induced T cell proliferation and cytokine
production’. Later studies, however, showed that TIM-1 has a more complex im-
mune checkpoint function®!*. It has been demonstrated that the administration of
low doses of a soluble TIM-1 ligand (TIM-4) results in significant T cell inhibition,
while higher doses increase T cell proliferation®. Additionally, it was shown that dif-
ferential engagement by two TIM-1 antibodies could result in T cell expansion or
inhibiton!. These data clearly demonstrate that TIM-1 signaling is highly dependent
on ligand density and the extent of TIM-1 engagement>*%. This could potentially ex-
plain the differential effects of antagonistic TIM-1 antibodies on atherosclerosis®®.
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Indeed, the anti-TIM-1 antibody used by Hosseini et al. (RMT1-10) has a low binding
avidity and might be partial agonistic'!, while the antibody used in our previous
experiments (3D10) is described as a non-activating antibody*2.

The contradictory results obscure the precise contribution of TIM-1 during
atherosclerosis development and warrant additional research. To circumvent the
complexities associated with antibody binding avidity and functionality, we aimed
to examine the effects of TIM-1 in atherosclerosis using TIM-1-deficient mice.
Earlier work showed that complete TIM-1 deficiency fails to show any marked
phenotype™'*. However, others have previously shown that the mucin domain of
TIM-1 has a crucial biological function in TIM-1 signalling™. Mice with a specific loss
of the TIM-1 mucin-domain (TIM-14™" retain the ligand binding IgV structure and
express TIM-1 at normal levels. These mice do demonstrate a profound defect in
regulatory B cells with associated development of systemic autoimmunity®. In this
study, we thus examined the effect of defective TIM-1 signaling in TIM-1%™" mice
on atherosclerosis.

Material and methods

Animals

Female C57BL/6 (WT) and TIM-1-mucin domain-deficient (TIM-12™" mice®® were
bred in house and were kept under standard laboratory conditions. TIM-12™" mjce
were provided by Dr. V. Kuchroo (Brigham and Women’s Hospital). Mice were fed
a Western-type diet (WTD) containing 0.25% cholesterol and 15% cocoa butter
(Special Diet Services, Witham, Essex, UK). Diet and water were provided ad libitum.
During the experiments, mice were weighed, and blood samples were obtained by
tail vein bleeding. At the end of experiments, mice were anaesthetized by a subcuta-
neous injection of a cocktail containing ketamine (40 mg/mL), atropine (50 pug/mL),
and sedazine (6.25 mg/mL). Mice were exsanguinated by femoral artery transection
followed by perfusion with PBS through the left cardiac ventricle. All animal work
was approved by the Leiden University Animal Ethics Committee and the animal
experiments were performed conform the guidelines from Directive 2010/63/EU of
the European Parliament on the protection of animals used for scientific purposes.

PCSK9-induced atherosclerosis

To induce atherosclerosis in WT and TIM-12™" mice, 8-9 week old female mice were
administered a single i.v. injection of rAAV2/8-D377Y-mPCSK9 (5x10% genome
copies/mouse). This results in the rapid overexpression of proprotein convertase
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subtilisin/kexin type 9 (PCSK9) and a significant decrease in hepatic low-density
lipoprotein receptor (LDLR)™. For atherosclerosis development, mice were subse-
quently fed a WTD for 13 weeks before mice were sacrificed and relevant organs
were harvested for analysis.

Flow cytometry

For the analysis of IL-10" B cells, single cell suspensions were stimulated for 5
hours with LPS (50 pg/ml), PMA (50 ng/ml), ionomycin (500 ng/ml) and monensin
(2 uM). Secretion of cytokines by T cells was induced with stimulation of PMA,
ionomycin and brefeldin A (5 ug/ml). For flow cytometry analysis, Fc receptors of
single cell suspensions were blocked with an unconjugated antibody against CD16/
CD32. Samples were then stained with a fixable viability marker (ThermoScientific)
to select live cells and with anti-mouse fluorochrome-conjugated antibodies (see
Supplementary Table 1). FACS analysis was performed on a FACSCanto Il (Becton
Dickinson) and the acquired data were analyzed using FlowJo software.

Proliferation assay

To measure T cell proliferation, 2x10° splenocytes were cultured in RPMI medium
(supplemented with 10% FCS, L-glutamine and streptomycin/penicillin) for 72h.
Cells were cultured with medium, oxidized low-density lipoprotein (oxLDL, 5 pg/ml)
or stimulated with anti-CD3 (1.25 ug/ml) and anti-CD28 (1.25 pg/ml). Supernatant
was harvested for cytokine analysis before splenocytes were pulsed with 3H-thy-
midine (0.5 uCi/well, Perkin Elmer, The Netherlands) for the last 16h. The amount
of 3H-thymidine incorporation was measured using a liquid scintillation analyzer
(Tri-Carb 2900R). Responses are expressed as the disintegrations per minute (DPM).

Cytokine determination

Cytokine levels in culture supernatants were measured using a Luminex bead-based
multiplex assay (ProcartaPlex, Thermo Fisher Scientific) on a Luminex Instrument
(MAGPIX). Recombinant cytokine standards (Thermo Fisher Scientific) were used to
calculate cytokine concentrations and data were analyzed using Bio-Rad software.

Blood and serum analyses

During the experiment, blood was collected from the tail vein. After euthanasia,
orbital blood was collected in EDTA-coated tubes. Whole blood cell counts were
analyzed using the XT-2000iV hematology analyzer (Sysmex Europe GMBH, Nor-
derstedt, Germany). Serum was acquired by centrifugation and stored at -20°C until
further use. The total cholesterol levels in serum were determined using enzymatic
colorimetric procedures (Roche/Hitachi, Mannheim, Germany). Precipath (Roche/
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Hitachi) was used as an internal standard. Total serum titers of IgM, IgG1, IgG2c and
oxidized LDL-specific antibodies were quantified by ELISA as previously described?’.
Serum levels of PCSK9 were measured by ELISA according to manufactures protocol
(R&D systems).

Histology

To determine lesion size, cryosections (10 um) of the aortic root and aortic arch
were stained with Qil-Red-O and hematoxylin (Sigma-Aldrich). Sections with the
largest lesion plus four flanking sections were analyzed for lesion size. Collagen
content in the lesion was assessed with a Masson’s trichrome staining according
to the manufacturers protocol (Sigma-Aldrich). Corresponding sections on separate
slides were also stained for monocyte/macrophage content using a monoclonal rat
1gG2b antibody (MOMA-2, 1:1000, AbD Serotec) followed by a goat anti-rat IgG-
horseradish peroxidase antibody (1:100, Sigma-Aldrich) and color development. All
slides were analyzed with a Leica DM-RE microscope and LeicaQwin software (Leica
Imaging Systems).

Statistics

All data are expressed as mean £ SEM. Data were tested for significance using a Stu-
dent’s t-test. Probability values of p < 0.05 were considered significant. All statistical
analysis was performed using GraphPad Prism 7.0.

Results

TIM-1""“" mice display exacerbated atherosclerosis
Since we aimed to investigate the effects of impaired TIM-1 signaling in the context

of atherosclerosis, we administered TIM-12mucn

mice a single injection of a recombi-
nant adeno-associated virus encoding for a gain-of-function for PCSK9 (rAAV2/8-
D377Y-mPCSK9)*. This resulted in the rapid induction of circulating PCSK9 (Fig.
S1A) and cholesterol (Fig. S1B) levels after mice were fed a WTD. Despite a signifi-
cant lower body weight at the time of sacrifice (Fig. S1C), we found that TIM-14mu
mice showed a considerable increase in lesion development (Fig. 1A). We further
characterized lesion composition and noticed that the macrophage content was
significantly increased in lesions from TIM-12™9" mice compared to WT mice (Fig.
1B). Additionally, there were no differences in collagen content, but we found a
trend towards a larger necrotic core area in lesions of TIM-12™" mjce compared
to WT mice (Fig. 1C). We also analyzed lesion development in the aortic arch and
found a dramatic increase in lesion size in TIM-12™" mice compared to WT mice
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(Fig. 1D). These data clearly indicate that TIM-12™" mice developed exacerbated
atherosclerosis.
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Figure 1. TIM-12™4" mice display exacerbated atherosclerosis. C57BL/6 (WT) and TIM-1-mucin do-
main-deficient (TIM-12™4") mice were administered a single i.v. injection of rAAV2/8-D377Y-mPCSK9
and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. After 13 weeks the
aortic root was analyzed for (A) lesion size, which was determined with an Qil-Red-O and hematoxylin
staining, (B) macrophage/monocyte content, which was determined with a MOMA-2 antibody and
(C) collagen content and necrotic area, which were assessed using a Trichrome staining. (D) The aortic
arch was analyzed for lesion size, which was determined with an Oil-Red-O and hematoxylin staining.
Representative pictures are shown. Data are shown as mean + SEM (**p<0.01), n=12-19/group for
A-C and n=5-6/group for D.
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TIM-1""™“" mice show impaired IL-10 production by Bregs

In a previous study, it was demonstrated that the major impairment in TIM
mice is defective IL-10 production by B cells®®. To assess if reduced IL-10-producing
B cells (Bregs) could have contributed to the increased lesion development in our
experiment, we measured circulating IL-10-producing B cells during the experiment.
As shown in Figure 2A, IL-10" B cells were reduced in TIM-12™" mjce compared to
WT mice which reached significance at week 3 and 8. Additionally, the area under
the curve showed that the total presence of circulating Bregs during the experiment
14muein mice compared to WT mice (Fig. 2B). Sub-

1Amucin
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was significantly reduced in TIM-
sequently, we found a significant reduction of Breg cells in spleens of TIM-
mice at sacrifice (Fig. 2C). Furthermore, we determined the level of well-known Breg
subsets CD1d"CD5* B cells'® and CD9" B cells**?° and found that these subsets were

1™ mice when compared to levels in WT mice (Fig. 2D
15,21

significantly lower in TIM-
and 2E). Since TIM-1 is also an important Breg marker
of TIM-1* B cells, and found these cells were significantly decreased in TIM-14™u"
mice compared to WT mice (Fig. 2F). These findings highlight that during atheroscle-
rosis development, TIM-12™" mice display an impaired IL-10 production by Bregs.
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Figure 2. TIM-12™"" mice show impaired IL-10 production by Bregs. C57BL/6 (WT) and TIM-1-mucin
domain-deficient (TIM-1%™4") mice were administered a single i.v. injection of rAAV2/8-D377Y-mPC-
SK9 and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. (A) During the
experiment, blood samples were obtained and single cell suspensions of blood leukocytes were stimu-
lated for 5 hours with LPS, PMA, ionomycin and monensin after which the IL-10 positive B cells were
determined with flow cytometry. (B) Quantification of the area-under-the curve of circulating IL-10"
B cells during the experiment. After 13 weeks, the number of (C) IL-10" B cells, (D) CD1d"CD5" B cells,
(E) CD9" B cells and (F) TIM-1" B cells were determined in the spleen with flow cytometry. Data are
shown as mean + SEM (*p<0.05, **p<0.01, ****p<0.0001) and n=5-8/group.
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Increased viable leukocytes in TIM-1™" mice

Deficiencies in IL-10-producing B cells have previously been shown to induce an
activated immune phenotype®. We examined if the development of atherosclero-
sis in TIM-12™" mijce led to a similar activation of the immune system. We first
measured spleen weight (Fig. 3A) and the total number of spleen cells (Fig. 3B) and
did not find differences between WT and TIM-12™" mjce. TIM-1 is involved in the
recognition of apoptotic cells?? and flow cytometry experiments displayed a consis-
tent increase in the percentage of viable white blood cells both in the spleen and
circulation of TIM-12™4" mice compared to WT mice (Fig. 3C). We further examined
if specific leukocyte populations were increased, which revealed that the number of
splenic CD4" T cells and CD19" B cells were significantly increased, while CD11b*
leukocytes and dendritic cells were markedly decreased in the spleen of TIM-14mun
mice compared to WT mice (Fig. 3D). Analysis of circulating cells revealed a similar
phenotype with increased CD19" B cells and a percentage of circulating monocytes
(Fig. 3E).
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Figure 3. Increased viable leukocytes in TIM-12™<" mice. At sacrifice, (A) spleens of C57BL/6 (WT)
and TIM-1-mucin domain-deficient (TIM-14™") mice were weighed and (B) the total number of sple-
nocytes were analyzed with a Sysmex hematolyzer. Using flow cytometry the percentage white bloods
cells negative for Fixable Viability Dye (FVD) were assessed (C). Specific leukocyte populations in the
(D) spleen and (E) circulation were determined. Data are shown as mean = SEM (*p<0.05, **p<0.01,
***p<0.001) and n=5-8/group.
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CD4" T cell differentiation but not activation is affected in TIM-1*™“" mice

To investigate if the increase in splenic CD4" T cells was due to enhanced CD4*
T cell activation, we first assessed the expression of CD69 and the proliferation
marker Ki-67 in CD4" T cells. This, however, did not reveal any (statistical significant)
differences between the different mice phenotypes (Fig. S2). Next, we isolated sple-
nocytes and performed an ex vivo proliferation assay. Irrespective of the stimulus
used (i.e. oxLDL or anti-CD3/anti-CD28), splenocytes from WT and TIM-14mucin
mice showed a comparable proliferation (Fig. S3). Similarly, levels of IL-2 in the
supernatants of anti-CD3/anti-CD28 stimulated splenocytes did not differ between
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Figure 4. CD4" T cell response in TIM-12™" mice. At sacrifice, splenocytes of C57BL/6 (WT) and
TIM-1-mucin domain-deficient (TIM-1%™<") mice were analyzed with flow cytometry to determine
the number of (A) naive (CD62I"*CD44") and effector memory (CD62I"CD44") CD4" T cells and (B) Th1
(T-bet™), Th2 (Gata-3"), Treg (CD25*FoxP3*), Th17 (RORyt") CD4" T cells. (C) Single cell suspensions of
splenocytes were stimulated for 5 hours with PMA, ionomycin and Brefeldin A after which intracel-
lular IFNYy and IL-4 was measured and the ratio between IFNy* and IL-4* CD4" T cells was determined.
(D) Splenocytes were cultured in RPMI medium and stimulated with anti-CD3 (1.25 pg/ml) and anti-
CD28 (1.25 ug/ml). After 72 hours, supernatant was harvested and analyzed with a multiplex assay
for Th2-associated cytokines. Data are shown as mean + SEM (*p<0.05, **p<0.01, ***p<0.001) and
n=5-8/group.
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WT and TIM-1%™4" mjce (Fig. S3). These data suggest that the activation of CD4*
T cells in TIM-12™" mice was not affected during atherosclerosis development. We
subsequently tested whether the differentiation of CD4" T cells was altered, since
TIM-1 appears to be primarily involved in Th2 responses®?®
of TIM-12™9" mjce contained significantly more naive CD4" T cells compared to

. We noticed that spleens

spleens of WT mice (Fig. 4A), while no difference was found in the number of effec-
tor memory CD4" T cells. More detailed analysis of the CD4" T cell subsets showed
that TIM-12™" mice demonstrated a significant decrease in the number of Th1 and
Th17 cells compared to WT mice, with an even more remarkable decrease in the
number of Th2 cells (Fig. 4B). Subsequently, we used a five hour ex vivo stimulation
with PMA and ionomycin to determine cytokine production by CD4" T cells from
WT and TIM-12™9" mice. While we did not find any differences between TIM-14mu"
and WT mice in IFNy, IL-4 or IL-10 production with flow cytometry (Fig. S4), we
noticed a significant shift in the IFNy/IL-4 ratio indicating a reduced Th2-response
(Fig. 4C). We wanted to further investigate this effect and measured additional
cytokines in the culture supernatants of our ex vivo proliferation assay. In line with
a reduced Th2-response, we did not observe any differences in Thl-, Th17- and
Treg-associated cytokines in culture supernatants (Fig. S5), however we observed a
large decrease in the Th2-associated cytokines IL-4 and IL-5 in culture supernatants
from TIM-12™<" splenocytes compared to WT splenocytes (Fig. 4D). These data
indicate that impaired TIM-1 signaling significantly decreased the differentiation of
naive CD4" T cells towards Th2 cells.

Humoral immunity is unaffected in TIM-1*™" mice

Isotype switching of B cells is strongly influenced by local cytokine production and
given the increased number of splenic B cells and decrease in Th2 cells, we won-
dered if the humoral immunity was altered in TIM-14™" mice. We measured total
IgG1 (Fig. 5A) and IgG2c (Fig. 5B), which did not reveal any differences between the
two groups. Given the shift we observed in the Th1/Th2 ratio, we examined the
IgG2c/IgG1 ratio and found a slight but non-significant trend towards an increased
ratio (Fig. 5C). Similarly, we did not find any differences in total oxLDL-specific IgG
levels (Fig. 5D). It has recently been shown that treatment of mice with the RMT1-
10 anti-TIM1 antibody resulted in increased peritoneal B1 cells and a concomitant
increase in atheroprotective IgM antibodies®. In contrast, defective TIM-1 signaling
did not influence peritoneal B1 cells numbers (Fig. 5E), total IgM levels (Fig. 5F)
or oxLDL-specific IgM levels (Fig. 5G). Taken together, these data indicate that the

humoral immunity was unaffected in TIM-1™" mice.
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Figure 5. The humoral immunity is unaffected in TIM-12™" mice. At sacrifice, serum from C57BL/6
(WT) and TIM-1-mucin domain-deficient (TIM-12™4") mice was analyzed for total (A) IgG1, (B) IgG2c
and (F) IgM levels. Serum titers of (D) IgG and (G) specific for oxidized low-density lipoprotein (oxLDL)
were measured. (C) Quantification of the IgG2c¢/IgG1 ratio. Flow cytometry was used to (E) quantify
CD19°CD5" B1 cells in the peritoneal cavity. Data are shown as mean + SEM and n=5-8/group.

Discussion

TIM-1 has been associated with a broad number of inflammatory disorders. We
and others have previously investigated the role of TIM-1 in atherosclerosis using
anti-TIM-1 antibodies®®. However, due to the complex nature of TIM-1 signaling
these studies demonstrated contradicting results. It is clear that TIM-1 signaling is
highly dependent on binding avidity, which varies with different anti-TIM-1 anti-
body clones. Here, we circumvented the antibody-associated difficulties by using
TIM-12™" mice and now show that TIM-1 has an overall protective effect during
atherosclerosis development.

A previous study with TIM-12™" mice revealed that up to 6 months of age these
mice did not develop any overt auto-immune responses, but already showed a mild
defect in B cell-derived IL-10 production®. With increasing age, or when crossbred
onto an autoimmune genetic background, the Breg deficiency was exacerbated
and resulted in concomitant increased numbers of B and T cells®®. In this study, we
show that the development of atherosclerosis in young TIM-12™" mjce (<6 months)
was accompanied by profound impairment in B cell associated IL-10 production.
Similarly, we observed leukocytosis in the spleen and circulation of TIM-14™" mice,
with primarily an increase in B cells and CD4" T cells. A major difference with the
study of Xiao et al., however, is our observation of increased naive but not differ-
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entiated CD4" T cells , while they observed increased CD4" T cell activation and
differentiation TIM-12™" mice®®. They demonstrated that TIM-12™" mice cross-
bred with Fas-mutant Ipr mice showed marked autoimmune responses, including
enlarged lymphoid tissues, and hyperactive B and T cells. A potential reason for this
contrast is that TIM-1 expression is highly dynamic and depending on the context
and immune status its resulting effect can be either positive or negative coinhibition.
Fas-deficient Ipr mice on a C57BL/6 background already develop systemic autoim-
munity?®, while atherosclerosis induces a much milder autoimmune response. This
difference in immune status between the disease models could have influenced the
CD4" T cell status in response to a lack in TIM-1 signaling. Additionally, we found
that the number of splenic DCs was significantly reduced in our atherosclerotic
TIM-12™9" mice. TIM-1 is constitutively expressed on DCs and TIM-1 signaling on
DCs is associated with increased CD4" T cell effector responses®. Thus the reduced
number and absence of TIM-1 on DCs could also have contributed to the decreased
effector CD4" T cells in this study.

The two previous studies investigating the role of TIM-1 in atherosclerosis demon-
strated contrasting results®®. While we previously showed that antibody blockade
of TIM-1 was associated with a shift in the Th1/Th2 balance and exacerbated
atherosclerosis, Hosseini et al. demonstrated that TIM-1 inhibition resulted in ath-
eroprotective IgM-producing Bla and IL-10* B cells®. In this study we investigated
atherosclerosis in TIM-1 deficient mice and found a combination of these effects. It
has been shown that TIM-1 is predominantly expressed on Th2 cells, while expres-
sion is low on Th1 cells?. In addition, TIM-1 is frequently associated with allergic
diseases which are mainly Th2-driven®. In line with these findings, we observed a
strong decrease in Th2 cells and Th2-associated cytokines. In contrast, Th1- and
Th17-associated cytokines were similar in TIM-1°™" and WT mice, resulting in a
significant switch in the Th1/Th2 balance. While our observation of increased naive
CD4" T cells would be expected to reduce atherosclerosis, atherosclerosis is primar-
ily a Th1-driven disease and skewing towards a Th1-dependent immune response
in TIM-12™" mice will most likely have significantly contributed to the increased
atherosclerosis development in these mice. Besides the effects on CD4" T cells, we
also observed significant differences in IL-10* B cells in TIM-12™" mice. It is well-
known that TIM-1 has a prominent role in the maintenance and generation of IL-10"
B cells®'%2%, |n other auto-immune disorders, IL-10" B cells have shown great thera-
peutic potential, but their role in atherosclerosis is not clearly defined?”?%. The work
of Hosseini et al., however, showed that increased IL-10" and TIM-1* B cells after
treatment with an partial agonistic TIM-1 antibody was associated with decreased
atherosclerosis®, indicating that the strong decrease in IL-10" B cells and Breg
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14mucin mice could contribute to the exacerbated lesion

subsets we found in TIM-
development. Taken together, our work identified that mice completely deficient in
effective TIM-1 signaling both showed an imbalance in the Th1/Th2 ratio as well as

impaired numbers of IL-10" B cells during atherosclerosis development.

There are also some interesting differences between our current study and ear-
lier data. For instance, we previously reported that TIM-1 inhibition resulted in
increased 1gG1 antibodies® and others demonstrated that TIM-1 inhibition resulted
in increased 1gM production by Bla cells®, while TIM-14™9" mice do not display
any alterations in antibody levels. One explanation for these discrepancies might
lie in the use of different experimental atherosclerosis models. While we previously
used low-density lipoprotein receptor-deficient (Ldlr’") mice on a WTD, Hosseini
et al. investigated atherosclerosis development in apolipoprotein E-deficient mice.
In the current study, we introduced atherosclerosis in TIM-1™" mice by a PCSK9
adeno-associated virus yielding an Ldlr” phenotype. As alluded to above, the ex-
pression and function of TIM-1 is highly dynamic and therefore also susceptible
for the underlying disease pathology. This is also illustrated by the fact that TIM-1
does not appear to have one unifying effect in inflammatory disorders®. Hence the
subtle differences in experimental atherosclerosis models might have added to the
observed differences found in these three studies.

In summary, this study has shed more light on the role of TIM-1 during athero-
sclerosis development. We show here that TIM-1Amucin mice display a profound
impairment of IL-10+ B cells and an imbalance in the Th1/Th2 ratio, which is associ-
ated with exacerbated lesion development. This work, combined with earlier data in
mice, represents a firm foundation for future studies that could focus on elucidating
the role of TIM-1 in human cardiovascular disease.
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Figure S1. General characteristics of WT and TIM-12™" mice. C57BL/6 (WT) and TIM-1-mucin do-
main-deficient (TIM-12™4") mice were administered a single i.v. injection of rAAV2/8-D377Y-mPCSK9
and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. (A) Circulating
levels of proprotein convertase subtilisin/kexin type 9 (PCSK9) were measured after 13 weeks. (B)
Serum cholesterol levels and (C) weight were monitored during the experiment. Data are shown as
mean = SEM (***p<0.001).
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Figure S2. CD4" T cell activation is not affected in TIM-1°™" mice. C57BL/6 (WT) and TIM-1-mucin
domain-deficient (TIM-1™" mice were administered a single i.v. injection of rAAV2/8-D377Y-mPC-
SK9 and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. After 13 weeks
single cells suspensions of the spleen were analyzed for CD69" and Ki-67" CD4" T cells. Data are
shown as mean + SEM.
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Figure S3. No differences in T cell proliferation in TIM-12™<" mice. C57BL/6 (WT) and TIM-1-mucin
domain-deficient (TIM-12™") mice were administered a single i.v. injection of rAAV2/8-D377Y-mPC-
SK9 and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. (A) After 13
weeks, 2x10° splenocytes were cultured in RPMI medium and stimulated with oxidized low-density
lipoprotein (oxLDL; 5 pg/ml) or anti-CD3 (1.25 pg/ml) and anti-CD28 (1.25 pg/ml). Cells were pulsed
with 3H-thymidine (0.5 pCi/well) for the last 16h. The amount of 3H-thymidine incorporation was
measured and expressed as the disintegrations per minute (DPM). (B) Levels of IL-2 in culture super-
natants of anti-CD3 and anti-CD28. Data are shown as mean = SEM.
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Figure S4. No differences in intracellular cytokines of CD4" T cells in TIM-12™¢" mice. C57BL/6
(WT) and TIM-1-mucin domain-deficient (TIM-12™<") mice were administered a single i.v. injection
of rAAV2/8-D377Y-mPCSK9 and subsequently fed a Western type diet for 13 weeks to induce ath-
erosclerosis. After 13 weeks, single cell suspensions of splenocytes were stimulated for 5 hours with
PMA, ionomycin and Brefeldin A after which intracellular IFNy, IL-4 and IL-10 was determined within
the CD4" population. Data are shown as mean + SEM.
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Figure S5. Cytokine production of CD4" T cells in TIM-12™" mice. C57BL/6 (WT) and TIM-1-mucin
domain-deficient (TIM-1%™") mice were administered a single i.v. injection of rAAV2/8-D377Y-mPC-
SK9 and subsequently fed a Western type diet for 13 weeks to induce atherosclerosis. After 13 weeks,
2x10° splenocytes were cultured in RPMI medium and stimulated with anti-CD3 (1.25 pg/ml) and
anti-CD28 (1.25 pg/ml). After 72 hours, supernatant was harvested and analyzed with a multiplex
assay for (A) Th-1 associated cytokines, (B) Th17-associated cytoines and (C) IL-10". Data are shown
as mean + SEM.
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