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Myeloid CD40 deficiency reduces atherosclerosis
by impairing macrophages’ transition into a
pro-inflammatory state
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Aims CDA40 and its ligand, CD40L, play a critical role in driving atherosclerotic plaque development. Disrupted CD40-signalling
reduces experimental atherosclerosis and induces a favourable stable plaque phenotype. We recently showed that small
molecule-based inhibition of CD40-tumour necrosis factor receptor associated factor-6 interactions attenuates athero-
sclerosis in hyperlipidaemic mice via macrophage-driven mechanisms. The present study aims to detail the function of
myeloid CDA40 in atherosclerosis using myeloid-specific CD40-deficient mice.

Method and Cd40™1x and LysM-cre Cd407/1* mice on an Apoe '~ background were generated (CD40"* and CD40™~/~, respect-
Results ively). Atherosclerotic lesion size, as well as plaque macrophage content, was reduced in CD40™ '~ compared to
CD40"™ mice, and their plaques displayed a reduction in necrotic core size. Transcriptomics analysis of the CD40™
~ atherosclerotic aorta revealed downregulated pathways of immune pathways and inflammatory responses. Loss of
CD40 in macrophages changed the representation of aortic macrophage subsets. Mass cytometry analysis revealed a
higher content of a subset of alternative or resident-like CD206"CD209b~ macrophages in the atherosclerotic aorta
of CD40™* '~ compared to CD40"* mice. RNA-sequencing of bone marrow-derived macrophages of CD40™*/~
mice demonstrated upregulation of genes associated with alternatively activated macrophages (including Folr2, ThbsT,
Sdc1, and TnsT).

Conclusions We here show that absence of CD40 signalling in myeloid cells reduces atherosclerosis and limits systemic inflammation
by preventing a shift in macrophage polarization towards pro-inflammatory states. Our study confirms the merit of
macrophage-targeted inhibition of CD40 as a valuable therapeutic strategy to combat atherosclerosis.
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1. Introduction

Atherosclerosis—a chronic, lipid driven inflammatory disease of the ar-
terial wall—is the major underlying cause of cardiovascular disease
(CVD)" and the number one cause of death worldwide accounting for
7.4 million deaths per yeau'.2 Although lipid lowering strategies have
been considered ‘standard of care’ for many years, recent clinical trials
have revealed the potential of immuno-therapies to combat CVD.
The outcomes of the Canakinumab Anti-Inflammatory Thrombosis
Outcome Study,® Colchicine Cardiovascular Outcome Trial, and low
dose colchicine (LoDoCo1 and LoDoCo2) dlinical trials™ show that
drugs targeting the interleukin (IL)-1B/inflammasome pathway are suc-
cessful in reducing the risk of (recurrent) cardiovascular events, but
not in reducing mortality. In order to more potently decrease vascular
inflammation, and reduce CVD mortality, additional immunotherapeutic
targets need to be identified. Attractive potential targets are the immune
checkpoint proteins,
CD40.

CD40 and its ligand, CD40L, play a critical role in atherosclerosis by
inducing immune cell activation and polarization, which shapes the in-
flammatory response underlying plaque development and rupture.s’10

especially co-stimulatory proteins, including

CD40 is expressed by antigen-presenting cells as well as by non-immune
cells, including smooth muscle cells (SMCs), fibroblasts, and endothelial
cells,"" while activated T-cells and platelets are the main source of
CD40L during atherogenesis.ﬂ*13 Expression of CD40 (and CD40L)
have been reported for almost all cell types in atherosclerotic plaques
—human as well as murine. CD40 is expressed by plaque macrophages,
endothelial cells, vascular SMCs (VSMCs) and B-cells, while CD40L is
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found on T-cells, platelets, endothelial cells, VSMCs, macrophages, and
dendritic cells.®'®"*"¢ CD40-signalling is propagated with the help of
tumour necrosis factor (TNF) receptor associated factors (TRAFs).
Genetic deficiency, as well as antibody-mediated inhibition of the
CD40-CDA40L dyad, reduces murine atherosclerosis and induces a clin-
ically favourable stable plaque phenotype, characterized by increased
collagen content and reduced necrotic core formation.'” 2"
Antibody-mediated inhibition of CD40L investigated in a clinical trial
setting was complicated by thrombo-embolic events due to the disrup-
tion of CD40L-allbB3 interactions in thrombi which compromised the
clinical feasibility of this approach.?>** Antibody-mediated targeting of
CDA40, rather than CD40L, may be an alternative strategy to exploit
the therapeutic potential of the CD40-CD40L dyad. However, this ap-
proach could result in immunosuppression due to the inhibition of B-cell
functioning (e.g. altered immunoglobulin switching) and is, therefore, not
feasible for long-term application in patients suffering from cvDE®
Recently, we successfully developed small molecule inhibitors specifically
targeting the CD40-TRAF6 interaction in macrophages via incorpor-
ation into HDL nanobiologics. CD40-TRAF6 inhibition attenuated ath-
erosclerosis in apolipoprotein E-deficient (Apoe™~) mice, limiting
signalling interactions downstream of the CD40-TRAF6 pathway
[canonical nuclear factor-kB (NF-kB) signalling], while leaving
CDA40-mediated immunity via the CD40-TRAF2/3/5 pathway, including
immunoglobin isotype switching as well as co-stimulation, intact.****
These studies highlighted that macrophage CD40 can be considered a
major driver of atherosclerosis, and that macrophage CD40 signalling
may serve as a therapeutic target using nanobiologics. However, the

exact role of macrophage CDA40 in atherosclerosis in vivo is unknown.

GZ0Z YoJe\ Gz uo Jasn Ateiqi] AlsisAiun ‘yalunpy 1o AlsieAlun [eaiuyoa ] Aq GS8859/91 L 1/S/6 1 L /o1oNIB/S8I0SBACIPIED /W0 dNo"olWapeoe//:sdny Wolj papeojumoq



1148

L.A. Bosmans et al.

We here investigate myeloid-specific CD40 signalling in experimental
atherosclerosis in Apoe ™~ mice.

2. Methods

An expanded Methods section is available in the Supplementary material
online.

2.1 Animals
Apoe™/~Cd40™ 1 (CD40™) and  Apoe Cd40oox
(CD40™~'~) mice were generated and bred at the animal facility of

- “LysM-cre

the Academic Medical Center, University of Amsterdam, the
Netherlands (Janvier Labs, Le Genest-Saint-Isle, France). Mice were hu-
manely euthanized by administration of ketamine (150 mg/kg) and xyla-
zine (10 mg/kg). All animal experiments were conducted at the
Amsterdam University Medical Centres, location Academic Medical
Centre, University of Amsterdam and approved by the Committee
for Animal Welfare of the Academic Medical Center, University of
Amsterdam (ethical permit numbers DBC103075-2, DBC265-AF,
DBC265-BA, DBC265-AG, DBC265-AX) and the Dutch ‘Centrale
Commissie Dierproeven’ (AVD1180020171666) in accordance with
Directive 2010/63/EU of the European Parliament on the protection
of animals used for scientific purposes.

2.2 Cell and tissue analysis

Histological, biochemical, flow- and mass-cytometry analyses, as well as
computational analyses were performed as described previously by
Seijkens et al.** Cole et al*®, Schindelin et al?’, Schneider et al.?®,
Dobin et al”’, Li et al®®, Heinz et al’’, Love et al.’’, Alhamdoosh
et al.>® The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

Plasma cholesterol (total), HDL-cholesterol, LDL cholesterol, and tri-
glycerides (TGs) were measured by standard enzymatic methods
(Roche Diagnostics, Basel, Switzerland) on a COBAS MIRA automated
spectrophotometric analyser (Roche Diagnostica). Total cholesterol
and TG content in the main lipoprotein classes (VLDL, LDL, and
HDL) was also determined using fast protein liquid chromatography
as described previously.>*

A ProcartaPlex Luminex kit (Affymetrix eBioscience, Vienna, Austria)
was used according to the manufacturer’s instructions for analysis of se-
creted cytokines in BMDM culture supernatant as well as in plasma from
CD40"" and CD40™*™"~ mice.

Total RNA was isolated from CD40** and CD40™ '~ spleen and
lymph, as well as from BMDMs, using a GeneJet RNA Purification Kit ac-
cording to the manufacturer’s instructions (Thermo Fischer Scientific).
Complementary DNA (cDNA) was produced by reverse transcription
of RNA using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher). Quantitative polymerase chain reaction (PCR) was
performed with a Sybr Green Master mix (Life Technologies) on a
ViiA7 real-time PCR system (Life Technologies). Primers were pur-
chased from Sigma Aldrich and sequences are available upon request.

2.3 Cell culture

Aortic VSMCs were isolated from wild-type and CD40™"~ mice—hu-
manely euthanized by carbon dioxide (CO,) overdose followed by cer-
vical dislocation—Dby enzymatic digestion and an immortalized murine
aortic SMC line (MOVAS; CRL-2797) was purchased from ATCC

(Wesel, Germany). Bone marrow was isolated from femurs and tibiae
of CD40"" and CD40™ '~ mice and cells were left to attach and differ-
entiate to bone marrow-derived macrophages (BMDM:s) for 7-10 days
before being seeded for experiments. Before cell isolation mice were
humanely euthanized by CO, overdose followed by cervical dislocation.

VSMC collagen synthesis in vitro was assessed 72 hours after seeding,
using the Sircol™ Soluble Collagen Assay according to the manufac-
turer’s instructions (BioColor, Carrickfergus, United Kingdom).

2.4 Statistical analysis

Statistical comparison between groups was performed using GraphPad
Prism software v.8 (GraphPad Software Inc., La Jolla, CA, USA). Data re-
present mean + SD and were analysed by unpaired student’s t-test or
non-parametric Mann—Whitney test where appropriate (depending
on normal distribution as assessed via Kolmogorov—Smirnov and
Shapiro—Wilk tests. Significance was accepted at the level of P << 0.05.
Outliers were identified using Grubbs test (a = 0.05), and multiple com-
parisons were corrected for using the Holm-Sidak method.

3. Results

3.1 Generation of mice lacking myeloid
CD40 expression

To study the role of myeloid CDA40 in atherogenesis in vivo in detall,
CD40™% and LysM-cre CD40™/* mice were successfully generated
on an ApoE_/_ background, hereafter referred to as CD40"™ and
CD40™* '~ mice. BMDM:s isolated from CD40™* ™'~ mice displayed a
70% and 76% reduction of Cd40 mRNA expression levels under normal
and lipopolysaccharide (LPS) stimulated conditions with a correspond-
ing reduction of CD40 protein expression (Figure 1A and B). CD40 ex-

0™~ mice,

pression was not altered in dendritic cells or T-cells in CD4
nor in neutrophils or monocytes, although baseline expression of CD40
in the latter two cell types was very low (see Supplementary material
online, Figure STA-C). CD40™~'~ neutrophils did not display altered
production of reactive oxygen species (see Supplementary material
online, Figure S1D).

After 14 weeks on a high-cholesterol diet (HCD), CD40™*~'~ mice
gained on average 6.0 g (4 2.14 g) while their CD40"" littermates gained
8.5 g (£3.33 g). No differences in plasma lipid profiles were recorded;
overall cholesterol and TGs levels, as well as VLDL, LDL, and HDL chol-
esterol levels were similar in both genotypes (see Supplementary
material online, Figure S2).

3.2 Mice lacking myeloid CD40 expression

have a less activated immune profile

Flow cytometric analysis of the blood showed that the fraction of circu-
lating monocytes was decreased, while other circulating/splenic myeloid
subpopulations were unaffected in CD40™~'~ compared to CD40"
mice (Figure 1C; see Supplementary material online, Figure S3A-C). The
fraction (as well as absolute number) of CD3" circulating

Omacf/ —

T-lymphocytes was decreased in CD4 mice, which was accom-

panied by a decrease in the fraction of CD4™ effector T-cells and an in-

crease in the fraction of CD8™ naive T-cells in CD40™~/~

lymph nodes
(Figure 1D and E; see Supplementary material online, Figure S3D-H).
Furthermore, the number of circulating CD4" effector and memory
T-cells were decreased (see Supplementary material online,
Figure S3I). Though the lymph nodes and spleen did not show significant

differences in other leukocyte subsets between CD40™*~'~ and CD40"*
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Figure 1 CD40 deficiency and inflammation in CD40™ '~ mice. CD40 expression in LPS or control stimulated BMDMs isolated from CD40™ '~

compared to CD40"* mice (A; n=3 mice; pooled cells, n= 6 technical replicates). Western blot showing CD40-expression after stimulation with LPS
in CD40"* and CD40™*“~/~ BMDMs (B; n = 3 mice, pooled cells, representative blot shown with an a-tubulin loading control ~50 kDa.). Flow cytometric
analysis of 22 weeks old CD40"* and CD40™“~'~ showing ratios of circulating CD45+CD11b*Ly6G™ monocytes, CD45+ CD11b*Ly6G ' SiglecF* neutro-
phils, CD45TCD11b™Ly6G SiglecF" eosinophils, CD45tCD11b"CD11c*MHCIIT dendritic cells in (C), ratios of circulating CD45TCD19™ B-cells and
CD45 * CD3* T-cells in (D) and ratios of CD45* CD3 + CD4/8 * CD62L""CD44”+ effector, naive and memory T-cells in CD40"* and CD40™*/~
lymph nodes (E). Gene expression in CD40"* and CD40™~~ lymph nodes of chemokines and cytokines analysed by gPCR (mRNA gene expression pre-
sented as fold-change against the respective housekeeping gene) is shown in (F), and by Luminex of plasma in (G). N = 8/6 for CD40" and CD40™<~/~
mice, respectively, in C;n =7 in (D-E); n=10/12 mice, respectively, in (F), and n = 14/18 mice, respectively, in (G). Data is shown as mean + SD. Statistical
analyses were performed using the unpaired t-test in (A-B) and the Mann—-Whitney U test (with multiple comparisons adjusted for using the Holm-Sidak
test) in (C-G).

mice (see Supplementary material online, Figure S4A—]), analysis of the
lymph nodes revealed decreased mRNA expression of the inflammatory
chemokines and cytokines [Ccl5 (P=0.0138, Ccr5 (P=10.0004), Tnf (P=
0.03), and lI-17a (P=0.0358)] and of anti-inflammatory marker II10 (P =
0.0358) in CD40™ '~ mice compared to CD40"" mice (Figure 1F),
whereas concentrations of TNFa and IL-10 did no differ on a protein
level (see Supplementary material online, Figure S4K) Finally, the level
of plasma TNFa was decreased in CD40™* ™'~ compared to CD40"*
mice (P=0.0028), while cytokine [interferon (IFN)-y, IL-1B, IL-6,
IL-17A, IL-18] and chemokine (C-X-C motif chemokine ligand

(CXCL) 2, granulocyte colony stimulating factor (G-CSF), CXCL10,
C—C motif chemokine ligand (CCL) 2, CCL7) levels were unaffected
(Figure 1G; see Supplementary material online, Figure S4L).

3.3 Macrophage CD40 deficiency reduces
atherosclerosis

HCD-fed CD40™ '~ mice displayed a profound reduction in athero-
sclerotic plaque area in the aortic arch compared to its CD40"" litter-
mates (P=0.0134, Figure 2A). At first sight, mac3™ macrophage
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content was similar in atherosclerotic plaques of CD40** and CD40™~/

~ mice (Figure 2B). However, initial plaques of CD40™~ mice had a
slightly reduced overall macrophage content, whereas the amount of
CD206™" cells was increased in advanced CD40™ '~ plaques (P=
0.0495 and P=0.0273, respectively; Figure 2C and D and see
Supplementary material online, Figure S5A) and the amount of CD86™"
cells had decreased in CD40™~~ subvalvular plaques (P=0.050, see
Supplementary material online, Figure S5B). Furthermore, plagues in
CD40™~'~ mice displayed a decrease in necrotic core area in compari-
son to CD40"* mice (P = 0.0122, Figure 2E). In addition, lipid content was
decreased in subvalvular plaques from aortic root sections of CD40™*~/
~ compared to CD40"" mice (P=0.0008, see Supplementary material
online, Figure S5C). Plaque content of CD3™ T-cells, smooth muscle
a-actin™ SMCs, Ly6G™ neutrophils and TREM2* cells, proliferating
(Ki67%), and apoptotic cells (TUNELT) was unaltered (see
Supplementary material online, Figure S5D—).

One of the key phenotypic features of atherosclerotic plaques of full
CDA40 knockout ApoE ™'~ mice was a profound increase in collagen con-
tent relative to plaque size, corresponding to a reduction in necrosis.”'
However, we could not detect any changes in the amounts of total col-
lagen (Picro-Sirius Red™), collagen type Ill or cleaved collagen type | and
Il (cleavage neo-epitope) in aortic arch plaques of myeloid
CD40-deficient mice (see Supplementary material online, Figure S5/—
L). As VSMCs, which are the main collagen producing cells in plaques, still
express CD40 in the CD40™~'~ mice of our model, we investigated
the effects of CD40-deficiency on collagen production by VSMCs iso-
lated from full CD40 knockout mice. Indeed, we could confirm that col-
lagen production in vitro in primary CD40~"~ aortic VSMCs was
significantly increased compared to wild-type VSMCs (P=0.0005;
Figure 2F). Furthermore, the secretome of CD40-depleted BMDMs
did not appear to affect collagen production in CD40-competent
SMCs, as we found similar rates of collagen production by primary wild-
type VSMCs cultured in the presence of conditioned media from iso-
lated CD40"" or CD40™*<~'~ BMDM s either non-stimulated (naive), clas-
sically activated (by LPS) or alternatively activated (by IL-4). However,
conditioned media from BMDMs activated by IL-4 was less efficient in
promoting VSMC collagen production than conditioned media from
non-stimulated or LPS-activated BMDMs (P < 0.0001 and P < 0.0001
for IL-4-activation compared to naive, and P=0.0002 and P =0.0001
for IL-4- compared with LPS-activation, for CD40™* and CD40m~/~
BMDM conditioned media, respectively; Figure 2G).

Altered capacity for efferocytosis is another macrophage-driven pro-
cess affecting necrotic core formation. Indeed, we found efferocytosis to
be increased in CD40™*~'~ compared to CD40"* BMDM:s (P = 0.0002;
Figure 2H). These data imply that, while the collagen-rich phenotype ob-
served in fully CD40-deficient mice”' is most likely caused by VSMCs,
myeloid CDA40-signalling determines lesion size, macrophage content
and the degree of necrosis, the latter, at least in part, through increased
capacity for macrophage efferocytosis.

3.4 Alternatively activated macrophages
are abundant in CD40™*</—

atherosclerotic aortas

Within the atherosclerotic aorta, we characterized changes in immune
cell populations caused by deficiency of myeloid CD40 in detail.
Aortas of CD40™~'~ and CD40"* mice were analysed by cytometry
by time of flight (CyTOF) analysis after 9 weeks of HCD, signifying an
earlier plague development stage characterized by dynamic changes

and the beginning of necrotic core formation, as well as a pronounced
CD40™<~'~ phenotype.

A clustering analysis (ViISNE) of live CD45" events, revealed seven
leukocyte/cell populations, the largest being the myeloid population (de-
fined as CD11b™). The smaller populations were represented by neu-
trophils (Ly6G/C*), eosinophils (Siglec-F*), conventional dendritic
cells type 1 (cDC1; CD103™), B-cells (CD19%), T-cells (CD90.2™),
and natural killer cells (CD161%; Figure 3A; see Supplementary
material online, Figure S6A). Within these aortic immune populations,

0™/~ mice

the cell composition was similar in CD40"" and CD4
(Figure 3B; see Supplementary material online, Figure S6B).

Within the CD11b™ (myeloid) population, we identified eight sub-
populations: CD206"CD169CD20%b™~ and
CD206*CD1697CD209b* macrophages, CCR2* macrophages,
CD11ct macrophages, CD26~ and CD26" ¢DC2, and Ly6C~ and
Ly6C* monocytes (Figure 4A). Myeloid CD40-deficiency increased the
fraction of CD206 ¥ CD209b~ macrophages in the aorta, while the
CD26% cDC2 population ratio was decreased (P=0.045 and P=
0.027 respectively; Figure 4B), suggesting an immune cell profile of a
more anti-inflammatory nature that may explain the reduction in ath-
erosclerosis observed in CD40™ ™'~ mice.

3.5 CD40 deficiency promotes alternative

macrophage activation

Changes in the macrophage transcriptome caused by deficiency of
CD40 was further detailed by RNA-sequencing performed on CD40"*
and CD40™*~/~ BMDM:s —after stimulation by the CD40-agonist anti-
body FGK45. 1307 differentially expressed genes (DEGs) were downre-
gulated and 1463 DEG were upregulated in CD40"" compared to
CD40™<~'~ BMDMs (Figure 5A; adjusted P-value < 0.05).

In CD40"* BMDMs, the top downregulated genes were associated
with an alternatively activated (or M2-like) macrophage phenotype
and included Folr2 (folate receptor B, an M2 macrophage marker®),
Thbs1 (thrombospondin-1, reported to limit IL-1B induction®®), Sdc1
(Syndecan-1, a cell-surface proteoglycan associated with differentiated
M2-like macrophages®’) and Tns? (tensin 1%%). CD40-triggering add-
itionally caused a downregulation of Ccr5 and Vcam1, genes involved
in migration and adhesion, as well as an increase in Timp2 [tissue inhibitor
of matrix metalloproteinases-2 (MMPs-2)]. Moreover, genes involved in
inflammatory responses, including Mmp 14 (active in extracellular matrix
turnover”), Ets2 (a transcription factor required for persistent activa-
tion of TNF-alpha by LPS*) and Marco (M1 macrophage marker;"’
Figure 5A) were upregulated in CD40"* mice.

Ingenuity pathway analysis (IPA) canonical pathways analysis further
revealed several dysregulated pathways in CD40™*~'~BMDMs, includ-
ing CD40 signalling, regulation of nuclear factor of activated T-cells
and the PI3K-Akt pathway (Figure 5B). In line with the indication of a
less inflammatory gene expression profile, multiplex immunoassay
showed that CD40™~'~ BMDMs secreted less IFNy, IL-17A, IL-18,
CXCL2, and CXCL10 compared to CD40"* BMDM s (Figure 5C).

3.6 CD40-triggering stimulates classical

activation of macrophages

In a reverse experiment we stimulated native and oxidised low-density
lipoprotein (oxLDL)-loaded BMDMs with phosphate buffered saline
(PBS) or the agonistic CD40 antibody FGK45. A profound downregula-
tion was revealed of the alternative activation macrophage marker
Cd206 in lipid-loaded and native BMDMs (adjusted P=1.14 x 10~/
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Figure 2 Reduced atherosclerosis in the aortic arch of CD40™~~ mice. Lesion size (A) and mac3™ macrophage content (B) in CD40" and CD40™* '~
aortic arches. Mac3* macrophages (C) and CD206™ cell (D) content was further quantified separately in initial and advanced plaques. Necrotic regions
were quantified in CD40"* and CD40™ '~ aortic arches (E; representative haematoxylin & eosin stain with necrotic areas marked by dashed lines). In vitro
collagen production by primary murine VSMCs isolated from CD40-deficient and wild-type mice (F) and in immortalized murine VSMCs after stimulation
with conditioned media from naive, LPS- or IL4-activated primary CD40"* and CD40™~'~ BMDMs (G). Flow cytometric analysis of efferocytosis in primary
bone marrow-derived macrophages isolated from CD40"* and CD40™*~'~ mice (H). N=19/17 mice, respectively, in (A), n=17 mice in (B), n=110
CD40"/142 CD40™<~'~ plaques, from n= 17 mice in (C), n =90 CD40**/102 CD40™~'~ plaques from n=16/19 mice, respectively, in (D), n=16/17
mice, respectively, in (E), n=4 replicates in (F), n= 3 replicates in (G), and n= 6 replicates in (H). Scale bars represent 500 pm in (A) and 200 um in
(B) and (E). Data is shown as mean + SD. Statistical tests were performed using the Mann-Whitney U test in (A—E) and the unpaired student’s t test
in (F-H).

and adjusted P=2.15 x 107, respectively), as well as markers Cd163 (ad- : and CD40 signalling, in both FGK45-stimulated groups compared to
justed P=0.0007) and cd200r (adjusted P =0.005) in FGK45- compared © non-stimulated control cells (Figure 6B; see Supplementary material
to PBS-treated foam cells. Moreover, in foamy as well as in non-foamy :  online, Tables SIV and SV). CD40-triggering in BMDMs thus promotes
BMDMs, classical activation macrophage markers Inos (adjusted P=7.19 : a shift towards a state characterized by classical activation and
x 107" and adjusted P=0.013, respectively) and Cd86 (P=4.82x : pro-inflammatory signalling pathways.
1078 and P=1.37 x 1078, respectively) were upregulated after CD40
triggering, along with several pro-inflammatory cytokines and chemokines 3.7 The CD40mac—/— atherosclerotic aortais
(Figure 6A; see Supplementary material online, Tables SI-SIII). * less inflamed

IPA canonical pathways analysis showed an upregulation of pathways  :  The implications of myeloid-specific CD40-deficiency on the transcrip-
linked to an active immune and inflammatory response, such as IL-8,IL-1  *  tome of atherosclerotic aortas from CD40"t and CD40™~'~ mice was

tumor necrosis factor receptor 2, inducible nitric oxide synthase, NF-kB, investigated by RNA sequencing. In CD40mac—"~ compared to CD40"
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Figure 3 CD45" cell populations in the atherosclerotic aorta of CD40"* and CD40™ '~ mice assessed by CyTOF analysis. Seven CD45™ leukocyte
populations were identified by viSNE analysis: CD11b™ myeloid cells, Ly6G/C" neutrophils, SiglecF" eosinophils, CD103* type 1 conventional dendritic
cells (cDC1s), CD19" B-cells, CD90.2" T-cells and CD161" natural killer (NK) cells (A; composite of all cells measured), with cell composition in
CD40™*~'~ compared to CD40" mice shown in (B). N = 12/13, respectively for CD40"* and CD40™~'~ mice, with each sample representing two pooled
aortas resulting in a final n =6 samples. Statistical analyses were performed using a multiple t-test with P-values adjusted according to discoveries deter-
mined using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (Q = 1%).
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Figure 4 Increased M2 macrophage ratio in CD40-deficient atherosclerotic aortas. Within the CD45*CD11b* myeloid cell population in the atherosclerotic
aorta eight sub-populations were identified (after neutrophil and eosin populations were subtracted): CD206TCD209b~ and CD206CD209b™ macrophages,
CCR2" macrophages, CD11c" macrophages, CD26 and CD26™ type 2 conventional dendritic cells (cDC2) and Ly6C ™~ and Ly6C* monocytes (A; composite of
all cells measured) with cell composition in CD40™*~~ compared to CD40* mice shown in (B). N = 12/13, respectively, for CD40" and CD40™~'~ mice, with
each sample representing two pooled aortas resulting in a final n = 6 samples. Statistical analyses were performed using a multiple t-test with P-values adjusted
according to discoveries determined using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli (Q = 1%).
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Figure 5 Macrophage genes and pathways affected by CD40-depletion identified by RNA-sequencing. Volcano plot showing CD40" versus CD40™*~/~
BMDMs (stimulated with FGK45 and IFNy (A). Top affected functions in CD40™*~'~ BMDMs were identified by IPA (B). Levels of IFNy, IL-17A, IL-18,
CXCL2 and CXCL10 were decreased in CD40™“~'~ compared to CD40** BMDMs (following a stimulation pulse by lipopolysaccharide/IFNy) as
analysed by Luminex (C). Black dashed lines represent cut-off values (adjusted P-value = 0.05, Log; fold change = 1). Red dashed lines represent an adjusted
P-value = 0.05. N = 3 technical replicates of cells isolated from n = 3 mice. Statistical tests were performed using the Mann—Whitney U test in (C), with data

shown as mean + SD.

mice atherosclerotic aortas 945 DEGs were upregulated and 797 DEGs
were downregulated (Figure 7A; P-value < 0.05).

In CD40™™~~ aortas gene set enrichment analysis identified downre-
gulated genes linked to immune pathways and inflammatory responses,
such as cytokine and chemokine signalling, while upregulated genes were
involved in pathways linked to extracellular matrix (ECM) cell-binding,
formation and organization (Figure 7B). The top predicted inhibited up-
stream regulators (as analysed by IPA pathways analysis) also included
pro-inflammatory mediators such as IFNy, Fas, and miR-199a-5p, while
the main activated upstream regulators included IL10RA, transforming
growth factor B1 (TGFB1), insulin induced gene 1, TGFB (‘group’),
and SIRT1; all involved in anti-inflammatory pathways (Figure 7C). The
propensity of CD40-depleted macrophages to favour alternative activa-
tion—as revealed by CyTOF and confirmed by gene expression profiles
—thus drives an anti-inflammatory phenotype. The resulting reduction

in systemic and aortic inflammation is ultimately effective in reducing
atherosclerosis and necrotic core formation.

4. Discussion

Immune checkpoint proteins play a crucial role in atherogenesis, espe-
cially co-stimulatory dyads including CD40-CD40L.*> We recently re-
ported that higher plasma levels of soluble CD40 and CD40L are
associated with prevalent CVD, with soluble CD40 levels also correlat-
ing with carotid atherosclerosis severity and predicting future cardiovas-
cular events.*? Increasing evidence exists that immune checkpoint
proteins, i.e. glucocorticoid-induced TNFR-related protein/tumor ne-
crosis factor receptor superfamily member 18 (GITR/TNFRSF18),*
CD70,45 and CD86,46 play a central role in macrophage function.
Likewise, CD40—besides its central roles in DC and B-cell maturation
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and adaptive immune response initiation via CD40L binding in CD4™ T
cells""—also has key functions in macrophages. CD40 triggering in
macrophages, via CD40L on T-cells, platelets, endothelial cells, VSCMs
and dendritic cells as well as soluble CD4OL,8'1O’14_16 stimulates recruit-
ment of leukocytes via release of chemokines such as monocyte chemo-
attractant protein-1, macrophage inflammatory protein (MIP)-1q,
MIP-1B and regulated upon activation, normal t cell expressed and pre-
sumably secreted*’, aggravates inflammation through cytokine release,
including IL-1B, IL-6, IL-12, TNF-q, IFN-y,*3~>° and drives T-cell prolifer-
ation and Ty 1 differentiation.® In atherosclerosis, we could previously
show that CD40 ™"~ bone marrow chimeras had reduced atheroscler-
osis and promoted a stable plaque phenotype?'—however, others
could not.®" Importantly, the use of irradiation results in the replace-
ment of all bone marrow cells, including B-cells and a subset of DCs,
and specific effects of the macrophage on the subsequent atherogenesis
are thus not clear. Blocking CD40-TRAF6 signalling systemically leads to
a decrease in monocyte recruitment through a reduction in
integrin-expression and targeting myeloid CD40 specifically using HDL
nanoparticles effectively ameliorated (and stabilized) atheroscler-
osis,>*** highlighting its promising effect as a therapeutic target.
However, though a novel and significant role for immune checkpoint

proteins is emerging in macrophages, until now, the exact role of macro-
phage CD40 has been unknown.

With this study, we reveal that skewing of macrophage subpopula-
tions towards alternative activation—as demonstrated by mass cytome-
try and transcriptomic analysis of the atherosclerotic mouse aorta—
underlies reduced atherosclerosis resulting from macrophage-specific
CDA40 depletion. The subsequent CD40™ ™'~ anti-inflammatory profile
manifests as plaques forming of both reduced size and of increased sta-
bility, with a higher ratio of CD206™ macrophages and less necrosis.

Recently, a meta-analysis of two mass cytometry experiments and nine
single cell RNA-sequencing (scRNA-seq) data sets, presented by Zernecke
et al>?, identified several distinct macrophage subsets in murine athero-
sclerotic plaques. Four macrophage subsets were identified by Cole
et al?, of which three were also found by Winkels et al.*3, all defined by
CD11b*CDé4"Ly6C (and using 19 and seven myeloid markers, respect-
ively). The outcome of our CyTOF analysis, using a similar set of markers as
Cole et al,, is in line with these results: our main macrophage subset discov-
ered to be enhanced by CD40-depletion corresponds to Cole et al’s*®
‘Mac 3 subset (CD11c” CD44~CD206TCD1697CD209b ). We identi-
fied additional subsets corresponding to their ‘Mac 1’ (CD11cTCD44™),
‘Mac 2 (CD11c®" CD44"CCR27CD206™9CD169) and ‘Mac
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Figure 7 Genes and pathways of the aorta affected by myeloid-specific CD40-depletion identified by RNA-sequencing. Volcano plot showing CD40™*
~ versus CD40" aortas (A). Differentially regulated pathways in CD40™* '~ and CD40"" aortas were identified by GSEA (B). The top 25 main upstream
activated/inhibited regulators were identified by IPA pathways analysis (C; red boxes represent —Logo P-values and grey boxes represent activation
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and green dashed lines represent an unadjusted P-value =0.05. N =5 mice.

GZ0Z YaJel\ Gz uo Jasn Alelqi AlsIaAun ‘yoiunpy 1o AlisIaAiun [eoiuyos ] Aq GS88G9/91 L L/S/6 L | /IILE/SaI0SBACIPIED/WO02 dNo™olWapeoe//:sdiy Wol) papeojumod



CDA40 in atherosclerosis: the macrophage chapter

1157

4(CD11c”CD44~CD206"CD1697CD209b™) subsets, which were not
affected by CD40-deficiency.

CD206 is widely considered to be a marker for tissue-resident
macrophages or the alternatively activated macrophages, characterized
as anti-inflammatory with functions directed towards tissue repair and
homeostasis.”* 7 Indeed, increased content of CD206™ cells was also
immunohistochemically detected in the—compared to CD40"*—smal-
ler CD40™*~ plaques. The CD206*"CD209b™ macrophage popula-
tion in our study was also the largest in the atherosclerotic aorta. The
proportion of CD2067CD1697CD209b™ macrophages reported by

Cole et al.2® /-

was decreased in aortas of Apoe™"~ mice fed a high fat
diet—which promotes an inflammatory environment compared to
regular chow. That the corresponding macrophage cluster in our
CD40™ "~ mice did not increase with a HCD compared to the cluster
from control aortas is further indication of the lesser inflammatory, anti-
atherogenic status resulting from myeloid-specific CD40-depletion.
Inclination for CD40-triggering to drive inflammatory macrophage-
differentiation was further confirmed in vitro in both native and
lipid-loaded BMDMs, where transcriptome analysis demonstrated a
preference for expression of classically activated, over alternatively acti-
vated macrophage markers—along with an overall upregulation of
pro-inflammatory pathways.*

Among the CD26™ and CD26" ¢DC2 clusters identified by Cole
1.2% in the atherosclerotic aorta, the CD26~ ¢DC2 subset was further
reported to be decreased in mice receiving an atherosclerotic diet, while
the CD26% cDC2 subset—which was of decreased ratio in the
CD40™ "~ aorta—remained unaltered. The CD26™ cDC2s subclass

is designated c¢cDC2B and, unlike the anti-inflammatory CD26~
I.SS

eta

cDC2A subset, possesses pro-inflammatory potential.” The subclass
was recently characterized as non-monocyte-derived inflammatory
cDCs with an upregulated expression of cytokines, chemokines, costi-
mulatory molecules and Fc receptors in an IFNAR1 (IFN-alpha and
beta receptor subunit 1)-dependent manner.>® As their maturation is in-
duced by TLR ligands and type 1 IFN,*° their decreased presence in the
CD40™*~ aorta is in line with the overall anti-inflammatory profile of
these mice.

Five aortic macrophage subsets were proposed in the recent
meta-analysis of murine single cell data by Zernecke et al®* using
scRNA-seq data sets: resident-like macrophages, Trem2™* (triggering re-
ceptor expressed on myeloid cells 2) foamy macrophages, inflammatory
macrophages, IFN-inducible cell macrophages and cavity macrophages.
Of these, a multitude of highly expressed markers by the inflammatory
macrophage state are upregulated in native and lipid-loaded BMDMs in
vitro after CD40-triggering: Cd14, II-1B8, Tnf, Cxcl-1 and -2, and Ccl-2 and
-3 (representing seven out of eight markers highlighted by this
meta-study). In contrast, several markers distinguishing foamy macro-
phages—among which Trem2 was identified by transcriptome analysis
by Kim et al®® as a common marker for lipid-loaded atherosclerotic
macrophages—were downregulated in response to CD40-stimulation:
Cd9, Ctsd, Fabp5, in addition to Trem2 itself. Interestingly, this was not
only true for our native BMDMs, but for lipid-loaded macrophages as
well. Conversely, expression of the Trem2* foamy macrophage mar-
kers—as well as with Lgals3 (galectin 3, another such marker emphasized
by Zernecke et al.>*)—were significantly enhanced in CD40-depleted
BMDM:s (as revealed by RNA-sequencing; data not shown). Kim et al.*°
further reported that this particular subset of plaque macrophages ex-
presses few inflammatory genes and, thus, concluded that the subset
has little involvement in driving plaque inflammation. The overall gene ex-
pression profile of CD40-depleted macrophages thus shows clear

similarities to the TREM2" macrophage state as well as to CD206™"
resident-like macrophage, while showing little overlap with the inflamma-
tory macrophage substate. The anti-inflammatory profile manifested by
our CD40-depleted BMDMs—and, indeed, by the overall diminished
and stabilized atherosclerosis displayed by the CD40™*'~ atheroscler-
otic mouse—is in line with a skewing among CD40-depleted macro-
phages towards an expression profile corresponding to the Trem2™*
macrophage subset. Importantly, a recent scRNA-seq analysis of human
carotid atherosclerotic plaques by Depuydt et al.°" reports concordance
between human and murine plaques with respect to these inflammatory
and foamy, anti-inflammatory macrophage subclasses.

Efficient efferocytosis of apoptotic cells—a feature exhibited in par-
ticular by alternatively activated macrophages—is atheroprotective
and a sign of inflammation resolution, while defective efferocytosis pro-
motes necrotic core formation.®*3 The higher efferocytotic efficiency
exhibited by CD40-depleted compared to wild type BMDMs is in agree-
ment with this notion, suggesting a greater inclination towards alterna-
tive activation and, by extension, increased rate of efferocytosis by
CD40-depleted macrophages to be one likely factor underlying reduced

Omac—/ —

necrosis of CD4 plaques. Also consistent with a shift in macro-

phages towards alternative, anti-inflammatory, activation is the MMP ex-
pression profile, with upregulation of Mmp19 and Timp2 in CD40™* '~
BMDMs, accompanied by a downregulation of Mmp14.5* Interestingly,
MMP14 [together with tissue inhibitor of metalloproteinases 2
(TIMP2)] is essential for activation of pro-MMP2,%> and mRNA expres-
sion of both Mmp2 and -14 is >20-fold higher in vulnerable compared to
stable human carotid endarterectomy plaques.®® Furthermore, foam-
cells characterized by high MMP-14 (and low TIMP-3) expression have
been reported to be prevalent in rupture-prone atherosclerotic pla-
ques.”” The preference towards alternative activation of macrophages
was also supported by our observation of reduced gene expression of
additional pro-inflammatory mediators, such as Fas and miR-199a-5p, ac-
companied by increased expression of anti-inflammatory responses,
such as Lxr, in the atherosclerotic aorta when myeloid CD40 was lacking.

In contrast to lesions described in the CD40~'~ApoE ™'~ mouse and in
lesions resulting from CD40-TRAF6 blocking, we did not detect any
shifts in the plaque content of a-SMAT SMCs. We did, however, note

a general increase in plaque cell density in the CD40™~/~

mice (see
Supplementary material online, Figure S5M) that could not be attributed
to any of the major plaque cell types with known markers nor to changes
in cell viability. This non-classifiable population of cells may represent an
increase in the subset of ECM-producing plaque SMCs that no longer
express 0-SMA after having undergone the phenotypic shift to a more
fibroproliferative phenotype. As a matter of fact, SMC lineage-tracing
in mice has shown that as many as 82% of plaque SMCs did not express
a-SMA. 8 ScRNA-seq revealed these cells, dubbed ‘fibromyocytes’ by
Wirka et al.®?, to have a transcriptional profile characterized by a striking
upregulation of ECM synthesis genes otherwise specific to fibroblasts
and to play an atheroprotective role in atherosclerosis. Such pathways,
active in ECM formation and organization, were also upregulated in the
CD40™*<~'~ aorta. In our study, similar to what has been described by
others,”® the LysM-cre mouse is able to deplete myeloid specific expres-
sion by approximately 70%, which may pose a limitation. However, this
level of myeloid CD40 deficiency was sufficient to shift macrophage ex-
pression states and successfully reduce atherosclerotic plaque develop-
ment, while certain additional effects reported for the full CD40
knockout model, such as increased collagen content and reduced
MMP expression in plaques, appear to require CD40-depletion in add-
itional cell types. Indeed, we found increased collagen-production in
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CD40-deficient VSMCs compared to wild-type VSMCs. Surprisingly, the
preference of alternative macrophage activation in CD40™ ™'~ mice
may even contribute to decreasing the rate of collagen synthesis by
VSMCs, as implied by our observation that conditioned cell culture med-
ia from alternatively activated BMDMs has an inhibitory effect on VSMC
collagen production in vitro. Important to remember is that the develop-
ment of human plaques spans over several decades compared to a few
months in the mouse model. Given similar temporal conditions, the
presently found shift in the macrophage gene expression profile towards
a larger presence of an alternatively activated subpopulation would likely
also lead to long-term plaque stabilization, as a result of a persistently
lower grade of plaque inflammation compared to the
CD40-competent plaque milieu.

CD40-ligation stimulates production of several pro-inflammatory
cytokines and mediators, including TNFa, IL1a and -8, IL-6, IL-8,
IL-12, CCL2, -3, -4 and -5, and nitric oxide.*® The shift towards an al-
ternatively rather than classically activated macrophage phenotype
revealed in our CD40™~'~ model consequently appeared in concert
with overall milder systemic inflammation in HCD-fed Apoe ™~ mice
as reflected by a decrease in circulating monocytes and CD3*
T-cells, as well as plasma TNFa levels. Furthermore, a decrease of
CD4™ effector T-cells (and increase in CD8* naive T-cells) was found
in lymph nodes, where mRNA for Tnfa, Ccl5, Ccr5 and [I-17a, and of
anti-inflammatory marker [I-10 were also decreased. These findings
are in line with previously reported®® effects on transcriptional and
downstream signalling events as a result of blocking CD40-signalling
(via TRAF6). CD40-induced phosphorylation of Tak1 and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-kB) p65 was
reduced, but levels of NF-kB2 p52 or phosphorylation of (extracellu-
lar signal-regulated kinase) ERK1/2 (investigated by protein analysis)
were unaffected. Further transcriptional analysis confirmed the
main affected pathways in CD40-signalling via TRAF6 to be immune
reactions and cholesterol biosynthesis. Nonetheless, the observed ef-
fects on systemic inflammation were modest and are not expected to
affect efficiency or safety of myeloid specific CD40-blocking as a tar-
get for immunotherapy against atherosclerosis.

From a therapeutic standpoint, the ability of the current study to
achieve such an amelioration of atherosclerosis with only a partial
block of myeloid signalling is beneficial, as this allows for a drug-
development strategy where preserving low-level CD40-signalling
may potentially lead to less systematic side-effects. Other, less nar-
row or specific, approaches to target CD40-signalling have indeed
highlighted the importance of minimizing off-target side effects,
and NF-kB
activation in the kidneys observed in mice after siRNA-silencing
of CD40.”"

This is the first study to show that macrophage-specific

such as the increased macrophage infiltration

CD40-depletion reduces atherosclerotic plaque development by shift-
ing macrophage activation towards a more anti-inflammatory state.
Our results underscore the high therapeutic potential of targeting
CD40 as part of a future atherosclerosis therapy regimen. Using a
macrophage-specific approach to blocking CD40-signalling—shown by
Seijkens et al.** and Lameijer et al.>® to be achievable on a practical le-
vel—now holds great promise as a feasible tactic of blocking
CD40-signalling to reduce and stabilize atherosclerosis. Furthermore,
using the novel insights gained by the in-depth characterization of
CD40-triggered gene expression in macrophages provided by this study,
we shed light on the essential part co-stimulatory signalling in macro-
phages plays in the disease process.
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