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Abstract
Atherosclerosis is initiated by subendothelial retention of lipoproteins and cholesterol, which triggers a non-resolving inflam-
matory process that over time leads to plaque progression in the artery wall. Myeloid cells and in particular macrophages 
are the primary drivers of the inflammatory response and plaque formation. Several immune cells including macrophages, T 
cells and B cells secrete the anti-inflammatory cytokine IL-10, known to be essential for the atherosclerosis protection. The 
cellular source of IL-10 in natural atherosclerosis progression is unknown. This study aimed to determine the main IL10-
producing cell type in atherosclerosis. To do so, we crossed VertX mice, in which IRES-green fluorescent protein (eGFP) was 
placed downstream of exon 5 of the Il10 gene, with atherosclerosis-prone Apoe−/− mice. We found that myeloid cells express 
high levels of IL-10 in VertX Apoe−/− mice in both chow and western-diet fed mice. By single cell RNA sequencing and 
flow cytometry analysis, we identified resident and inflammatory macrophages in atherosclerotic plaques as the main IL-10 
producers. To address whether IL-10 secreted by myeloid cells is essential for the protection, we utilized LyzMCre+Il10fl/fl 
mice crossed into the Apoe−/− background and confirmed that macrophages were unable to secrete IL-10. Chow and western 
diet-fed LyzMCre+Il10fl/fl Apoe−/− mice developed significantly larger atherosclerotic plaques as measured by en face mor-
phometry than LyzMCre−Il10 fl/flApoe−/−. Flow cytometry and cytokine measurements suggest that the depletion of IL-10 in 
myeloid cells increases Th17 cells with elevated CCL2, and TNFα in blood plasma. We conclude that macrophage-derived 
IL-10 is critical for limiting atherosclerosis in mice.
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Background

Atherosclerosis and its sequelae stroke, myocardial infarc-
tion and ischemic heart failure are the leading cause of mor-
tality in USA and worldwide [1]. Atherosclerosis is initiated 

by excess lipoproteins and cholesterol, which triggers a 
chronic inflammatory process that over time drives plaque 
progression in the artery wall [2].

Myeloid cells and in particular macrophages are the 
primary drivers of the initial inflammatory response and 
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atherosclerotic plaque formation [2]. During hyperlipi-
demic conditions, there is a rapid recruitment of circulat-
ing monocytes into the atherosclerosis-prone areas of the 
arterial intima which then differentiate to macrophages 
and take up atherogenic cholesterol ester-rich lipoprotein 
becoming foam cells [3]. Plaque macrophages can have pro-
inflammatory or anti-inflammatory features. Recent single 
cell studies by mass cytometry and single cell RNA sequenc-
ing (scRNA-seq) have defined at least five distinct subsets 

of macrophages in mouse aortas: resident, inflammatory, 
Trem2 + foamy, cavity and IFNIC macrophages [4]. Cell sur-
face protein markers are not fully defined for most of these 
subsets; however, CD206 and Lyve1 have been proposed as 
good markers to discriminate resident macrophages [4, 5]. 
Macrophages are an important source of cytokines in the 
lesion and can secrete several proinflammatory cytokines 
such as (Interleukin) IL-1, IL-6, IL-12, IL-15, IL-18 as well 
as anti-inflammatory cytokines such as IL-10 [6].
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IL-10 is a prototypic anti-inflammatory cytokine pro-
duced by several immune cells such as macrophages, T cells 
and B cells [7]. IL-10 signals via of a two-subunit receptor 
composed of IL-10 receptor (IL-10R)1 and 2 [8]. IL-10R2 
is constitutively expressed by most cells, whereas IL-10R1 is 
mostly restricted to the hematopoietic lineage [8–10]. After 
binding to its receptor, IL-10 activates the canonical Janus 
kinase (JAK)/signal transducer and activator of transcription 
(STAT) pathway, specifically JAK1 and STAT3, which sub-
sequently induces the expression of genes associated with 
anti-inflammatory and immunosuppressive functions [11].

IL-10 expression has been shown to be essential to pro-
tect against atherosclerosis [12] in both Ldlr−/− [13–15] 
and Apoe−/− [16] models of atherosclerosis. Mallat and col-
leagues showed that atherosclerotic lesions of IL-10-defi-
cient mice had increased T-cell infiltration, increased mac-
rophages content and decreased collagen content [12]. This 
was confirmed by the same group in Ldlr−/− mice transferred 
with Il10-deficient bone marrow [15]. Pinderski et al. also 
showed similar results in Ldlr−/− mice, and they also sug-
gested that the inhibition was mediated by a specific shift 
toward a Th2 phenotype with subsequent alteration in mono-
cyte and lymphocyte function [17]. Caligiuri et al. assessed 
the effect of IL-10 deficiency in Apoe−/− model [16]. They 
found changes in cholesterol composition and increased 
lesion size in the Il10−/− Apoe−/− mice after 16 weeks of 

western diet (42% of calories from fat) [16]. Finally, Han and 
colleagues found that overexpressing IL-10 in macrophages 
reduced atherosclerosis in Ldlr−/− mice. They suggested that 
macrophage-derived IL-10 may decrease foam cell apop-
tosis, which would be an autocrine effect [18]. However, a 
recent report showed that loss of myeloid IL-10R1 unex-
pectedly attenuated atherosclerotic lesion size [19], possibly 
ruling out a beneficial effect of autocrine IL-10 on myeloid 
cells.

Here, we use a loss-of-function approach to identify the 
relevant IL-10-producing cells in atherosclerosis. First, we 
crossed IL-10 VertX reporter mice [20] with Apoe−/− mice. 
In VertX mice, the GFP expression strictly correlates to the 
IL-10 expression and IL-10 protein levels, as shown by gene 
expression analysis and ELIspot. GFP intensity is, however, 
reported to be retained longer than the actual IL-10 protein 
in the cells [20]. Using this model, we find that most of the 
IL-10 in the atherosclerotic aorta is derived from  CD11b+ 
myeloid cells, which are mostly macrophages. We identi-
fied that Lyve-1+  CD206+ resident macrophages produced 
high levels of IL-10. A smaller proportion of non-resident 
 CD206−  Lyve1− macrophages also expressed IL-10. Next, 
to determine the relevance of myeloid-derived IL-10 in the 
progression of atherosclerosis, we crossed LyzMCre+ [21] 
Il10fl/fl [22] mice into the Apoe−/− background and observed 
significantly increased atherosclerotic lesion size in mice fed 
chow diet (CD), representing a slower model with moder-
ate cholesterol elevation [23]. We also tested western-type 
diet (WD) fed Apoe–/– mice, which represents an accelerated 
atherosclerosis model [23].

Methods

Mice

Vert-X, Apoe−/−, LyzMCre+ (Lyz2tm1(cre)Ifo/J), and Il10fl/fl 
mice on a C57BL/6J background were purchased from Jack-
son Laboratories crossed and maintained in-house on a 
12 h light/dark cycle. For atherosclerosis studies, 8-week-
old male LyzMCre+ Il10fl/fl Apoe−/− and LyzMCre−Il10 
fl/flApoe−/− mice were fed a standard chow diet (CD) until 
16/25 weeks of age or a western-type diet (WD) contain-
ing 43% calories from fat and 0.2% cholesterol (Envigo, 
TD.88137) for 8/12 weeks. LyzMCre+ Il10fl/fl Apoe−/− showed 
10–20% incidence of inflammatory bowel diseases displayed 
by anus prolapses. Any sign of anus prolapse was considered 
as exclusion criteria from the present study. Thus, all the 
mice considered and analyzed in the experiments reported 
were not showing any signs of inflammatory bowel diseases.

Mice were euthanized by  CO2 inhalation. Mouse whole 
blood was collected in EDTA tubes via cardiac puncture. 
Blood leukocyte counts were determined by HemaVet 

Fig. 1  IL-10 expression in mouse tissue leukocytes A VertX mice, 
in which an IRES-enhanced green fluorescent protein (eGFP) fusion 
protein was placed downstream of exon 5 of the IL-10 gene, were 
crossed into the atherosclerosis-prone Apoe−/− background. B Aortic 
leukocyte composition as % of live  CD45+ cells in aortas of VertX 
Apoe−/− mice fed WD, (8 weeks, n = 6) or CD (16 weeks, n = 4). C 
IL-10GFP+ expression reported as % of parent cell type from aortas 
of VertX Apoe−/− mice on CD (16  weeks). D IL-10GFP+ expression 
reported as % of parent cell type from aortas of VertX Apoe−/− mice 
on WD (8 weeks). E Spleen leukocyte composition expressed as % 
of total  CD45+ live cells from VertX Apoe−/− mice on WD (8 weeks, 
n = 6) or kept on CD (16  weeks, n = 4). F IL-10GFP+ expression 
reported as % of parent cell type of IL-10GFP+ from spleen of Vert-X 
Apoe−/− mice on CD. G IL-10GFP+ expression reported as % of par-
ent cell type from spleen of VertX Apoe−/− mice on WD. H Leuko-
cyte composition expressed as % of total  CD45+, Live cells in per-
itoneal lavage fluid of Vert-X Apoe−/− mice challenged with a WD 
(8 weeks, n = 5) or kept in CD (16 weeks, n = 5). I) IL-10GFP+ expres-
sion reported as % of parent cell type from peritoneal lavage fluid of 
VertX Apoe−/− mice on CD. J IL-10GFP+ expression reported as % of 
parent cell type from peritoneal lavage fluid of VertX Apoe−/− mice 
on WD. K Leukocyte composition expressed as % of total CD45 + , 
live cells in draining LNs of Vert-X Apoe−/− mice challenged with 
a WD (8  weeks, n = 5) or kept on CD. L IL-10GFP+ expression 
reported as % of parent cell type from LNs of VertX Apoe−/− mice 
on CD. M IL-10GFP+ expression reported as % of parent cell type 
of IL-10GFP+ from LNs of VertX Apoe−/− mice on WD. Representa-
tive gating scheme in S.Fig.  1. Data are presented as mean ± SEM. 
P value was calculated by one-way ANNOVA test with Tukey’s cor-
rection for multiple comparison *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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950 (Drew Scientific). Plasma was collected from EDTA-
blood centrifuged at 2500×g for 15 min at 4 °C and stored 
at − 80 °C until further analysis.

Aorta collection and processing

Aortas were harvested and digested as previously described 
[24]. For flow cytometry analysis, surgically excised aortas 

Fig. 2  IL-10 expression in vascular macrophages. A The Uniform 
Manifold Approximation and Projection (UMAP) clustering of 
myeloid cells (macrophages, mixed monocyte/macrophage/dendritic 
cell (DC) clusters) as in [4]. B Single cell Il10 expression plotted on 
myeloid cell clusters. C Heatmap showing the levels of Il10 expres-
sion in all the myeloid clusters retrieved. D, E IL-10 expression in 
 CD45+ live TCRβ−  CD19− F4/80+ vascular macrophages from Vert-
X Apoe−/− aortae, reported as (D) MFI and (E) % relative to parent 
population (n = 4–5). Apoe−/− aortae were used as controls. F, G 
Flow cytometric analysis of IL-10 expression in  CD45+, live, TCRβ−, 
 CD19−, F4/80+,  CD206+  Lyve1+ resident, and  CD206−  Lyve1− non-
resident vascular macrophages from VertX Apoe−/− aortae, reported 
as (F) MFI and (G) % relative to parent population (n = 4–5). MFI 

and % data shown have been subtracted to  GFP−Apoe−/− control. H 
Confocal fluorescence micrographs depicting IL-10 (green), CD68 
(magenta) immunoreactivity, and Hoechst (blue) nuclear stain-
ing in whole mount aorta from a VertX Apoe−/− mouse fed WD. (i) 
Increased magnification showing IL-10GFP+ (green) and  CD68+ 
(magenta) macrophages. Scale bars 5  µm. (ii) Micrograph show-
ing only  CD68+ macrophages detected in the imaged field. Scale 
bars 10  µm. Co-localized green and magenta signal appears white 
and identify IL-10GFP+ macrophages. I Quantification of intimal 
and adventitial macrophages expressing IL-10 as identified by con-
focal microscopy. Data are presented as mean ± SEM. P value was 
calculated by unpaired T test with Welch’s correction *p < 0.05, 
***p < 0.001, ****p<0.0001
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were collected in 1 mL RPMI media (Gibco) containing 
10% fetal bovine serum (FBS) on ice. Aortas were then 
cut into small pieces and individually digested for 1 h at 
37 °C in HBSS (with  Ca2+ and  Mg2+) containing 450 U/mL 
Collagenase I (Sigma Aldrich), 250 U/mL Collagenase XI 
(Sigma Aldrich), 120 U/mL Hyaluronidase (Sigma Aldrich), 
and 120 U/mL DNase I (Worthington). The digested aor-
tic suspension was subsequently filtered through a 50 µm 
cell strainer (Partec) and washed with 37 °C pre-warmed 
RPMI 1640 containing 10% FBS and 1% Pen/Strep solution 
from now on called complete media (5 min, 500×g). Cells 
were kept in complete media for 30 min at 37 °C in a cell 
culture incubator to allow for the recovery of cell surface 
molecule expression affected by digestion.

Lymph node (LNs) cells, splenocytes isolation, 
and peritoneal lavage

LNs cells and splenocytes were isolated by meshing LNs 
(cervical, axillary, brachial, inguinal and mesenteric) and 
spleens through a 70 µm cell strainer (BD Biosciences). 
Splenocytes were then washed with PBS, followed by red 
blood cell lysis for 10 min (eBioscience). All cells were 
washed two times in PBS, and the cell concentration was 
adjusted to 1 ×  106/mL in PBS. Peritoneal cells were col-
lected by lavage of the peritoneal cavity. Briefly, the perito-
neal cavity of mice was injected with 5 mL of ice-cold PBS 
and massaged gently to dislodge any loosely attached cells. 
Then, peritoneal fluid was extracted and washed twice with 
PBS by centrifugation at 500×g for 5 min at 4 °C. Cells were 
then resuspended in 4 °C cold PBS.

Fig. 3  IL-10 deletion in myeloid cells exacerbates atherosclero-
sis. IL-10 levels measured by CBA in plasma of LyzMCre+Il10fl/fl 
Apoe−/−, or LyzMCre−Il10fl/fl Apoe−/− mice fed A CD for 25  weeks 
or B WD for 12  weeks. C Aortic immune cells relative proportion 
(%) in LyzMCre+Il10fl/fl Apoe−/−, or LyzMCre−Il10fl/fl Apoe−/− mice fed 
CD. D Pictures reporting en-face atherosclerosis evaluation in aor-

tas harvested from atherosclerosis prone LyzMCre+Il10fl/fl Apoe−/−, or 
LyzMCre−Il10fl/fl Apoe.−/− mice and formally quantified after 25 weeks 
of age fed in (E) CD (n = 10) or (F) after 12 weeks of WD (n = 8/11). 
Data are presented as mean ± SEM. P value was calculated by two-
way ANOVA and unpaired T test with Welch’s correction. *p < 0.05, 
**p < 0.01
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Flow cytometry analysis

LNs, splenic and aortic cells were stained in the dark for 
20 min at RT with a mixture of anti-mouse CD45-PerCP 
(clone 30-F11, Biolegend), CD11b-PE-Cy7 (clone M1/70, 
Biolegend), TCRβ-BV711 (clone H57-597, Biolegend), 
CD4-PE-AlexaFluor610 (clone GK1.5, Invitrogen), CD19-
APC-Cy7 (clone 6D5, Biolegend), Ly6G-BV786 (clone 
RB6-8C5, BD Biosciences), F4/80-BV421 (clone BM8, 
Biolegend), CD206-BV650 (clone C068C2, Biolegend) and 
Lyve1-PE (clone ALY7, Biolegend) antibodies and the live/
dead (LD) Yellow or LD FVS700 fixable dye (cat# 564997, 
BD Biosciences).

For intracellular staining, LNs, splenic and aortic cells 
were stimulated for 4 h with 1X Cell Stimulation Cocktail 
(cat# 00-4970-93, eBioscience) and 1X Protein Transport 
Inhibitor Cocktail (cat# 00-4980-03 eBioscience) accord-
ing to the manufacturer’s instructions. After incubation, 
cells were washed thrice and fixed with 2% paraformalde-
hyde (PFA) for 20 min. Cells were washed, resuspended in 
1x permeabilization buffer (cat# 00-8333-56, eBioscience), 
centrifuged for 5 min, 500×g and incubated with a mixture 
of anti-mouse TNF-PE (clone MP6-XT22, Biolegend) and 

IL-10-APC (clone JES5-16E3, Biolegend) in 1x permeabi-
lization buffer at 4 °C for 30 min. Cells were washed, resus-
pended in PBS containing 2% FBS, and acquired on a LSRII 
flow cytometer (BD Biosciences).

For intranuclear staining, LNs cells were treated fol-
lowing the eBioscience FOXP3 transcription factor stain-
ing protocol (cat # 00-5523-00). LNs cells were incubated 
for 20 min in the dark with a mixture of surface mark-
ers: anti-mouse CD45-PerCP (clone 30-F11, Biolegend), 
TCRβ-AF700 (clone H57-597, Biolegend), CD4-APCef780 
(clone GK1.5, Invitrogen), CD44-BV650, (clone IM7, Bio-
legend), CD62L-BV570 (clone MEL-14, Biolegend) and 
for 30 min in the dark with intranuclear markers: Foxp3-
FITC (clone FJK-16s, eBioscience), T-bet-BV421, (clone 
4B10, Biolegend), RORyt-PE-CF594 (clone Q31-378, BD 
Biosciences), GATA3-BV711 (clone L50-823, BD Bio-
sciences), and BCL6-PECy7 (clone K112-91, BD Bio-
sciences). After incubation cells were washed, resuspended 
in PBS containing 2% FBS, and acquired on a LSRII flow 
cytometer (BD Biosciences).

Whole mount imaging

Aortae from Vert-X Apoe−/− and Apoe−/− mice were care-
fully cleaned in situ and fixed in 2% PFA at 4 °C for 24 h, 
washed with PBS and transferred to 5 mL incubation buffer 
[2% FBS, 0.5% saponin (cat#47036, Sigma Aldrich), 0.1% 
sodium azide (cat# S2002, Sigma Aldrich)] containing 
CD68 primary antibody (1:200 cat# ab125212, Abcam), 
and anti-GFP AF488 (1:100 clone FM264G, Biolegend) 
and agitated for 24 h at 37 °C. Aortas were then washed 
5 times with PBS and stained in 5 mL incubation buffer 
containing secondary anti-rabbit IgG-AF598 (1:500, cat# 
A32740 Thermo Fisher), and Hoechst (1:10,000) for 24 h 
at 37 °C with agitation. Stained aortas were washed with 
PBS, opened longitudinally, mounted between glass slides, 
and imaged from the adventitial side with a Zeiss LSM880 
confocal scanning microscope. Image acquisition settings 
were set with control samples (wt samples, and secondary 
anti-rabbit IgG-AF598 control) and maintained throughout 
the experiment. Image and scan processing were performed 
with Zen microscope software (Zeiss) and Imaris analysis 
software (Bitplane).

En face lesion quantification

Mice were sacrificed, perfused with PBS supplemented with 
2% heparin (cat# C504710, Fresenius Kabi USA, LLC), 
aortas were dissected for en face staining. After explant, 
each aorta was incubated with 4% PFA for at least 24 h at 
4 °C and pinned out. Atherosclerotic plaques were stained 

Fig. 4  Myeloid IL-10 deletion elevates systemic cytokines and 
chemokines in LyzMCre+Il10fl/fl Apoe−/− mice. CCL2, TNFα and 
IL-1β assessed by CBA in plasma of LyzMCre+Il10fl/fl Apoe−/− fed 
CD or WD. A–C Histogram showing modulated levels for CCL2, 
TNFα and IL-1β in plasma of LyzMCre+Il10fl/fl Apoe−/− fed (A–C) 
CD and (D–F) WD. Data are presented as mean ± SEM. P value 
was calculated by unpaired T test with Welch’s correction. *p < 0.05, 
**p < 0.01. ***p < 0.001
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by Sudan IV. Atherosclerotic lesion size measurement was 
performed by blinded investigators using Image-Pro Pre-
mier software (Media Cybernetics) or Qpath (v0.2.3) [25]. 
Aortas with insufficient quality (extensive tissue damage) 
were excluded from further analysis. Possible outliers were 
assessed by ROUT test with Q = 1%.

Plasma lipid analysis

Plasma from experimental mice was tested for lipid content 
by IDEXX BioResearch (6290-Lipid Panel Rodent).

Cytokine bead array

Plasma samples harvested as above described were analyzed 
by BD CBA Flex Sets (BD Biosciences) for mouse IL-10 
(cat# 558300), IL-1β (cat# 560232), TNFα (cat# 558299) 
and CCL2 (MCP1 cat# 558342).

scRNA‑seq meta data

The RNA single cell meta-data reported in this manuscript 
are based on previously reported data [4]. Briefly, scRNA-
Seq data from 9 datasets were analyzed using the latest bio-
informatics integration method Harmony [26]. Cells were 
visualized using the Uniform Manifold Approximation and 
Projection [27], and colored based on Il10 expression.

Statistics

For visualization and statistical testing of normally dis-
tributed, continuous variables between two groups, an 
unpaired, two-sided Student’s T test with Welch correction 
was applied. Significances between multiple groups were 
assessed by a one-way or two-way ANOVA with Tukey’s 
multiple comparison tests. A P value < 0.05 was considered 
significant. All data are presented as mean ± standard error 
of the mean (SEM).

Results

IL‑10 is mainly produced by myeloid cells 
in the mouse aorta

To investigate IL-10 expression in immune cells in athero-
sclerosis, we crossed the VertX IL-10 reporter mice with 
Apoe−/− mice (Fig. 1A). GFP expression was detectable in 
aortic  CD11b+ myeloid cells by flow cytometry (Fig. 1A). 
In these mice, GFP intensity is proportional to IL-10 expres-
sion [20]. In the aorta of 16-week-old Vert-X Apoe−/− mice 
fed CD or WD for 8 weeks, more than 60% of  CD45+ live 
leukocytes were  CD11b+ myeloid cells, about 30% were 

 CD19+ B cells, 5% were  CD4+ T cells and 5% were  (CD19+) 
 CD11b+ B cells (Fig. 1B, and Figure S1).

In the aorta, we found that 15% of all  CD4+ T cells, 
20% of  CD11b+ myeloid cells, and 25%  CD11b+ B cells 
expressed IL-10 (Fig. 1C). A similar pattern was detected 
in mice challenged with a WD for 8 weeks (Fig. 1D), but 
the frequencies of IL-10 expressing  CD11b+ myeloid cells 
and  CD11b+ B cells were reduced in WD-fed mice (Fig. 1D 
and Figure S2). No significant changes were detected for 
 CD4+ T cells and B cells (Fig. 1D and Figure S2). These 
data suggest that CD4 + T cells, CD11b + myeloid cells and 
 CD11b+ B cells express IL-10 in the aorta. Because myeloid 
cells are the most abundant cells in the atherosclerotic aorta 
(Fig. 1B), myeloid cells may be the most relevant producers 
of IL-10.

We further analyzed the cellular origin of IL-10 in other 
organs including spleen, peritoneal lavage fluid and lymph 
nodes (LNs). Most splenocytes (70%) are B cells, 25% are 
 CD4+ T cells, and the remaining 5% include few  CD11b+ 
myeloid cells and  CD11b+ B cells (Fig. 1E). In the spleen, 
the highest relative proportion of IL-10 expressing cells was 
found among the  CD11b+ myeloid cells, followed by  CD4+ 
T cells, while only few B cells were IL-10 positive (Fig. 1F). 
Similar results were found in WD-fed mice (Fig. 1G). The 
proportion of IL-10+ expressing cells among  CD11b+ mye-
loid cells was reduced in mice on WD compared to mice on 
CD, but still remained the highest, followed by  CD4+ T cells 
and B cells (Fig. 1G).

IL-10-expressing cells were also analyzed in peritoneal 
lavage fluid (Fig. 1H–J) and in lymph nodes [LNs, (Fig. 1K, 
M)]. In peritoneal lavage fluid,  CD11b+ B cells represented 
the largest population, followed by B cells and  CD4+ T cells 
(Fig. 1H). No significant IL-10 expression was detected 
(Fig. 1I, J). LNs contain low numbers of  CD11b+ myeloid 
cells (Fig. 1K). Similar to the spleen, we found that almost 
10% of  CD11b+ myeloid cells were IL-10+, higher than the 
proportion in other cell populations analyzed in LNs from 
both CD and WD fed mice (Fig. 1L, M). Bone marrow cell 
precursors were also tested, but no relevant IL-10 expression 
was detected (data not shown). Taken together, these data 
suggest that IL-10-expressing myeloid cells are a significant 
source of IL-10 in atherosclerotic mice especially in aorta 
(Fig. 1).

Resident and inflammatory macrophages are 
the highest IL‑10 producers in the aorta

 Macrophages identified by the expression of the F4/80 
marker represent 60 to 80% of  CD11b+ myeloid cells in 
aorta (data not shown). We initially studied Il10 gene 
expression among all five identified macrophage subsets 
in mouse atherosclerotic aorta from a previous single-cell 
RNA sequencing study 4  (Fig. 2A). We found that three 
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macrophage subsets specifically expressed Il10 mRNA, with 
the highest proportion found in inflammatory macrophages 
(18%), followed by IFNIC macrophages (15%), and resi-
dent macrophages (10%) (Fig. 2B, C). Next, we used the 
VertX Apoe-/- mice to identify IL-10GFP protein expression 
in myeloid cells in the aorta. F4/80+macrophages expressed 
more IL-10GFP than F4/80- myeloid cells (Fig. 2D). Among 
F4/80+ macrophages, an average of 20% were IL-10+ as 
detected by flow cytometry (Fig. 2E). Very few F4/80- mye-
loid cells expressed IL-10GFP (Fig. 2E). We further used the 
markers CD206 and Lyve1 to discriminate between mac-
rophage subsets in the aorta of VertX Apoe-/- mice. Resi-
dent like macrophages were defined as  CD206+Lyve1 4, 
5.  CD206+Lyve1+ resident-like macrophages showed the 
highest IL-10 expression among all F4/80+ macrophages 
(Fig. 2F). Among the non-resident  CD206-Lyve1- mac-
rophages fewer than 5% were IL-10+ (Fig.  2G). IL-10 
expression in macrophages was also confirmed by imag-
ing whole mount aortas of Vert-X Apoe-/- mice (Fig. 2H). 
Co-expression analysis showed that IL-10-expressing mac-
rophages were located both in the adventitia and the intima 
(Fig. 2I). 24% of all intimal macrophages and only 12% of 
the adventitial macrophages expressed IL-10 (Fig. 2I). A 
pre-fixed range of IL-10GFP intensity was used to localize 
IL-10-expressing macrophages.

Myeloid‑specific elimination of IL‑10 increases 
atherosclerosis

To test the impact of myeloid-derived IL-10 on athero-
sclerosis, we crossed Il10fl/fl mice with Apoe−/− LyzMCre+ 
mice and investigated atherosclerosis at 25 weeks of CD 
or 12 weeks of WD (accelerated atherosclerosis model). 
Plasma IL-10 measured by cytokine bead array (CBA) was 
reduced by ~ 90% in LyzMCre+ Il10fl/fl Apoe−/− mice on CD 
(Fig. 3A). On WD IL-10 was not detectable in LyzMCre+ 
Il10fl/fl Apoe−/− mice (Fig. 3B). These findings suggest that 
most or all plasma IL-10 is derived from myeloid cells. 
IL-10 intracellular staining of LN cells confirmed successful 
IL-10 ablation in  CD11b+ myeloid cells of LyzMCre+ Il10fl/

fl Apoe−/− mice (Figure S3 A, B). By flow cytometry, we 

found that myeloid IL-10 ablation increased myeloid cells in 
the aorta; no other cell proportions were affected (Fig. 3C).

Next, we assessed the impact of myeloid IL-10 on athero-
sclerosis by measuring atherosclerotic lesion sizes en face 
[28]. LyzMCre−Il10 fl/flApoe−/− mice on CD showed less than 
0.2% atherosclerotic lesions (Fig. 3D, E). In LyzMCre+ Il10fl/

fl Apoe−/− mice, lesion area was 5 times larger (p < 0.01, 
Fig. 3D, E). As expected, WD greatly exacerbated ather-
osclerosis (Fig. 3F) to a 5% atherosclerotic lesion area in 
LyzMCre−Il10 fl/flApoe−/− mice. Lesion size was significantly 
further increased in LyzMCre+ Il10fl/fl Apoe−/− mice (Fig. 3F). 
These data show that myeloid IL-10 has a major atheroscle-
rosis-dampening effect.

Genetic IL-10 deficiency in myeloid cells had no effect 
on body weight or blood leukocyte counts, but significantly 
increased total cholesterol levels in blood plasma of mice 
on CD (Figure S4A–D). However, there was no change in 
triglycerides, LDL or HDL cholesterols (Figure S4B). Small 
changes were found in the body weight of LyzMCre+ Il10fl/fl 
Apoe−/− mice on WD (Figure S4E). Plasma lipid levels and 
blood leukocyte counts remained unchanged in WD fed mice 
(Figure S4E-H).

Eliminating myeloid IL‑10 increases circulating 
cytokine and chemokine levels in Apoe−/− mice

We next reasoned that the elimination of myeloid IL-10 
may have an impact on circulating cytokines. To assess 
this, we used CBA to screen for known atherosclerosis-
associated protein changes in blood plasma [29]. We found 
CCL2 (also known as MCP-1) to increase significantly in 
LyzMCre+ Il10fl/fl Apoe−/− mice fed CD (Fig. 4A). Inter-
leukin (IL)-1β and tumor necrosis factor (TNF)α showed 
a trend towards increase in LyzMCre+ Il10fl/fl Apoe−/− mice 
compared to controls; however, no significance was reached 
(Fig. 4B, C). In the mice fed WD for 12 weeks, the elimina-
tion of myeloid IL-10 similarly promoted CCL2 secretion. 
TNFα secretion was also significantly induced in LyzMCre+ 
Il10fl/fl Apoe−/− mice fed WD. Similarly, as reported for CD-
fed mice, IL-1β levels trended upwards in LyzMCre+ Il10fl/

fl Apoe−/− mice but did not reach significance (Fig. 4F). 
Overall, myeloid IL-10 depletion in both CD and WD-fed 
mice increases the systemic levels of known proinflamma-
tory cytokines resulting in inflammation and atherosclerosis 
progression.

To further study the effect of the myeloid IL-10 deple-
tion locally, we next analyzed the levels of TNFα, a pivotal 
cytokine in the inflammatory cascade, TNFα is highly asso-
ciated with atherosclerosis initiation and progression [30]. 
Consistent with elevated circulating TNFα levels in LyzM-
Cre+ Il10fl/fl Apoe−/− mice (Fig. 4C, F), intracellular staining 
showed augmented TNFα (both MFI and %) in PMA/iono-
mycin stimulated aortic and LNs cells of LyzMCre+Il10fl/fl 

Fig. 5  Myeloid IL-10 depletion induces local increases in TNFα 
secretion. Leukocyte TNFα intracellular staining expressed as MFI 
or % in (A, B) Aorta (n = 3–5), (C, D) LNs (n = 4–6), and (E, F) 
Spleens (n = 5–7). Leukocytes were harvested from LyzMCre+Il10fl/fl 
Apoe−/−, or LyzMCre−Il10fl/fl Apoe−/− mice kept on CD for 25 weeks 
(n = 3–5). Leukocyte TNFα intracellular staining expressed as MFI 
or % of (G, H) Aorta (n = 3), (I, J) LNs (n = 6), and (K, L) Spleens 
(n = 5–10) leukocytes harvested from LyzMCre+Il10fl/fl Apoe−/−, 
or LyzMCre−Il10fl/fl Apoe−/− mice kept on WD for 12  weeks. Data 
are presented as mean ± SEM. P value was calculated by two-way 
ANOVA with Tukey’s correction for multiple comparison.*p < 0.05, 
**p < 0.01, ***p < 0.001

◂
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Apoe−/− mice. The largest increase was seen in  CD11b+ 
myeloid cells and  CD4+ T cells (Fig. 5A, B and C, D) in 
aortas and LNs, but not in spleen leukocytes (Fig. 5E and F). 
In WD fed mice, TNFα MFI was significantly increased in 
PMA/ionomycin-stimulated aortic and LN  CD4+ T cells in 
LyzMCre+Il10fl/fl Apoe−/− mice (Fig. 5G and H). The propor-
tion of TNFα + myeloid  CD11b+ cells was increased both in 
aorta and LNs (Fig. 5I and J). No significant changes were 

found in the spleen (Fig. 5K and L). Thus, we conclude 
that absence of myeloid IL-10 induces local and systemic 
increases in TNFα.

Fig. 6  Myeloid Il10 defi-
ciency increases frequency of 
ROR-γt+ Th17 cells in CD but 
not in WD fed LyzMCre+Il10fl/fl 
Apoe−/− mice. A Applied gating 
strategy for the identification 
of the CD4 T cells subpopula-
tions shown as dot plots. B–E 
Transcription factors expres-
sion among (B and D)  Tcrb+ 
 CD4+  CD44+  CD62L− T cells 
or (C and E)  Tcrb+  CD4+ 
 CD44+  CD62L−  FoxP3+ T regs 
from LNs of LyzMCre+Il10fl/fl 
Apoe−/− or LyzMCre−Il10fl/fl 
Apoe.−/− mice fed B, C CD for 
25 weeks (n = 6) or D, E WD 
for 12 weeks (n = 6–9). Data 
are presented as mean ± SEM. 
P value was calculated by one-
way and two-way ANOVA with 
Tukey’s correction for multiple 
comparison test *p < 0.05, 
**p < 0.01
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IL‑10‑deficiency in myeloid cells increases ROR‑γt+ 
Th17 cells in CD but not in WD‑fed Apoe−/− mice

To study the effects of myeloid-derived IL-10, we further 
analyzed the phenotypic changes in the composition of CD4 
T cells in mice fed with CD or WD, known mediators of ath-
erosclerosis progression [31]. We stained draining LNs [32] 
T cells with monoclonal antibodies to different transcrip-
tion factors to identify  CD4+ T cell Tregs  (FoxP3+), Th1 
(T-bet+), Th17 (ROR-γt+), Tfh  (Bcl6+) and Th2 (GATA-3+) 
subsets (Fig. 6A). In CD fed LyzMCre+ Il10fl/fl Apoe−/− mice, 
we found no changes in the frequency of Tregs, Th1, and 
Th2 subsets compared to LyzMCre−Il10 fl/flApoe−/− mice 
(Fig. 6B). However, we detected an increased proportion 
of Th17 and Tfh cells in LyzMCre+ Il10fl/fl Apoe−/− mice 
(Fig. 6B). The phenotype of Tregs (FoxP3 alone or with 
TBet or with RORγt) remained unchanged (Fig. 6C).  CD4+ 
T cell subsets including Tregs  (FoxP3+), Th1 (T-bet+), 
Th17 (ROR-γt+), Th2 (GATA-3+) or Tfh  (Bcl6+) cells were 
not affected by myeloid IL-10 deficiency in WD fed mice 
(Fig. 6D). Most Tregs expressed FoxP3 alone, with some 
co-expressing T-bet and few co-expressing ROR-γt. This dis-
tribution also remained unchanged in animals with myeloid 
IL-10 deficiency fed WD (Fig. 6E).

Discussion

IL-10 is known to be a potent down-regulator of several 
cellular processes important in atherosclerosis and plaque 
development [33]. Thus, IL-10 modulation has been inves-
tigated as a possible therapeutic strategy in experimental 
atherosclerosis [12, 15–17]. This cytokine is known to be 
produced by several leukocytes, most notably macrophages 
[34].

Vaccination strategies with peptide epitopes found in 
ApoB, the main core protein of low-density lipoprotein 
(LDL) and chylomicrons showed that Apoe−/− mice are 
protected from atherosclerosis when vaccinated [35–38]. In 
such vaccination experiments, Il10 mRNA expression was 
found to be increased in the aortas [35] and in some CD4 
T cells [36]. However, the cellular origin of IL-10 during 
natural atherosclerosis progression or after vaccination was 
unknown.

In this manuscript, we defined the cellular origin 
of IL-10 in aortas and other organs of atherosclerotic 
Apoe−/− mice. We found that myeloid cells are a significant 
source of IL-10 in the aorta in both CD and WD fed mice. 
 CD11b+ B cells also showed IL-10 expression in the aorta. 
The potential role of B cell–derived IL-10 in atherosclero-
sis has already been explored. B cell-specific IL-10 deple-
tion showed no effect on atherosclerosis progression [39].

Beyond the local myeloid IL-10, global plasma IL-10 
levels were significantly reduced in LyzMCre+Il10fl/fl 
Apoe−/− mice. Among myeloid populations we focused on 
macrophages that account for most of the aortic  CD11b+ 
cells. By scRNA-seq data analysis we found that resident 
and inflammatory macrophages in the aorta expressed Il10 
mRNA, with the inflammatory subsets being the highest. At 
the protein level, however, we found that  CD206+Lyve1+ 
resident macrophages in the aorta of atherosclerotic 
Apoe−/− mice produced more IL-10 than other immune cells. 
It is known that the correlation between mRNA and protein 
expression is limited in immune cells [40].

Through colocalization analysis in whole mount aortas 
of VertX Apoe−/− mice, we further discovered that IL10-
expressing macrophages can be located both in the adventitia 
and the neointima. To directly study the impact of myeloid 
IL-10 in atherosclerosis progression, we used LyzMCre+ 
Il10fl/fl Apoe−/− mice. The LyzMCre+ targets monocytes, mac-
rophages and neutrophils [21]. However, neutrophils content 
in the mouse aorta is negligible.

Myeloid IL-10-deficiency boosted myeloid cell 
proportion in aorta. Similarly, en face aortic lesions 
increased 5-fold and 1.5-fold on CD and WD fed LyzM-
Cre+ Il10fl/fl Apoe−/− mice, respectively, compared to 
LyzMCre−Il10fl/flApoe−/− littermate controls. Plasma lipids 
levels did not change in myeloid IL-10 depleted WD fed 
mice. Some variation has been found in the total cholester-
ols of myeloid IL-10 depleted CD fed mice, no changes in 
triglyceride or LDL and HDL levels were detected.

These data demonstrate the atheroprotective effects of 
myeloid cell-derived IL-10, which accounts for most of the 
secreted IL-10 in Apoe−/− mice.

In a previous report, Han X et al. built a lentiviral medi-
ated IL-10 macrophages overexpression model [18]. As 
expected, they found decreased atherosclerotic lesions in 
transduced mice further suggesting possible IL-10 auto-
crine function on macrophages, with increased cholesterol 
influx and decreased apoptosis. The autocrine function was, 
however, challenged by a recent report showing that the loss 
of myeloid IL-10R1 signaling in Ldlr−/− mice attenuated 
atherosclerotic lesion size and severity by modifying the 
susceptibility to hypercholesterolemia [19]. Thus, this study 
suggests that the autocrine function of IL-10 likely limits its 
production in a negative feedback loop.

Furthermore, Han X et al. did not address the myeloid 
IL-10 production in the normal progression of the disease 
and did not take into consideration any other possible IL-10 
source [18].

We detected increased CCL2 chemokine plasma levels 
in LyzMCre+Il10fl/fl Apoe−/− mice fed CD and WD. CCL2 
has been strongly linked to atherosclerosis in both animal 
and human studies [41]. CCL2 and its receptor CCR2 are 
known to regulate and promote the recruitment of classical 
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monocytes into the atherosclerotic plaque. In humans, 
increased CCL2 plasma levels have been associated with 
heart failure and its severity [42].

IL-1β and TNFα are also modulated in plasma of mice 
lacking myeloid-derived IL-10 on both CD and WD. Both 
cytokines have been considered among the most important fac-
tors promoting inflammatory processes in atherosclerosis [29].

IL-1β is induced in monocytes and macrophages by the 
activation of the Inflammasome machinery [43, 44] and is 
known to promote (among other functions) CCL2 expression 
and recruitment of monocytes and other immune cells [45]. 
Recently, the CANTOS (Canakinumab Anti-inflammatory 
Thrombosis Outcome Study) confirmed the importance of 
IL–1β as therapeutic target for the possible treatment of 
human atherosclerosis and its complications [46].

TNFα is a member of the TNF superfamily. After binding 
to its receptors TNFR1 (p55) and TNFR2 (p75), it mediates 
several proinflammatory functions [47]. In humans, TNF is 
known to promote the interaction between circulating leuko-
cytes and the endothelium, thus promoting leukocyte recruit-
ment into the atherosclerotic plaque [29]. TNFα was found 
modulated both systemically and locally as detected by CBA 
and flow cytometry in both CD and WD-fed LyzMCre+Il10fl/fl 
Apoe−/− mice. As expected, WD fed mice showed the strong-
est and most significant increase. Our data also suggest that 
local production of TNFα was mostly by  CD11b+ myeloid 
cells and  CD4+ T cells in aorta and LNs of mice lacking 
myeloid IL-10 production.

Phenotypic analysis of common  CD4+ T cells also sug-
gests that the depletion of myeloid-derived IL-10 increased 
ROR-γt+ Th17  CD4+ T cells in LNs. LyzMCre+Il10fl/

fl Apoe−/− mice fed a WD for 12  weeks did not show 
increased ROR-γt+ Th17  CD4+ T cells in LNs compared to 
LyzMCre−Il10 fl/flApoe−/− mice.

Conclusions

In summary, here we show that myeloid cells are the most 
significant source of IL-10 during atherosclerosis pro-
gression in both CD and WD models. The specific loss 
of myeloid-derived IL-10 promotes a strong proinflam-
matory state, with increased expression of CCL2, IL-1β 
and TNFα possibly resulting in the increased recruitment 
of immune cells, such as T cells and monocyte-derived 
macrophages, into the atherosclerotic aorta, with the net 
effect of exacerbating inflammation and promoting athero-
sclerosis progression in mice.
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