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RAGE impairs murine diabetic
atherosclerosis regression and implicates
IRF7 in macrophage inflammation and
cholesterol metabolism
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Despite advances in lipid-lowering therapies, people with diabetes continue to experience more
limited cardiovascular benefits. In diabetes, hyperglycemia sustains inflammation and preempts
vascular repair. We tested the hypothesis that the receptor for advanced glycation end-products
(RAGE) contributes to these maladaptive processes. We report that transplantation of aortic arches
from diabetic, Western diet-fed Ldlr/- mice into diabetic Ager~- (Ager, the gene encoding RAGE)
versus WT diabetic recipient mice accelerated regression of atherosclerosis. RNA-sequencing
experiments traced RAGE-dependent mechanisms principally to the recipient macrophages and
linked RAGE to interferon signaling. Specifically, deletion of Ager in the regressing diabetic plaques
downregulated interferon regulatory factor 7 (Irf7) in macrophages. Immunohistochemistry studies
colocalized IRF7 and macrophages in both murine and human atherosclerotic plaques. In bone
marrow-derived macrophages (BMDMs), RAGE ligands upregulated expression of Irf7, and in
BMDMs immersed in a cholesterol-rich environment, knockdown of Irf7 triggered a switch from
pro- to antiinflammatory gene expression and regulated a host of genes linked to cholesterol efflux
and homeostasis. Collectively, this work adds a new dimension to the immunometabolic sphere

of perturbations that impair regression of established diabetic atherosclerosis and suggests that
targeting RAGE and IRF7 may facilitate vascular repair in diabetes.

Introduction

Atherosclerosis, a leading cause of morbidity and mortality, begins in childhood. Fatty streaks are
found in early life and may undergo progression, arrest, or regression during their natural history (1).
Although pharmacological approaches have yielded success in mediating regression of established
atherosclerotic plaques in humans (2), in people with diabetes, lipid- and glucose-lowering therapies
are less effective (3). These observations are recapitulated in murine models of diabetic atherosclerosis
regression (4-7).

In atherosclerosis regression, prominent roles for macrophage dysfunction have been uncovered
through fate mapping, fluorescent bead labeling of monocytes/macrophages, single-cell and bulk
RNA-sequencing, and using genetically modified animals and pharmacological treatments (8—18). Roles
for impaired emigration of macrophages from established plaques to skewed inflammatory processes, in
which overabundance of pro- versus antiinflammatory macrophage gene expression impairs regression,
particularly in diabetes, have been uncovered (4, 19).
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It was in these contexts that we hypothesized a role for the receptor for advanced glycation end-
products (RAGE) in impaired regression of atherosclerosis. RAGE, a member of the immunoglobulin
superfamily, is expressed on monocytes/macrophages and vascular cells and has been implicated in ath-
erosclerosis progression in mice (20-24). We employed a model of transplantation of donor atheroscle-
rotic aortic arches (25) from mice devoid of the LDL receptor (Ldlr) and fed a Western diet into normo-
lipidemic mice to test the premise that Ager (4Ager, the gene encoding RAGE) contributes to macrophage
dysfunction and impairs regression of atherosclerosis. We demonstrate that compared with WT recipient
mice, deletion of Ager enhanced regression of atherosclerosis. RNA-sequencing of donor versus recipient
diabetic macrophages after aortic arch transplantation suggested that Ager deletion downregulated inter-
feron signaling, and, specifically, interferon regulatory factor 7 (IRF7). In macrophages, IRF7 regulated
cholesterol metabolism and inflammation. Targeting RAGE and IRF7 might represent an important ther-
apeutic opportunity to accelerate atherosclerosis regression.

Results

RAGE is expressed in regressing atherosclerotic plaques in mice. To test the premise that RAGE impairs
regression of diabetic atherosclerosis, we rendered male Ldlr—'— mice diabetic with streptozotocin at
age 7 weeks. Hyperglycemic and control mice were placed on a Western diet (0.15% cholesterol for
16 weeks). At age 23 weeks, aortic arches from these donor mice were transplanted into male WT or
homozygous Ager—'— diabetic or nondiabetic mice (25). The grafted aortic arches were harvested at the
indicated times after transplantation (Figure 1A).

We verified that diabetes accelerated atherosclerosis progression in Western diet—fed Ldl»—— mice, as
aortic arches from these mice served as the donors in these experiments. En face analysis of the aorta
revealed a significant increase in atherosclerotic lesion area in diabetic versus nondiabetic aortas; P < 0.0001
(Figure 1B). Immunofluorescence microscopy colocalized RAGE to CD68-expressing macrophages in the
atherosclerotic plaques of these mice (Figure 1C). When atherosclerotic aortic arches from diabetic Ldlr—'—
mice were transplanted into diabetic versus nondiabetic recipient WT mice, laser capture microdissection
of lesional CD68-expressing macrophages 5 days posttransplantation revealed trends toward higher Ager
mRNA transcripts by about 3-fold (Figure 1, D and E). We tested whether RAGE expression in the recipi-
ent mice contributed to impaired regression of atherosclerosis.

RAGE impairs regression of atherosclerosis. We first tested the role of RAGE in diabetes. Atheroscle-
rotic aortic arches retrieved from diabetic donor Ldlr—'— mice fed a Western diet were transplanted
into diabetic WT or Ager—'— mice. Five days later, H&E staining revealed that when the atherosclerotic
aortic arches were transplanted into Ager—'— diabetic mice, significantly lower lesion area was observed
compared with that in the diabetic donor and diabetic WT recipient mice; P < 0.0001, and P < 0.001,
respectively (Figure 2A). There were no significant differences in plaque size when comparing donor
aortic arches from diabetic Ldlr—'— mice to the transplanted arches from diabetic WT recipient mice
(Figure 2A). With respect to macrophage content, compared with either the diabetic donor aortic
arches retrieved from Ldlr—'— mice or the transplanted aortic arches retrieved from WT diabetic recip-
ient mice, the aortic arches retrieved from Ager—— mice revealed significantly reduced macrophage
(CD68) content; P < 0.0001, and P < 0.01, respectively (Figure 2B). There were no significant differ-
ences between the diabetic donor Ldlr—'— aortic arches and those retrieved from the WT diabetic recip-
ient mice (Figure 2B). Oil red O staining (neutral lipid) revealed that compared with the donor diabetic
Ldlr—'— mice aortic arches, lipid content was significantly reduced in the diabetic recipient mice devoid
of Ager but not the WT animals; P < 0.0001 (Figure 2C). Lesional content of collagen, considered a
beneficial stabilizing component in human atherosclerotic plaques, was assessed. Whereas there were
no significant differences between the diabetic donor Ldlr—'— mice aortic arches and those retrieved
from the diabetic WT recipient mice, significantly higher Picrosirius red staining was observed in the
diabetic Ager—/— recipient mice; P < 0.0001 (Figure 2D). Significantly higher collagen content was
observed in the aortic arches of the diabetic recipient mice devoid of Ager versus the WT diabetic
recipient mice; P < 0.0001 (Figure 2D).

We analyzed metabolic data (Table 1). Ager—'— mice recipients weighed significantly less than the
donor Ldlr—'— and the WT recipient mice. There were no significant differences in levels of blood glu-
cose. Levels of total cholesterol were significantly lower in WT and Ager—/— recipient groups versus
the donor Ldlr—— mice; plasma cholesterol was significantly lower in the Ager—'— versus the WT mice.
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Figure 1. RAGE is expressed in regressing atherosclerotic plaques. (A) Model schematic: atherosclerotic aortic arches from Ld/r~/~ mice were transplant-
ed into WT, Ager~/-, diaphanous related formin 1-deficient (Diaph1~/-), or Tg glyoxalase-1(Glo7) recipient mice and harvested at the indicated times after
aortic arch transplantation. (B) Representative images of en face Sudan IV staining of atherosclerotic lesions in nondiabetic Ld/r/-and diabetic Ldlr/~
mice. Quantification of plague area as percentage of total aortic surface area is shown; N = 10 mice/group. (€) Immunofluorescence staining for RAGE and
CD68 of atherosclerotic plagues 5 days after aortic arch transplantation. Representative images from N = 4 mice/group are shown. Scale bars: 250 um, and
inset, 50 um. The secondary antibody-alone control is shown. (D) Laser capture microdissection of CD68* cells 5 days posttransplantation. Representative
images from N = 4 mice/group are shown. Scale bar: 100 um. (E) Ager mRNA expression in macrophages captured from D (N = 4 mice/group). Mean + SEM.
Unpaired t test was performed in B and E. ****P < 0.0001.

However, only in the donor Ldlr—'— mice, not in the recipient mice (WT and Ager—'—), were significant
correlations between atherosclerotic lesion area and plasma cholesterol levels observed (Table 2). The levels
of triglyceride were significantly higher in the Ldlr—'— mice versus both recipient groups; no significant
differences were observed between the recipient groups.

As RAGE ligands accumulate in nondiabetic atherosclerosis (20), we transplanted aortic arches from non-
diabetic, Western diet—fed Ldlr—— mice into nondiabetic WT or Ager—'— recipient mice and sacrificed the mice
5 days later. Compared with the nondiabetic donor Ldlr—'— mice aortic arches and the aortic arches that were
transplanted into the recipient WT nondiabetic mice, transplantation of atherosclerotic aortic arches into non-
diabetic mice devoid of Ager resulted in significantly lower atherosclerotic lesion area (P < 0.0001, and P <
0.01, respectively); lesional macrophage content (CD68) (P < 0.0001); and Oil red O staining (P < 0.0001 and P
< 0.001, respectively) and significantly higher collagen content; P < 0.0001) (Supplemental Figure 1, A-D; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.137289DS1). Ager—'—
recipient mice weighed less than the donor Ldlr—— mice. Levels of blood glucose were significantly lower in the
Ager—'— recipient mice versus the other 2 groups. Levels of total cholesterol were significantly lower in WT and
Ager—'— recipient mice versus the donor Ldlr—'— mice but did not differ between the 2 recipient groups. There
was no significant correlation between atherosclerotic lesion area and cholesterol levels in the recipient Ager—'—
mice, unlike that observed in the WT recipient mice (Supplemental Table 1). Levels of total triglycerides were
significantly lower in both recipient groups versus the donor mice (Supplemental Table 1).

To test if the effects of Ager deletion on regression of diabetic atherosclerosis were sustained, recip-
ient diabetic mice that had undergone transplantation of donor aortic arches from diabetic, Western
diet—fed Ldlr—'— mice were sacrificed 14 days posttransplantation. Atherosclerotic lesion area, macrophage
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Figure 2. RAGE, GLO1, DIAPH1, and regression of atherosclerosis. Representative images of H&E (A), CD68 (B), Oil red O (C), and Picrosirius red staining
(D) of aortic arch donor and transplant sections and their quantification in Ld/r~~ (donor) and WT, Ager~-, Tg Glo1, and Diaph1~/- diabetic recipient mice 5
days posttransplantation (N = 10 mice/group). Scale bar in A-D: 100 um. In B, the secondary antibody-alone control is shown. Mean + SEM; 1-way ANOVA
with post hoc Tukey’s test was used. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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CD68 content, and Oil red O staining were significantly lower and lesional content of collagen was
significantly higher in the diabetic WT and Ager/— recipient mice compared with the diabetic donor
Ldlr—'— mice; P < 0.0001 (Supplemental Figure 2, A-D). All these parameters were significantly
improved in the diabetic Ager—'— versus the WT recipient mice; P < 0.05 (Supplemental Figure 2, A-D).
Effects of advanced glycation end-products, oxidative stress, Tg glyoxalase-1 expression, and deletion of Diaphl on
regression of diabetic atherosclerosis. We reasoned that the accumulation of RAGE ligands contributed to the
observed differences between Ager-expressing and -deficient mice and probed for RAGE ligands, advanced
glycation end-products (AGESs), in plasma and atherosclerotic lesions. AGEs may be generated by hypergly-
cemia, oxidative stress, and inflammation (20-24, 26, 27). Western blotting revealed that plasma AGE epi-
topes were significantly higher in diabetic versus nondiabetic WT mice; P < 0.001 (Figure 3A). Aortic arches
and atherosclerotic plaques of diabetic Ldlr—'— mice revealed copious AGE immunoreactivity (Figure 3B).
To determine if AGEs impaired regression of diabetic atherosclerosis, we modulated levels of the
enzyme GLO1, which detoxifies pre-AGE intermediates and reduces AGE content (28). Tg Glol mice,
which express murine Glol, or WT controls were rendered diabetic (29). Five days posttransplantation, sig-
nificantly lower mean lesion area was observed in the diabetic Tg Glol mice versus either the diabetic donor
Ldlr—'— mice or the diabetic WT recipient mice; P < 0.0001 (Figure 2A). CD68 staining revealed significant
reduction in macrophage content in the Tg Glo! diabetic mice versus the donor Ldlr—— mice or the WT
recipient animals; P < 0.0001 (Figure 2B). Neutral lipids were significantly lower in the aortas of Tg Glol
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Table 1. Biochemical parameters: diabetic donor/diabetic recipient mice

Parameter

Body weight (g)

Glucose (mg/dL)

Total cholesterol (mg/dL)
Triglyceride (mg/dL)

Mouse Group

Ldlr~= donor WT recipient Ager~'~ recipient Tg GloT recipient Diaph1~/~ recipient
27+04 25+0.6 22 +0.548 24 +0.6" 24 +0.6*
s ek 3 321+8 331+ 8 339+6 343 £12
1404 + 29 284 + 44 224 + 38 120 + 44 147 + 2AP
218+ 4 44 + 24 39+24 35+24 37+24

Values represent mean + SEM. Donor group received Western diet; all other groups received standard chow diet. “Donor versus recipient, P < 0.05. BWT
recipient versus Ager~- recipient, P < 0.05. “WT recipient versus Tg Glo7 recipient, P < 0.05. "WT recipient versus Diaph1~/~ recipient, P < 0.05.

versus the diabetic donor Ldlr—— mice or the diabetic WT recipient mice; P < 0.0001 (Figure 2C). Content
of collagen was significantly higher in the diabetic Tg Glo! recipient mice versus the diabetic donor Ldlr—'—
mice or the diabetic WT recipient mice; P < 0.0001 (Figure 2D). The AGE content in the transplanted
atherosclerotic plaques in the diabetic Tg Glo! recipient mice was significantly lower than that in the aortic
arches of the diabetic donor Ldlr—'— or the diabetic WT recipient mice; P < 0.0001 (Figure 3B). Per Table 1,
compared with donor Ldlr—'— mice, Tg Glo! mice weighed significantly less. No differences in levels of
blood glucose were observed. Levels of total cholesterol were significantly lower in the Tg GloI recipient
mice versus the donor Ldlr—/— mice and the WT recipient mice, and the total cholesterol levels in the Tg
Glol mice correlated with atherosclerotic lesion area (Table 1 and Table 2). The levels of triglycerides were
lower in the recipient Tg Glol/ and WT mice versus the donor Ldlr—— mice (Table 1). Collectively, these data
indicate that the reduction of RAGE ligand AGEs accelerated regression in diabetic atherosclerotic plaques.

To identify if RAGE signaling impaired regression of diabetic atherosclerosis, we postulated a role for the
cytoplasmic domain binding partner of RAGE, DIAPH1 (30). Deletion of macrophage Diaphl reduces the
upregulation of Egr/ mRNA and activity in hypoxia (31). We rendered mice devoid of Diaphl and WT mice
diabetic and probed regression of atherosclerosis. Five days after transplantation, compared with donor Ldly——
mice and WT diabetic recipient mice, the recipient diabetic mice devoid of Diaphl displayed significantly
lower atherosclerotic lesion area, P < 0.0001; significantly lower CD68 macrophage content, P < 0.0001; sig-
nificantly lower Oil red O staining, P < 0.01; and significantly higher collagen content; P < 0.0001 (Figure 2,
A-D). Compared with the diabetic donor Ldlr—'— mice or diabetic WT recipient mice, the aortas of diabetic
DiaphI—'— mice displayed significantly lower AGE content; P < 0.0001 (Figure 3B). Dihydroethidium (DHE)
staining, a marker for oxidative stress, was significantly lower in the Ager—'— and Diaphl—'— mice compared
with donor Ldlr—'— mice; P < 0.0001 (Figure 3C). Compared with the diabetic recipient WT mice, the regress-
ing plaques of Ager—'— or Diaphl—'— recipient diabetic mice displayed significantly lower DHE staining; P <
0.05 and P < 0.001, respectively. Per Table 1, the body weight of the Diaphl—'— mice was significantly lower
than that of the donor Ldlr—'— mice but was not different from the WT recipient mice. Levels of blood glucose
did not differ. Levels of cholesterol in the recipient Diaphl—'— mice were significantly lower than those in the
donor Ldlr—'— mice or the WT recipient mice, but there was no correlation between atherosclerotic lesion area
and cholesterol levels in Diaphl—'— mice. Levels of triglyceride were lower than those in the donor mice but

Table 2. Correlation between atherosclerotic lesion area (H&E staining) and total cholesterol levels in
diabetic donor and diabetic recipient mice

Genotype/Condition Correlation coefficient/

P value
Ldlr~~ donor 0.77/0.008"
WT recipient 0.59/0.07
Ager~~ recipient 0.44/0.20
Tg GloT recipient 0.68/0.03*
Diaph1~/~ recipient 0.57/0.09

AP < 0.05.8P < 0.01.
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did not differ from the levels in WT recipient mice (Table 1 and Table 2). Thus, the RAGE/DIAPHI1 signal-
ing axis contributed to impaired regression of diabetic atherosclerosis.

Effects of RAGE on macrophage properties in the regression of diabetic atherosclerosis. To probe the mech-
anisms by which RAGE affected macrophage properties, we assessed macrophage proliferation and
apoptosis in the regressing diabetic plaques. Compared with diabetic WT recipient mice, Ki67* (pro-
liferation) immunoreactivity in transplanted aortic arches was significantly lower in the CD68* macro-
phages in the diabetic Ager—/— recipient mice; P < 0.01 (Figure 4A). TUNEL staining revealed a signif-
icant reduction in TUNEL*/CD68*-expressing macrophages in the aortic arch lesions of the diabetic
Ager—'— recipient versus WT mice; P < 0.0001 (Figure 4B).

To probe in vivo macrophage emigration, (Figure 4C), diabetic Ldlr—'— mice were fed a Western diet for
16 weeks. Eight days before retrieval of aortic arches for transplantation, fluorescently labeled, nondegradable
beads were injected into the donor diabetic Ldlr—— mice via tail vein to label the circulating monocytes (32).
The aortic arches of these donor mice were then transplanted into diabetic WT, Ager—'—, or Diaphl—'— mice,
and the transplanted arches were harvested 5 days posttransplantation. There were no significant differences
in fluorescently labeled bead content in the transplanted aortic arch lesions between the diabetic donor Ldlr——
mice and the diabetic WT recipient mice. The aortic arch lesional bead content was significantly lower in the
diabetic Ager—'— recipient mice and the diabetic Diaphl—'— mice compared with the diabetic donor Ldlr—'—
mice (P < 0.001, and P < 0.0001, respectively), when compared with the donor pretransplantation state (Figure
4D). Thus, deletion of Ager or Diaphl facilitated macrophage emigration from the regressing diabetic plaques.

We tested these concepts in vitro in a reverse transendothelial migration assay in which murine
bone marrow—derived macrophage (BMDM) transmigration and reverse transmigration were measured
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50 um. In D, no-bead control is shown (N = 10 mice/group). (E) Role of RAGE and DIAPH1 in reverse transendothelial migration of macrophages. BMDMs

from WT, Ager~/~

, and Diaph1~/- diabetic mice were subjected to reverse transendothelial migration assays at 2, 24, and 48 hours. N = 6 mice/group. (F)

Gene expression of selected pro- (Nos2 and Tnfa) and antiinflammatory genes (Arg7 and //10) in BMDMs retrieved from BMDM-MAEC cocultures after
transendothelial migration assay at 48 hours. N = 4 mice/group. Mean + SEM. Unpaired t test or Mann-Whitney U test (A, B, and F) depending on the
normality of the data. Kruskal-Wallis test followed by Dunn’s multiple comparisons test (D). One-way ANOVA with post hoc Tukey's test (E). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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in primary WT murine aortic endothelial cells (MAECs) (Supplemental Figure 3A) (33). WT MAECs
were incubated with BMDMs from diabetic WT, Ager—'—, or Diaphl—'— mice. At 2, 24, and 48 hours of
incubation, BMDMs devoid of Ager or of Diaphl displayed significantly higher reverse transmigration
compared with WT BMDMs in the coculture with WT MAECs; P < 0.05 (Figure 4E). Thus, deletion of
Ager or Diaphl in BMDMs enhanced reverse endothelial transmigration and supported the conclusions
of in vivo bead labeling macrophage studies (Figure 4D).

To test markers of inflammation in the reverse-transmigrated macrophages, we used accutase to remove
the adhered reverse-transmigrated macrophages (Supplemental Figure 3B) (34) and examined expression of
M1-like macrophage markers, Nos2 and Tnfa, and M2-like macrophage markers, Arg/ and 1/10. Compared
with WT BMDMs from diabetic mice, reverse-transmigrated BMDMs from Ager—'— diabetic mice displayed
significant downregulation of Tnfa (P < 0.05), with trends toward reduced Nos2; P = 0.05 (Figure 4F). In the
case of M2 markers, BMDMs from diabetic Ager/— mice displayed significantly higher expression of Argl
and /70 when compared with diabetic WT reverse-transmigrated macrophages; P < 0.05 (Figure 4F).

Effect of RAGE on donor versus recipient-derived plaque macrophage content posttransplantation. We distin-
guished the source of the transplanted aortic arch atherosclerotic lesional macrophages, donor versus
recipient, and probed their transcriptomes (Supplemental Figure 4A). Donor Ldlr—'— mice (CD45.2) were
rendered diabetic and fed a Western diet, and the aortic arches were transplanted into diabetic WT or
Ager—'— recipient mice (CD45.1) and were retrieved 3 days posttransplantation.

We determined the relative contribution of donor versus recipient macrophages in the transplanted
aortic arches with respect to recipient genotype. By immunohistochemistry, 3 days after transplantation,
in the WT diabetic recipient mice, the mean recipient CD45.1 macrophage lesional content was 73.1%
+ 4.8%, and the mean donor CD45.2 macrophage lesional content was 26.9% * 4.8%. In the diabet-
ic Ager—'— recipient mice, the mean CD45.1 macrophage lesional content was 87.7% * 2.8%, and the
mean CD45.2 macrophage lesional content was 12.3% * 1.8%. These data indicated a significantly higher
content of recipient CD45.1/CD68" macrophages and a small but significantly lower content of donor
CD45.2/CD68* macrophages in the diabetic Ager—'— versus WT diabetic recipient lesions; P < 0.01 (Fig-
ure 5A). By flow cytometry, although there were no significant differences in the percent recipient CD45.1
versus donor CD45.2 of the CD11B*/F4/80* macrophage lesional content by recipient genotype, there
were trends to higher recipient CD45.1/CD68* macrophage content in the aortic arch lesions transplant-
ed into the Ager—'— versus the WT diabetic recipient mice (Figure 5B). These findings, consistent with
previous reports, indicated that the majority of the aortic arch lesional macrophages in regression are
accounted for by newly recruited cells from the recipient mice (18).

RNA-sequencing implicates RAGE-dependent interferon signaling and IRF7 in impaired regression of diabetic athero-
sclerosis. We thus reasoned that the deletion of Ager affected key properties of macrophages that facilitated lesion
regression. We performed a transcriptomic analysis of donor versus recipient lesional macrophages sorted from
the aortas of recipient mice 3 days after transplantation. Our sorting strategy (CD11B*, F4/80* CD45.1 or
CD45.2) allowed us to examine the transcriptome of donor- versus recipient-derived aortic arch lesional macro-
phages (Supplemental Figure 4, A—C). Table 3 and Table 4 detail the experimental conditions and the nomen-
clature used in our RNA-sequencing studies and summarize the 4 major comparisons performed on the RNA-
sequencing data in which we consider the transcriptomes of the donor versus the recipient-derived macrophages.

We used Correlation Adjusted Mean Rank Gene Set Test (CAMERA) (35) to compare the number of
differentially expressed Reactome gene sets in each comparison (Supplemental Table 2) using FDR 0.05.
Table 5 displays the effect of Ager deletion versus the WT recipient genotype on the recipient CD45.1" mac-
rophages populating the transplanted aortic arch lesions (comparison 4, Supplemental Table 2). Four
gene sets were identified, 3 of which related to the downregulation of the interferon signaling pathway (a,
B, and y), and the fourth gene set reflected an increase in glycolysis when comparing Ager—'— versus the WT.

Subsequently, we analyzed differential gene expression. Supplemental Table 6 indicates the number of
differentially expressed genes for each of the 4 comparisons using 2 criteria: first, a stringent cutoff with FDR <
0.05, and second, a lenient cutoff with P < 0.001 and FDR < 0.2. No genes were differentially expressed in the
donor macrophages (Supplemental Table 6, comparison 3); however, in the recipient macrophages 4 genes were
differentially expressed by genotype using the stringent criterion, but 11 genes were differentially expressed by
recipient genotype by the lenient cutoff (Figure 5C and Supplemental Table 9). Consistent with the downregu-
lation of the interferon signaling pathways, Irf7 was downregulated in the Ager—'— versus WT diabetic recipient
CD45.1 macrophages populating the lesions after transplantation of the atherosclerotic aortic arches.
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Figure 5. Effect of RAGE on the transcriptomes of donor versus recipient macrophages after aortic arch transplantation. (A) Staining and quantifi-
cation of CD45.1 and CD45.2 macrophages in aortic grafts. Aortic arches from diabetic Ld/r”/- (CD45.2) donor mice fed Western diet for 16 weeks were
transplanted into the diabetic WT or Ager~/~ (CD45.1) recipients. Lesions were examined at day 3 posttransplantation (N = 4 mice/group). Scale bar: 250
um. (B) Flow cytometry plots and quantification of diabetic WT and Ager~- CD11B*/F4/80* macrophages from recipient CD45.1 or donor CD45.2 mice

(N =9 WT mice/group; N = 12 Ager~~ mice/group). (C) Hierarchical clustering of differentially expressed genes in recipient macrophages from Ager~/-
versus WT diabetic recipient mice (N = 4 WT mice/group and N = 6 Ager”~ mice/group). Mean = SEM. Unpaired t test and Mann-Whitney U test were
performed, respectively, in A and B. **P < 0.01.
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We focused our attention to the interferon signaling pathway and to Irf7 (Figure 5C), which has not
been previously linked to RAGE signaling to our knowledge.

IRF7 is expressed in mouse and human atherosclerosis, is regulated by RAGE ligands, and affects macrophage inflam-
mation and cholesterol metabolism. IRF7 colocalized with CD68 in the WT and Ager—'— recipient mice lesions,
but the percentage of IRF7 and CD68* (i.e., double positive) macrophages per lesion area was significantly
lower in the Ager—'— versus WT diabetic lesions; P < 0.001 (Figure 6A). IRF7 colocalized with CD68 in
human diabetic coronary artery atherosclerotic lesions (Figure 6B, Supplemental Figure 5). Although IRF7
colocalizes with CD68 in nondiabetic atherosclerotic plaques (Supplemental Figure 6), this was significantly
lower compared with that in the diabetic subjects; P < 0.05 (Figure 6B).

We tested the relationship between RAGE and IRF7 in vitro. BMDMs isolated from Ager '~ versus
WT mice and exposed to serum (2%) from WT C57BL/6 mice displayed trends to lower 7/7 mRNA tran-
scripts (Figure 6C). Ager siRNA knockdown in WT murine BMDMs resulted in significant reduction in frf7
mRNA transcripts compared with BMDM:s exposed to scrambled siRNA; P < 0.05 (Figure 6D).

To mimic the conditions relevant in atherosclerosis, we retrieved serum from Western diet—fed
Ldlr—'— mice (36), which is enriched in multiple damage-associated molecular patterns, many of
which are RAGE ligands (37, 38). BMDMs retrieved from Ager—— mice grown in this serum displayed
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Table 3. Experimental conditions and abbreviations used in RNA-sequencing experiments

Abbreviation
LdIr’- donor

WT recipient
Ldlr’-donor — WT
Ager~/~ recipient

LdIr”- donor — Ager~

WD, Western diet.

Condition

CD45.2 Ager* Ldlr”’- macrophages + diabetes + WD,
not transplanted

Denotes diabetic WT recipient CD45.1 macrophages, from the following condition: “Donor aorta from CD45.2 Ager*/*
LdIr’- mouse + diabetes and WD transplanted into CD45.1 Ager”/* + diabetes and standard chow-fed recipient”

Denotes diabetic WT donor CD45.2 macrophages, from the following condition: “Donor aorta from CD45.2 Ager** Ldlr”/~

mouse + diabetes and WD transplanted into CD45.1 Ager*/* + diabetes and standard chow-fed recipient”

Denotes diabetic Ager~~ recipient CD45.1 macrophages, from the following condition: “Donor aorta from CD45.2 Ager*/*
LdIr’- mouse + diabetes and WD transplanted into CD45.1 Ager~”~ + diabetes and standard chow-fed recipient”
Denotes diabetic Ager’* donor CD45.2 macrophages, from the following condition: “Donor aorta from CD45.2 Ager/+
LdIr’- mouse + diabetes and WD transplanted into CD45.1 Ager”~ mouse + diabetes and standard chow-fed recipient”

significantly lower levels of Irf7 mRNA versus WT BMDMs; P < 0.05 (Figure 6E). Upon Ager siRNA
knockdown in BMDMs, modest reductions in Irf7 mRNA transcripts were observed compared with
scrambled siRNA (Figure 6F).

We assessed the effects of a prototypic AGE ligand of RAGE, CML-AGE (39) on the regulation of
Irf7 using CML-AGE prepared from human serum albumin (39). WT BMDMs treated with CML-AGE
(100 pg/mL) versus vehicle demonstrated a 5-fold increase in Ir/7 mRNA; P < 0.001 (Figure 6G). Howev-
er, in BMDMs from Ager—'— mice exposed to CML-AGE, there was no significant increase in Irf7 versus
vehicle (Figure 6G). Compared with WT BMDMs exposed to CML-AGE, the increase in 77 mRNA
transcripts was significantly higher than that observed in CML-AGE-treated Ager—/— BMDMs; P < 0.001
(Figure 6G). Thus, RAGE ligands directly increase Irf7 mRNA.

We tested if Ager knockdown would prevent CML-AGE-stimulated upregulation of /7 mRNA.
In the presence of scrambled siRNA and CML-AGE, a 3-fold increase in I7/7 mRNA was observed
compared with vehicle; P < 0.0001 (Figure 6H). When BMDMs were treated with CML-AGE in
the presence of Ager siRNA, there was no significant increase in [7f7 versus vehicle (Figure 6H). Irf7
mRNA transcripts were significantly higher in CML-AGE—treated BMDMs in the presence of scram-
bled siRNA versus Ager siRNAs; P < 0.0001 (Figure 6H).

We addressed the effects of IRF7 on cholesterol metabolism and inflammation in BMDMs. Com-
pared with scrambled siRNA, Irf7 knockdown in 2% serum from Western diet—fed Ldlr—'— mice resulted
in significant upregulation of genes linked to cholesterol efflux (4bcal and Abcgl), increased Nrih2
(LXRp) and increased Nr/h3 (LXRa), and increased Srebpl and Scap; P < 0.05 (Figure 7A). Signifi-
cant reductions in Cd36 (P < 0.05) and no differences in Hmgcr were observed in Irf7-knockdown ver-
sus scramble siRNA-treated cells (Figure 7A). In BMDMs exposed to Western diet—fed Ldlr—'— mice
serum, Irf7 knockdown resulted in significantly lower levels of cholesterol (Figure 7B). We assessed the
effects of Irf7 on BMDM inflammation. Compared with scrambled siRNA, 7f7 knockdown resulted in
significant upregulation of Argl and 1710 (P < 0.05) and significant reduction in Tnfa, Nos2, 116, and Ccl2;
P <0.001, P<0.05, P<0.01, and P < 0.01, respectively (Figure 7C).

Finally, we tested the levels of IFN-y in the plasma of diabetic Ldl¥—— mice donor mice and in the
diabetic recipient WT or Ager—'— mice. Compared with recipient WT mice, recipient mice devoid of Ager
displayed a significant reduction in IFN-y; P < 0.001 (Figure 7D).

Discussion
Collectively, this work implicates RAGE in impaired regression of atherosclerosis in both diabetic and
nondiabetic mice. Although previous studies underscored roles for RAGE in atherosclerosis progression
(20-24), here, we demonstrate the maladaptive roles of AGEs, RAGE, and DIAPH]1 in impairment of
diabetic atherosclerosis regression.

Our studies suggested that RAGE exerted multiple effects on macrophage properties in the regression
environment. First, macrophage proliferation, identified as an important contributor to atherosclerosis

/

(40), was significantly reduced in the plaques of Ager—'— versus WT diabetic recipient mice (Figure 4A).
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Table 4. Summary of the comparisons performed on the RNA-sequencing data

Number Name Comparisons

1 WT recipient versus Demonstrates how gene expression in WT recipient macrophages in a
Ldlr’- donor low-cholesterol/low-lipid environment differs from macrophages in a

high-cholesterol/high-lipid environment

c2 Ager~ recipient versus ~ Demonstrates how gene expression in Ager~~ recipient macrophages in a

LdIr’- donor low-cholesterol/low-lipid environment differs from that of macrophages
in a high-cholesterol/high-lipid environment
(e} LdIr’- donor — Ager~~ versus Tests the effect of recipient genotype on the donor macrophage
Ldlr’/~ donor — WT gene expression

c4 Ager~/'~ recipient versus Tests the effect of the recipient genotype on the recipient macrophage

WT recipient gene expression

Second, TUNEL" macrophages were significantly lower in the absence of Ager, thereby suggesting that
enhanced macrophage survival was associated with more functionally competent macrophages (Figure
4B). Third, macrophage emigration from the regressing plaques was increased in an 4ger '~ environment.
Furthermore, gene signatures in the reverse-transmigrated macrophages in an in vitro model suggested
that Ager deletion reduced proinflammatory markers and upregulated antiinflammatory markers (18).

RNA-sequencing studies revealed that the recipient, not donor-derived, macrophages evoked the
major RAGE-dependent pathways in regression (Figure 4C), and RAGE-dependent modulation of Irf7
was pinpointed as a leading candidate gene. In mammals, the 9 IRF family members are transcription
factors that regulate type 1 interferon antiviral responses and immune cell differentiation (41, 42). The
functions of these molecules are more complex, as IRF's are expressed in myeloid and lymphoid cells and
in nonimmune cells, such as vascular cells (43—46) and adipocytes (47, 48).

Although IRF7 has not been tested in atherosclerosis, other members of the IRF family have been
studied in murine atherosclerosis progression. Global deletion of IrfI reduced foam cell formation and
atherosclerosis in Apoe—'— mice (49). Global deletion of Irf5 reduced lesion and necrotic core areas in
mice devoid of Apoe (50). Dendritic cell deletion of Irf8 significantly reduced atherosclerosis in Ldlr—'—
mice, with reduced T cell priming, activation, and differentiation to T helper cells, with consequent

marked reduction in B cell activation (51). In Apoe—”

— mice, deletion of Ir7f3 resulted in significant
reduction in atherosclerosis; the major effects of IRF3 on atherosclerosis were traced to endothelial
cells (52). Neutralization of B cell-activating factor (BAFF) in mice with deficiency of either Apoe or
Ldir increased atherosclerosis, despite depletion of mature B-2 cells. A function of BAFF receptor
signaling was the repression of macrophage IRF7-dependent production of proatherogenic CXCL10,
which was blocked in the presence of the antagonist (53).

Smooth muscle cell IRF7 (54) plays protective roles through reduction of proliferation consequent
to arterial injury (55). Our data indicate that /77 knockdown in BMDMs attenuated proinflammatory
effects, as shown by the significant reduction of Tnufa, Nos2, 116, and Ccl2 and upregulated antiinflamma-
tory markers, [/10 and Argl. In addition, the knockdown of Irf7 in BMDMs exposed to hyperlipidemic
conditions resulted in upregulation of cholesterol transporters and downregulation of Cd36, factors
favoring efflux of cholesterol. Upregulation of Nrih3 and Nrih2 suggests that knockdown of Irf7 in

Table 5. Reactome gene sets in diabetic Ager’~ versus WT recipient environments using CAMERA with
FDR < 0.05 (comparison 4, C4)

Gene set Direction P value FDR
Interferon-o/p signaling l 2.4E-07 1.6E-04
Interferon-y signaling ! 6.7E-05 0.02
Glycolysis T 1.2E-04 0.03
Interferon signaling l 5.0E-04 0.04
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Figure 6. RAGE regulates the expression of IRF7 in macrophages. (A) IRF7 and CD68 colocalization in diabetic Ager~~ and WT recipient mice atheroscle-
rotic plagues at day 5 after aortic arch transplantation from Ldlr~~ diabetic mice (N = 4 mice/group). Scale bar: 250 um. (B) IRF7 colocalizes with CD68 in
diabetic human atherosclerotic plagues. Representative image of human coronary atherosclerotic lesions is shown with additional human subject data
shown in Supplemental Figure 5 (diabetic subjects) and Supplemental Figure 6 (nondiabetic subjects). Scale bar: 1 mm. Quantification of immunohisto-
chemical staining of human plague area colocalization of CD68/IRF7 area over total CD68* staining area calculated as a percentage. (C) Irf7 gene expres-
sion in Ager~- and WT BMDMs exposed to a normolipidemic environment (2% serum from C57BL/6 mice fed a normal chow diet) for 48 hours (2% serum
of C57BL/6 mice fed a normal chow diet). N = 4 independent mice/group. (D) Irf7 gene expression in WT BMDMs after 48 hours of Ager or scrambled con-
trol knockdown (75 nM) in a normolipidemic environment. Knockdown of Ager by siRNA is shown. N = 6 independent mice/group. (E) Irf7 gene expression
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in Ager~ and WT BMDMs exposed to a hyperlipidemic environment for 48 hours (2% serum of Ld/r/~ mice fed a Western diet). N = 4 mice/group. (F) Irf7
gene expression levels in WT BMDMs after 48 hours of Ager or scrambled (75 nM) in a hyperlipidemic environment. Knockdown of Ager by siRNA is shown.
N = 6 mice/group. (G) Irf7 gene expression in WT and Ager~- BMDMs grown in the presence of 1% serum of Ldlr~~ mice fed Western diet for 48 hours,
followed by an additional 16 hours in CML-AGE (100 pg/mL) versus vehicle. N = 4 mice/group. (H) Irf7 gene expression in WT BMDMs after 48 hours of Ager
or scrambled (75 nM) in a normolipidemic environment in cells treated with CML-AGE (200 pg/mL) or vehicle for 16 hours. Knockdown of Ager is shown. N =
6 mice/group. Secondary antibody alone controls are shown in A and B. Mean + SEM. Unpaired t test or Mann-Whitney U test was performed to assess the
differences in A-F and H (for Ager endpoint) depending on the normality of data. One-way ANOVA with post hoc Holm-Sidak multiple comparisons test
was used in G and H (for Irf7 endpoints). *P < 0.05, ***P < 0.001, and ****P < 0.0001.

BMDMs imparts an antiatherogenic profile and downregulation of BMDM Irf7 reduced total cellular
cholesterol in hyperlipidemic serum. Although global deletion of I7f7 reduced high fat diet-induced
obesity, the proximate mechanisms were not elucidated (56). The present body of work adds RAGE-de-
pendent regulation of IRF7 to this network of molecules bridging immune and cholesterol metabolism
functions in macrophages, which may contribute to impaired regression of atherosclerosis.

Miao and colleagues exposed human THP1 monocytes to high glucose and showed that this upreg-
ulated IRF7 (57), which was analogous to an IRF7-driven inflammatory network that was linked to
the risk of type 1 diabetes (58). High glucose upregulates ligands of RAGE. Mediating roles for AGEs
were demonstrated in our studies by improved regression of diabetic atherosclerosis in transgenic mice
overexpressing Glol, the enzyme that detoxifies pre-AGE species. It is plausible that non-AGE ligands
of RAGE contribute to upregulation of Irf7. Hyperlipidemic serum from Ldl»—— mice contains TLR
ligands, which also interact with RAGE. In vitro, CpG oligodeoxynucleotides and Complement C3a
increased production of IFN-o in WT but not Ager/— BMDMs. In human peripheral blood mononu-
clear cells, treatment with C3a and CpG oligodeoxynucleotides increased IFN-a, which was reduced
by RAGE antagonism (59).

Finally, the regulation and biology of IRF7 bear similarities to those of RAGE. Akin to findings
that RAGE ligands upregulate AGER, at least in part through NF-kB, and that RAGE activation perpet-
uates proinflammatory RAGE ligand generation (60), IRF7-mediated upregulation of IFNs stimulates
IFN-mediated upregulation of Irf7 (61, 62). These considerations place RAGE and IRF7 at critical nodes
in the mediation of chronic inflammation. Here, we show that RAGE impairs regression of atheroscle-
rosis through perpetuation of inflammation and through impairment of cholesterol metabolism, at least
in part through IRF7. Interruption of RAGE/IRF7 may restore reparative mechanisms and accelerate
regression of atherosclerosis, particularly in diabetes.

Methods

Animal studies and induction of diabetes. Male donor mice with atherosclerosis were Ldlr——. The recipi-
ent male mice, Ager—'— mice (C57BL/6J) (63), Diaphl—'— mice (C57BL/6J) (30), and Tg mice express-
ing murine Glol (C57BL/6J) (29), were bred in-house, and WT C57BL/6J mice were purchased from
The Jackson Laboratory. Mice were housed in a specific pathogen—free facility. Certain mice were
rendered type 1 diabetic by intraperitoneal injections of streptozotocin (STZ; MilliporeSigma, S0130)
at 7 weeks of age. STZ was freshly dissolved in citrate buffer (0.1 mol/L, pH 4.5) and administered at
a dose of 55 mg/kg/d, once daily for 5 days. Blood glucose (>250 mg/dL) was measured (Free Style
Freedom Lite glucometer) to ensure diabetes was induced. Nondiabetic animals were treated with
equal volumes of citrate buffer. Donor Ldlr—— mice were fed a Western diet (Research Diets, Inc.,
D01061401Ci; 0.15% cholesterol) for 16 weeks. Recipient mice fed a chow diet were diabetic or con-
trol for 3 months before surgery. To test mechanisms of atherosclerosis regression, aortic arch trans-
plantation was performed at 23 weeks of age (8, 9, 18, 25, 64, 65). Buprenorphine was administered by
subcutaneous injections every 12 hours for 3 days postsurgery. At sacrifice, whole blood was collected
from the aorta. For serum isolation, whole blood was allowed to clot in BD Microtainer SST (365967)
and isolated by centrifugation. For plasma isolation, whole blood was collected with EDTA (Thermo
Fisher Scientific, BP2482) and isolated by centrifugation.

En face aorta staining. The full descending aorta was dissected, excised, and pinned (Thermo Fisher
Scientific, NC9681411); fixed in 4% formaldehyde for 5 minutes; rinsed in 70% ethanol for 5 minutes;
and stained in a working solution of 2.5 g of Sudan IV (Merck Eurolab), 250 mL of 70% ethanol, and
250 mL of acetone filtered through Whatman paper before use. Sudan IV solution was placed on top of
the aorta for 10 minutes. This was rinsed twice in 80% ethanol for 3 minutes.
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Histological stains. The pretransplant donor and grafted aortic arches were removed after perfusion of
cold PBS, embedded in optimal temperature cutting compound (OCT), and frozen. Murine aortic frozen
sections (6 pm thick) were air-dried before the following procedures.

H&E, Oil red O, and Picrosirius red. Sections were fixed with 10% neutral buffered formalin for 10 min-
utes at room temperature (RT). H&E staining was performed (66); sections were dehydrated in ethanol,
followed by cleaning in xylene and mounting with xylene-based permount (Thermo Fisher Scientific,
15820100). For Oil red O (ORO), sections were incubated with propylene glycol and with preheated ORO
solution (American MasterTech, STOROPT) at 60°C. Sections were placed in 85% propylene glycol for
1 minute and counterstained with modified Mayer’s hematoxylin (American MasterTech, HXMMHLT)
for 1 minute, rinsed, and mounted with glycerine jelly (Thermo Fisher Scientific, NC0301797). Picro-
sirius red (PSR) staining was performed using Picrosirius red (Polysciences Inc., 24901-500). Sections
were cleaned in xylene and mounted with xylene-based permount (Thermo Fisher Scientific, 15820100).

Dihydroethidium. Slides were placed into PBS for 10 minutes at RT. In a dark, moist chamber at 37°C,
slides were incubated with 10 pM DHE (MilliporeSigma, D7008) for 30 minutes. Hoechst 33258 dye (Mil-
liporeSigma, 23491-45-4) was used to visualize the nuclei. Unstained aortas preincubated with superox-
ide dismutase—polyethylene glycol from bovine erythrocytes 500 units/mg (MilliporeSigma, S9549) were
used for background correction and negative controls.

In situ apoptosis detection (TUNEL assay). The in situ detection of apoptotic plaque macrophages was performed
using the Click-it Plus TUNEL Assay (Invitrogen, Thermo Fisher Scientific, C10619). Atherosclerotic plaque
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sections were fixed in 4% paraformaldehyde. EQUTP nucleotide was incorporated into dsSDNA strand breaks by
TdT enzyme and an Alexa Fluor (AF) 647 picolyl azide dye. Sections were counterstained with rat anti-mouse
CD68 1gG (Bio-Rad, MCA1957, 1:200 dilution) and secondary donkey anti-rat AF405 IgG (Abcam, ab175670,
1:100 dilution). Sections incubated with labeling solution without terminal transferase were negative controls.

Detection of AGEs. Sections were fixed in 10% formalin for 15 minutes. Immunohistochemistry was per-
formed using polyclonal rabbit anti-AGE IgG (Abcam, ab23722, 1:200 dilution). AGE epitope was detected
with biotinylated horse anti-rabbit (Vector Laboratories, catalog BA-1000, 1:1000 dilution) followed by the appli-
cation of streptavidin-HRP conjugate. The complex was visualized with 3,3’-Diaminobenzidine and enhanced
with copper sulfate. Slides were counterstained with hematoxylin and mounted with permanent medium. Ven-
tana Discovery XT kit (Ventana Medical Systems, 750-701) was used for detection.

Detection of CD68. Frozen sections were fixed in acetone for 15 minutes. Immunohistochemistry was
performed using rat anti-mouse CD68 IgG clone FA-11 (AbD Serotech, MCA1957, 1:1000 dilution). Anti-
body incubation and detection was performed on a Ventana Discovery XT (Ventana Medical Systems,
750-701) using Ventana’s reagent buffer and detection kits. Slides were counterstained with hematoxylin,
air-dried, and heated for 15 minutes at 60°C before mounting with permanent medium.

Detection of RAGE. Sections were blocked for 1 hour at 20°C with Odyssey Blocking Buffer (LI-COR,
927-40100). Immunofluorescence was performed using goat anti-mouse RAGE IgG (Genetex, GTX27764,
1:150 dilution). RAGE was detected with mouse-adsorbed, biotinylated rabbit anti-rat IgG (Vector Labora-
tories, Ab150129, 1:1000 dilution). Slides were mounted with gold antifade permanent medium with DAPI.

Detection of IRF7/CD68 in mouse and human sections. For mouse IRF7, sections were blocked in 10% goat
serum. All antibodies were diluted in antibody diluent (Dako, S3022). Rabbit polyclonal anti-mouse IRF7
IgG (Abcam, ab62505) and rat anti-mouse CD68 IgG (Bio-Rad, MCA1957) were diluted 1:200 and incubat-
ed overnight at 4°C. Secondary antibodies goat anti-rabbit AF594 IgG (Invitrogen, Thermo Fisher Scientific,
A11012) and donkey anti-rat AF405 IgG (Abcam, Ab175670) were diluted 1:100 and incubated 1 hour at RT.

For human IRF7, deidentified human coronary artery atherosclerotic specimens with advanced
lesions were obtained from CVPath Institute Sudden Death Registry. The artery segments were fixed
in formalin, and 2- to 3-mm segments were embedded in paraffin and cut (5 um thick). The diagno-
sis of coronary artery disease and histopathological determination of coronary artery disease were
performed by an experienced cardiac pathologist at CVPath Institute. Human sections were deparaf-
finized using Richard-Allan Scientific 40 Clear-Rite 3 (catalog 6905) and a series of 100%, 90%, 70%
ethanol for 5 minutes each, followed by 3 washes. Samples were permeabilized for 10 minutes in 0.2%
Triton X-100 in PBS. Sections were blocked for 1 hour in Dako Protein Block, Serum-Free (X0909).
All antibodies were diluted in antibody diluent (Dako, S3022). Primary antibodies rabbit polyclonal
anti-mouse IRF7 IgG (Abcam, ab62505) and mouse anti-human CD68 IgG (Dako, M0814) were dilut-
ed 1:200 and incubated overnight at 4°C. Secondary antibodies goat anti-rabbit AF594 IgG (A11012)
and donkey anti-mouse AF488 IgG (A21202) (both Invitrogen, Thermo Fisher Scientific) were diluted
1:100 and incubated 1 hour at RT. Slides were mounted with DAPI.

Detection of CD45.1 versus CD45.2/CD68. Aortic arches were perfused with PBS, embedded in OCT, and
frozen. Sections were stained to detect CD45.1 (SouthernBiotech, 1795-08), CD45.2 (SouthernBiotech,
1800-08), and CD68 (Bio-Rad, MCA1957). Monocytes were stained with anti-CD68 IgG (AF594; red),
and anti-CD45.2 IgG (AF647; purple) for donor cells or anti-CD45.1 IgG (AF647; purple) for recipient
cells, and slides were mounted with DAPI.

Detection of Ki67/CD68. Sections were blocked in 10% goat serum and incubated at RT. All antibodies
were diluted in antibody diluent (§3022). Primary rabbit anti-mouse Ki67 IgG (Invitrogen, Thermo Fisher
Scientific, PA5-19462) and rat anti-mouse CD68 IgG (MCA1957) were diluted 1:200 and incubated over-
night at 4°C. Secondary antibodies goat anti-rabbit AF594 IgG (A11012) and donkey anti-rat AF405 IgG
(Ab175670) were diluted 1:100 and incubated 1 hour at RT. Slides were mounted with DAPI.

Imaging and quantification. Digital images were captured using Zeiss LSM 880 laser scanning confocal
microscope (for DHE, CD45.1 versus CD45.2/CD68 and Ki67/CD68), Zeiss Axio Observer microscope
(mouse and human IRF7/CD68), Zeiss Axioplan wide-field microscope (for PSR and TUNEL), Leica
5500B microscope (for RAGE™), or Leica SCN400 whole-slide scanner up to X40 original magnification
(H&E, ORO, AGEs, CD68"). Using Slidepath Digital Image Hub software (Leica Biosystems), 4 aorta sec-
tion images/animal were quantified. Image-Pro Plus 7.0 software (Media Cybernetics) was used to deter-
mine CD68*, Oil red O*, H&E stain*, AGE*, DHE*, PSR*, RAGE*, and Sudan IV* areas. Fiji (67) was
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used to determine CD45.1* and CD45.2*/ CD68*, IRF7*/ CD68" areas as well as to identify TUNEL* and
Ki67*/CD68" in the plaques. All staining and immunohistochemistry and immunofluorescence analyses
were performed by an observer blinded to the conditions.

Blood and plasma parameters. Blood was harvested after a 6-hour fast. Total cholesterol (Infinity,
Thermo Fisher Scientific, 948541) and triglyceride (Infinity, Thermo Fisher Scientific, TR22421) con-
centrations were measured.

Monocyte bead tracking. Ly6C"® monocytes were labeled in vivo by tail vein injection of 250 pL beads
diluted 1:4 in PBS (Fluoresbrite YG microspheres 1 um, 17154-10, Polysciences Inc.) into Ldlr—'— donor
mice before transplantation. (11, 68, 69). Quantification of the number of beads/cross section of the aortic
arch at baseline and 5 days after arch transplantation into the diabetic recipients was performed.

Bone marrow—derived macrophages. Primary BMDMSs were isolated from 12-week-old mice (70).
Cut-end femora were spun for 6000 g for 1 minute for collection of bone marrow. After addition of
medium, single-cell suspensions were plated in bone marrow—conditioned media (71) for 5 days and
subjected to experimental conditions.

Laser capture microdissection of CD68-expressing cells. The aortic arch was cut in half, positioned vertically
in OCT, and stored at —80°C for 24 hours under RNase-free conditions. Frozen sections (10 um) were
collected on Arcturus PEN membrane glass slides (Life Technologies, Thermo Fisher Scientific) and fixed
with 70% ethanol and partially dehydrated in 70% ethanol followed by washing in 95% ethanol. Eosin Y
(VWR Scientific) was used for staining, washed in 95% ethanol, and completely dehydrated in 100% etha-
nol and xylene (11). After air-drying, foam cells could be identified by light microscopy and were verified
by CD68 staining of guiding slides. Atherosclerotic lesion CD68* cells were laser-captured using Leica
LMD6500 laser microdissection system.

Quantitative reverse transcription PCR experiments. BMDM total RNA was extracted using the RNeasy
Plus Mini Kit (QIAGEN, 74136). RNA from laser capture-microdissected CD68* cells was isolated by the
Arcturus PicoPure RNA Isolation Kit (Life Technologies, Thermo Fisher Scientific, 12204-01). cDNA was
synthesized using iScript cDNA Synthesis Kit (Bio-Rad, 1708891) and amplified using TagMan assays (Sup-
plemental Table 10) using a 7300 Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific).

Reverse transendothelial migration assay. Collagen gels were polymerized with collagen type I (BD 354231)
before WT primary MAECsS were isolated and seeded (72). Primary BMDMs (4 X 10° cells/mL) were add-
ed to confluent endothelial cultures for 2 hours to allow accumulation of macrophages in the subendotheli-
al collagen. Cultures were rinsed to remove nonmigrated cells and incubation was continued. At intervals,
cultures were rinsed to remove nonadherent macrophages that had accumulated in the apical compartment
by reverse transmigration, and medium was replenished. Macrophages adherent to the apical surface of the
endothelium were washed before evaluation of total DNA/well with Yo-Pro-1 (Molecular Probes, Thermo
Fisher Scientific, Y3603) At each point, reverse transmigration was calculated as the percentage decrease
in the number of macrophages beneath the endothelial monolayer compared with the number that initially
accumulated below the endothelium at 2 hours baseline (33). At 48 hours, macrophages were eluted from
the coculture with StemPro Accutase Cell Dissociation Reagent (Thermo Fisher Scientific, A1110501)
(34). To digest collagen gels containing endothelial cell monolayer and non-reverse-transmigrated cells,
100 puL/well of collagenase D (2 mg/mL in DMEM) was added for 40 minutes at 37°C. The cell suspen-
sion was filtered through a cell strainer and subjected to reverse transcription PCR.

Western blot. Total protein concentrations were quantified using Pierce BSA Protein Assay kit (Thermo
Fisher Scientific, 23225). Plasma samples were subjected to electrophoresis (4%—15% SDS-PAGE gels), and
specific CML-AGE signals were detected using mouse anti-CML (R&D Systems, Bio-Techne, MAB3247)
and anti-transferrin 1-20 (1:1000, Santa Cruz Biotechnology, SC-22597) control. Following the primary
antibody incubation, blots were exposed to the secondary HRP-conjugated anti-mouse IgG (1:1000, R&D
Systems, Bio-Techne, HAF007) and anti-goat IgG (1:1000, GE Healthcare UK Limited). Protein signals
were visualized with the Odyssey Imaging System (LI-COR) detection system.

BMDM stimulation. CML-Human Serum Albumin was synthesized as described (39). BMDMs
were stimulated overnight with 100 pg/mL or 200 pg/mL of vehicle or CML-AGEs in normolipidem-
ic (2% serum from C57BL/6J mouse fed chow) or hyperlipidemic conditions (1% or 2% serum from
Ldlr—'— mice fed Western diet) conditions.

Ager and Irf7 knockdown. BMDMs were serum-starved and placed in Opti-MEM Reduced Serum Medi-
um (Gibco, Thermo Fisher Scientific, 31985062) for 2 hours. Cells were transfected using MISSION siRNA
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Transfection Reagent (MilliporeSigma, S1452) and 75 nM of scrambled siRNA (QIAGEN, 1022076), Ager
#4 Flexitube siRNA (QIAGEN, SI001666229), or Irf7 #2 Flexitube siRNA (QIAGEN, SI0077790) for 48
hours in normolipidemic conditions or hyperlipidemic conditions.

Amplex Red assay. BMDM intracellular cholesterol content was quantified using the Amplex Red Cho-
lesterol Assay Kit (Invitrogen, Thermo Fisher Scientific, A12216) normalized to total protein levels.

ELISA. Plasma samples were subjected to ELISA for detection of IFN-y using the Mouse Interferon
Gamma sandwich ELISA kit (LifeSpan Biosciences LS-F23028-1).

Flow cytometry. For CD45.1/CD45.2 validation, whole blood was collected. For macrophage sorting,
aortas were perfused with cold PBS, minced, and digested for 1 hour at 37°C with shaking in DMEM
containing collagenase I, collagenase XI, hyaluronidase MilliporeSigma, C1639, C9697, H3506), and
DNase I enzymes (QIAGEN, 79254) (73, 74), filtered through 100-uM filters (Thermo Fisher Scientific,
22363549) and pelleted by centrifugation. Red blood cells were lysed in RBC Lysis Buffer (eBiosci-
ence, Thermo Fisher Scientific, 00-4333-57) at RT, pelleted by centrifugation, and washed in FACS
buffer (PBS containing 2 mM EDTA and 0.2% BSA). Single-cell suspensions were blocked with Fc
block (1:100, BioLegend, 101302) for 10 minutes at 4°C and labeled with antibodies for 30 minutes
at 4°C. For CD45.1/CD45.2 validation, samples were stained with AF700 CD45.1 (1:100, A20, Bio-
Legend, 110724) and BV421 CD45.2 (1:100, 104, BioLegend, 109832). Flow cytometry analyses were
performed on FACSCalibur (BD Biosciences). For aortic macrophage sorting, samples were stained
with PE-Cy7 F4/80 (1:40, BM8, BioLegend, 123114), APC-Cy7 CD11B (1:100, M1/70, BD Pharmin-
gen, 557657), and the previous AF700 CD45.1 and BV421 CD45.2. Singlets and DAPI (0.025 g/mL,
Invitrogen, Thermo Fisher Scientific, D1306) live cells, F4/80*, CD11B*, and either CD45.1 or CD45.2
were sorted into RLT buffer on a FACSAria II sorter (BD Biosciences) with a 100-um nozzle. RNA was
extracted with RNeasy Plus Micro Kit (QIAGEN, 74004), and only RNA integrity number = 7 were
used (RNA 6000 Pico Kit in 2100 Bioanalyzer, Agilent). Data were analyzed using FlowJo software.

RNA-sequencing and bioinformatics. cDNA samples were prepared using the NuGEN Ovation RNA-Seq
system v2 reagents and the Ovation Ultralow DR Multiplex system for the adapter ligation step. Libraries
were amplified by 9 cycles. Single-end, 50-nucleotide reads were sequenced on an Illumina 2500 HiSeq
using v4 chemistry. FASTQ files were trimmed of low-quality bases and adapters with Trimmomatic (75).
RNA-seq reads were aligned to the mouse genome (mm10) using Bowtie2 version 2.1.0 (76) and TopHat2
version 2.0.9 (77). Reads per gene were counted with HTSeq (78). Data were deposited in the Gene Expres-
sion Omnibus database (79) (accession GSE142204). Differential expression was analyzed with weighted
Limma-Voom (80). Genes were considered expressed if they had at least 1 count per million in at least 2
samples. Genes were considered significantly differentially expressed if the Benjamini-Hochberg (81) FDR
< 0.05. An additional, more lenient cutoff of P < 0.001 and FDR < 0.2 was used. All expressed genes were
analyzed by Reactome pathway (82) gene lists using CAMERA (35). Hierarchical clustering (83, 84) was
performed with Cluster 3.0 (85) using distances based on a modified Pearson’s correlation coefficient and
average linkage clustering (83, 84). Genes were mean centered and both genes and samples were clustered.
The dendrogram and heatmap were plotted with Java TreeView (86).

Statistics. Analyses were performed using GraphPad Prism 8.2.0. Data are presented as mean *
SEM. Normality of the data was assessed using the Shapiro-Wilk normality test. A nonparametric
test was performed when data did not follow a normal distribution. Independent 2-sample ¢ tests (2
sided) were used to assess the difference between 2 groups of samples (Mann-Whitney U tests were
used instead if normality was violated). For over 2 groups, 1-way ANOVA was used, and Tukey’s or
Holm-Sidak post hoc test for pairwise comparisons or comparisons of selected groups was performed,
respectively. Kruskal-Wallis test with post hoc Dunn’s test was performed instead if the normality test
was not passed. Pearson’s correlation coefficient was assessed to evaluate the associations between 2
variables. P < 0.05 denoted statistical significance.

Study approval. Animal experiments were performed according to the NIH Guide for the Care of Labo-
ratory Animals (National Academies Press, 2011), and protocols were approved by the Institutional Ani-
mal Care and Use Committee at NYU Grossman School of Medicine. For human samples, the CVPath
Institute was referred autopsy hearts from cases of unexpected sudden death from the Office of the
Chief Medical Examiner of the State of Maryland. This study was approved by the CVPath Institutional
Review Board as an exempt study (RP0063).
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