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Polymorphisms in the apolipoprotein E (apoE) gene are risk
factors for chronic inflammatory diseases including athero-
sclerosis. The gene product apoE is synthesized in many cell
types and has both lipid transport—dependent and lipid
transport—independent functions. Previous studies have shown
that apoE expression in myeloid cells protects against athero-
genesis in hypercholesterolemic ApoE™’~ mice. However, the
mechanism of this protection is still unclear. Using human
APOE gene replacement mice as models, this study showed
that apoE2 and apoE4 expressed endogenously in myeloid cells
enhanced the inflammatory response via mechanisms inde-
pendent of plasma lipoprotein transport. The data revealed
that apoE2-expressing myeloid cells contained higher intra-
cellular cholesterol levels because of impaired efflux, causing
increasing inflammasome activation and myelopoiesis. In
contrast, intracellular cholesterol levels were not elevated in
apoE4-expressing myeloid cells, and its proinflammatory
property was found to be independent of inflammasome
signaling and related to enhanced oxidative stress. When
ApoE™~ mice were reconstituted with bone marrow from
various human APOE gene replacement mice, effective reduc-
tion of atherosclerosis was observed with marrow cells ob-
tained from APOE3 but not APOE2 and APOE4 gene
replacement mice. Taken together, these results documented
that apoE2 and apoE4 expression in myeloid cells promotes
inflammation via distinct mechanisms and promotes athero-
sclerosis in a plasma lipoprotein transport—independent
manner.

The APOE gene encoding the apolipoprotein E (apoE)
protein is one of the most widely studied genes in biomedical
research (1). Its popularity owes in large part to the suitability
of ApoE™~ mice as an experimental animal model to study the
pathogenesis of numerous diseases, as well as the association
between APOE polymorphism and a wide spectrum of diseases
in humans including coronary and peripheral vascular disease
(2-13), obesity/diabetes (10, 14, 15), and Alzheimer’s disease
(16). The human APOE gene exists with three major poly-
morphic alleles, €2, €3, and &4, encoding apoE2, apoE3, and
apoE4, respectively. The €3 allele is the most common allele
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with an allelic frequency of ~75%, while ~15% of the popu-
lation are carriers of the €4 allele and ~8% of the population
are carriers of the €2 allele. The €4 allele is associated with an
~1.7-fold increased risk of cardiovascular diseases (2, 17-19),
whereas carriers of the €2 allele typically have normal or
reduced plasma cholesterol levels but have higher plasma tri-
glyceride levels (20, 21) and are prone to develop type III
dysbetalipoproteinemia (17). The €2 allele increases the risk
and severity of coronary artery disease in diabetes (10, 12, 15,
21, 22) and is also an independent risk factor for peripheral
vascular disease and carotid artery atherosclerosis in non-
diabetics (3-5). Interestingly, whereas the €4 allele is associ-
ated with an increased risk and lower age of onset of
Alzheimer’s disease, the €2 allele appears to be protective
against Alzheimer’s disease pathogenesis (23).

ApoE is synthesized in many cell types including hepato-
cytes, adipocytes, macrophages, smooth muscle cells, and in
the brain (24-26). It has multiple functions both intracellularly
and extracellularly in mediating lipid transport and cell ho-
meostasis (24-26). ApoE synthesized in hepatocytes is
secreted into the plasma circulation, where it serves as the
ligand that mediates lipoprotein binding to low-density lipo-
protein (LDL) receptor family proteins and cell surface hep-
aran sulfate proteoglycans for the clearance of triglyceride-rich
lipoproteins from the plasma circulation (27, 28). The inter-
action between extracellular apoE and specific cell surface
receptors in the LDL receptor—related protein family also
regulates cell signaling events in various cell types, including
the activation of endothelial nitric oxide synthase in endo-
thelial cells (29, 30), inhibition of vascular smooth muscle cell
proliferation and migration (31), and suppression of toll-like
receptor activation by increasing macrophage polarization
toward the anti-inflammatory M2 phenotype (32).

Dysfunctional apoE with impairment in lipoprotein trans-
port and/or cell signal regulatory functions increases the risk
of disease pathogenesis. For example, apoE2 is defective in
binding to the LDL receptor (33, 34). Hence, €2 carriers are
prone to develop dysbetalipoproteinemia with an increased
risk of atherosclerosis (35). In contrast, apoE4 binds LDL re-
ceptor family proteins with high affinity, but it fails to activate
endothelial nitric oxide synthase and impedes endothelial
repair after vascular injury (30). The impairment in endothelial
nitric oxide synthase activation may be one mechanism
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Unique apoE isoform properties in myeloid cell inflammation

underlying the increased risk of both cardiovascular and
neurodegenerative diseases in €4 carriers (36).

ApoE is also synthesized in cells of the myeloid lineage,
where its dysfunction may also contribute to cardiovascular
and neurodegenerative diseases. In particular, apoE expressed
in macrophages has been shown to be necessary, and systemic
apoE is not sufficient to mobilize intracellular cholesterol for
efflux from macrophage foam cells in the initial step of the
reverse cholesterol transport pathway (37). The impairment of
cholesterol efflux with apoE deficiency not only leads to foam
cell formation but also promotes myelopoiesis to exacerbate
inflammatory response (38). The importance of macrophage-
derived apoE in protection from atherosclerosis is docu-
mented in bone marrow transplantation studies showing that
the reconstitution of macrophage apoE expression was suffi-
cient to prevent atherosclerosis in hypercholesterolemic
ApoE™~ mice (39-41), whereas the transplantation of apoE-
deficient bone marrow was found to exacerbate atheroscle-
rosis in Ldlr”~ and C57BL/6 WT mice with physiologically
regulated apoE expression in the liver (42, 43). Interestingly,
in vitro studies using mouse J774A.1 macrophages expressing
various apoE isoforms revealed isoform-specific differences in
pro-inflammatory cytokine secretion in response to lipopoly-
saccharide (LPS) stimulation (44). However, the underlying
mechanism for the isoform-specific differences and the po-
tential impact on atherosclerosis have not been identified. The
objective of this study is to delineate the mechanism by which
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different apoE isoforms expressed in myeloid cells influence
inflammation and the consequential effect on atherosclerosis.

Results

ApoE2 and apoE4 enhanced pro-inflammatory cytokine
production in LPS-stimulated leukocytes

The association between €2 and €4 alleles in the APOE gene
with increased risk of atherosclerosis, a chronic disease of
inflammation and hyperlipidemia, in a manner that is inde-
pendent of plasma lipid levels (3, 5, 45), suggested that apoE2
and apoE4 expression may elevate inflammatory response
directly. Therefore, we used a widely accepted procedure
developed in the clinical setting to study physiologically rele-
vant blood leukocyte cytokine release to compare the inflam-
matory response of human APOE2, APOE3, and APOE4 gene
replacement mice ex vivo (46). Blood samples from C57BL/6]
mice, expressing mouse apoE, and ApoE™~ mice with no apoE
expression were used as controls. Results showed that blood
cells in APOE3 gene replacement mice were similar to those in
WT mice with low inflammatory cytokine production in
response to LPS challenge (Fig. 1, A-D). In contrast, enhanced
interleukin (IL)-6 production was observed from leukocytes of
APOE2 and APOE4 gene replacement mice similar to that
observed with blood from ApoE~~ mice (Fig. 1A). Interest-
ingly, significantly more tumor necrosis factor a (TNFa) was
produced by cells in APOE4 mice, similar to that observed in
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Flgure 1. ApoE2 and ApoE4 enhanced proinflammatory cytokine production in LPS-stimulated leukocytes. Blood obtained from C57BL/6J WT and
ApoE™™ mice as well as human APOE2, APOE3, and APOE4 gene replacement mice was incubated with 100 ng/ml LPS for 4 h. Plasma was obtained after

incubation for ELISA determination of (A) IL-6, N = 15; (B) TNFa, N

=15;(0) IL-1B, N = 8; and (D) IL-18, N = 8. All data were evaluated by one-way ANOVA with

Student-Newman-Keuls post hoc analysis for comparison between groups. Groups with different letters indicate significant differences at p < 0.05. apoE,
apolipoprotein E; IL, interleukin; LPS, lipopolysaccharide; TNFa, tumor necrosis factor a.
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ApoE™~ mice, but TNFa production by blood cells from
APOE?2 mice was similar to that observed with blood cells from
WT and APOE3 mice (Fig. 1B). In contrast, higher levels of IL-
1B and IL-18 were produced by ApoE™"~ and APOE2 cells, but
the levels of these cytokines were lower in APOE3 and APOE4
cells similar to WT controls (Fig. 1, C and D). The selectivity
by which apoE2 and apoE4 differentially enhanced proin-
flammatory cytokine production suggests that these two apoE
isoforms may activate immune response through different
mechanisms. ApoE expression in leukocytes is restricted to
cells in the myeloid lineage, and apoE is absent in lymphocytes
(29, 47). Therefore, the enhanced leukocyte inflammatory
response observed with blood isolated from APOE2 and
APOE4 gene replacement mice is likely due to enhanced
myeloid cell inflammatory response.

ApoE2 enhances inflammasome priming and activation in
macrophages

The enhancement of LPS-induced IL-1f and IL-18 secretion
in the whole-blood assay is an indication of inflammasome
activation. To test this possibility, the first experiment
compared peritoneal macrophages isolated from WT and
ApoE™~ mice for inflammasome activation after incubation
with or without LPS challenge. Indeed, NOD-, LRR-, and pyrin
domain—containing protein 3 (NLRP3) levels and IL-1§
secretion were found to be higher in ApoE™~ macrophages
under basal conditions as well as when challenged with LPS
and ATP to induce inflammasome priming and activation
(Fig. 2, A and B). Increased caspase-1 cleavage was also
observed in LPS/ATP-activated ApoE~~ macrophages
compared with WT cells (Fig. 2C).
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Figure 2. ApoE deficiency or apoE2 expression in macrophages enhances inflammasome priming and activation. A, macrophages isolated from WT
and ApoF/’ (KO) mice (N = 4) were incubated in the absence () or presence of 100 ng/ml LPS. Extracts were prepared for Western blot analysis of NLRP3
levels using B-actin as the control. B, macrophages from WT and KO mice (N = 8) were incubated under basal conditions or in the presence of LPS with or
without ATP stimulation. IL1- secreted into the media was measured by ELISA. C, lysates prepared from WT and KO macrophages incubated with LPS with
or without ATP were used for Western blot analysis with antibodies against caspase-1 (CASP1) to identify pro-caspasel and its cleavage products as
indicated. Similar experiments were performed with human APOE2, APOE3, and APOE4 gene replacement mice, and results obtained include the following:
(D) NLRP3 levels (N = 3); (E) IL-1B secretion under basal conditions (N = 10) or in the presence of LPS with (N = 6) or without (N = 7) ATP; (F) MCP-1 and MIP-
Ta mRNA levels in LPS-stimulated macrophages; and (G) caspase-1 cleavage analysis in LPS/ATP-stimulated macrophages. Extracts were also prepared from
splenocytes isolated from 4 WT and four KO mice (H) or human APOE2, APOE3, and APOE4 gene replacement mice (/) and subjected to Western blot analysis
with antibodies against caspase-1 to identify pro-caspasel and its cleavage product as indicated. All data were evaluated by one-way ANOVA with Student-
Newman-Keuls post hoc test for significant differences between groups as indicated. apoE, apolipoprotein E; IL, interleukin; LPS, lipopolysaccharide; NLRP3,

NOD-, LRR-, and pyrin domain-containing protein 3.

SASBMB

U

J. Biol. Chem. (2021) 297(3) 101106 3



Unique apoE isoform properties in myeloid cell inflammation

Similar to observations with apoE deficiency, levels of
NLRP3 were also found to be higher in apoE2-expressing
macrophages than apoE3- and apoE4-expressing macro-
phages under basal conditions without LPS stimulation
(Fig. 2D). When the cells were incubated with LPS to prime
macrophages, higher NLRP3 levels were observed in all three
groups than unstimulated cells (Fig. 2D). Interestingly, the
levels of NLRP3 expression in LPS-primed apoE3- and apoE4-
expressing macrophages were similar to NLRP3 expression
levels observed in apoE2-expressing macrophages under basal
conditions (Fig. 2D), thus indicating that the macrophages
from APOE?2 gene replacement mice were already primed for
activation. Consistent with this interpretation, more IL-1f was
found to be secreted by apoE2-expressing macrophages than
apoE3- and apoE4-expressing macrophages under both basal
and LPS-primed conditions (Fig. 2E), and IL-1p target genes
such as monocyte chemoattractant protein-1 and macrophage
inflammatory protein 1-a (48) were also increased in apoE2-
expressing macrophages in response to LPS challenge (Fig. 2F).

The addition of ATP to the incubation medium of LPS-
primed macrophages robustly enhanced IL-1p secretion in
all three groups, with the greatest increase observed with
apoE2-expressing macrophages (Fig. 2E). The addition of LPS
and ATP also enhanced caspase-1 cleavage in APOE2 mac-
rophages compared with that observed in APOE3 or APOE4
macrophages (Fig. 2G).

The physiological significance of these in vitro observations
was documented by higher levels of cleaved caspase-1 product
in splenocytes of ApoE ™~ mice than those of WT mice (Fig. 2H)
and in splenocytes of APOE2 gene replacement mice than those
of APOE3 and APOE4 gene replacement mice (Fig. 21). Thus, the
enhanced inflammatory response observed in ApoE~”~ and
APOE?2 gene replacement mice is due to increased macrophage
NLRP3 inflammasome priming and activation.

Enhanced myelopoiesis in mice with apoE2-expressing
myeloid cells

Increased NLRP3 inflammasome-dependent IL-1p produc-
tion has been demonstrated to promote monocytosis and neu-
trophilia, associated with proliferation and expansion of bone
marrow myeloid progenitors (49). Consistent with results re-
ported in previous studies showing increased myelopoiesis and
monocytosis in ApoE~’~ mice compared with WT control mice
(38), analysis of blood leukocyte composition with an automatic
cell counter showed the increase in the total leukocyte count as
well as number of neutrophils, monocytes, and lymphocytes in
ApoE™"~ mice compared with WT mice (Fig. 3, A—D). When the
blood samples from the APOE gene replacement mice were
analyzed, a significantly higher number of total leukocytes,
particularly the myeloid-lineage neutrophils and monocytes but
not the lymphoid-lineage lymphocytes, was found in APOE2
gene replacement mice than APOE3 and APOE4 gene replace-
ment mice (Fig. 3, E-H). In contrast, no significant differences in
the number of blood cells were observed between APOE3 and
APOE4 gene replacement mice (Fig. 3, E-H). Interestingly, flow
cytometry analysis of lineage-negative bone marrow cells in the
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gene replacement mice revealed no differences in the number of
myeloid precursors, such as long-term hematopoietic stem cell
(HSC), multipotent progenitor-2, -3, and -4, common myeloid
progenitor cell, or granulocyte-macrophage progenitor cell
population among the three groups (data not shown). However,
when bone marrow cells were isolated from the gene replace-
ment mice and then incubated with cytokines that promote
granulocyte/monocyte colony formation, a significantly higher
number of granulocyte/monocyte colony-forming units (CFUs)
was observed in apoE2-expressing bone marrow cells than
apoE3- and apoE4-expressing cells after 7 days in culture
(Fig. 3I). Taken together, these data suggest that apoE2 pro-
motes monocytosis via multiple mechanisms including para-
crine effects of NLRP3- and IL-1(3-dependent mobilization of
progenitor cells from the bone marrow to the peripheral blood
(50) and IL-1B-mediated chemokine increase (48), as well as
autocrine effect of increasing stem cell expansion.

Cholesterol enrichment in apoE2-expressing myeloid cells

Previous studies have shown that apoE-deficient mice have
increased hematopoietic stem proliferation due to cholesterol
accumulation as a consequence of impaired efflux from HSCs
and myeloid cells (38). The assessment of intracellular neutral
lipid levels by staining with the fluorescent dye LipidTOX
revealed significantly more neutral lipids in peripheral blood
monocytes, peritoneal macrophages, and lineage-negative
bone marrow cells from APOE2 gene replacement mice than
those observed in APOE3 or APOE4 gene replacement mice
(Fig. 4, A-C). Biochemical analysis revealed that increased
levels of both free (unesterified) cholesterol and cholesteryl
esters were responsible for the neutral lipid accumulation in
apoE2-expressing macrophages (Fig. 4, D and E).

To determine whether neutral lipid accumulation in apoE2-
expressing macrophages was due to impairment of intracel-
lular cholesterol efflux, cholesterol-loaded macrophages from
the gene replacement mice were incubated with high-density
lipoproteins (HDLs) to initiate cholesterol efflux. Similar to
results reported for apoE-deficient macrophages (38), macro-
phages from APOE2 gene replacement mice also displayed an
~1.5-fold reduction in the rate of cholesterol efflux compared
with macrophages from APOE3 and APOE4 macrophages
(Fig. 4F). The impairment of cholesterol efflux was not due to
defective expression of genes in the macrophage cholesterol
efflux pathway (51), as similar levels of peroxisome
proliferator—activated receptor-y, liver X receptor-a, ATP-
binding cassette-Al, and ATP-binding cassette-G1 mRNA
were found in APOE2, APOE3, and APOE4 macrophages
(Fig. 4, G-J). However, consistent with results observed with
lentiviral vector—-mediated apoE overexpression in macro-
phages (52), macrophages from gene replacement mice also
displayed impairment of apoE2 secretion compared with that
of apoE3 and apoE4 (Fig. 4K). In view of previous reports
showing that apoE facilitates macrophage cholesterol efflux in
an autocrine manner (37), and that apoE is required for
cholesterol addition to small HDL to form cholesterol-
enriched HDL (53), the impaired secretion of apoE2 is the
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Figure 3. Enhanced myelopoiesis in mice with apoE2-expressing myeloid cells. Blood was obtained from WT and ApoE ™~ (EKO), APOE2, APOE3, and
APOE4 gene replacement mice (N = 8-10 in each group) for analysis by automatic white blood cell counter to determine the number of (A) total white
blood cells in WT and KO mice; (B) neutrophils in WT and KO mice; (C) monocytes in WT and KO mice; (D) lymphocytes in WT and KO mice; (E) total white
blood cells in APOE2, APOE3, and APOE4 gene replacement mice; (F) neutrophils in the gene replacement mice; (G) monocytes in the gene replacement
mice; and (H) lymphocytes in the gene replacement mice. /, bone marrow cells isolated from the gene replacement mice (N = 6 for apoE2 and apoE3 and
N = 4 for apoE4 mice) were cultured for 7 days in the presence of cytokines to promote granulocyte/monocyte colony formation to determine GM-CFU.
Statistical significance was evaluated by comparing WT and EKO mice with Student’s t test. Comparisons between APOE gene replacement mice were
evaluated by one-way ANOVA with Student-Newman-Keuls post hoc test. apoE, apolipoprotein E;

likely cause for reduced cholesterol efflux and the resulting
cholesterol accumulation in apoE2-expressing macrophages.

Increased lipid rafts in apoE2- and apoE4-expressing
macrophages

Increased cholesterol accumulation has been linked to
increased plasma membrane lipid rafts. Therefore, we used
cholera toxin staining of the glycosphingolipid GM1 to identify
lipid raft domains in peritoneal macrophages isolated from
WT, ApoE~", and the human APOE gene replacement mice.
As expected, macrophages from ApoE”~ mice exhibited
higher lipid raft staining than WT mouse macrophages.
ApoE2-expressing macrophages also displayed higher lipid raft
staining than apoE3-expressing macrophages (Fig. 5). Sur-
prisingly, apoE4-expressing macrophages also showed
increased lipid raft staining despite similar intracellular
cholesterol levels as apoE3-expressing macrophages (Fig. 5).

SASBMB

ApoE4 but not apoE2 or apoE3 expression increases oxidative
stress in macrophages

Whereas the increased lipid raft levels in apoE2-expressing
macrophages were likely due to elevated intracellular choles-
terol levels as a consequence of cholesterol efflux impairment,
the increased lipid raft levels in apoE4-expressing macro-
phages cannot be attributed to intracellular cholesterol con-
tent in the macrophages. One cholesterol-independent
mechanism for lipid raft increase with enhanced toll-like re-
ceptor signaling is the reduction of membrane fluidity due to
increased oxidative stress (54, 55). The measurement of GSH
and GSSG levels as well as the level of intracellular hydrogen
peroxide revealed increased oxidative stress in ApoE~~ mac-
rophages compared with WT macrophages (Fig. 6, A and B).
Interestingly, increased levels of GSSG, the oxidized form of
GSH, and H,O, were also observed in apoE4-expressing
macrophages but not apoE2- or apoE3-expressing macro-
phages (Fig. 6, C and D). These observations indicate that
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Figure 4. Cholesterol enrichment in apoE2-expressing myeloid cells due to impairment of cholesterol efflux and apoE secretion. The fluorescent dye
LipidTOX was used to assess neutral lipid accumulation in (A) peripheral blood monocytes (N = 4), (B) peritoneal macrophages (N = 4), and (C) lineage-
negative bone marrow cells (N = 8) isolated from APOE2, APOE3, and APOE4 gene replacement mice. D, free cholesterol and (E) cholesteryl ester con-
tents were measured in peritoneal macrophages isolated the gene replacement mice (N = 5) by biochemical methods. F, the peritoneal macrophages from
APOE2 (o, open bar), APOE3 (a, filled bar), and APOE4 (A, hatched bar) were preloaded with BHlcholesterol followed by incubation with HDL to assess
cholesterol efflux. The data represent the mean + SD using four mice per group. The inset shows the rate of cholesterol efflux calculated by linear regression.
# indicates p < 0.05 difference from the other groups. mRNA was also isolated from macrophages of the gene replacement mice (N = 4) for amplification of
PPARYy (G), LXRa (H), ABCA1 (/), and ABCG1 (J) mRNA. Expression levels were normalized to the cyclophilin mRNA levels in each sample. K, media were
collected from cultured peritoneal macrophages from APOE2 (n), APOE3 (a), and APOE4 (A) mice (N = 6) for apoE quantification by ELISA. The graph on the
right shows the rate of apoE secretion relative to the rate observed with apoE3-expressing cells. # indicates p < 0.05 difference from the other groups. All
data were evaluated by one-way ANOVA with Student-Newman-Keuls post hoc test for significant differences as indicated. ABCA1, ATP-binding cassette-
A1; ABCG1, ATP-binding cassette-G1; apoE, apolipoprotein E; HDL, high-density lipoprotein; LXRa, liver X receptor-a; PPARy, peroxisome proliferator—

activated receptor-y.

endogenously expressed apoE4 directly increased cellular
oxidative stress, similar to the pro-oxidative properties of
exogenously supplied apoE4 observed in numerous other
studies (56). Importantly, the present study also showed that
endogenously expressed apoE2 did not increase oxidative
stress in macrophages, thereby highlighting the different
mechanisms by which apoE2 and apoE4 exacerbate macro-
phage inflammatory response.

ApoE isoforms differentially influence macrophage response
to oxidized LDL

Additional experiments were performed to determine
whether macrophage response to oxidized LDL (oxLDL) is

also apoE isoform dependent. In these experiments, macro-
phages isolated from APOE2, APOE3, and APOE4 gene
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replacement mice were incubated with 50 pg/ml oxLDL for
24 h, and inflammatory cytokines secreted into the medium
were compared with those observed with 4-h stimulation with
100 ng/ml LPS by the ELISA assay. Consistent with previous
reports (57), macrophages incubated with oxLDL secrete
minimal amounts of IL-6, TNFa, and IL-1 compared with
LPS stimulation (Fig. 7, A—C). However, oxLDL addition to
LPS-primed macrophages resulted in significantly higher IL-6
and IL-1f secretion by APOE2 macrophages than LPS stim-
ulation alone (Fig. 7, A and B). Interestingly, oxLDL did not
exacerbate LPS-stimulated TNFa secretion regardless of the
apoE isoforms expressed in the macrophages (Fig. 7C).
Nevertheless, higher TNFa levels were found in the media of
APOE4 macrophages than that of APOE2 and APOE3 mac-
rophages after stimulation with LPS with or without oxLDL
(Fig. 7B). The higher levels of TNFa secretion by APOE4
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Figure 5. Increased lipid rafts in apoE-deficient and apoE2- and apoE4-expressing macrophages. Peritoneal macrophages isolated from WT, ApoE ™~
(EKO), APOE2, APOE3, and APOE4 gene replacement mice were stained for GM1 with cholera toxin to identify lipid rafts. Representative images (scale bar =
50 um) of data from four experiments are shown. Statistical significance was evaluated by comparing WT and EKO mice with Student'’s t test. Differences
between APOE gene replacement mice were evaluated by one-way ANOVA with the Student-Newman-Keuls post hoc test. apoE, apolipoprotein E.
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Figure 6. Elevated oxidation status in peritoneal macrophages from
ApoE~~ and APOE4 mice. Peritoneal macrophages were isolated from WT,
ApoE™~ (EKO), APOE2, APOE3, and APOE4 gene replacement mice (N = 7) to
assess redox status by measuring reduced (GSH) and oxidized (GSSG) GSH
levels and hydrogen peroxide levels. A, reduced GSH and oxidized GSH
(GSSG) levels in WT and EKO macrophages; (B) hydrogen peroxide levels in
WT and EKO macrophages; (C) GSH and GSSG levels in APOE gene
replacement mice; and (D) hydrogen peroxide levels in APOE gene
replacement mice. Statistical significance was evaluated by comparing WT
and EKO mice with Student t test. Differences between APOE gene
replacement mice were evaluated by one-way ANOVA with Student-New-
man-Keuls post hoc test. apoE, apolipoprotein E.
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Figure 7. Influence of APOE genotype on LPS and oxLDL stimulated
cytokine secretion and oxidative stress in macrophages. Macrophages
isolated from APOE2 (open bars), APOE3 (filled bars), and APOE4 (hatched
bars) were stimulated by 4-h incubation with 100 ng/ml LPS (N = 4) or
50 pg/ml oxLDL (N = 6), or both (N = 6). Conditioned media were collected
for ELISA assay of IL-6 (A), IL-1B (B), and TNFa (C). Lysates were collected
from cells incubated with oxLDL (N = 4) for hydrogen peroxide measure-
ments (D). All data were evaluated by one-way ANOVA with Student-
Newman-Keuls post hoc test for significant differences between groups.
Bars with different letters in panels A-C are significantly different at p < 0.05.
apoE, apolipoprotein E; IL, interleukin; LDL, low-density lipoprotein; LPS,
lipopolysaccharide; oxLDL, oxidized LDL; TNFa, tumor necrosis factor a.
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macrophages in response to LPS are likely due to increased
toll-like receptor-4 signaling in lipid rafts (58). Indeed, we
found that oxLDL incubation also resulted in higher hydrogen
peroxide levels in APOE4 macrophages than APOE2 and
APOE3 macrophages (Fig. 7D).

Altered lymphocyte composition in APOE2 and APOE4 gene
replacement mice

ApoE is not expressed in lymphocytes (47, 59), but apoE
expression in myeloid cells can influence adaptive immunity
via modulation of antigen presentation. In particular, apoE
deficiency or apoE4 expression in myeloid cells, particularly in
dendritic cells, has been shown to enhance major histocom-
patibility complex II-dependent antigen presentation and
CD4" T cell activation (59), whereas apoE2 impairs lipid an-
tigen presentation via the CD1d-mediated pathway (60—-62).
Therefore, we performed additional studies to assess the in-
fluence of apoE polymorphism on the adaptive immune sys-
tem. Using flow cytometry to evaluate lymphocyte
composition in the blood, we observed higher levels of naive
and central memory CD4" T helper cells in the blood of
APOE?2 gene replacement mice than those observed in the
blood of APOE3 and APOE4 gene replacement mice (Fig. 8, A
and B), but higher levels of CD4" effector memory T cells were
found in the circulation of APOE4 mice (Fig. 8C). Higher levels
of naive and central memory CD8" cytotoxic T cells were also
found in APOE2 gene replacement mice than APOE3 and
APOE4 mice (Fig. 8, D and E), and less-naive CD8" T cells
were observed in APOE4 mice than in APOE3 mice (Fig. 8D).
No differences were observed in effector memory CD8" cells
regardless of the APOE genotype (Fig. 7F). Taken together,

these results indicate that both APOE2 and APOE4 gene
replacement mice are similar to human APOE2 and APOE4
carriers with elevated T cell activation compared with APOE3
carriers (59), with increased number of CD4* and CD8" T cells
in APOE2 gene replacement mice and elevated CD4" effector
memory cells in APOE4 gene replacement mice. Moreover, the
lower number of naive CD8" T cells in APOE4 mice may be
due to enhanced CD8" lymphocyte turnover in a pro-
oxidation environment (63, 64).

Bone marrow cells expressing human apoE3, but not apoE2 or
apoE4, suppress atherosclerosis in ApoE™~ mice

Inflammatory myeloid cells as well as CD4" and CD8" T cell
activation are hallmarks of atherosclerosis (65—69). Therefore,
the increased leukocyte inflammation observed in APOE2 and
APOE4 gene replacement mice suggested that myeloid cell-
derived apoE2 and apoE4 may be pro-atherogenic. To test
this hypothesis, bone marrow cells isolated from human
APOE2, APOE3, and APOE4 gene replacement mice were
transplanted into lethally irradiated ApoE™~ mice to investi-
gate how different apoE isoforms expressed endogenously in
bone marrow cells may influence atherogenesis. Bone marrow
cells isolated from ApoE~~ mice were used as controls. The
transplantation of bone marrows from the human APOE gene
replacement mice did not change plasma lipid levels as similar
plasma cholesterol and triglyceride levels were observed be-
tween Western diet—fed ApoE™~, APOE2, APOE3, and APOE4
bone marrow-recipient mice (Fig. 9, A and B). Interestingly,
increased monocytosis was observed in APOE2 bone marrow
recipients compared with APOE3 and APOE4 recipients
(Fig. 9C). In particular, the number of classical Ly6C™ cells but
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Figure 8. Lymphocyte composition in the blood of APOE gene replacement mice. Flow cytometry was used to analyze the number of (A) naive CD4*
lymphocytes; (B) CD4* T central memory cells; (C) CD4* T effector memory cells; (D) naive CD8" T lymphocytes; (E) CD8* T central memory cells; and (F) CD4*
T effector memory cells in the blood of APOE2 (N = 7), APOE3 (N = 7), and APOE4 (N = 8) gene replacement mice. One-way ANOVA with Student-Newman-

Keuls post hoc test was used to evaluate significant differences as indicated.
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Figure 9. Plasma lipid levels and monocyte subsets in ApoE ™~ mice after bone marrow transplants. Lethally irradiated ApoE ™~ mice were transplanted
with bone marrow cells from ApoE‘/' (EKO), APOE2, APOE3, and APOE4 mice and then fed a Western diet for 8 weeks. A, plasma cholesterol and (B) tri-
glyceride levels were determined from N = 12 mice in each group. Blood cells from the APOE gene replacement mice were obtained for flow cytometry
analysis of (C) total monocytes, (D) Ly6C™, and (£) Ly6C'® monocytes. All data were evaluated by one-way ANOVA with the Student-Newman-Keuls post hoc
test for statistical significance between groups as indicated. apoE, apolipoprotein E.

not the nonclassical Ly6C'® cells was found to be higher in the
APOE2 bone marrow-recipient mice (Fig. 9, D and E). Thus,
the earlier observation of increased monocytosis in APOE2
gene replacement mice was independent of the higher plasma
lipid levels in these animals (70).

Evaluation of atherosclerosis in aortic roots and throughout
the aorta of the bone marrow—recipient mice 8 weeks after
feeding the Western diet showed that apoE3 bone marrow—
recipient mice developed smaller atherosclerotic lesions in
the aortic roots (Fig. 10, A and B) and the whole aorta
(Fig. 10C) than recipients of apoE2, apoE4, or apoE-deficient
bone marrow cells. These results indicate that human apoE3
expressed in bone marrow cells is similar to mouse apoE in
suppressing atherogenesis, but myeloid cell-derived apoE2
and apoE4 are defective in protection against atherosclerosis in
ApoE™" mice.

Immunohistological staining of the aortic root sections
revealed that most of the lesion areas were occupied by CD68*
cells, with APOE3 bone marrow-recipient mice displaying
significantly less CD68" cells compared with mice with
ApoE™~, APOE2, or APOE4 bone marrow cells (Fig. 11, A and
Q). Sirius Red staining of the aortic root sections showed that
the APOE3 bone marrow—recipient mice also displayed less
fibrotic areas (Fig. 11, B and C). Interestingly, examination of
the Sirius Red-stained sections revealed dramatic differences
in lesion necrosis after bone marrow transplant. Whereas the
APOE3 bone marrow-recipient mice displayed less lesion
necrosis, the APOE4 bone marrow—recipient mice displayed
more necrotic lesions than mice with ApoE™~ or APOE2 bone
marrow transplants (Fig. 11, B and C). Taken together, these
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results indicate that whereas apoE3-expressing bone marrow
cells limit atherosclerosis progression, and atherosclerotic le-
sions in ApoE~"~ mice with ApoE™~ and APOE2 bone marrow
cells were early-stage lesions after 8 weeks of Western diet
feeding, the lesions in APOE4 bone marrow—recipient mice
have advanced to a more complex stage with cell necrosis.

The increase in necrotic lesions in APOE4 bone marrow—
recipient mice despite the similar lesion size as in ApoE™"
and APOE2 bone marrow-recipient mice is likely due to
increased oxidative stress in apoE4-expressing myeloid cells.
Indeed, immunohistological staining of the nitrotyrosine
epitope, a biomarker for peroxynitrite production and oxida-
tive damage (71), revealed significantly higher levels of
oxidative stress in the lesions of APOE4 bone marrow—
recipient mice (Fig. 124). Interestingly, the level of IL-1p was
found to be higher in the lesions of ApoE™~ and APOEZ2 bone
marrow-recipient mice than APOE3 and APOE4 bone
marrow—recipient mice (Fig. 12B). These observations
corroborated well with the in vitro data showing that apoE4
promotes oxidative stress, whereas apoE2 increases inflam-
masome activation and IL-1f production.

Discussion

This study used human APOE2, APOE3, and APOE4 gene
replacement mice, expressing different human apoE isoforms
under the control of physiologically regulated mouse ApoE
gene promoter, and showed distinct mechanisms by which
each apoE isoform expressed in myeloid lineage cells in-
fluences inflammation and atherogenesis. Our results showed
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Figure 10. Atherosclerosis lesion analysis in ApoE™ /= mice after bone marrow transplant. Bone marrows obtained from ApoE™ /= (EKO), APOE2, APOE3,
and APOE4 mice were transplanted into irradiated ApoE "~ mice and the animals were fed Western diet for 8 weeks. A, representative images (scale bar =
200 pum) of atherosclerotic lesions in aortic roots of EKO, APOE2, APOE3, and APOE4 bone marrow recipients. B, morphometric data of lesion area in the aortic
roots of 12 mice in each group were analyzed by one-way ANOVA with the Holm-Sidak post hoc analysis for comparisons between groups. ## indicates
significant difference at p < 0.01 from the other groups. C, morphometric data of plaque area in the whole aorta from 12 mice in each group were analyzed
for statistical significance similarly. ## indicates significant difference at p < 0.01 from the other groups. apoE, apolipoprotein E.
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Figure 11. Atherosclerosis composition in ApoE™ = mice after bone marrow transplants. Bone marrows obtained from ApoE™ /= (EKO), APOE2, APOE3,
and APOE4 mice were transplanted into irradiated ApoE™~ mice, and the animals were fed Western diet for 8 weeks. Sections of the aortic roots were
stained with (A) antibodies against CD68 to identify macrophages or (B) Sirius Red to identify fibrotic areas. The scale bar represents 200 um. C,
morphometric analysis of the data from N = 5 mice per group. The data were evaluated for statistical significance by one-way ANOVA with the Newman-
Keuls multiple comparison test to identify differences between groups. ## indicates differences at p < 0.01 from the other groups. apoE, apolipoprotein E.

10 J. Biol. Chem. (2021) 297(3) 101106 SASBMB



Unique apoE isoform properties in myeloid cell inflammation

Nitrotyrosine Immunohistology

EKOE2 E3 E4
Donor Genotype

0 EKOE2 E3 E4
Donor Genotype

Figure 12. Immunohistological analysis of nitrotyrosine and IL-1B epitopes in ApoE ™~ mice after bone marrow transplants. Irradiated ApoE "~ mice
were transplanted with ApoE ™~ (N = 7), APOE2 (N = 8), APOE3 (N = 7), and APOE4 (N = 7) bone marrow cells and fed Western diet for 8 weeks. Sections of the
aortic roots were stained with antibodies against (A) nitrotyrosine or (B) IL-1B. The scale bar represents 200 pm. The data were evaluated for statistical
significance by one-way ANOVA with the Newman-Keuls multiple comparison test to identify differences between groups. Bars with different letters indicate

differences at p < 0.05. apoE, apolipoprotein E; IL, interleukin.

that whereas both apoE2 and apoE4 expressed in myeloid cells
are pro-inflammatory, similar to cells with apoE deficiency, the
mechanisms underlying the pro-inflammatory properties of
apoE2 and apoE4 are quite different. Specifically, apoE2 pro-
motes inflammation via inflammasome activation and apoE4
promotes inflammation through increased oxidative stress.
Nevertheless, bone marrow cells expressing human apoE2 and
apoE4 are similar to apoE-deficient cells in their ineffective-
ness to suppress atherosclerosis in Western diet—fed ApoE™~
mice, whereas bone marrow cells expressing human apoE3
were atheroprotective when transplanted into ApoE~'~ mice. It
is noteworthy that all four groups of bone marrow recipients
displayed similar hypercholesterolemia, thus documenting that
the differences in atheroprotection were not due to differences
in plasma lipoprotein clearance in ApoE~~ mice.

The ex vivo whole-blood assay revealed that in comparison
to APOE3 gene replacement mice, the APOE2 gene replace-
ment mice were more sensitive to agonist-induced inflam-
matory response (Fig. 1). The APOE2 gene replacement mice
also displayed increased number of myeloid cells in circulation
(Fig. 3), and their myeloid cells as well as HSCs were enriched
with intracellular cholesterol because of cholesterol efflux
impairment (Fig. 4). The cholesterol enrichment and impair-
ment of cholesterol efflux resulted in enhanced myelopoiesis
and monocytosis (38, 72-74), thereby increasing the myeloid
cell number in APOE2 gene replacement mice. Increased
intracellular cholesterol content due to cholesterol efflux
impairment has also been reported to increase inflammasome
priming and activation (75-77). Indeed, increased inflamma-
some priming and activation was evident in peritoneal mac-
rophages as well as splenocytes isolated from APOE2 gene
replacement mice (Fig. 2). The increased inflammasome
priming and activation observed with apoE2-expressing peri-
toneal macrophages indicated that the observed increased
ex vivo response of the blood cells from APOE2 gene
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replacement to agonist-induced activation was due to not only
increased myeloid cell number in the blood but also a direct
effect of increased inflammatory response of apoE2-expressing
myeloid cells. Taken together, the collective results indicate
that apoE2 enhances inflammation through a combination of
increased myelopoiesis and elevated inflammatory response of
the myeloid cells. These pro-inflammatory properties preclude
the ability of myeloid-derived apoE2 to suppress
atherosclerosis.

The immunoregulatory properties of apoE2 have been re-
ported previously, with opposing results that appeared to be
cell type dependent. In microglia, apoE2 was shown to be
similar to apoE3 in limiting inflammatory response to LPS
(78). In contrast, increased pro-inflammatory cytokine pro-
duction was observed in apoE2-expressing astrocytes (79).
While these studies did not explore the underlying mechanism
by which apoE2 differs in regulating inflammatory response in
microglia and astrocytes, it is interesting to note that IL-1f
expression was lower in LPS-stimulated microglia but was
enhanced in LPS-stimulated astrocytes (78, 79). In the present
study, we confirmed the proinflammatory properties of apoE2
in macrophages (44) and extended on these previous studies
with results indicating that the mechanism is due to enhanced
inflammasome priming and activation, similar to that observed
in astrocytes. The cause of the elevated inflammasome priming
observed in apoE2-expressing macrophages is likely due to
higher intracellular cholesterol level as a consequence of
impaired apoE secretion and cholesterol efflux from the cells.
The impaired secretion of endogenously synthesized apoE2 is
cell type dependent (52), thus suggesting that the cell-specific
anti- or pro-inflammatory properties of human apoE2 are
dependent on its secretion or accumulation of intracellular
cholesterol in each cell type.

This study showed that apoE4-expressing myeloid cells also
exhibited an exaggerated proinflammatory response with
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increased IL-6 and TNFa secretion after LPS stimulation. In
contrast to apoE2-expressing cells, the apoE4-expressing
macrophages did not show enhanced IL-1f and IL-18
response, thus the pro-inflammatory phenotype of apoE4-
expressing macrophages is independent of NLRP3 inflamma-
some activation. The difference between apoE2 and apoE4 in
macrophage inflammasome priming and activation is likely
due to the normal apoE4 secretion that accompanied choles-
terol efflux, thereby limiting intracellular cholesterol accu-
mulation and priming of the inflammasome complex. The
lower intracellular cholesterol content in apoE4-expressing
hematopoietic cells than apoE2-expressing cells also resulted
in limiting myelopoiesis to levels observed in apoE3-expressing
cells. Hence, the pro-atherogenic and pro-inflammatory
properties of myeloid-derived apoE4 are different from those
of apoE2 and limited to inflammasome-independent inflam-
matory response without enhanced HSC proliferation and
monocytosis.

The pro-inflammatory properties of apoE4 are well docu-
mented in the literature (56). In particular, the higher pro-
duction of pro-inflammatory cytokines by apoE4-expressing
macrophages is due to transactivation of the redox-sensitive
transcription factor NF-kappa B (80). Consistent with these
earlier findings, we showed higher levels of GSSG and
hydrogen peroxide in macrophages isolated from APOE4 gene
replacement mice than those in apoE2- and apoE3-expressing
macrophages. The increased oxidative stress is correlated with
intracellular cholesterol-independent increase in lipid raft
structures in the apoE4-expressing macrophages. In view of
the critical role of lipid rafts in toll-like receptor-4—mediated
inflammatory cell signaling (58), and the culmination of TLR
signals in the activation of NF-kappa B (81), our results
establish a link between the apoE4 expression and the NF-
kappa B-directed inflammatory response in macrophages.

This study also showed differences in T cell composition
among the three groups of human apoE gene replacement
mice. In comparison to mice expressing the normal apoE3
isoform, CD4" and CD8" T cell levels were found to be higher
in APOE2 gene replacement mice but lower in the APOE4
gene replacement mice. In contrast, the APOE4 gene
replacement mice contained significantly more CD4" T
effector cells than APOE2 and APOE3 mice. It is important to
note that apoE is not expressed in lymphocytes (47, 59), thus
suggesting that the differences in lymphocyte subsets may be
due to the different apoE isoforms expressed in myeloid cells.
A recent study reported that dendritic cells from human car-
riers of the €4 allele displayed increased lipid raft clustering in
dendritic cells and caused enhanced antigen presentation and
T-cell activation (59). Thus, the elevated levels of T effector
cells observed in APOE4 gene replacement mice are likely due
to enhanced antigen presentation by apoE4-expressing
myeloid cells. A mechanistic difference between the earlier
study and our results is that higher cholesterol levels were
noted in the apoE4-expressing dendritic cells, and the in-
vestigators attributed the enhanced T cell activation to
impaired cholesterol efflux to apoE4-containing HDL in the
plasma. In contrast, our results showed that cholesterol levels
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in the myeloid and HSCs of APOE4 mice were not elevated
and were similar to that observed in APOE3 gene replacement
mice. Despite these differences, which remain to be resolved,
increase in lipid raft structures in apoE4-expressing myeloid
cells was also observed in our study, but we attributed the
increased lipid rafts to apoE4-induced oxidative stress.

The results showing that bone marrow cells expressing the
normal human apoE3 isoform are effective in suppressing
atherogenesis in ApoE™~ mice are consistent with previous
studies demonstrating atheroprotection in ApoE ™~ mice with
bone marrow cells expressing mouse apoE (39, 41). However,
our results showed that reconstitution with apoE3-expressing
bone marrow cells did not improve hypercholesterolemia in
Western diet—fed ApoE™~ mice, which are in striking contrast
to previous studies showing that reconstitution with mouse
apoE—expressing bone marrow cells reduced plasma choles-
terol level (39, 41). These differences may be due to species-
specific differences between mouse apoE and human apoE3.
An independent study reporting that macrophage-specific
human apoE3 transgenic expression reduced atherosclerosis
in ApoE”~ mice without hypercholesterolemia improvement
is consistent with this interpretation (40). Nevertheless,
regardless of potential differences between bone marrow—
derived human and mouse apoE in regulating plasma choles-
terol levels in ApoE’/ ~ mice, our results showed that bone
marrow cell-derived human apoE3 is effective in suppressing
atherogenesis without hypercholesterolemia improvement,
thus documenting a lipoprotein transport—independent func-
tion of myeloid cell-derived apoE3 in atheroprotection.

In contrast to bone marrow cells expressing human apoE3,
reconstitution of lethally irradiated ApoE~~ mice with bone
marrow from APOE2 gene replacement mice was ineffective in
atheroprotection. The failure of bone marrow cells from
APOE2 gene replacement mice to limit atherogenesis in
ApoE™" mice is consistent with previous reports showing that
bone marrow cells from transgenic mice with human APOE2
overexpression were also ineffective in atheroprotection (41).
However, our studies differ in that impaired cholesterol efflux
was observed in our study with APOE2 gene replacement
mouse macrophages but human apoE2 overexpression was
capable of promoting cholesterol efflux (41). While the dif-
ferences in cholesterol efflux between the two studies are likely
due to different levels of apoE2 expression in the macrophages,
both studies showed that myeloid-derived apoE2 is ineffective
in atheroprotection. Thus, in addition to its defect as an
extracellular protein in binding LDL receptors and plasma li-
poprotein clearance, the arginine-to-cysteine mutation at res-
idue 158 in apoE2 also impairs the lipoprotein transport—
independent atheroprotective functions of apoE.

In summary, our studies established apoE isoform-specific
differences in the regulation of immune response and
atherogenesis in a manner that is independent of plasma li-
poprotein metabolism. While apoE2 and apoE4 are both pro-
inflammatory in myeloid cells and apoE2- and apoE4-
expressing bone marrow cells are pro-atherogenic, the un-
derlying mechanisms by which these apoE isoforms enhance
inflammation and atherosclerosis are quite different.
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Specifically, apoE2-enhanced inflammation is due to impaired
cholesterol efflux, leading to elevated myelopoiesis and
inflammasome priming and activation, whereas the apoE4-
enhanced inflammation is due to elevated oxidative stress
and T cell activation. The distinct mechanisms by which each
apoE isoform influences myeloid cell functions are reminiscent
of isoform-specific differences in signaling pathways in neu-
rons that affect Alzheimer’s disease (82). However, whereas
apoE2 expression in neurons appears to be protective against
Alzheimer’s disease, this study showed that apoE2 expressed in
myeloid cells is pro-inflammatory and pro-atherogenic.

Experimental procedures
Antibodies and primers

All antibodies and primers used in this study were obtained
from commercial sources as listed in Tables S1 and S2.

Animals and diets

Gene replacement mice, in which the endogenous murine
ApoE gene has been replaced with the human APOE2, APOE3,
or APOE4 gene at the same locus, were originally generated in
the Maeda laboratory (83, 84). These animals have been im-
ported into our institution, backcrossed to C57BL/6] back-
ground, and maintained in our facility for many years (70, 85).
The ApoE’/ ~ mice, also in C57BL/6] background, were pur-
chased from the Jackson Laboratory. Mice were housed in our
institutional animal care facility with free access to normal
chow diet (LM485; Harlan-Teklad) and water. All procedures
and animal care techniques were performed under a protocol
approved by the Institutional Animal Care and Use Committee
at the University of Cincinnati.

Ex vivo whole-blood cytokine secretion assay

Blood was collected from mice after a 16-h fast. The blood
was mixed with an equal volume of the RPMI medium con-
taining LPS to a final concentration of 100 ng/ml and incu-
bated at 37 °C for 4 h. The blood was then collected for
centrifugation to separate the plasma/medium supernatant
from the blood cells. Cytokines secreted into the plasma/me-
dium were quantified using the following ELISA Kkits according
to manufacturer’s instructions: IL-6 (M6000B), IL-18 (7625),
and IL-1f (MHSLB00) from R&D Systems and TNFa
(BMS607-3) from Thermo Fisher Scientific.

Blood chemistry and cell count

Mice were fasted for 16 h before collection of blood from
the submandibular vein into EDTA-coated tubes and kept on
ice. Samples were centrifuged at 2500g for 10 min to collect
plasma for triglyceride and cholesterol measurements with the
Infinity colorimetric assay kits (TR22421 and TR13421,
Thermo Fisher Scientific). For leukocyte cell count, blood was
briefly warmed to room temperature (RT) and mixed thor-
oughly before analysis using an automatic white blood cell
counter (Hemavet 950, Drew Scientific).
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Granulocyte-monocyte CFU assay

Bone marrows from APOE2, APOE3, and APOE4 gene
replacement mice were harvested and subject to erythrocyte
lysis before plating 2 x 10* cells in 1 ml of methylcellulose-
based medium (MethoCult GF M3534, STEMCELL Tech-
nologies) per well in a 6-well plate according to manufacturer’s
instructions. The number of CFU per dish was counted after
7 days.

Peritoneal macrophage isolation

Mice were injected intraperitoneally with 1 ml of 4% thio-
glycolate broth to elicit peritoneal macrophages. The mice were
euthanized after 3 days, and the peritoneal cavities were lavaged
with 10 ml of ice-cold PBS. Peritoneal cells were collected and
then centrifuged at 500g for 5 min at 10 °C, washed once, and
plated in a cold RPMI medium supplemented with 10% FBS.
Nonadhering cells were washed off after 1 h, and the macro-
phages adhered to the plates were used for experiments.

Macrophage secretion

Macrophages were seeded in 6-well plates at a density of 2 x
10° cells per well. For cytokine secretion measurements, cells
were pretreated with the fresh serum-free RPMI medium with
or without 100 ng/ml LPS for 4 h, followed by treatment with
2 mM ATP for 30 min or 50 pg/ml oxLDL for 24 h. For apoE
secretion measurements, macrophages were cultured in the
serum-free RPMI containing 0.2% fatty acid—free bovine
serum albumin (BSA), and the samples were collected after 6
and 24 h. ELISA kits were used to measure human apoE in the
medium (3712-1HP, Mabtech). The concentrations of IL-1f
(MLBOOC, R&D Systems), TNFa (BMS607-3, Thermo Fisher
Scientific), and IL-6 (M6000B, R&D Systems) were also
determined by ELISA.

Intracellular cholesterol measurement

Macrophages were homogenized in 0.5 ml solution con-
taining 50 mM Tris HCl, pH 7.4, 150 mM NaCl, and 5 mM
EDTA. The homogenates were mixed with an equal volume of
petroleum ether, vortexed, and centrifuged at 1000g for 10 min
for phase separation. Lipid extraction was performed two
times, and the lipid phase was combined, dried, and resus-
pended in the assay buffer for measurement of free and total
cholesterol using Amplex Red kit (A12216, Life Technologies).
Cholesteryl ester level was determined by subtracting the
amount of free cholesterol from the total cholesterol content
in each sample.

Macrophage cholesterol efflux

Mouse peritoneal macrophages were seeded in 48-well plates
at a density of 3 x 10° cells per dish. The macrophages were
induced to accumulate cholesterol by incubation overnight in
the RPMI medium containing 0.2% fatty acid—free BSA and
50 pg/ml acetylated LDL that was previously labeled with
0.5 puCi/ml [®H]cholesterol. The radiolabel-containing medium
was removed by washing twice with PBS. The cells were allowed

J. Biol. Chem. (2021) 297(3) 101106 13



Unique apoE isoform properties in myeloid cell inflammation

to equilibrate in the phenol red—free RPMI medium with 0.2%
BSA for 2 h before incubation with or without 20 pg/ml HDL to
stimulate cholesterol efflux. [*H]cholesterol secreted into the
medium was sampled at 2-h intervals for 6 h. The remaining cell
lipids were extracted with isopropanol. [*H]cholesterol in the
conditioned media and cell extracts were measured by scintil-
lation counting, and the percent cholesterol efflux to HDL was
calculated as (counts per minute in medium/counts per minute
in cell extracts) x 100. Radioactivity in the media of cells incu-
bated without HDL was used as baseline controls.

Lipid raft estimation

Cellular lipid raft levels were estimated based on staining of
GM1 with cholera toxin stain. The cells seeded on glass cov-
erslips and cultured overnight were washed with PBS and then
incubated with 4 pg/ml FITC-conjugated cholera toxin
(C1655, Sigma) in the ice-cold RPMI medium for 30 min in the
dark. Cells were washed three times with PBS and fixed for
15 min in 4% paraformaldehyde. Cell signals were quenched
with 50 mM NH,CI and then counterstained with DAPI. The
coverslips were mounted with Gelvatol containing DABCO
and visualized by fluorescence microscopy. Cholera toxin
staining was quantified using ImageJ software.

Intracellular redox assessment

Peritoneal macrophages were lysed in ice-cold 0.5% NP-40
in PBS. Samples were deproteinated using a trichloroacetic
acid precipitation kit (ab204708, Abcam). Intracellular GSH
and hydrogen peroxide levels were measured using fluorescent
assay kits (ab205811 and ab102500, respectively, Abcam).

Flow cytometry analysis of bone marrow cells and blood
leukocytes

Lineage-negative bone marrow cells were enriched using
negative selection with antibody-coated Dynabeads (11429D,
Life Technologies Cabinet) and washed in the flow cytometry
staining buffer containing Ca**/Mg>*-free Hanks’ balanced salt
solution with 0.3% NaNj3 and 1% BSA. The cells were stained
with stem cell and progenitor markers to identify long-term
HSCs (Sca-17¢-kit"CD150*CD48 CD34") and multipotent
progenitor cells (Sca-1*c-kit*CD150*'"CD48*/~, CD34") or
common myeloid progenitor (Sca-1*c-kit*CD34™CD16/32™)
and granulocyte-macrophage progenitor (Sca-1"c-kit",C-
D34"CD16/32") cells as previously described (86). For the
analysis of blood leukocytes, blood was collected from 16-h
fasted animals following brief red blood cell lysis, blocked with
CD16 and CD32 antibodies and then stained with Ly6G, Ly6C,
CD11b, and CD115 antibodies to identify neutrophils
(Ly6G"CD11b") and monocytes (Ly6G Ly6C"CD11b"CD115")
in the myeloid lineage. To assess intracellular neutral lipid
accumulation, bone marrow cells, peritoneal macrophages, and
blood leukocytes were stained with HSC LipidTOX (Invitrogen,
H34475) at 1:10,000 dilution in flow cytometry staining buffer.

For the determination of lymphocyte subsets, the cells were
stained with CD3, CD4, CD8, CD62L, and CD44 antibodies for
flow cytometry analysis. Specific antibodies used for all flow
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cytometry analyses are listed in Table S1. Flow cytometry was
performed using Guava easyCyte 8HT System and analyzed
using Guava InCyte (Millipore). Gating strategies used to
identify lymphocyte subsets are shown in Fig. S1.

Lipoprotein isolation and preparation

Fresh human plasma obtained from the Hoxworth Blood
Center was used for ultracentrifugal flotation of LDLs and
HDLs (87). Acetylated LDL was prepared by mixing 5 mg/ml
LDLs with an equal volume of ice-cold saturated sodium ac-
etate with addition of 2-pl acetic anhydride four times over a 1-
h period with continuous mixing on ice. oxXLDL was prepared
as previously described (85). All lipoprotein solutions were
dialyzed extensively in PBS before use in experiments.

Bone marrow transplantation and atherosclerosis studies

Ten-week-old male ApoE~~ mice were lethally irradiated
with two doses of 450 rad 4 h apart using a XenX closed-
cabinet X-ray irradiator. The irradiated ApoE™~ mice were
reconstituted with 10 x 10° bone marrow cells harvested from
the tibia and femurs of 10- to 13-week-old male ApoE™",
APOE2, APOE3, or APOE4 gene replacement mice the
following day. The bone marrow—recipient mice were main-
tained on a normal chow diet and administered 2 mg/ml
neomycin antibiotic (Sigma) in the drinking water 1 week
before and 4 weeks after irradiation to allow for recovery. The
mice were then fed the Western type diet containing 41% fat
and 0.2% cholesterol (D12331, Research Diets) for 8 weeks
before tissue harvesting to evaluate atherosclerosis.

Atherosclerotic lesion analysis

Anesthetized mice were perfused with 10% formalin in
buffered saline for 5 min before dissection of the heart and the
entire aorta to the iliac bifurcation. The tissues were stored in
10% buffered formalin solution for 1 week. The aortas were
opened longitudinally and stained with Oil Red O for 30 min,
whereas the top half of the heart was cryopreserved in 4%
paraformaldehyde at 4 °C overnight before imbedding in OCT
compound for frozen section preparation. Eight cryosections
of 7-um thickness through the aortic valve region were stained
with Oil Red O for 15 min and counterstained with hema-
toxylin for 3 min. Composition of the atherosclerotic lesions
was determined by staining serial sections for 1 h with Sirius
Red to identify fibrotic areas and immunohistochemical anal-
ysis with antibodies against CD68, IL-1f, or nitrotyrosine.
Immunohistochemical analysis was performed using VEC-
TASTAIN ABC-HRP kits (Vector Laboratories) according to
manufacturer’s instructions. Images were obtained using an
Olympus BX6 microscope and digitalized for quantitative
analysis using Image] software as described (88).

Western blot

Cells were homogenized in ice-cold RIPA buffer containing
50 uM Tris HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 1% igepal, 0.1% SDS, 1 mM EDTA, 1x phosphatase
inhibitor cocktail 2 (Sigma-Aldrich), 1x phosphatase inhibitor
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cocktail 3 (Sigma-Aldrich), and 1x complete protease inhibitor
cocktail (Roche Applied Science). Nuclei and cell debris were
removed by centrifugation at 20,000¢ for 5 min at 4 °C. The
protein concentrations of the supernatants were determined
using the Pierce Protein Assay Kit (Thermo Scientific). Equal
amounts of protein were separated using SDS-PAGE (M42010,
GenScript) and transferred to a PVDF membrane (162-0177,
Bio-Rad). Membranes were blocked in 5% milk in PBS for 1 h at
RT and then incubated overnight at 4 °C with primary anti-
bodies followed by incubation with HRP-conjugated secondary
antibodies for 1 h at RT. Immunoreactive bands were visualized
by chemiluminescence using Pierce Enhanced Chemilumines-
cent Western blotting Substrate (32106, Life Technologies),
digitized, and then quantified using Image] software.

Messenger RNA analysis

Levels of ATP-binding cassettes-Al, ATP-binding cassettes-
G1, liver X receptor-a, monocyte chemoattractant protein-1,
and macrophage inflammatory protein 1-a mRNA in macro-
phages were analyzed by quantitative RT-PCR. The macro-
phages were dissolved in TRIzol reagent (Invitrogen) for RNA
extraction using Direct-zol RNA Miniprep reagents (Zymo
Research). The RNA was reversed-transcribed using qScript
cDNA synthesis kit (Quantabio). Quantitative real-time PCR
was performed on a StepOnePlus Fast Thermocycler using
Fast SYBR Green Master Mix (Applied Biosystems) with
primers as indicated in Table S2. The levels of target mRNA
were normalized to cyclophilin mRNA levels.

Statistics

All data were expressed as the mean + SD. Statistical anal-
ysis was performed using SigmaPlot, version 14.0, software
(SYSTAT Software). Normality was examined using the
Shapiro—Wilk test. Data with equal variance based on Levene’s
analysis were then subjected to multiple group comparisons by
one-way ANOVA with the Student—Newman—Keuls test or
Holm-Sidak post hoc analysis. Student ¢ test was used when
evaluating differences between two groups. Differences at p <
0.05 were considered statistically significant.

Data availability

The data supporting this study are available in the article
and from the corresponding author (David Y. Hui) (huidy@
ucmail.uc.edu) upon request.
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