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Abstract

Objective—Anti-atherosclerotic effects of TNFa blockade in patients with systemic
inflammatory states are not conclusively demonstrated, which suggests that effects depend on the
cause of inflammation. Macrophage LRP1 and apoE contribute to inflammation through different
pathways. We studied the anti-atherosclerosis effects of TNFa blockade in hyperlipidemic mice
lacking either LRP1 (M®LRP1~/~) or apoE from macrophages.

Approach and Results—Lethally irradiated LDLR™/~ mice were reconstituted with bone
marrow from either wild type (WT), M®LRP1~/~, apoE~~, or apoE~/"/M®LRP1~/~(DKO) mice,
and then treated with the TNFa inhibitor adalimumab while fed a western-type diet. Adalimumab
reduced plasma TNFa concentration, suppressed blood ly6Ch monocytes levels and their
migration into the lesion, and reduced lesion cellularity and inflammation in both WT—LDLR™~
and apoE~/~—LDLR ™~ mice. Overall adalimumab reduced lesion burden by 52%-57% in these
mice. Adalimumab reduced TNFa and blood ly6C" monocytes levels in M®LRP1/-—LDLR ™~
and DKO—LDLR™~ mice, but it did not suppress ly6C"i monocyte migration into the lesion or
atherosclerosis progression.

Conclusions—Our results show, for the first time, that TNFa blockade exerts anti-
atherosclerotic effects that are dependent on the presence of macrophage LRP1.
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Graphical abstract: Schematic representation of the effects of TNFa
blockade and loss of macrophage LRP1 on atherogenesis
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Western diet, alone or together with apoE deletion, increases circulating inflammatory monocytes.
Efferocytosis causes apoptotic cell removal, limits M1 and promotes M2 macrophage polarization,
reduces post-apoptotic necrosis, and improves inflammatory resolution. Both paths influence the
ability of Ly6CM monocytes to infiltrate the intima, rebalance plaque cellularity, and modulate
atherogenesis. The TNFa antibody suppresses blood monocytosis but does not affect
efferocytosis. Loss of macrophage LRP1 drastically impairs efferocytosis, thus promoting the
maintenance of an inflammatory response that is not sensitive to the anti-atherosclerotic effects of
TNFa blockade.
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Introduction

Inflammation plays a fundamental role in all stages of atherosclerosis,! from the early lesion
to the complex plaque.? Hyperlipidemia induces inflammation and is atherogenic. In
addition, systemic inflammatory states such as rheumatoid arthritis (RA), confer
predisposition to atherosclerosis.2 A meta-analysis of observational studies shows that RA
patients have increased cardiovascular mortality compared with the general population.3
Apolipoprotein E (ApoE) induces an anti-inflammatory phenotype in mice by suppressing
macrophage migration and chemokine secretion®. Deficiency of ApoE in macrophages
causes systemic inflammation with monocytosis and promotes atherosclerosis.>~7 Local
inflammation in the artery wall recruits monocyte/macrophages and drives
atherosclerosis.l: 8 Cholesterol loading of macrophages in the atherosclerotic plaque
activates macrophage cytokine secretion? and causes endoplasmic reticulum stress and
apoptosis of lesion foam cells10. These apoptotic macrophages are then cleared by active
phagocytes in a process called efferocytosis.! 8. Efficient efferocytosis prevents the release
of inflammatory factors from dead cells and limits inflammation.1! In advanced
atherosclerotic lesions with increased macrophage apoptosis, efferocytosis becomes
inefficient. This inefficient efferocytosis increases cytokine secretion, amplifies
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inflammatory responses, eventually leading to plaque progression, disruption and
atherothrombosis. 8

Macrophage LDL receptor-related protein 1 (LRP1) is a membrane receptor linked to
inflammatory signaling and efferocytosis.12 LRP1 mediates the induction of focal adhesion
disassembly13 and is involved in triggering engulfment during phagocytosis.14 LRP1 acts in
conjunction with calreticulin serving as a recognition receptor to mediate apoptotic cell
uptake.1>-17 Lack of LRP1 impairs macrophage phagocytic function and impairs
efferocytosis both in-vivoand in-vitro.18-20 Macrophage-specific deficiency of LRP1
(M®LRP17") increases atherosclerosis in hyperlipidemic mice, an effect associated with
defective efferocytosis and increased inflammation.20-22

Tumor necrosis factor a (TNFa) is a master regulator of inflammatory responses which
accelerates atherosclerosis.23 TNFa enhances murine hematopoietic stem and progenitor
cell (HSPC) proliferation?4 and macrophage differentiation,2> which may cause monocytosis
and increase plaque burden.26 Anti-atherosclerotic effects of TNFa blockade in RA patients
have been reported.2” 28 However, these effects are not conclusive.? To investigate whether
or not the protective role of TNFa blockade in atherosclerosis is dependent on the cause of
inflammation, we used a commercially available therapeutic antibody (adalimumab) and
evaluated its effects on atherosclerosis in LDLR™~ mice reconstituted with bone marrow
from either wild-type (WT) mice or from mice carrying either macrophage deletion of LRP1
(M®LRP17"), global deletion of apoE (apoE~"), or both (DKO). We show that
adalimumab suppresses TNFa levels and Ly6CM monocytosis in all mice, but only reduces
atherosclerotic burden in mice expressing macrophage LRP1. Mice without macrophage
LRP1 showed defective efferocytosis and increased atherosclerosis burden, which were not
improved by TNFa blockade.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

TNFa antibody reduces atherosclerosis in WT—LDLR™~, but not in M@LRP1/~—LDLR™~

mice
To investigate the anti-atherosclerotic effects of TNFa blockade in different inflammation
models, 12-week old female LDLR™~ mice received lethal irradiation and were
reconstituted with bone marrow from WT or M®LRP1~~ mice. Four weeks after bone
marrow transplant (BMT), recipient mice were treated with the TNFa antibody adalimumab
or human IgG (control) by intraperitoneal injection twice weekly for 10 weeks while on a
western-type diet. Mice receiving M®LRP1~/~ bone marrow (M®LRP1/~—LDLR™")
showed a 150% increase in atherosclerosis (£<0.001, Figure 1, A-B) compared with WT
bone marrow recipients (WT—LDLR™"). Plasma cholesterol levels were unchanged but TG
levels were slightly increased in M®LRP1~/~—LDLR ™~ mice (Figure 1, D-E). TNFa
blockade suppressed aortic sinus area atherosclerosis by 52% in
WT—LDLR™~ (193.9+31.6 vs. 93.3+19.6 x103um?, A<0.05) but did not significantly
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change lesion size (296.1+18.9 vs. 319+30.2 x103um?) in M®LRP1/~—LDLR ™~ mice
(Figure 1, A-B). Adalimumab suppressed plasma TNFa levels in both groups of mice
(Figure 1C), without affecting plasma cholesterol or TG levels (Figure 1, D-E).

TNFa antibody suppresses apoptotic cell accumulation and reduces necrosis in
atherosclerotic lesions of WT—LDLR ™", but not in lesions of M®GLRP1/~—LDLR™~ mice

Accumulation of apoptotic macrophages in the lesion has been shown to cause inflammatory
responses and contribute to atherosclerosis progression.8: 29 We previously reported that
M®LRP1~/~ increased lesion cellularity and apoptotic cells.2? To evaluate if this effect is
dependent on TNFa, we quantified the number of apoptotic cells in the plaque of
adalimumab treated and control BMT mice. The apoptotic cell burden increased by 130% in
lesions of M®LRP1~/~—LDLR™~ mice compared with those of WT—LDLR™~ mice
(P<0.05, Figures 2, A and C). Interestingly, adalimumab reduced apoptotic cells by 36% in
WT—LDLR™~ mice but did not have any effect in M®LRP1~/~—LDLR™~ mice (P<0.05,
Figure 2, A and C). Accumulation of apoptotic cells in the lesion contributes to necrosis.
We evaluated lesion necrosis by staining sections with H&E as previously described, 2% and
found a 180% increase in necrosis in M®LRP1~/~—LDLR ™~ mice compared with
WT—LDLR™" mice (P<0.001, Figure 2, B and D). Adalimumab reduced necrosis in
WT—LDLR™~ mice by 59% (/<0.001) but did not have any effect in
M®LRP1/~—LDLR™~ mice, consistent with the results we obtained for apoptotic cells in
lesions (Figure 2, B and D).

Macrophage LRP1 in plaques causes efficient efferocytosis and limits inflammatory
response, and TNFa blockade has no effect on efferocytosis in lesions

Clearance of apoptotic cells limits post-necrotic inflammation and promotes inflammation
resolution. The relative proportion of apoptotic cells internalized by macrophages is a
measure of efferocytosis efficiency,20: 22: 30-32 and increase in the percentage of “free”
apoptotic cells is an index of inefficient efforocytosis. The percentage of “free” apoptotic
cells in lesions of M®LRP1/~—LDLR™~ mice was 280% larger than that in lesions of
WT—LDLR™~ mice (P<0.001, Figure 2, A and E), suggesting impaired efferocytosis in the
absence of macrophage LRP1. Adalimumab did not affect efferocytosis in either mouse type
(Figure 2, A and E).

Efficient efferocytosis promotes production of anti-inflammatory cytokines and induces anti-
inflammatory macrophage (M2) polarization.!: 33 To evaluate inflammatory response, we
stained lesion macrophages for CD68 and used arginase-1 (Argl) as anti-inflammatory (M2)
marker and arginase-2 (Arg2) as pro-inflammatory (M1) marker. As shown in Figure 3, total
macrophage (CD68*) numbers increased by 130% (P<0.001) and M1 macrophages (Arg2*,
CD68") increased by 130% (P<0.001) in M®LRP1~/~—LDLR™~ mice compared with
WT—LDLR™~ mice. Adalimumab suppressed total macrophages by 18% (/<0.05) and M1
macrophages by 24% (£<0.05) in WT—LDLR™~ mice, but did not change total
macrophage and M1 macrophages in M®LRP1~/~—LDLR ™~ mice (Figure 3, A-F).
Macrophage LRP1 deletion reduced M2 macrophages (Argl*, CD68*) by 30% (P<0.001)
compared with WT—LDLR ™~ mice. However, adalimumab treatment did not affect M2
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contribution to the lesion in either WT—LDLR ™~ mice or M®LRP1~/~—LDLR™~ mice
(Figure 3, A-G).

TNFa blockade suppressed inflammation response in lesions and reduced lesion size in
WT—LDLR™~ mice. Consistent with a previous report,2! we show that deletion of
macrophage LRP1 increased lesion cellularity, caused defective efferocytosis and increased
atherosclerosis burden. These effects could not be improved by TNFa blockade in the
absence of LRP1.

Adalimumab suppresses atherosclerosis in apoE~~—LDLR™" mice, but this effect is
reduced if macrophage LRP1 is also absent

ApOE deletion promotes systemic inflammatory responses.>: 34 Adalimumab suppresses
inflammation due to hyperlipidemia in WT BMT mice. To test the anti-atherosclerotic
effects of TNFa blockade in the absence of macrophage apoE™~, we used LDLR ™~ mice as
recipients of bone marrow from mice lacking either apoE (apoE~'~—LDLR™") or apoE and
macrophage LRP1 (DKO—LDLR™"). As expected from our previous work,3>
apoE~"~—LDLR™~ mice showed a 160% increase in atherosclerotic burden compared to
WT—LDLR™~ mice (301.1+19.22 vs. 193.9+31.6 x103 um?, £<0.001). The atherosclerotic
burden was 140% greater in DKO—LDLR™~ mice than in apoE~/~—LDLR ™~ mice
(418.0+£31.2 vs. 301.1£19.22x103 um?2, £<0.001, Figure 4). Adalimumab reduced
atherosclerosis by 57% (P<0.001) in apoE~~ BMT mice, but only by 19% (P<0.05) in
DKO—LDLR™~ mice (Figure 4, A-B). Similar to what has been reported for
WT—LDLR™~ and M®LRP1~~ —LDLR ™~ mice, DKO—LDLR ™~ mice had a slight
increase in plasma TG compared with apoE~~—LDLR ™~ mice (Figure 4, D and E).
Adalimumab did not affect plasma cholesterol or TG levels in either mouse group.
Circulating TNFa levels were increased by 200% (P<0.001) in apoE/~—LDLR™~
compared with WT—LDLR ™~ and did not further increase in DKO—LDLR ™~ mice.
Adalimumab suppressed TNFa levels by 34% in apoE~/~—LDLR ™~ mice and by 27% in
DKO—LDLR™~ mice (Figure 4C).

Deficiency of macrophage LRP1 decreases efferocytosis and reduces the ability of TNFa
antibody to suppress apoptosis and necrosiss

Total apoptotic cells increased by 160% in DKO—LDLR™~ mice compared with
apoE~—LDLR™~ mice (90.245.6 vs. 55.9+2.7 cells/mm?2, P<0.001, Figure 5, A and C).
Adalimumab reduced apoptotic cells by 34% in lesions of apoE/~—LDLR™~ mice
(P<0.01) and by 29% in lesions of DKO—LDLR™~ mice (P<0.05, Figure 5). Plaque
necrosis increased by 140% in DKO—LDLR/~ mice compared with apoE~~—LDLR™~
mice (P<0.001, Figure 5, B and D). Adalimumab reduced plaque necrosis by 39% (P<0.01)
in apoE/~—LDLR™~ mice and by 25% in DKO—LDLR™~ mice (P<0.01, Figure 5, B and
D). Percentage of “free” apoptotic cells increased 160% in DKO—LDLR™~ mice compared
with apoE~—LDLR™~ mice (P<0.001, Figure 5, A and E). Adalimumab did not improve
efferocytosis in either apoE~—LDLR™~ or DKO—LDLR ™~ mice (Figure 5, A and E).
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Adalimumab reduces macrophage cellularity and decreases inflammatory responses in
the lesion, which depends on macrophage LRP1

Coincident with the increased lesion size, total macrophage (CD68%) numbers increased by
160% in apoE~/~—LDLR™~ compared with WT—LDLR™~ mice (624.1+36.4 vs.
370.9+17.3 cells/mm2, P<0.001), and a similar change affected M1 (arg2*, CD68")
macrophages (154.1+6.9 vs. 39.7+2.1 cells/mm?, £<0.001). Total macrophages increased by
130% (P<0.01) and M1 macrophages increased by 170% (P<0.01) in DKO—LDLR™~
relative to apoE~~—LDLR™~ mice. Adalimumbab suppressed total macrophages and M1
macrophages in apoE~/~—LDLR ™~ mice and was less effective in DKO—LDLR ™~ mice
(Figure 6, A-F).

M2 macrophage (arg1l*, CD68*) numbers increased by 155% in apoE/~—LDLR™~ mice
compared with WT—LDLR™~ mice (110.3+9.4 vs. 70.914.2 cellss/mm?2, P<0.01, Figure
6G), and increased by 146% in DKO™~—LDLR ™~ mice compared with
M®LRP1/~—LDLR™~ mice (67.3+8.3 vs. 45.9+2.8 cellssmm?, £<0.01, Figure 6G).
However, the percentage of M2 macrophages relative to total macrophages was lower in
apoE~~—LDLR™~ mouse lesion than in WT—LDLR™~ mouse lesion (18.45+2.2% vs.
22.1+4.7% P<0.05). The ratio of M2 macrophages to total macrophages was not different
between DKO—LDLR™~ and M®LRP1~—LDLR™~ mice (8.6+0.8% vs. 9.8+0.6%, n.s.).
Both numbers and the proportion of anti-inflammatory M2 macrophages were lower in
DKO—LDLR™~ mice than in apoE~/~—LDLR™~ mice (number: 110.3 +9.4 vs. 67.3+8.3
cellssmm2, P<0.01; percentage: 17.3+0.7% vs. 8.620.8%, £<0.01). The administration of
adalimumab did not affect M2 macrophage abundance or percentage in the lesion (Figure
6G). These data indicate that deletion of apoE in bone marrow derived cells or deletion of
macrophage LRP1 reduces M2 polarization. Furthermore, TNFa blockade with adalimumab
does not affect M2 macrophage polarization.

Macrophage LRP1 is required for the suppression of Ly6C cells in the lesion by
Adalimumab

Blood ly6CM monocytes give rise to inflammatory macrophages in the atherosclerotic
plaque’. Ly6C expression is down-regulated during monocytes differentiation into
macrophages in the lesion, but is still detectable within 48 hr of monocyte migration36. We
evaluated Ly6C" monocytes in blood and ly6C positive cells in lesions in all BMT mice.
Blood Ly6CN monocytes were similar for WT—LDLR™~ and M®LRP17/~—LDLR™~
mice (Figure 7B, Supplemental Figure 11). Adalimumab reduced blood ly6C" monocytes by
42% in WT—LDLR™~ mice (P<0.01) and by 34% in M®LRP1~/~—LDLR ™~ mice
(P<0.05) (Figure 7B). Blood ly6CM monocytes increased by 250% in apoE~/~—LDLR™/~
mice compared with WT—LDLR™~ mice (2.1+0.2 vs. 0.8+0.1 x10%/ml, £<0.001). Blood
ly6Chi monocytes were not further increased in DKO—LDLR ™~ mice (Figure 7B).
Adalimumab significantly suppressed blood ly6CM monocytes in apoE~~— and
DKO—LDLR™~ mice (Figure 7B). Lesion ly6C positive cells increased by 130% in
M®LRP1/~—LDLR™~ compared with WT—LDLR ™~ mice (P<0.001, Figure 7, A and C).
Adalimumab reduced lesion ly6C positive cells by 54% in WT—LDLR ™~ mice
(139.8+11.9 vs. 92.446.9 cellssmm?2, P<0.01) but did not alter lesion ly6C positive cells in
M®LRP1-—LDLR™" mice (184.7+12.7 vs. 157.6+7.7, n.s., Figure 7, A and C). Lesion
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ly6C positive cells increased by 150% in apoE~/~—LDLR ™~ compared with
WT—LDLR™~ mice (210.3+9.3 vs 139.8+11.9 cells/mm?, £<0.01, Figure 7, A and C).
Lesion ly6C positive cells were further increased by 130% in DKO—LDLR™~ mice
compared with apoE~/~—LDLR™~ mice (/<0.001, Figure 7, A and C). There was no
significant difference in ly6C cells between M®LRP1~/~—LDLR™~ and
apoE~~—LDLR™~ mice (Figure 7C). Adalimumab reduced lesion ly6C cells by 35% in
apoE/~—LDLR™~ mice (P<0.01, Figure 7, A and C) and was less effective for the
reductions of ly6c cells in DKO—LDLR™~ mice (by 27%, £<0.05, Figure 7, A and C).

Migration of inflammatory monocytes from blood to the lesion is driven both by
monocytosis and by chemoattractant cytokines secreted by endothelial cells. To better
understand the mechanisms by which adalimumab fails to suppress inflammation in the
absence of LRP1, we evaluated endothelial expression of monocyte chemoattractant protein
1 (MCP-1) and vascular cell adhesion molecule 1 (VCAM-1) in the atherosclerotic lesion.
Immunostaining density of MCP-1 in endothelial cells in lesions of M®LRP1/~—LDLR ™~
mice increased by 171% compared with WT—LDLR™~ mice (19.2+1.3 vs 11.2+1.2,
£<0.05, Figure 7, D and E). Adalimumab suppressed MCP-1 staining by 61% in lesions of
WT—LDLR™~ mice but not in M®LRP1~/~—LDLR™~ mice (Figure 7, D and E).
Immunostaining density of MCP-1 in endothelial cells in lesions of DKO—LDLR™~ mice
increased by 145% compared with apoE~/~—LDLR ™~ mice (37.3+1.4 vs 25.7+14.6,
F£<0.01, Figure 7, D and E). Adalimumab suppressed MCP-1 staining by 44% in lesions of
apoE~—LDLR™~ mice and by 21% in lesions of DKO—LDLR ™~ mice (Figure 7, D and
E). There was no significant difference in MCP-1 expression between
M®LRP1~—LDLR™~ mice and apoE~/~—LDLR ™~ mice, suggesting both macrophage
LRP1 and apoE are important for limiting the recruitment of monocytes. In addition,
expression of VCAM-1 in endothelial cells of the lesion had the similar pattern as the
expression of MCP-1 for all groups of mice (unpublished data). Together with results for
atherosclerotic inflammation (Figures 3 and 6) and systemic inflammation (Figure 7B),
these data show that: 1) deletion of macrophage LRP1 increases both atherosclerotic plaque
inflammation and MCP-1 mediated recruitment of ly6C" monocytes in atherosclerotic
lesions; 2) systemic inflammation due to macrophage apoE deficiency increases ly6CMi
monocyte migration into the lesion, plaque inflammation, and MCP-1 expression; and 3)
adalimumab reduces blood ly6C" monocytes, plaque MCP-1 expression, and plague
inflammation in WT BMT mice or mice lacking macrophage ApoE, but not in mice lacking
macrophage LRP1 (Figure 8). Overall, these data indicate that loss of apoE and LRP1 in
macrophages has synergistic effects to increase atherosclerosis burden, and that adalimumab
reduces atherosclerosis through a pathway that requires macrophage LRP1.

Discussion

We examined atherosclerotic burden in hyperlipidemic mice known to have defective
efferocytosis (M®LRP1/~—LDLR™"), increased inflammation (apoE~/~—LDLR™"), or
both (DKO—LDLR™"). We also examined whether suppressing inflammation using
adalimumab, a blocking TNFa antibody, could reduce atherosclerotic burden in these
models. Adalimumab suppressed cytokine production and blood ly6C monocytes in all
recipients of BMT. In WT—LDLR ™~ mice, the adalimumab-mediated reduction in blood
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pro-inflammatory ly6CNi monocytes was associated with reduced MCP-1 expression,
reduced ly6C positive cells in the lesion, and decreased atherosclerosis.
M®LRP1/~—LDLR™~ mice showed increased necrosis and apoptosis as well as defective
efferocytosis and increases in inflammation in the lesion, which could not be suppressed by
adalimumab. Despite reduced blood ly6CM monocytes, adalimumab failed to reduce MCP-1
expression and ly6C positive cells in the lesion and failed to prevent atherosclerosis
progression in M®LRP1~/~—LDLR™" mice. Deletion of apoE in bone marrow derived
cells in apoE"~—LDLR ™~ mice promoted systemic inflammation and blood ly6Ci
monocytosis. Adalimumab-mediated reduction in blood ly6C" monocytes was associated
with reduced MCP-1 expression and ly6C positive cells in the lesion and reduced
atherosclerosis. Similarly to M®LRP17/~—LDLR ™~ mice, despite reduced blood ly6C",
adalimumab was less effective to suppress atheroslecrosis in the absence of macrophage
LRP1 in DKO—LDLR™~ mice.

We show that TNFa blockade is effective in suppressing atherosclerosis caused by
macrophage ApoE deletion, but not effective in suppressing atherosclerosis caused by
macrophage LRP1 deletion. Loss of macrophage ApoE may cause atherosclerosis through
increased systemic inflammation. Loss of macrophage LRP1, however, causes
atherosclerosis via reduced macrophage efferocytosis. Although studies in mice have shown
that genetic deletion of TNFa reduces atherosclerosis,3’: 38 the anti-atherosclerotic effects of
monoclonal antibody-mediated blocking of systemic TNFa have not been conclusively
demonstrated. In humans, protective effects of adalimumab for cardiovascular disease have
been reported in patients with RA or psoriasis.?’: 28 Adalimumab reduced vascular
inflammation and improved endothelial function in these patients, reducing carotid
atherosclerosis and arterial stiffness.2”- 28 However, other studies have not been able to
detect a significant effect of TNFa inhibitors on the risk of cardiovascular events.2 Our data
indicate that adalimumbab therapy may be effective in reducing risk of atherosclerosis in
cases of increased systemic inflammation involving a pathway requiring macrophage LRP1
expression.

Ly6CN monocytosis is an important contributor to atherosclerosis by fueling lesion
cellularity.3% 40 Migration of inflammatory monocytes to the lesion is determined by the
secretion of chemoattractant cytokines, such as MCP-1, and by the expression of adhesion
molecules, such as VCAM-1, by endothelial cells on the artery wall.*1 We demonstrate that
TNFa blockade suppressed blood ly6CNi monocytes and prevents atherosclerosis in an
LRP1-dependent pathway. In the absence of LRP1, increased plaque inflammation enhances
the MCP-1 expression and increases recruitment of ly6CN monocytes to the atherosclerotic
lesion. TNFa blockade, despite the suppression of systemic Ly6C monocytes, did not reduce
monocyte recruitment in the absence of macrophage LRP1. These results support a scenario
where the increased inflammation afforded by M®LRP1~/~ promotes overexpression of
MCP-1 and VCAM-1 by adjacent endothelial cells, which further promotes monocyte/
macrophage infiltration and local inflammation and could not be suppressed by adalimumab.

After migration into the atheroma, ly6C" monocytes preferentially differentiate into the pro-
inflammatory M1 phenotype, down-regulating ly6C expression and up-regulating CD68
expression.3® Our results showing a decrease in ly6C positive cells in the lesion suggest a
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suppression of the migration of ly6CN cells to the arterial wall. Furthermore, in vitro 3H-
thymidine labeling experiments showed no differences in uptake between macrophages of
WT, M®LRP1, apoE~~, and DKO genotypes (not shown) indicating that the decrease found
in total and M1 macrophages in lesions of adalimumab treated mice were not due to altered
proliferation. Systemic inflammation was elicited by western diet in WT—LDLR™~ mice
and was further stimulated in apoE~~—LDLR™~ mice (Figures 1C and 4C). Consistent
with the study reported by Murphy et al. 42, absence of macrophage apoE increased blood
ly6CM monocytes in apoE~~—LDLR ™~ and DKO~~—LDLR~~ mice (Figure 7) due to the
elevated proliferation of hematopoietic stem and progenitor cell (HPSC) under western-type
diet. Increases in blood ly6CNi drove the monocyte migration to the atherosclerotic lesion.
HSPC cell proliferation was not changed by macrophage LRP1 deletion in vivo, likely
because LRP1 was not expressed in bone marrow cells (Supplemental Figure 111).

Macrophage apoptosis is a fundamental process in the development of the atherosclerotic
plaque.2® Oxidative stress, abnormal secretion of proinflammatory cytokines and
endoplasmic reticulum stress are among the most common inducers of apoptotic cell
death.#3-45 We showed that adalimumab was effective in reducing apoptotic cell content
only in WT—LDLR™~ mice but not in M®LRP1~~—LDLR™~ mice. Similarly,
adalimumab reduced apoptosis in the absence of apoE in bone marrow derived cells but was
less effective when macrophage LRP1 was also absent. In early lesions, efficiency of
apoptotic cell clearance is associated with a decrease in lesion cellularity and reduction of
atherosclerosis progression. However, in advanced lesions, the progressive inefficiency of
apoptotic cell clearance by phagocytes leads to increases in necrosis, with consequent
increase in plaque inflammation and enlargement of the necrotic core.*® Similarly to
apoptosis, we demonstrated that adalimumab significantly reduced necrosis, but only in the
presence of M®LRP1. When apoE was absent, adalimumab improved necrosis, but was less
effective when both macrophage apoE and LRP1 were deficient. This indicates that the
effects of TNFa blockade on apoptosis and necrosis depend on LRP1.

Macrophage LRP1 acts as a recognition receptor for apoptotic cell removal, 13 15-17 and
defective efferocytosis in hyperlipidemic mice with macrophage LRP1 deletion has been
reported.18-20 |n this study, the percentage of “free” apoptotic cells in lesions was higher in
BMT mice carrying macrophages without LRP1, showing defective efferocytosis in those
mice (Figures 2 and 5). The TUNEL positive staining that was not co-localized with CD68
were considered as “free” apoptotic cells and has been used as a measurement of
efferocytosis efficiency frequently.20: 22. 30-32 The |imitation of this method is that when a
TUNEL positive staining close to a nucleus that not merged with CD68* staining, there is
possibility that this apoptosis cell might be cleared by other kind of phagocytes. However, as
shown in Figures 3 and 6, more than 90% of cells in lesion were CD68 positive. In addition,
our previous work showed that lymphocytes and dendritic cells don’t express LRP1 in
mouse.*” Thus, we estimate that the contribution of other cell types such as dendritic cells
would be minimal. Of interest, Eriksson et al reported an increase in LRP1 (CD91)
expression in CD3-expressing T-lymphocytes in patients who did not respond to anti-TNFa
antibody treatment.*® Although the mechanism was not clear, the authors proposed that the
increased CD91 expression was caused by the over-stimulation of T-cells.#8 Defective
efferocytosis is closely associated with inflammation.8: 11 However, despite the effect of
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 10

adalimumab on inflammation, it did not affect efferocytosis in any of the treated groups in
our study.

Our results show that anti-TNFa therapy inhibits atherosclerosis induced by western-type
diet or macrophage apoE deletion in hyperlipidemic mice. The effect is due to improved
local inflammatory response, with fewer Ly6CN monocytes in the circulation and reduced
monocyte recruitment into the atheroma. Despite the reduction of systemic levels of TNFa
and Ly6CM monocytes, adalimumab was ineffective in inhibiting the local inflammatory
response in the absence of LRP1, indicating that macrophage LRP1 is necessary for the anti-
inflammatory effect of TNFa blockade.
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Highlights

Atherosclerosis is an inflammatory process but anti-inflammatory drugs have
not proven to reduce CVD rates.

Vascular inflammation in atherosclerosis has the unique component of lipid-
laden cells undergoing apoptosis and necrosis.

It is not clear if cell death and removal of cellular debris (efferocytosis)
contribute to vascular inflammation.

Monoclonal antibody that reduces inflammation via TNFa blockade also
reduces atherosclerosis in a murine model but only if the receptor LRP1 is
present on the macrophage.

Absence of LRP1 results in defective efferocytosis and persistent
inflammation, thus suggesting that local cell survival and recruitment of
circulatory inflammatory cells are driving factors of inflammation in the
atheroma.
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Figure 1. Adalimumab limits atherosclerosis in WT—LDLR ™", but not in

M®LRP1/~—LDLR™~ mice

After BMT, mice were treated with adalimumab or human IgG as described in Methods, and
euthanized after 10 weeks of treatment and western-type diet. Cross-sections of aortic sinus
area from WT—LDLR™~ and M®LRP1/~—LDLR™~ mice were stained with oil-red-O
(A) and quantified (B). Plasma levels of TNFa (C), cholesterol (D), and triglycerides (E) in
adalimumab treated and control mice. At least two sections were analyzed for each mouse,
and all the mice (n=5-7) from each group were included. * £<0.05; & A<0.001 (2-way
ANOVA with Bonferroni’s post-test).
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Figure 2. Ex vivo macrophage apoptosis and necrotic core area analysis
A. Apoptotic cells either extracellular (“free”, yellow arrows) or associated with

macrophages (white arrows) were visualized using CD68 and TUNEL staining and
quantified (C, E). Sections of aortic sinus area were stained with hematoxylin and eosin (B),
and the necrotic core area was quantified (D). Examples of necrotic area are indicated by
black arrows. At least two sections were analyzed for each mouse, and all mice in each
group (n=5-7) were included. *, P< 0.05, and ***, P<0.001 significance of differences with
adalimumab treatment; &, P<0.001 for differences between macrophage genotypes (2-way
ANOVA with Bonferroni’s post-test).
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Figure 3. Ex vivo analysis of M1 and M2 macrophages in lesions in WT—LDLR™~ and
M®LRP1/~—LDLR ™" mice
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A-D. Lesion macrophages were distinguished with CD68 staining. Arginase-1 (Argl) was
used as macrophage M2 marker and arginase-2 (Arg2) as M1 marker. Nuclei were
counterstained with Hoechst. E. Quantification of total macrophage (CD68*) numbers in
necrosis-free areas. F. Quantification of M1 macrophages (Arg2* and CD68™) in necrosis-
free areas. G. Quantification of M2 macrophages (Argl* and CD68*) in necrosis-free areas.
H. Ratio of M1 to M2 macrophages in lesions. At least two sections were analyzed for each
mouse, and all mice in each group (n=5~7) were included. *, Statistically significant
differences for treatment with adalimumab (P < 0.05); #, £<0.01 and &, A<0.001 for
differences between macrophage genotypes (2-way ANOVA with Bonferroni’s post-test).
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Figure 4. Effects of adalimumab on atherosclerosis, plasma TNFa and lipids in
apoE/"—LDLR ™~ and DKO—LDLR™~ mice

Cross sections of aortic sinus area from apoE ™~ and DKO bone marrow reconstituted mice
was stained with oil-red-O (A) and quantified (B). Plasma levels of TNFa. (C), cholesterol
(D), and triglyceride (E) in adalimumab treated and control mice. At least two sections were
analyzed for each mouse, and all mice in each group (n=5-7) were included. *, < 0.05, **,
£<0.01, and ***, A<0.001 significance of differences with adalimumab treatment; &,
F<0.001 for differences between macrophage genotypes (2-way ANOVA with Bonferroni’s
post-test).
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Figure 5. Effects of adalimumab on efferocytosis and necrosis in atherosclerotic lesions in
apoE"—LDLR ™~ and DKO—LDLR ™ mice

A. Free (yellow arrows) and macrophage associated (white arrows) apoptotic cells were
visualized using CD68 and TUNEL staining and quantified (C, E). Sections of aortic sinus
area were stained with hematoxylin and eosin to evaluate necrotic core area (B) and then
quantified (D). Examples of necrotic area were indicated by black arrows. At least two
sections were analyzed for each mouse, and all mice from each group (n=5-7) were
included; *, £<0.05, and **, £<0.01 significance of differences with adalimumab
treatment. &, £<0.001 for differences by macrophage genotypes (2-way ANOVA with
Bonferroni’s post-test).
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Figure 6. Ex vivo analysis of CD68" macrophage and inflammatory status in lesions from
apoE/"—LDLR™~ and DKO—LDLR™~ mice

A-D. Lesions were stained with CD68 antibody to visualize macrophages. M2 macrophages
were defined as Argl* and CD68" double positive. M1 macrophages were defined as Arg2*
and CD68* double positive. Nuclei were counterstained with Hoechst. E. Quantification of
CD68™ macrophages in necrosis-free areas. F. Quantification of M1 macrophages in
necrosis-free areas. G. Quantification of M2 macrophages in necrosis-free areas. H. Ratio of
M1 to M2 macrophages in lesions. At least two sections were analyzed for each mouse, and
all mice from each group (n=5-7) were included. *, £< 0.05, and **, /<0.01 significance of
differences with adalimumab treatment; #, £<0.05 and &, £<0.001 for differences between
macrophage genotypes (2-way ANOVA with Bonferroni’s post-test).
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Figure 7. Analyses of LytSChi monocytes in blood and Ly6C macrophages in atheroma
Ly6C positive cells in lesions were visualized by immunofluorescence (A) and quantified

(C). Blood Ly6CN monocytes were identified by flow-cytometry analysis (B; gating and
representative graphs in Supplemental Figure I1). Immunofluorescence staining of
endothelial MCP-1 expression (E) and quantification (D). White arrows indicate the
endothelial side of the lesion. At least two sections were analyzed for each mouse, and all
mice from each group (n=5-7) were included. *, < 0.05, and **, A<0.01 significance of
differences with adalimumab treatment; &, £<0.001 significance of differences by
macrophage genotypes (2-way ANOVA with Bonferroni’s post-test).
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Figure 8. Schematic representation of the effects of TNFa blockade and loss of macrophage
LRP1 on atherogenesis

Western diet, alone or together with apoE deletion, increases circulating inflammatory
monocytes. Efferocytosis causes apoptotic cell removal, limits M1 and promotes M2
macrophage polarization, reduces post-apoptotic necrosis, and improves the resolution of
inflammation. Both paths influence the ability of Ly6C" monocytes to infiltrate the intima
and modulate atherogenesis. TNFa. blocking antibodies suppress blood monocytosis,
migration of pro-inflammatory monocytes, lesion cellularity, and atherosclerosis, but do not
affect efferocytosis. Loss of macrophage LRP1 drastically impairs efferocytosis, thus
promoting inflammatory responses, stimulating endothelium chemoattractant cytokine
expression, increasing pro-inflammatory monocyte migration and atherosclerosis. These
effects are not responsive to the anti-atherosclerotic action of TNFa blockade.
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