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Map3k8 Modulates Monocyte State and Atherogenesis
in ApoE”~ Mice

Carlos Sanz-Garcia, Angela Sanchez, Constanza Contreras-Jurado, Carmela Cales,
Cristina Barranquero, Marta Muifioz, Ramén Merino, Paula Escudero, Maria-Jests Sanz,
Jesus Osada, Ana Aranda, Susana Alemany

Objective—Map3k8 (Cot/Tpl2) activates the MKK1/2-ERK1/2, MAPK pathway downstream from interleukin-1R, tumor
necrosis factor-aR, NOD-2R (nucleotide-binding oligomerization domain-like 2R), adiponectinR, and Toll-like receptors.
Map3k8 plays a key role in innate and adaptive immunity and influences inflammatory processes by modulating the
functions of different cell types. However, its role in atherogenesis remains unknown. In this study, we analyzed the role
of this kinase in this pathology.

Approach and Results—We show here that Map3k8 deficiency results in smaller numbers of Ly6C"CD11c*¥ and
Ly6C*CD1 Icheh monocytes in ApoE~/— mice fed a high-fat diet (HFD). Map3k8~-ApoE~”~ monocytes displayed high
rates of apoptosis and reduced amounts of Nr4al, a transcription factor known to modulate apoptosis in Ly6C*CD11chish
monocytes. Map3k8/~ApoE"~ splenocytes and macrophages showed irregular patterns of cytokine and chemokine
expression. Map3k8 deficiency altered cell adhesion and migration in vivo and decreased CCR2 expression, a determinant
chemokine receptor for monocyte mobilization, on circulating Ly6Che'CD1 1¢'* monocytes. Map3k8~-ApoE~~ mice fed
an HFD showed decreased cellular infiltration in the atherosclerotic plaque, with low lipid content. Lesions had similar
size after Map3k8+**ApoE~~ bone marrow transplant into Map3k8~/-ApoE~~ and Map3k8+**ApoE~”~ mice fed an HFD,
whereas smaller plaques were observed after the transplantation of bone marrow lacking both ApoE and Map3k8.

Conclusions—Map3k8 decreases apoptosis of monocytes and enhances CCR2 expression on Ly6CMe"CDI11clv
monocytes of ApoE”~ mice fed an HFD. These findings explain the smaller aortic lesions in ApoE”~ mice with
Map3k8~-ApoE~~ bone marrow cells fed an HFD, supporting further studies of Map3k8 as an antiatherosclerotic target.
(Arterioscler Thromb Vasc Biol. 2017;37:237-246. DOI: 10.1161/ATVBAHA.116.308528.)
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Monocyte entry is a key event in the accumulation of foam
cells during the progression of atherosclerosis.'> Mouse
blood contains at least 2 distinct subsets of monocytes, with
different biological properties: the Ly6Chi" population, which
corresponds to human CD16°CD14* monocytes, and the
Ly6C"" population, which resembles human CD16*CD144%m
monocytes.*® Mouse Ly6Che" monocytes have high levels
of CCR2 expression but low levels of CX3CR1 and CDll1c
expression (Ly6Che"CCR2"e"CX3CR1°"CD11c**CD115"e").5
Ly6Che"  monocytes migrate to inflamed sites, orches-
trating the inflammatory reaction, and respond to endo-
thelial activation by infiltrating lesions, which become
atherosclerotic.”® Ly6C" monocytes are the noninflam-
matory subtype. They display high levels of CX3CRI1
and CDl1lc expression but low levels of CCR2 expression
(Ly6C**CCR2°¥CX3CR1"¢"CD11cM¢"CD115%e"), and their
primary function is repair’ They patrol the vasculature,

infiltrating atherosclerotic lesions less frequently than Ly6Chi"
monocytes, and their role in the generation of atherosclerotic
plaques remains unclear.>*¢

See accompanying editorial on page 173

Hypercholesterolemia induces monocytosis, with a pro-
found expansion, principally of the not only circulating
Ly6Che"CD11c" monocyte subset,”® but also circulating
Ly6C"CD1 Iche" monocyte subset.”!® Several factors modu-
late the numbers of Ly6C"¢"CD11c" and Ly6C"*CD]11c"e"
monocytes. Kriippel-like factor 4—deficient bone marrow (BM)
chimeric mice lack Ly6Ch"CD115"¢" cells but have small num-
bers of Ly6C**CD115"¢ cells,!! and a single microRNA, miR-
1464, controls the amplitude of the Ly6C"¢" monocyte response
to inflammatory challenge, without affecting Ly6C"™ mono-
cytes.!> By contrast, an absence of the transcription factor Nrdal
results in lower levels of survival for Ly6C"** monocytes.
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Nonstandard Abbreviations and Acronyms

BM bone marrow
HFD high-fat diet
IL interleukin

RT-qPCR  reverse transcription-quantitative PCR

Map3k8 participates in intracellular signaling pathways
involving Toll-like receptors, interleukin (IL)-1R, tumor necro-
sis factor-aR, NOD-2 (nucleotide-binding oligomerization
domain-like 2R), and adiponectinR."" The signaling function
of Map3k8 has been studied in most detail in macrophages and
dendritic cells. After the Toll-like receptor—mediated activation
of macrophages, Map3k8 mediates MKK1/2-ERK1/2 activa-
tion and exerts fine control over the activation state of other sig-
naling transduction pathways, such as those mediated by c-Jun
N-terminal kinase and Akt-p70-S6k.?**' Map3k8 plays a unique
role in the production of inflammatory mediators in vivo,!#!*?
modifying the activation state of macrophages, monocytes, astro-
cytes, dendritic cells, stellate cells, myofibroblasts, and plasma
cells, and no other protein can replace Map3k8 in this role. 68232

We show here that, in atherogenic conditions, Map3kS8 is
required to maintain the number of monocytes, by limiting
apoptosis. Furthermore, the strong expression of CCR2 on
Ly6C"e" monocytes and the firm adhesion of leukocytes to arte-
rioles and venules in vivo are dependent on Map3k8. These data
explain the smaller aortic lesions in Map3K8"*ApoE~~ mice
with Map3k8~-ApoE~~ BM cells fed a high-fat diet (HFD).

Materials and Methods

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

Results

Map3k8 Modulates Monocytosis in
ApoE~~ Mice Fed an HFD
Age-matched male wild-type and Map3k8~- mice fed a standard
control (chow) diet had similar numbers of monocytes (CD115"
cells) in the blood, spleen, and BM (Figure 1A). ApoE~~ mice
fed an HFD have a higher frequency of circulating monocytes
than ApoE~~ mice and wild-type mice fed the chow diet.®
Hypercholesterolemia also induces monocytosis in extramedul-
lary organs, including the spleen.*® Both Map3k8**ApoE~~ and
Map3k8-ApoE"~ mice presented monocytosis after 10 weeks
on an HFD, but Map3k8/~ApoE~~ mice displayed a smaller
increase in the number of circulating monocytes than their
Map3k8-positive counterparts. Map3k8 deficiency also reduced
the percentage of blood monocytes in mice fed an HFD for 15
or 24 weeks (data not shown). HFD-fed Map3k8**ApoE~~ mice
had larger numbers of monocytes in the spleen than HFD-fed
Map3k8~~ApoE"" mice, but these 2 groups of mice had similar
numbers of monocytes in the BM (Figure 1A). Map3k8 defi-
ciency had no effect on the numbers of other hematopoietic
cells, such as neutrophils, and lymphocytes, in the blood, spleen,
or BM (Figure II in the online-only Data Supplement).

Two main subsets of circulating monocytes have been
described in mice on the basis of Ly6C and CD1 Ic expression.*?
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Hypercholesterolemia mostly increases the frequency of
Ly6Che" monocytes but also increases the frequency of
CD11cMe" monocytes in the blood of atherogenic mice.”
Map3k8 deficiency in ApoE”~ mice fed an HFD significantly
decreased the number of Ly6C""CD11c"™ monocytes in the
blood and spleen, but not in the BM (Figure 1C). The HFD
increased the number of circulating Ly6C*CD11c"" mono-
cytes in Map3k8+**ApoE~~ mice, but not in Map3k8~-ApoE~"~
mice. It also decreased the number of splenic Ly6C**CD11chieh
monocytes in ApoE”~ mice, this decrease being largest
in Map3k87-ApoE”~ mice. Map3k8 ablation also signifi-
cantly decreased the number of cells in this monocyte sub-
set in the BM (Figure 1C). This cell type was the only one
in the BM found to be sensitive to Map3k8 depletion. A
Ly6ChetCD11che"CD115%eh cell population could be detected
in the spleen of HFD-fed Map3k8**ApoE~~ mice, which was
significantly smaller in their Map3k8~ApoE™" counterparts
(Figure III in the online-only Data Supplement). This cell type
was barely detectable in the blood in these experimental con-
ditions (Figure 1B).

We also investigated whether the lower level of mono-
cytosis in Map3k87/-ApoE”~ mice was cell intrinsic and
BM derived, by grafting either Map3k8**ApoE”~ or
Map3k8~-ApoE~~ BM cells into irradiated Map3k8+*ApoE~"~
and Map3k8~-ApoE~"~ recipients. The number of total circu-
lating CD115"eh cells was similar in Map3k8**ApoE~~ and
Map3k8-ApoE~"" recipients receiving Map3k8+**ApoE~"~ BM
cells and fed an HFD. However, these cells were significantly
more abundant in these mice than in Map3k8“*ApoE~~ and
Map3k8-ApoE~"" recipient mice receiving Map3k8/-ApoE "~
BM cells (Figure 1D). The numbers of cells in the 2 circu-
lating monocyte subsets decreased in both types of recipient
mice receiving Map3k8/-ApoE~~ BM cells, and this decrease
was particularly marked for the Ly6C*CD]11chienCD] 15"
cell population (Figure 1D). Thus, in atherogenic conditions,
Map3k8**ApoE”~ and Map3k8/-ApoE™ mice receiving
Map3k87-ApoE~~ BM cells and fed an HFD show lower levels
of monocytosis, particularly for Ly6C**CD11chienCD] 15
cells than when engrafted with Map3k8++*ApoE~~ BM cells.

Deficiency of Map3k8 Increases Apoptosis and
Decreases Nr4al Expression in Circulating
Monocytes of HFD-Fed ApoE~"~ Mice
We investigated the reason for the smaller number of circu-
lating monocytes in Map3k8-deficient ApoE™" mice fed an
HFD, and the percentage of apoptosis was determined in
these cells. Map3k8 deficiency increased apoptosis in both
monocyte subsets, Ly6CMe&"CD11c"* and Ly6C*"CD11c"e",
and this increase was greater for Ly6C'*CD1 1che" monocytes
(Figure 2A). In vitro experiments indicated that, 2 to 4 hours
after incubation with lipopolysaccharide plus cyclohexi-
mide, the percentage of apoptosis was higher for BM-derived
Map3k87-ApoE”~ macrophages than for their Map3k8+*
counterparts (Figure IV in the online-only Data Supplement).
We then investigated the role of Map3k8 in the expression
of factors known to modify the survival or amplification of
both types of monocytes, by purifying both circulating mono-
cyte subsets and subjecting them to reverse transcription-
quantitative PCR analysis. Levels of miR-146a tended to be


http://atvb.ahajournals.org/

810z ‘ez Atenuer uo 15enb Ag /Bio's[eunofeuye gate//:dny wouy pspeojumoq

Sanz-Garcia et al

Map3k8 Participates in Atherogenesis

A
Blood Spleen BM
10 5 12
) 5
E° x§° 259
gm"\ 6 %—, E- 2 g
52, Sl 23 °
B a° a
= 2 I (@] O 3
)
)
0 0 0
Map3Kk8 +/+ /- +/+ - +/+-- Map3K8 +/+ - +/+ -/~ ++- Map3K8 +/+ /- +/+ - ++--
ApOE - - -l -l A ApOE - - I~ -~ A+ APOE - - - - 4
HFD + + - - - - HFD + + - - - - HFD + + - - - -
B
Map3k8*/*ApoE-- HFD ~ Map3k87/-ApoE"~ HFD
< cD115high > < cD115high >
b T2 T T2
33.4% 6.4% 16.3% 3.0%
102 107
(8]
= | 100
8 {520 o T3 T4
10°95.2% = 55.0‘*5 10478 ?4@3’0
100 100 10t 100 100 100 102 100
Ly6C
5 Blood Spleen . BM
o 5 - g | 2
b = o _ 3.0 e_ 8
GE 4 5825 = az
Y= o2 e Oc 61
8 Y2 204 e
s = 3 = o3
oo = 8 15 sS4
O%x 2 o~ 5
§ = 0% 101 o2
3 1 2% 2 2
< O~ 05 3
) g _|>‘
0T = 0 e 0 !
s 5 Fra—a—— 5 |
5 25 o _ 08 = = g 05
5 - 20 ol S5 04
Ja} 2 06 £
8}
g § 1.5 £ 8 9 & 03
£ @ ) D= 4 £ =
24 10 -8 ° 28 o2
a9 Qg 4, o
< o2 0 S 01
px 05 i% £
C LI 0 @) L
8;,Map?:k% - Ao A %MapSks HE A o © Map3k8 +/+ =/~ +/+ /- +/+-I-
= APOE - -l - - A ApOE - - I~ -I- 4+ ' ApOE - - - -
HFD + + o - - HFD + *+ - - - - HFD + + - - - -
D
3107 S — . 5 s 30 -
= hid £ —_— f{) ok
3 g- * 2 4 = 25- X
= —— a= Qg —_
& o£ O£ 20
< ¢ 5 g 3 23
= 29 2 215+
o 4 oo 24 ae
s OoXx O X 1.0
[m)] 2 35
0 27 2 M 8 o05-
>
> -
-
0- 0- 0-
Map3k8 +/+ -~ -~ +/+ RE Map3k8 +/+ -- -~ +/+ RE Map3k8 +/+ -/- -/~ +/+ RE
Map3k8 +/+ +/+ - -- BM Map3k8 +/+ +/+ - -~ BM Map3k8 +/+ +/+ <~ - BM
ApoE - o o - ApOE - - - ApoE - o o

Figure 1. Characterization of monocytes in Map3k8++*ApoE~- and Map3k8~-ApoE~- mice. A, Number of CD115"s" cells in the blood,

spleen, and bone marrow (BM) of wild-type, Map3k8-'-, Map3k8++*ApoE~-, and Map3k8-'-ApoE~- mice fed a chow diet, and of
Map3k8++ApoE~- and Map3k8-/-ApoE~- mice fed a high-fat diet (HFD) for 10 weeks (n=8-9). B, Representative dot plot showing the Ly6C
and CD11c staining of CD115"9" blood cells from Map3k8++ApoE~- and Map3k8--ApoE~- mice fed an HFD for 10 weeks. C, Numbers of
Ly6CrenCD11c'*wCD115"s" and Ly6C°**CD11cM"CD115"" cells in the blood, spleen, and BM of the mice described in A (n=13). D, Num-
bers of CD115Meh, Ly6ChanCD11c'**CD115"s", and Ly6C'**CD11c""CD115"" cells in the blood of Map3k8++*ApoE~- and MAP3K8-"-ApoE~"-
chimeric mice receiving whole BM grafts and fed an HFD for 10 weeks (n=13). A, C, and D, The mean+SEM is shown. One-way ANOVA
with Bonferroni correction was used to compare all pairs of columns between groups. *P<0.05, **P<0.01,**P<0.001. A-C, We show only

the statistical significance of differences between the different cell types analyzed from MAP3K8++ApoE~- and from MAP3K8--ApoE~'-

mice fed an HFD, and between the different experimental conditions for mice with and without Map3k8.
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Figure 2. Role of Map3k8 in circulating monocytes from ApoE~- mice. A, Representative dot plot showing the frequency of annexin
V+and 7-AAD- cells among circulating Ly6C"9"CD11¢'**CD115"" and Ly6C°“CD11cMe"CD115"e" cells from Map3k8++ApoE~- and
Map3k8--ApoE~- mice fed an HFD for 10 weeks. Right, The mean+SEM percentage of annexin V+ cells (n=13). B, Circulating Ly6C"s"CD-
11c°CD115M" and Ly6C'**CD11c""CD115"s" cells from mice described in A were separated by cell sorting. miR-146a, Krippel-like
factor 4, and Nr4a1 mRNA levels in Ly6C"s"CD11c"°**CD115"" cells, and Kriippel-like factor 4 and Nr4a1 mRNA levels in Ly6C“CD-
11cM"CD115M9" cells, were then determined by reverse transcription-quantitative PCR. Expression was analyzed after normalization rela-
tive to S18. The graphs show the mean+SEM of 3 different experiments, each performed on a pool of 3 animals.C, Representative dot
plot illustrating intracellular Nr4a1 protein levels in circulating Ly6C""CD11c°*CD115Me" and Ly6C'**CD11c""CD115"" cells from mice
described in A. Right, The mean+SEM of Nr4a1 mean fluorescence intensity (MFI; n=8). A-C, Two-tailed Student t tests were used for
comparisons of 2 groups. *P<0.05, **P<0.01, **P<0.001.
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Figure 3. Activation and polarization of peritoneal macrophages and splenocytes from Map3k8++*ApoE~- and Map3k8~-ApoE~"- mice
fed a high-fat diet (HFD). A, Peritoneal Map3k8+*+*ApoE~- and Map3k8-/-ApoE~- macrophages were stimulated with lipopolysaccha-
ride (LPS; 300 ng/mL) or with interleukin (IL)-4, IL-10, and plus IL-13 (20 ng/mL) for 5 h. The expression of the indicated genes was
assessed by reverse transcription-quantitative PCR (RT-qPCR; n=6). The mean+SEM is shown. One-way ANOVA with Bonferroni cor-
rection was used to compare all pairs of columns between groups. We show only the statistical significance of differences between

the different cell types analyzed from Map3k8+*ApoE~- and from Map3k8~/-ApoE~- mice, and between the different experimental

conditions for mice with and without MAP3KS8. B, Isolated splenocytes from mice described in A were subjected to RT-gPCR analysis,
and the mRNA levels of the indicated genes were determined (n=7). Two-tailed Student t tests were used for comparisons between 2

groups. A and B, *P<0.05, **P<0.01, ***P<0.001. Arg indicates arginase; COX, cyclooxygenase; HOX, heme oxygenase; INF, interferon;
KC, chemokine (C-X-C motif) ligand 1; NOS, nitric oxide synthase; and TNF, tumor necrosis factor.
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lower in Map3k87-ApoE~~ Ly6C"s"CD11c* monocytes than
in monocytes of this subset positive for Map3k8. Map3k8 did
not modulate Kriippel-like factor 4 mRNA levels in either of
the circulating monocyte subsets. By contrast, Nr4al mRNA
levels were much lower in the absence than in the presence
of Map3k8, in both Ly6C"¢"CD11c" and Ly6C"**CD11chieh
monocytes (Figure 2B). Accordingly, Nrdal protein levels
were also much lower in both monocyte subsets (Figure 2C).
Map3k8 was also found to control the expression of Nr4al
in lipopolysaccharide-stimulated BM-derived macrophages
(Figure V in the online-only Data Supplement).

Map3k8 Modifies the Expression of Chemokines
and Cytokines in Peritoneal Macrophages and
Splenocytes of ApoE~”- Mice Fed an HFD

Nr4al”~ macrophages are polarized toward an M1 pheno-
type.*! We investigated the role of Map3k8 in the polarization
of peritoneal ApoE~~ macrophages in response to an M1 (lipo-
polysaccharide) or M2 (IL-4, IL-10, and plus IL-13) stimu-
lus. In response to lipopolysaccharide, Map3k8 deficiency
decreased the mRNA expression of inflammatory mediators,
such as tumor necrosis factor-a, IL-1f, IL-6, and chemokine
(C-X-C motif) ligand 1, and increased the expression of the M1
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Figure 5. Intravital microscopy and migration of leukocytes in
Map3k8++ApoE~- and Map3k8--ApoE~- mice fed a high-fat diet
(HFD). Mice fed an HFD for 15 weeks were subjected to intravital
microscopy. The graphs show the mean+SEM values for arterial and
venule leukocyte adhesion and rolling velocity (n=8-9). Two-tailed
Student t tests were used for statistical analysis.*P<0.05, **P<0.01.

markers nitric oxide synthase 2 and IL-12p40, but decreased
cyclooxygenase-2 mRNA levels (Figure 3A). Map3k8 defi-
ciency decreased the expression of the M2 marker IL-10
independently of the M1 or M2 stimulus. In response to IL-4,
IL-10, and plus IL-13, Map3k8 deficiency decreased mRNA
levels for the M2 marker arginase 1 but not for heme oxygen-
ase-1 (Figure 3A). We also assessed the expression of chemo-
kines and cytokines in splenocytes from Map3k8**ApoE~" and
Map3k87-ApoE” mice fed an HFD. Map3k8 depletion
decreased mRNA levels for the proinflammatory cytokines
tumor necrosis factor-o. and IL-1f3, but increased mRNA lev-
els for interferon-y and IL-12p40. However, it had no effect on
mRNA levels for IL-6 and IFN-y—inducible protein-10. Full
expression of IL-10 and of the chemokines chemokine (C-X-C
motif) ligand 1 and chemokine (C-C motif) ligand 2 at the
mRNA level was dependent on Map3kS8, but it partly repressed
the expression of chemokine (C-C motif) ligand 5 (Figure 3B).

Map3k8 Modulates CCR2 Expression
on Ly6C"s"CD11c"™ Monocytes in
ApoE~~ Mice Fed an HFD
Nr4al”~ mice had lower levels of CCR2 expression on
Ly6C**CD11che"CD115"Meh cells.!> Map3k8 depletion did
not affect CCR2 expression on Ly6C**CD]11c"¢" mono-
cytes, with Map3k8-positive and Map3k8-negative ApoE~"~
Ly6C*CD11chehCD115"e"  cells having similar mean
fluorescence intensity values, at about 1500. By contrast,
Map3k87~ApoE™~ Ly6C"s"CDI11c™ monocytes had only
25% of CCR2 receptors present in their Map3k8+*ApoE~"-
counterparts, with mean fluorescence intensity values of 2600
and 9500, respectively (Figure 4A). Map3k8 deficiency also
decreased CCR2 mRNA levels to a similar extent in this sub-
set of monocytes (Figure 4B). The expression of other mem-
brane proteins involved in cell adhesion, such as CX3CRI,
Mac-1, CD11a, CD62L, CD43, CD49D, and CD162, was not
affected by Map3k8 deficiency in either of the monocyte sub-
sets (Figure VI in the online-only Data Supplement).

CCR2 plays a key role in recruiting Ly6C"s"CD11c"™
monocytes to sites of inflammation.>”#1%2 Thioglycolate
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triggers monocyte migration via chemokine (C-C motif) ligand
2.2 We found that, 24 hours after an intraperitoneal injection
of thioglycolate, HFD-fed Map3k8/-ApoE~~ mice recruited
significantly fewer Ly6CMe'CD115"F4/80MeMac-1"¢" cells to
the peritoneum than HFD-fed Map3k8**ApoE~"~ mice (Figure
4C). These Map3k8~- cells recruited to the peritoneum also
lacked CCR2 expression (Figure 4D). To note, Map3k8 defi-
ciency did not regulate the migration of Map3k8*+*ApoE~~ and
Map3k87-ApoE”~ BM-derived macrophages in wound-healing
experiments (Figure VII in the online-only Data Supplement).

CCR27" mice display poor leukocyte adhesion to the
microvascular endothelium and low levels of monocyte extrav-
asation at the inflamed site.**** Intravital microscopy within
the cremasteric microcirculation of Map3k8**ApoE™" and
Map3k8~7-ApoE~" mice fed the HFD indicated that Map3k8
deficiency was associated with lower levels of leukocyte adhe-
sion to both arterioles and venules and with a greater rolling
velocity of these cells (Figure 5).

Map3k8 Deficiency in BM Cells Results in Smaller
Aortic Lesions in ApoE~- Mice Fed an HFD

The pathological recruitment of monocytes to the arterial
wall and the subsequent accumulation of lipids in monocyte-
derived macrophages are key events in the formation of the
aortic lesion.! We evaluated lesion size in the aortic root.
Map3k8/~ApoE~" mice fed an HFD had 60% fewer MAC-
1"¢" (myeloid) cells than their Map3k8+*ApoE~~ counterparts
(Figure 6A). Map3k8/-ApoE~~ aortas also tended to have
higher a-smooth muscle actin levels than their Map3k8+**
counterparts. We also evaluated the incorporation of MAC- 1"
cells into atherosclerotic lesions, by digesting the aorta and
subjecting the isolated cells to flow cytometry. Map3k8 defi-
ciency decreased the number of infiltrating cells by about
60% (Figure 6B). We also determined lesion size in Sudan
['V-stained sections of the aortic root, for both genotypes. We
found that Map3k8~-ApoE~~ mice fed an HFD had aortic root
lesions only half the size of those in their Map3k8-positive
counterparts. Total atherosclerotic lesion area in the thoracic
aorta was 30% lower in HFD-fed Map3k8/-ApoE”~ mice
than in their Map3k8** counterparts (Figure 6C). The effect
of Map3k8 on lesion size was independent of body weight
and plasma cholesterol concentration (Figure VIII in the
online-only Data Supplement). We then investigated whether
the specific expression of Map3k8 in BM cells affected the
size of the aortic lesion. Irradiated Map3k8/-ApoE™" and
Map3k8+**ApoE~~ mice that were fed an HFD and into which
Map3k8**ApoE™~ BM cells were engrafted had lesions of
similar size. However, these recipient mice had significantly
smaller lesions after the transplantation of Map3k8~/~ApoE™"
BM cells (Figure 6D). Thus, Map3k8 expression in the hema-
topoietic compartment controls atherogenesis.

Discussion
Map3k8 has been reported to influence inflammatory processes
by modulating the function of various cells types, according to
the nature of the threat."*!* We report here that Map3k8 modu-
lates the number of monocytes, key cells in the development
of atherosclerosis, which is a chronic low-grade inflammatory
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Figure 6. Atherosclerotic lesions in atherogenic
Map3k8++ApoE~- and Map3k8--ApoE~- mice
fed a high-fat diet (HFD). A, Representa-

tive histological images of aortic roots from
Map3k8++ApoE~- and Map3k8--ApoE~- mice
fed an HFD for 9 weeks. The aortic roots were
stained with anti-Mac-1 and anti-a-smooth
muscle actin (anti-a-Sma) antibodies (x10).
The graphs show the mean+SEM (n=4-5). B,
Representative dot plot showing Mac-1"i
cells gated from CD45"e" cells isolated from
the aorta of mice described in A. The graph
shows the mean+SEM number of Mac-1"d"
cells/aorta (n=7). C, Representative Sudan IV
staining (red) of aortic thoracic and aortic root
sections from the mice described in A. The
graphs show the mean+SEM (n=8). D, Graph
showing the percentage Sudan IV staining on
aortic root sections of Map3k8++*ApoE~- and
Map3k8--ApoE~- chimeric mice receiving
whole bone marrow (BM) grafts and fed an
HFD for 10 weeks (n=8). The mean+SEM is
shown. One-way ANOVA with Bonferroni cor-
rection was used to compare pairs of columns
between groups. A-C, Two-tailed Student

t tests were used to compare groups. A-D,
*P<0.05, **P<0.01.
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process. In ApoE-driven atherogenesis in mice, Map3k8 defi-
ciency leads to smaller numbers of blood and spleen monocytes,
mostly of the Ly6C*CD11ch" subset. The higher rate of apop-
tosis in circulating Map3k8~~ monocytes, particularly those of
the Ly6C'"CD11c"¢" subset, can account for the lower level of
monocytosis. Nr4al maintains Ly6C**CD11c""CD115"e" cell
viability, and its absence triggers apoptosis.'*> Map3k8-deficient
monocytes also lack Nrdal expression. The modulation of
Nrdal expression by Map3k8 seems to have a greater effect
in the presence of proinflammatory stimuli. Nr4al-deficient
macrophages polarize toward a proinflammatory phenotype.*!
The Map3k8 effect on macrophages activation is complex, is
required for the expression of inflammatory mediators, and has
the capacity to repress some M1 gene makers on M1 stimula-
tion, but also down modulates the expression of some M2 gene
makers in M2-stimulated ApoE~~ macrophages.

The role of Ly6C monocytes in atherogenesis remains
unclear. Nrd4al”ApoE”~ and Nrd4al”-LDL7~ mice lack
Ly6C*CD11c"¢" monocytes and display atherogenesis at least

as high, if not higher, as their Nrdal**ApoE~- or Nr4al**LDL™"-
counterparts.’?5%  However, experiments performed with
ApoE"-CDI11c” mice have indicated that Ly6C**CD11chieh
monocytes contribute to nascent atherosclerosis.”*”* The dis-
crepancy between these findings may be because of the ability
of both Nr4al and CD11c to modulate other processes involved
in the generation of atherosclerosis independently. We show
here that the absence of Map3k8 in atherogenic mice results
in lower levels of Nrdal expression in monocytes and lower
levels of monocytosis, particularly for the Ly6C°*CD11chieh
subset. However, CCR2 expression is also deficient on the
Ly6Che"CD11¢" monocytes of Map3k8~-ApoE "~ mice, and it
is not possible to determine, from our data, the relative contri-
butions of these features to the lower level of atherogenesis in
Map3k8-deficient ApoE”~ mice.

The deficiency of Map3k8 decreased by a 75% the CCR2
expression on circulating Ly6Che"CD1 1¢®¥ monocytes of ath-
erogenic mice. Intravital studies showed that Map3k8 controlled
leukocyte adhesion to arterioles and venules in ApoE”~ mice
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fed an HFD, consistent with previous findings that the leuko-
cytes of CCR27~ mice display lower levels of firm adhesion
to the microvascular endothelium and lower levels of Ly6Chieh
monocyte recruitment to atherosclerotic lesions and the perito-
neum after thioglycolate injection.”®1°33 The weaker expression
of CCR2 on circulating Map3k8/"-ApoE"~ Ly6ChehCD]11¢""
monocytes probably also account for the lower levels of cell
recruitment to the aorta in Map3k8~/-ApoE " mice fed an HFD.

Our findings show that Map3k8 deficiency reduces the ath-
eroma in ApoE”~ mice fed an HFD. Map3k8 is a component
of the Toll-like receptor and IL-1R intracellular signaling path-
ways.'*!” Various Toll-like receptors, IL-1R, and their com-
mon adaptors, such as MyD88, TRAM, and TRIF, together
with IL-1f, contribute to atherogenesis (reviewed in *°). Our
findings suggest that Map3k8, which acts downstream from
MyD88 and TRIF in intracellular signaling pathways,'**** is
one of the components of the proatherogenic intracellular sig-
naling pathways triggered by the activation of these receptors.
The way in which these receptors and adaptors affect mono-
cytes in atherogenesis has never before been studied.

Map3k8 plays an important role in innate and adaptive
immunity and has been identified as a potentially interesting
treatment target in various diseases with an inflammatory compo-
nent, such as progressive myeloma,” squamous cell carcinoma
and keratoacanthoma,*! inflammatory nociception,?® Crohn-like
inflammatory bowel disease,* and Schistosoma mansoni infec-
tion.** We show here that Map3k8 deficiency limits early ath-
erosclerosis through its effects on the number of monocytes and
their function. Further studies are clearly required to evaluate the
risk/benefit ratio of therapeutic Map3k8 blockade in this disease
and its consequences in terms of monocyte state.
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Highlights

Monocytes are essential in the development of atherosclerosis, a chronic low-grade inflammatory pathology. Map3k8 plays an important role
in inflammation, but its role in monocytes and early atherosclerosis is unknown.

Monocytes from Map3k8--ApoE~"- mice fed an HFD have low levels of Nr4a1 expression and high levels of apoptosis.

Map3Kk8 is required for strong CCR2 expression on Ly6C°*CD11c"" monocytes and for the firm adhesion of leukocytes to arterioles and ven-

ules in ApoE~- mice fed an HFD.

These data explain the lower levels of myeloid cell recruitment and lipid incorporation into the atheroma in Map3k8--ApoE~"- mice than in their

Map3k8++ counterparts.
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