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Abstract Tissue cholesterol accumulation, macrophage in-
filtration, and inflammation are features of atherosclerosis
and some forms of dermatitis. HDL and its main protein,
apoAl, are acceptors of excess cholesterol from macro-
phages; this process inhibits tissue inflammation. Recent
epidemiologic and clinical trial evidence questions the role
of HDL and its manipulation in cardiovascular disease. We
investigated the effect of ectopic macrophage apoAl ex-
pression on atherosclerosis and dermatitis induced by the
combination of hypercholesterolemia and absence of HDL
in mice. Hematopoietic progenitor cells were transduced to
express human apoAI and trans; /planted into lethally irradi-
ated LDL receptor =y apoAl’ '~ mice, which were then
placed on a high-fat diet for 16 weeks. Macrophage apoAl
expression reduced aortic CD4" T-cell levels (—39.8%), le-
sion size (—25%), and necrotic core area (—31.6%), without
affecting serum HDL or aortic macrophage levels. Macro-
phage apoAl reduced skin cholesterol by 39.8%, restored
skin morphology, and reduced skin CD4" T-cell levels. Mac-
rophage apoAl also reduced CD4" T-cell levels (—32.9%) in
skin-draining lymph nodes but had no effect on other T
cells, B cells, dendritic cells, or macrophages compared
with control transplanted mice Bl Thus, macrophage apoAl
expression protects against atherosclerosis and dermatitis
by reducing cholesterol accumulation and regulating CD4"
T-cell levels, without affecting serum HDL or tissue macro-
phage levels.—Tavori, H., Y. R. Su, P. G. Yancey, I. Giunzioni,
A.]. Wilhelm, J. L. Blakemore, M. Zabalawi, M. F. Linton, M.
G. Sorci-Thomas, and S. Fazio. Macrophage apoAl protects
against dyslipidemia-induced dermatitis and atherosclerosis
without affecting HDL. J. Lipid Res. 2015. 56: 635-643.
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Serum levels of HDL and its major protein apoAl are
associated with decreased coronary heart disease (CHD)
rates (1, 2). Antiatherogenic properties of HDL and apoAl
are attributed to their reverse cholesterol transport capac-
ity and anti-inflammatory effects (3, 4). However, there is
evidence that some causes of low HDL are atheroprotec-
tive (5) and that very high HDL levels may not be associ-
ated with cardiovascular protection (6). These observations
are supported by results of recent clinical trials reporting
absence of cardiovascular benefits with pharmacologic
maneuvers to increase HDL levels (7, 8). Thus, changes in
serum HDL-cholesterol levels may not be a representa-
tion of the atheroprotective role of HDL (9). These data
compel an investigation of the precise role of HDL and
apoAl in tissue cholesterol homeostasis and in the regu-
lation of the inflammatory response driven by cholesterol
accumulation.

ApoAl is naturally expressed in hepatocytes and entero-
cytes but not in peripheral cells, including macrophages.
Yet, apoAl is critical for the unloading of cholesterol from
macrophages, with pathologic and clinical consequences
ranging from atherosclerosis to xanthomatosis and skin
inflammation (10). We and other groups have shown that
ectopic expression of apoAl by macrophages (through
transplantation of bone marrow cells transduced to ex-
press apoAl or derived from apoAl transgenic donors) re-
duces atherosclerosis by stimulating local cholesterol
efflux (11-13). Removal of cholesterol from the aortic wall
was mediated through increasing local apoAl concentration
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and upregulation of cellular cholesterol transporters (14).
In addition, both endogenous and exogenous apoAl were
shown to stimulate the secretion of macrophage apokE, an-
other physiological driver of cholesterol efflux (15-17).
Together, lipid-free apoAl, HDL-bound apoAl, and apoE
act in synergy to extract cholesterol from macrophages,
thus influencing both macrophage cholesterol accumula-
tion, a hallmark of atherosclerosis, and macrophage phe-
notype adjustment to local inflammatory impulses (18,
19). Both macrophage and exogenous apoAl expression
also reduce cytokine expression by macrophages and pro-
mote the switch to an anti-inflammatory macrophage phe-
notype (11, 20, 21).

In addition to atherosclerosis, dyslipidemia with dis-
turbed reverse cholesterol transport can cause skin inflam-
mation following local accumulation of cholesterol (22).
Patients with atopic dermatitis, a chronic inflammatory
disease, were shown to have higher levels of cholesterol
accumulated in their skin compared with controls (23). It
has been suggested that skin cholesterol levels provide in-
sightinto the presence and severity of atherosclerosis (24).
One wellstudied model of increased skin cholesterol ac-
cumulation due to disrupted cholesterol efflux capacity
is the LDL receptor (LDLR)_/_/apoAI_/_ mouse (25).
When fed palm oil diet, a massive accumulation of choles-
terol in the skin of these mice causes fatal dermatitis (26).
LDLRf/f/apoAlf/f mice also show systemic inflamma-
tion with common autoimmune characteristics such as en-
larged spleen and lymph nodes (LNs), and an increased
CD4" T-cell response (27). Adenoviral expression and sys-
temic administration of apoAl to ILDLR / apoAIf/ -
mice rescued them from the fatal dyslipidemia-induced
dermatitis by reducing skin cholesterol accumulation and
inflammation (27, 28).

Because arterial and skin lesion formation and inflamma-
tion are driven by local accumulation of cholesterol-loaded
macrophages, we set out to study whether expression of
apoAl from macrophages is sufficient to rescue LDLR "/
apoAIf/ ~ mice from the phenotype of dyslipidemia-induced
dermatitis and to determine its simultaneous effects on
aortic, skin, and lymphatic inflammatory status.

We have generated chimeric mice expressing apoAl
exclusively from macrophages via lentiviral transduction
of hematopoietic progenitor cells (HPCs) followed by
their transplantation into recipient mice lacking both
LDLR and apoAl. Our results support a scenario in which
the expression of macrophage apoAl protects against
atherosclerosis and dermatitis both through removal of
cholesterol from the aortic wall and skin, and reduction
of CD4" T-cell levels in the aortic wall, skin, and skin-
draining LNs. These effects of macrophage apoAl were
not associated with changes in serum apoAl and HDL
levels or tissue macrophage numbers. Our results show
that the correction of cholesterol overload in macro-
phages via ectopic apoAl expression reduces atheroscle-
rosis burden and corrects the sterile dermatitis of severely
hyperlipidemic mice, thus establishing a common plat-
form for the development of a cell-based therapy of these
conditions.
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METHODS

Animals and diet

LDLR ™~ /ApoAl '~ mice were obtained from Wake Forest
University (WFU) and housed at Vanderbilt University Medical
Center (VUMC). Mice were fed an atherogenic diet containing
0.1% cholesterol with 10% fat from palm oil, prepared in the diet
kitchen of WFU, as described previously (26), and shipped to the
animal facility of VUMC. Mice were maintained in a temperature-
controlled room with a 12 h light/12 h dark cycle. All animal
experiments were carried out in compliance with National Insti-
tutes of Health guidelines and were approved by the Institutional
Animal Care and Use Committees of the three institutions
(VUMC, WFU, and Oregon Health and Science University).

Generation of a lentiviral human apoAl cDNA
expression construct

The lentiviral vector was prepared and expanded in our labo-
ratory as previously described (29). In short, the self-inactivating
(SIN) lentiviral vector (pWPT-WRPE), envelope plasmid pMD2.G,
and packaging plasmid pCMV AR8.91 were kindly provided by
Dr. Dider Trono (Lausanne, Switzerland). We have shown that
transduction of HPCs with a green fluorescent protein (GFP)-
expressing lentivirus under the human CD68 promoter direct
transcriptional activity specifically in macrophages but not in B cells
or T cells (17). The CD68 promoter (including the first intron)
was amplified from human genomic DNA by PCR. The human
apoAl cDNA with the growth hormone poly-A signal sequence
was excised from an scavenger receptor type A (SRA)-apoAl clone
previously generated in our laboratory (17). Schematic illustra-
tion of the complete structure of the GFP and apoAl constructs
was adapted from one of our previous publications (17) and is
shown in supplementary Fig. 1A, B, respectively.

Purification and enrichment of HPCs

Bone marrow cells from 8- to 10-week-old LDLR ™/~ / ApoAI_/ N
mice were harvested from femurs and tibias. HPCs were purified
by depletion of the Lin" cells with the Lineage Depletion Spin-
Sep kit (Stem Cell Technologies). Scal’/cKit" cells were further
selected from the Lin~ cells using EasySep Scal” and cKit' selec-
tion kit (Stem Cell Technologies) to obtain the Scal*cKit'Lin~
population.

Transplantation of HPCs into LDLR ™/~ /ApoAI_/ " mice
and quantitation of atherosclerotic lesions

HPCs were isolated from male or female LDLRf/f/ApoAlf/i
mice at 8 to 10 weeks of age and then were left untreated, trans-
duced with lentiviral-GFP, or transduced with lentiviral-apoAl at
a multiplicity-of-infection of 30 using the Mammalian Transfec-
tion System (Promega) and cultured for 24 h in Stemspan media
(Stem Cell technology). HPC transduction efficacy was 25.7%
(supplementary Fig. 2, insert). Male or female LDLR™'/
ApoAI_/_ mice at 12 to 14 weeks of age were lethally irradiated
with 900 rads from a cesium <y source and transplanted with the
HPCs (either apoAl transduced or nontransduced and GFP
transduced as controls). After transplantation, mice were kept on
an atherogenic diet containing 0.1% cholesterol with 10% fat
from palm oil.

Analysis and quantitation of arterial lesions

At the end of the experiment, mice were euthanized and their
hearts flushed with saline, embedded in OCT, and snap-frozen in
dry ice. The inferior vena cava was cut to allow the perfusate to
exit. Frozen sections of 10 wm thickness were taken in the region
of the proximal aorta starting from the end of the aortic sinus



and for 300 wm distally, according to the technique of Paigen
et al. (30). Sections were stained with Oil Red O (ORO) and coun-
terstained with hematoxylin. Quantitative analysis of lipid-stained
lesions was performed on sections starting at the end of the aortic
sinus. The lipid-stained lesions were measured by digitizing mor-
phometry and reported as area (pm® per lesion per mouse). For
immunostaining, 5 pm thickness sections were taken in the re-
gion of the proximal aorta starting at the end of the aortic sinus.

Staining of CD3, CD4, MOMA-2, and hematoxylin and
eosin in proximal aortic lesions

For CD3 and CD4 staining, 5 pm frozen sections were fixed in
cold acetone, blocked with 4% BSA in PBS, then incubated with
rat anti-mouse CD4-AlexaFluor 488 (Caltag Labs) and hamster
anti-mouse CD3-AlexaFluor 647 (Invitrogen) antibody. Vectashield
mounting medium with 4,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories Inc.) was used to stain nuclei. Monocyte/
Macrophage Marker Antibody (MOMA)-2 staining was performed
in 5 pm frozen sections as previously described (17). Necrosis was
detected in 5 pm sections using Harris’s hematoxylin and eosin
(H and E) staining and quantitated by measuring the acellular
area in the intima versus total intimal area. Quantitative analyses
of atherosclerotic lesion size, CD3, CD4, MOMA-2, and H and E
staining were also performed using aortic sinus sections from the
same mice.

LN cell isolation and cell-surface staining

LNs (axillary, brachial, superficial cervical, and inguinal) were
collected and placed in 10% RPMI. Cells were isolated and
stained as previously described (27). Acquisition of samples was
done using a BD FACS-Calibur and analyzed using FlowJo soft-
ware (TreeStar). Cell populations measured included effector/
memory T cells (CD4'CD62L"", CD8'CD62L"), double-negative
T cells (CD3'CD4 CD8 B220"), activated T cells (CD4'CD69"¢",
CD8'CD69"8"), naive B cells (IgM'B220"), dendritic cells (DCs)
(CD3” CD11b'CD11c"), and macrophages (CD11c CD1 1b'F4,/80").
Antibodies used in surface staining including rat anti-mouse CD3,
CD4, CD8, CD62L, CD69, IgM, B220, CD11c, CD11b, CD44, and
F4,/80 were obtained from BD Biosciences or eBioscience.

Skin cholesterol quantification and histology

Skin fragments were extracted using chloroform-methanol
(2:1) as described previously (26). Cholesterol and other neutral
lipids were isolated using the Kaluzny et al. (31) method and ana-
lyzed by mass spectrometry. For skin histology, freshly isolated
skin fragments were collected and embedded into OCT, and
10 pm sections were stained with ORO or H and E. For immunos-
taining, sections were incubated with CD4 (BD biosciences),
CD68 (Rockland), or CD11c (Pharmingen) antibodies as de-
scribed previously (27).

Serum lipid and apoAI determination

Mice were fasted for 16 h prior to blood collection. Serum
cholesterol or triglyceride measurements were performed using
the Cholesterol or Triglyceride Reagent kit from RAICHEM, re-
spectively. Mouse lipoproteins were separated from serum by size
exclusion chromatography using a Superose 6 column on a fast-
protein liquid chromatography system commonly used in our labo-
ratory (32). ApoAl levels in mice serum were analyzed using the
Apolipoprotein AI Human SimpleStep ELISA™ Kit from Abcam.

Statistical analyses

GraphPad Prism 6 software was used to carry out statistical
analyses. The Mann-Whitney test was used to compare data between
the two groups. Results are presented as mean + standard devia-

tion or percent + coefficient of variance. Differences are reported
as * P<0.05, ** P< (.01, and *** P<0.001.

RESULTS

Macrophage apoAl expression does not affect serum
lipid or HDL levels

After lethal irradiation, 12- to 14-week-old LDLR ™/~ /
apoAI_/ " mice were transplanted with 1 x 10° HPCs ex-
pressing apoAl (9 females and 9 males) and compared
with control LDLR /"~ / apoAI_/ " mice transplanted with
control HPC (10 females and 9 males). Sixteen weeks after
transplantation of apoAl-expressing HPCs, circulating lev-
els of apoAl were 438 + 189 ng/dl, equivalent to 0.0003%
of physiological levels (supplementary Fig. 2A). Feeding
mice a palm oil diet for 16 weeks increased serum choles-
terol and triglycerides similarly in control and apoAl re-
cipients (cholesterol up 2.4-fold in controls and 2.1-fold in
apoAl recipients, and triglycerides up 1.7-fold in controls
and 2.1-fold in apoAl recipients; supplementary Fig. 2B
and C, respectively). Consistent with low circulating apoAl,
HPC expression of apoAl also did not affect serum HDL
or other lipoprotein levels in LDLRf/f/apoAIf/f recipi-
ent mice (supplementary Fig. 2D).

Macrophage apoAl expression reduced size of
aortic lesions

Wilhelm et al. (28) reported that LDLR_/_/apoAI_/_
mice fed an atherogenic diet show a 2-fold increase in the
severity of atherosclerosis compared with LDLR /™ mice.
Sixteen weeks after transplantation, ILDILR ™/ / apoAIf/ B
recipient mice were euthanized, and a quantitative analy-
sis of the extent of aortic atherosclerosis using ORO-
stained sections of the proximal aorta was performed. The
mean aortic lesion area of apoAl recipient mice was 25%
less (345,861 + 109,076 Mmg) than that of control recipient
mice (462,180 + 57,671 pqu) (Fig. 1A). Representative
ORO-stained aortic sections of the proximal aorta are
shown in Fig. 1B. Interestingly, male apoAl recipient mice
showed a greater reduction (35%) in aortic lesion area
compared with females (15%).

Macrophage apoAl expression reduced levels of T cells
in aortic lesions

It was previously shown that macrophage apoAl reduces
the levels of inflammatory monocyte/macrophages in the
aortic lesion (11, 14). Figure 2A and B show lesion compo-
sition analyses, with apoAl recipient mice having signifi-
cantly fewer CD3" (7.0 + 3.7% vs. 9.9 + 2.6% in control
recipients) and CD4" (7.4 +3.0% vs. 12.3 + 2.0% in control
recipients) cells in the proximal aorta, respectively. Repre-
sentative images of CD3 and CD4 staining in the proximal
aorta are shown in Fig. 2C. ApoAl recipient mice also showed
a smaller necrotic core area in the aortic lesion (23.2 +
13.1% vs. 33.9 + 8.2% in control recipients; Fig. 3A). Repre-
sentative H-and-E-stained sections of the proximal aorta are
presented in Fig. 3B. Interestingly, despite reduced CD4"
T cells and lesion size in apoAl recipients, the macrophage
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area in the aortic wall (MOMA-2 staining) did not differ
compared with control recipient mice (supplementary
Fig. 3A). In fact, MOMA-2 staining as a percentage of total
area was significantly higher in apoAl recipients (44% vs.
31%, P = 0.022) compared with controls (supplementary
Fig. 3B). Representative MOMA-2 stained sections of the
proximal aorta are shown in supplementary Fig. 3C. No
gender influences were seen in the effects of macrophage
apoAl expression on atheroma T cells, macrophages, and
necrotic core.

Macrophage apoAl expression inhibits skin cholesterol
accumulation and inflammation

When fed palm oil diet, LDLRf/f/apoAlf/f mice ac-
cumulate cholesterol and inflammatory cells in the skin,
causing a severe inflammatory phenotype eventually lead-
ing to death (26). Our results show that apoAl recipient
mice accumulate lower levels of skin cholesterol compared
with control recipient mice (6.5 + 3.7 vs. 10.8 £ 5.3 ng/g
wet weight, respectively; Fig. 4A). Representative H-and-E-
and ORO-stained skin sections are presented in Fig. 4B
and C, respectively. Interestingly, female apoAl recipient
mice showed a greater reduction (38%) in skin choles-
terol levels compared with males (28%).

It was previously shown that systemic apoAl could
regulate migration of T cells, macrophages, and DCs in
LDLRf/f/apoAlf/f mice (28). We further found that
apoAl recipient mice had lower levels of skin CD4" T cells
(—69%) compared with controls (Fig. 4D). In contrast,
macrophage (CD68") and DC (CD11c") staining of skin
sections did not show differences between apoAl and con-
trol recipient mice, both showing larger staining areas
compared with skin sections from normal LDLR ’ mice
on palm oil diet (supplementary Fig. 4A, B).

Macrophage apoAl expression reduced CD4" T cells in
skin-draining LNs

In skin-draining LNs (axillary, brachial, superficial cer-
vical, and inguinal) there was no difference in the total
number of cells between apoAl recipient or control
LDLR ™/~ /apoAl ’~ mice (Fig. 5A). However, skin-drain-
ing LNs of apoAl recipient mice showed a significant re-
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Fig. 1. Proximal aorta, lesion quantitation. A: Le-
sion size in the proximal aorta (ORO stained) of
LDLRf/f/apoAlf/f recipient mice 16 weeks after
HPC transplant and palm oil diet (control recipients:
11 females and 8 males; apoAl recipients: 8 females
and 10 males). B: Representative ORO-stained proxi-
mal aorta of control recipient LDLR /"~ /apoAl /"~
(upper panel) and apoAl recipient LDLR 7/
apoAIﬂf (lower panel) mice. ##* P<0.001.

duction in CD3" cells (—49.9%), CD4" cells (—32.9%),
and effector/memory CD4 (CD4'CD62L'™") cells (—30.1%)
(Fig. bA-D, respectively). No differences were found
in other T-cell populations, such as activated CD4
(CD4'CD69™¢"), CD8", activated CD8 (CD8'CD69™#"), ef-
fector/memory CD8 (CD8+CD62LIOW), or double-negative
T cells (CD3'B220°CD4 CD8 ) (supplementary Fig. 5A-E,
respectively). In addition, no differences were found in
B cell (IgM'B220"), DC (CD3 CD11b'CD11c"), or macro-
phage (CD11c CD11b'F4/80") levels in LN cells (supple-
mentary Fig. 5F—H, respectively).

DISCUSSION

Of all the major risk factors for CHD, HDL is the only
one without a clear therapeutic mandate (7, 33). One of
the main roles of HDL and apoAl is to drive cholesterol
efflux from peripheral cells in general and macrophages
in particular, thus preventing foam cell formation (34)
and reducing inflammation (35). Reduced capacity to ef-
flux cholesterol from macrophages by HDL in serum is a
predictor for atherosclerosis in mice and humans (36—
38). Perturbation of macrophage cholesterol efflux from
macrophages via systemic gene deletion of sterol O-acyl-
transferase 1 (also known as ACAT1) increases athero-
sclerosis and causes accumulation of cholesterol and
macrophage infiltration in the skin leading to dermatitis
in mice (39). The phenotype of dyslipidemia-induced
dermatitis is also caused by the loss of ACATI exclusively
in macrophages (39). Human studies have also shown
a link between skin cholesterol accumulation and ath-
erosclerosis (24, 40). Here, we investigated whether
expression of apoAl from macrophages affects both ath-
erosclerosis and dermatitis in mice under conditions of
dyslipidemia and complete absence of reverse choles-
terol transport. Our results support a scenario in which
macrophage expression of apoAl regulates cholesterol
loading and CD4" T-cell levels to reduce atherosclerosis
and rescue the severe dermatitis phenotype without af-
fecting serum lipids and HDL levels or tissue macro-
phage numbers.
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Fig. 2. Proximal aorta, lesion T-cell analysis. A: Percent of CD3" cells (out of total lesional cells) in proximal aortas ofLDLRf/f/apoAIf'/f
recipient mice 16 weeks after HPC transplant and palm oil diet (control recipients: 8 females and 8 males; apoAl recipients: 6 females and
6 males). B: Percent of CD4" cells (out of total lesional cells) in proximal aortas of LDLRf'/f/apoAl*/* recipient mice 16 weeks after HPC
transplant and palm oil diet (control recipients: 7 females and 6 males; apoAl recipients: 6 females and 5 males). C: Representative DAPI-
(left), CD3- (middle), and CD4-stained (right) proximal aorta of control recipient LDLRf/f/apoAlf/f (upper panel) and apoAl recipient

LDLR ™™ /apoAl /™ (lower panel) mice. * P< .05, *** P<0.001.

The goal of our study was to investigate the effects of
macrophage apoAl expression in the aortic wall, skin,
and skin-draining LNs. Because cholesterol-induced der-
matitis and atherosclerosis are both characterized by cel-
lular cholesterol accumulation and cholesterol-induced
inflammation, macrophage-based apoAl expression is an
attractive therapeutic target for the control of both con-
ditions. HPC transplantation is a reliable approach to
study the effect of manipulations of macrophage gene
expression on atherosclerosis in the mouse (41), with
translational applications for a cell-based therapy in hu-
mans (42).

ApoAlI has functional characteristics similar to that of
apoE (43); however, macrophages do not naturally make
apoAl and instead tremendously upregulate apoFE to serve
as the physiological driver of cholesterol efflux under con-
ditions leading to foam cell transformation (44, 45). ApoE

affects atherosclerosis both by reducing serum lipid levels
(46, 47) and by exerting local effects on the forming ath-
eroma (48). In contrast, transgenic expression of apoAl
from macrophages has been shown to reduce atherogen-
esis in mice exclusively via local effects and without alter-
ing serum lipid levels (12, 13, 17). In this study, LDILR "/
apoAIf/ " recipient mice transplanted with apoAl-express-
ing HPC showed significantly less aortic lesion size com-
pared with recipient mice transplanted with control HPC.
ApoAl expressed by HPCs accumulated in serum in ex-
tremely low levels (i.e., ~300,000 times less than physiologi-
cal levels), too low to affect serum cholesterol, triglyceride,
or HDL levels. It must be noted that the clear antiathero-
genic power of macrophage-produced apoAl we observed
in the current study, with extremely advanced, complex,
and large aortic lesions, may suggest much larger effects
under conditions of initial atherosclerosis development

Macrophage apoAl protects from skin and aortic inflammation 639
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and, most importantly, under conditions conducive to ath-
erosclerosis regression.

Aortic lesions contain multiple hematopoietic cell pop-
ulations, including macrophages, T cells, and DCs (49).

Fig. 3. Proximal aorta, necrotic area quantitation.
A: Percent of proximal aorta necrotic area (out of
total aortic lesion area) of LDLR_/_/apoAI_/_ re-
cipient mice 16 weeks after HPC transplant and palm
oil diet (control recipients: 8 females and 8 males;
apoAl recipients: 8 females and 8 males). B: Repre-
sentative H-and-E-stained proximal aorta of control
recipient LDLR /™ /apoAI /~ (upper panel) and
apoAl recipient LDLR_/_/apoAI_ ~ (lower panel)
mice. ** P<0.01.

Modulation of the local macrophage inflammatory response
is able to affect lesion composition (50, 51), and apoAl
modulates macrophage cytokine production and pheno-
typic stance (20, 21). Our data show that macrophage
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Fig. 4. Skin cholesterol accumulation and inflammation. A: Cholesterol level in skin tissue extracts of LDLRf/f/apoAlf/f recipient mice
16 weeks after HPC transplant and palm oil diet (control recipients: 10 females and 8 males; apoAl recipients: 7 females and 6 males).
Representative proximal aorta of skin from healthy LDLR /™ (left panel), control recipient LDLRf/f/apoAlf/f (middle panel), and
apoAl recipient LDLRf/f/apoAlf/f (right panel) mice of H-and-E-stained sections (B), ORO-stained sections (C), and CD4-immuno-
stained (red) on top of DAPI-stained (blue) sections (D). ** P< 0.01.
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Fig. 5. Skin-draining LN inflammation. A: Total number of cells in axillary, brachial, superficial cervical, and inguinal LNs of LDLR /™ /
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recipient mice 16 weeks after HPC transplant and palm oil diet. D: Percent of effector/memory CD4 cells (CD4"CD62L

'Y out of total

CD3' cells in LDLR ™/~ /apoAl ’~ recipient mice 16 weeks after HPC transplant and palm oil diet. * P< 0.05, ** P< 0.01, *** P< .001.

apoAl exerts local anti-inflammatory effects in the ather-
oma, with reduced lesional accumulation of CD3" and
CD4"' T cells. In addition, macrophage apoAl reduces the
formation of necrotic core in the vessel wall, a key determi-
nant of lesion stability. Both T-cell recruitment and ne-
crotic core formation are indicators of advanced stage
aortic lesions; interestingly, macrophage apoAl expression
did not affect macrophage numbers per unit area in the
atherosclerotic lesion.

Local lipid trafficking is of primary importance for the
structural and functional integrity of the skin barrier (52).
In patients with dermatitis, a disease caused by altered skin
barrier and loss of immune regulation, skin cholesterol
levels are significantly higher compared with healthy con-
trols (23). In addition, skin cholesterol levels correlate
with the extent of atherosclerosis measured by coronary
artery angiography, coronary calcium score, or carotid in-
tima media thickness (24). Feingold et al. (53) have previ-
ously shown that microscopic skin lesions enriched in

cholesterol and with features of inflammation are present
in mice with altered lipoprotein metabolism (e.g., apoE_/ N
mice). A more severe phenotype of skin cholesterol accu-
mulation is found when serum cholesterol is elevated and
cholesterol efflux pathways are inhibited (e.g., apoEf/ -/
ACAT1 /™ mice) (39). Another model of dysfunctional
apoB-containing lipoprotein metabolism and cholesterol
efflux is the LDLR ™/ / apoAIf/ ~ mouse, which develops
severe dermatitis on a high-fat diet containing palm oil
(26). Here we show that macrophage apoAl expression
reduced skin cholesterol accumulation, restored skin
morphology, and rescued LDLR ™'~ /apoAl ’~ mice from
their severe skin phenotype, often lethal. Control recipi-
ent mice started to develop skin lesions around 12-13
weeks, as was previously described by Zabalawi et al. (26),
while apoAl recipients developed smaller skin lesions at
~14-15 weeks mainly limited to areas around the ears. No
behavioral differences were observed between mice of
the two groups. Our experimental model shows that apoAl
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expressed locally by macrophages reduces CD3" and
CD4" T cell levels in the skin, and total CD4" and effector/
memory CD4" cells in skin-draining LNs. In contrast, mac-
rophage apoAl expression did not affect macrophages
or other cells of the hematopoietic lineage in the skin or
skin-draining LNs.

We conclude that macrophage apoAl inhibits dyslipidemia-
induced dermatitis and atherosclerosis directly through
reduced cholesterol accumulation and regulation of CD4"
T cells in the aortic wall, skin, and skin-draining LN, all
without affecting tissue macrophage content or serum
HDL and apoAl levels. Our results also suggest that pro-
duction of apoAl by macrophages does not affect macro-
phage recruitment into the aortic wall or skin caused by
the initial lipid insult. However, the reduced lipid loading
of macrophages within the tissue inhibits further aggra-
vation of inflammation and subsequent T-cell response.
These results also suggest that transplantation of apoAl-
transduced HPCs may be developed as a cell-based ther-
apy for treatment of cholesterol-related dermatitis, such as
eczema, with the additional benefit of protecting against
atherosclerosis. i
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