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Arteriosclerosis, Thrombosis, and Vascular Biology

BASIC SCIENCES

Specific Loss of ABCA1 (ATP-Binding Cassette
Transporter A1) Suppresses TCR (T-Cell
Receptor) Signaling and Provides Protection
Against Atherosclerosis

Ying Zhao'®, Lili Zhang®, Limin Liu®®, Xuan Zhou'®, Fangfang Ding, Yan Yang‘®, Shiyu Du®®, Hongmin Wang®,
Miranda Van Eck®, Jun Wang

BACKGROUND: ABCA1 (ATP-binding cassette transporter A1) mediates cholesterol efflux to apo Al to maintain cellular
cholesterol homeostasis. The current study aims to investigate whether T-cell-specific deletion of ABCA1 modulates the
phenotype/function of T cells and the development of atherosclerosis.

METHODS: Mice with T-cell-specific deletion of ABCA1 on low-density lipoprotein receptor knockout (Ldlr”~) background
(Abca 1040+ dlr-) were generated by multiple steps of (cross)-breedings among Abca 1%¢#*x CD4-Cre, and Ldlr"~ mice.

RESULTS: Deletions of ABCA1 greatly suppressed cholesterol efflux to apo Al but slightly reduced membrane lipid rafts on T
cells probably due to the upregulation of ABCG 1. Moreover, ABCA1 deficiency impaired TCR (T-cell receptor) signaling and
inhibited the survival and proliferation of T cells as well as the formation of effector memory T cells. Despite the comparable
levels of plasma total cholesterol after Western-type diet feeding, Abca1P*/P#[ djr~ mice showed significantly attenuated
arterial accumulations of T cells and smaller atherosclerotic lesions than Abcal**Ldlr’-controls, which were associated
with reduced surface CCR5 (CC motif chemokine receptor 5) and CXCR3 (CXC motif chemokine receptor 3), decreased
antiapoptotic Bcl-2 (B-cell lymphoma 2) and Bcl-xL (B-cell lymphoma extra-large), and hampered abilities to produce IL
(interleukin)-2 and IFN (interferon)-y by ABCA1-deficient T cells.

CONCLUSIONS: ABCA1 is essential for T-cell cholesterol homeostasis. Deletion of ABCA1 in T cells impairs TCR signaling,
suppresses the survival, proliferation, differentiation, and function of T cells, thereby providing atheroprotection in vivo.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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plasma membrane protein and functions as a major

regulator of cellular cholesterol homeostasis by pro-
moting the efflux of cholesterol to lipid-free/poor apo Al
Loss-of-function mutations of ABCA1 cause Tangier's
disease characterized by low plasma HDL (high-density
lipoprotein), increased cholesterol ester accumulation and
deposition in macrophages, and premature atheroscle-
rosis.? Likewise, total-body deletion of ABCA1 in mice

ABCA1 (ATP-binding cassette transporter A1) is a

leads to the virtual absence of HDL and enhanced mac-
rophage foam cell formation® As such, targeted deple-
tions of ABCA1 in specific cells/organs of mice have
been instrumental in deciphering its biological functions
in a cell/organ-specific manner. Selective deletion of
ABCAT1 in liver, intestine, or adipose tissue revealed that
ABCA1-dependent cholesterol efflux from the liver is a
major determinant of HDL biogenesis, whereas intesti-
nal and adipocyte ABCA1 also contributes significantly
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Nonstandard Abbreviations and Acronyms

Highlights

ABCA1 ATP-binding cassette transporter A1
ABCG1 ATP-binding cassette transporter G 1
EM effector memory

HDL high-density lipoprotein

LDLr low-density lipoprotein receptor
LXR liver X receptor

MFI mean fluorescence intensity
NLD normal laboratory diet

TCR T-cell receptor

Treg regulatory T cells

WTD western-type diet

to the circulating HDL pool.*® Moreover, studies in which
ABCA1-deficient bone marrow was transplanted into ath-
erosclerosis-susceptible low-density lipoprotein receptor
knockout (LdIr”~) mice showed that ABCA1 in bone mar-
row—derived cells prevents macrophage foam cell forma-
tion and reduces atherosclerosis susceptibility without
affecting plasma levels of HDL-C (HDL cholesterol).3%®
Similarly, hematopoietic overexpression of human ABCA1
attenuates the development of atherosclerosis.® As bone
marrow—derived monocytes/macrophages are the major
precursors for foam cells in atherosclerotic lesions,
macrophage ABCA1 was supposed to be atheropro-
tective. However, a minimal contribution of macrophage
ABCAT1 to atherogenesis has been noted in studies using
myeloid-specific lysozyme M promotor-driven deletion of
ABCA1 in Ldlr’= mice.”®"" These findings suggest that
the atheroprotective effects of hematopoietic ABCAT
are largely mediated via other bone marrow—derived cells
than mature macrophages or neutrophils.

Given the increased amounts of peripheral lympho-
cytes in animals transplanted with Abcal~~ bone mar-
row,® Brunham et al hypothesized that the enhanced
lymphocytosis might contribute to the increased lesion
formation upon deletion of ABCA1 in the hematopoietic
system.”® The development of atherosclerotic lesions
under hyperlipidemia is regulated by the balance of
effector and regulatory T cells (Treg)." Notably, the fit-
ness of both effector and Treg cells strictly relies on
cholesterol homeostasis, as cholesterol and its metab-
olites not only mediate the formation of lipid rafts that
facilitate the clustering of signaling molecules (ie, TCR
[T-cell receptor])'®'* but also modulate the activities of
many transcription factors (ie, SREBP [sterol regulatory
element-binding proteins] and LXR [liver X receptor]).!®'®
Accordingly, ABCG1, an active cholesterol transporter,
has been implicated in regulating the cholesterol homeo-
stasis and function of T cells. ABCG1 mediates cho-
lesterol efflux to mature HDL, and its induction by LXR
activation suppresses the proliferation of T cells.'® More-
over, deletion of ABCG1 in T cells has been shown to
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+ T cells depend on ABCA1 (ATP-binding cassette
transporter A1) for cholesterol efflux to apo Al and
small dense HDL (high-density lipoprotein).

* T-cell-specific deletion of ABCA1 impairs their TCR
(T-cell receptor) signaling, survival and proliferation
and reduces the formation and functions of effector
memory T cells in hypercholesterolemic Ldlr~~ mice.

+ Specific deletion of ABCA1 in T cells provides pro-
tection against atherosclerosis.

enhance the formation of lipid rafts, potentiate TCR sig-
naling in CD4* T cells, and ameliorate atherosclerosis in
Ldlr’= mice by promoting the generation of Treg cells.''
By contrast, the roles of ABCA1 in T-cell cholesterol
homeostasis and function as well as in atherosclerotic
lesion development remain largely unknown.

In the present study, we generated mice specifically
lacking ABCA1 in T cells and showed that ABCA1 is cru-
cial for cholesterol homeostasis and modulates TCR sig-
naling in both CD4* and CD8* T cells. Strikingly, targeted
deletion of ABCA1 in T cells reduces the membrane
content of lipid rafts, impairs the TCR signaling, sup-
presses the formation and function of effector memory
(EM) T cells, and mitigates the accumulation of T cells in
atherosclerotic lesions, thereby providing atheroprotec-
tion in vivo.

MATERIALS AND METHODS

Data Availability

The majority of data supporting the findings of this study are
presented within the article and its Supplemental Material. Data
that are not directly included are available from the correspond-
ing author upon reasonable request.

Mice and Diet

Abca1”Abcg 1" (The Jackson Laboratory, catalog 021067)
and CD4-Cre (kindly provided by Professor Zichun Hua, Nanjing
University) mice were first crossed with Ldlr~ mice (TO01464;
Nanjing Biomedical Research Institute of Nanjing University) to
generate Abca 1"Ldlr~- and CD4-Cre*Ldlr"-mice, respectively.
Abcal1"Ldlr- mice were subsequently crossed with CD4-
Cre*Ldlr’”- to obtain CD4-CretAbcal™Ldlr’~ (Abca1cP4+/cb4+
Ldlr”-) and the control CD4-Cre'Abca 1" Ldlr’-(Abca1**Ldlr"-)
mice for in vivo atherosclerosis studies. OT-II TCR transgenic
mice (kindly provided by Prof. Haopeng Wang, ShanghaiTech
University) were used to generate CD4-Cre*Abca1"OT-Il and
control CD4-Cre’Abca1”"OT-Il mice. CD45.1 congenic mice
were obtained from Professor Jingping Zhang (Soochow
University). All mice were on a C57BL/6J background and
maintained on sterilized normal laboratory diet (NLD,MD17121;
Medicience) containing 4.3% (w/w) fat with no added choles-
terol under specific-pathogen-free conditions. At the age of
10 to 12 weeks, male or female Abca 1P+ P*[ dlr- mice and
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the corresponding Abca1**Ldlr"-control littermates received a
Western-type diet (WTD) containing 21% (w/w) total fat and
0.15% cholesterol (D12079B, Research Diet) for 9 weeks to
induce the formation of atherosclerotic lesions. The sample
size calculation for atherosclerotic lesion experiments (n=~14/
group) was based on our pilot data (effect size 65, variability
50, significant level 0.05, power 0.9, and 2-sided test) using the
online software (experimental design assistant; https://eda.
nc3rs.org.uk/eda/login/auth). Abca1%#*/P4| dlr’~ and control
littermates were co-housed at the ratio of =1:1 and were free
to get access to food and water in the cage. No exclusion and
randomization were performed during the experiment. Animal
experiments were conducted in accordance with the protocols
approved by the Soochow University Institutional Animal Care
and Use Committee.

Plasma Lipid Analyses

After an overnight fasting period, 100 uL of blood was drawn
from the mice by tail bleeding. The concentrations of choles-
terol in sera were determined by incubation with 0.025 U/
mL cholesterol oxidase (228250; Calbiochem), 0.065 U/mL
peroxidase (P2088; Sigma), and 15 pg/mL cholesteryl ester-
ase (228180; Calbiochem) in reaction buffer (1.0 KPi buffer,
pH=77 containing 0.01 M phenol, T mM 4-amino-antipy-
rine, 1% polyoxyethylene-9-laurylether and 75% methanol).
Absorbance was read at 490 nm.

Histological Analysis of Atherosclerosis

On euthanization, the arterial tree was perfused in situ with
PBS and the heart was excised and immediately stored in
3.7% neutral-buffered formalin until use. The hearts were
bisected just below the atria and transferred into a renum-
bered tube by one investigator, and the base of the hearts
plus aortic roots were embedded in optical coherence tomog-
raphy for analysis by another investigator with no information
on the genotypes. The hearts were then cryosectioned per-
pendicular to the axis of the aorta, starting within the heart
and working in the direction of the aortic arch as described
before."'® Once the first 2 aortic valves appeared, serial
10-pum sections were taken alternately on three slides (5 sec-
tions/slide) per group for total of 4 to 5 groups until the dis-
appearance of the 3 aortic valve leaflets. Three slides/aortic
roots from 3 continuous groups that contained 15 cross-sec-
tions were stained with oil-red-0O to visualize lesions. To keep
consistency for lesion quantification in the same location for
each aortic root, we used the appearance of the 3 aortic valve
leaflets as the start point and consecutive 10 sections right
after that were measured. The atherosclerotic lesion area in
sections was quantified using the Nikon image analysis sys-
tem, consisting of a Nikon CiS microscope coupled to a video
camera DS-Fi1 and NIS Elements Imaging software (Nikon
Ltd). One slide/aortic root from the same location was immu-
nostained with the a-MOMA-2 (MCAB19; AbD Serotec) and
a-CD3 (ab16669; Abcam) antibody, respectively, with the
inclusion of rat or rabbit IgG as corresponding isotype con-
trols. The MOMA-2—positive lesion areas were subsequently
quantified as percent of total lesions in 5 consecutive sec-
tions by computer-aided morphometric analysis using NIS
Elements Imaging analysis system. All analyses were per-
formed blinded.
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Isolation of Cells

At euthanization, white blood cells in peripheral blood were
obtained by removing red blood cells with RBC Lysis buffer
(64010-00-100, Biogems). Spleens, thymuses, and aorta-drain-
ing lymph nodes (aLNs) were excised and squeezed through a
70 pm cell strainer (3562350, Corning). To isolate immune cells,
the lungs and aortas in the thoracic cavities were removed
after PBS perfusion and cut into small pieces, followed by a
30-minute digestion with type Il (250 U/mL for lungs) or type
I (150 U/mL for aortas) collagenase (LS004176/L.S004196;
Worthington Biochemical). Digested tissues and solutions were
then mashed through a 70 pm cell strainer. Pulmonary leuko-
cytes were further purified by a 409%/70% Percoll (17-0891-
09; GE) gradient. In some experiments, splenic CD4+, CD8* T
cells or CD4*CD62L*CD44"" naive, CD4*CD25  responder and
CD4+*CD25* Treg cells were purified after staining with FITC/
APC anti-mouse CD4 (1004067100412, 1:200), PERCP anti-
mouse CD8a (100732, 1:200), PE anti-mouse CD25 (102007,
1:200), APC anti-mouse CD62L (104412, 1:200), Pacific Blue
anti-mouse CD44 (103020, 1:200; all from Biolegend) via a
FACSAria cell sorter (BD Biosciences). CD3* T cells, T-cell—
depleted splenocytes, and CD11c* dendritic cells were obtained
by using magnetic beads (480070/480078; Biolegend).

Real-Time Quantitative Polymerase Chain

Reaction

Total RNA was extracted from purified CD3* T cells, T-cell-
depleted splenocytes, in vitro—activated CD4* T cells, CD11c*
dendritic cells, and thoracic aortas by the E.ZN.A. HP Total RNA
kit (R6812-02, OMEGA). cDNA was subsequently synthesized
from 1 pg of RNA using Reverse Transcriptase M-MLV (2641A,;
TaKaRa) according to manufacturer's instructions. mRNA lev-
els were quantitatively determined on an ABI StepOnePlus
Sequence Detection System (Applied Biosystems) by SYBR-
green technology. Polymerase chain reaction primers were
designed (Table S1) and expressions of target genes were
normalized to the average levels of the housekeeping genes
RPS13 (ribosomal protein S13), HPRT (hypoxanthine phos-
phoribosyltransferase), GAPDH, and (3-actin.

Cholesterol Efflux Assay

Labeling medium containing BODIPY-cholesterol (810255;
Avanti Polar Lipids) was prepared by complexing the sterols
(unlabeled cholesterol and BODIPY-cholesterol, 8:2) with CD
(methyl-betta-cyclodextrin) at a molar ratio of 1:15 (cholesterol/
CD; C3045/C4555; Sigma).'® Purified CD4* and CD8* T cells
from spleens of Abca1P+/P4[ dlr~~ and control Abcal**Ldlr~
mice on NLD were labeled by incubation with 2.5 mM BODIPY-
cholesterol-loaded CD in Iscove Modified Dulbecco Medium
(31980030; Gibco) plus 0.2% fatty acid-free BSA (A8806;
Sigma) and 2 ug/mL ACAT (Acyl CoA: cholesterol O-acyl trans-
ferases) inhibitor (5§9318; Sigma) at 37 °C, 5% CO, for 60 min-
utes. After washing twice with fresh Iscove Modified Dulbecco
Medium by a brief spin at 350g for 5 minutes, the cells were
resuspended in Iscove Modified Dulbecco Medium for 1-hour
equilibration. apo Al (10 pg/mL, 178452; Calbiochem) or HDL
(50 pg/mL, YB-003; Yiyuan Biotechnologies) was then added
into the cell suspension to initiate cholesterol efflux. Four hours
later, efflux was stopped by a brief spin at 350g for 5 minutes to
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remove the supernatant with acceptors. Samples treated without
apo Al or HDL after equilibration was used as the baseline for
efflux. Mean fluorescence intensity (MFI) of BODIPY-cholesterol
on T cells was measured by flow cytometry (Calibur; BD
Biosciences). The cholesterol efflux level was calculated as fol-
lows: (baseline MFl-remaining MFl)/baseline MFIx 100.

Flow Cytometric Analyses

Cells were stained with antibodies against CD45, CD45b.1,
CD45.2,CD3, CD4,CD8,CD11b,CD11c, IA/IE, CD44, CD62L,
CD28, CD137 CD27 0X40, CXCR3 (CXC motif chemokine
receptor 3), CCR5 (CC motif chemokine receptor 5), or corre-
sponding isotype controls (all from eBioscience or Biolegend),
for 156 minutes at 4°C in PBS containing 1% normal C57BL/6J
mouse serum. After washing, cells were subjected to flow cyto-
metric analysis (Calibur; BD Biosciences) to determine the
phenotype of T cells in different organs. The expressions of anti-
apoptotic proteins Bcl-2 (B-cell lymphoma 2) and Bel-xL (B-cell
lymphoma extra-large) were determined by intracellular stain-
ings with a-Bcl-2 (633509; Biolegend) and a-Bel-xL (2764S;
Cell Signaling Technology) antibodies. For assessment of IFN
(interferon)~y producing cells, cells were stimulated with PMA
and ionomycin in the presence of brefeldin A (00-4975-93; eBio-
science) for 16 hours before intracellular stainings with o-IFN-y
antibody (505810; Biolegend). Treg cells were visualized by
intracellular stainings with a-Foxp3 antibody (12-5773-82, FUK-
16s; eBioscience). IFN-y and Foxp3-positive cells were identi-
fied using FMO (fluorescence minus one) controls. All antibodies
were used at the dilution of 1:200 unless otherwise indicated.

For lipid raft analysis, cells were fixed in 4% polyformalde-
hyde at room temperature for 30 minutes immediately after
cell surface staining. Cells were then incubated with biotin-
labeled cholera toxin B subunit (C9972; Sigma) and PerCP-
labeled streptavidin (405213; Biolegend) before analysis by
flow cytometry.

To visualize TCR signaling, splenocytes were stimulated
with 1 ug/mL a-CD3 antibody or 10 pg/mL OVA,,. ... peptide
(RP10610; Genescript) for up to 90 minutes at 37 °C, fixed
with 4% paraformaldehyde and permeabilizated in ice-cold
100% methanol, followed by incubation with antibodies against
surface markers and phosphorylated Zap70 (no. 2717, 1:800;
a-Phospho-ZAP-70) and Erk (no. 4370, 1:800; a-Phospho-
Erk1/2; both from Cell Signaling Technology).

Cell Culture and Functional Analysis

Fluorescence-activated cell sorting (FACS)-sorted splenic
total CD4+/CD8* T cells or CD4*CD62L+*CD44"" naive T cells
were first labeled with CSFE (2.5 pM, C1157; Invitrogen), and
then stimulated with plate-bound a-CD3 and soluble a-CD28
antibodies (both at 1 pg/mL, 100340/102116; Biolegend) for
24 or 72 hours. To determine the suppressive capacity of Treg
cells, FACS-purified CD4*CD25" Treg cells were cocultured
with CSFE-labeled CD4+*CD25 responder T cells (1x10%/
well) at indicated ratios in the presence of soluble a-CD3 (2.5
pg/mL) and 2x10%/well feeder cells (T-cell-depleted spleno-
cytes) for 72 hours. The concentrations of IL (interleukin)-2 in
supernatants after 24-hour culture were determined by ELISA
(88-7024-88; eBioscience). Apoptotic cells were determined
by 7-AAD and Annexin V (659763; BD Biosciences) stain-
ings for 15 minutes at room temperature, and proliferation of
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(responder) T cells was visualized by CFSE profiles in flow
cytometric analysis.

Adoptive Transfer Experiments

Purified CD4*CDB2L*CD44"* naive T cells (8x10%/mice), from
spleens of CD4-Cre*Abca1™0T-Il or control CD4-Cre’Abcal”
OT-1 mice (CD45.2%), were injected into the tail vein of untreated
female CD45.1* recipients. Pilot experimental data (effect size
0.5, variability 0.2, significant level 0.05, power 0.9, and 1-sided
test) were used to estimate the recipient sample size (n=4) using
the online software (https://edanc3rs.org.uk/eda/login/auth).
One day later, mice were intravenously immunized with 2 mg
ovalbumin (LS0030054, OVA; Worthington) plus 20 ug lipopoly-
saccharide (L2880; Sigma). The phenotypes/numbers of donor-
derived T cells in the blood, spleens, mesenteric lymph nodes,
and lungs were analyzed/calculated by FACS on indicated days
postimmunization. The expressions of IL-2 and IFN-y in donor
T cells were determined after restimulating splenocytes with 10
Hg/mL OVA,, ... peptide in the presence of brefeldin A (eBiosci-
ence) for 6 hours before intracellular stainings.

Statistical Analysis

The software Prism 8 (Graphpad, San Diego, CA) was used to
generate graphs and perform statistics. Data were expressed
as mean=SEM. To determine statistical significance for differ-
ences between 2 groups in experiments with n<6, a nonpara-
metric Mann-Whitney U test was utilized. For n=6, normality
was assessed with the Shapiro-Wilk test using 0=0.05, and
the assumption of equal variances was analyzed using an F
test. For all groups that passed these tests, unpaired ¢ test was
utilized. Mann-Whitney U test or unpaired ¢ test with Welch cor-
rection were utilized for data that did not pass normality or F
test, respectively. One-way ANOVA with Bonferroni multiple
comparisons was used for data of >2 groups. Two-tailed calcu-
lations were used unless otherwise indicated. A level of A<0.05
was considered statistically significant.

RESULTS

Deletion of ABCA1 Markedly Inhibits T-Cell
Cholesterol Efflux to Apo Al, but Slightly
Reduces Membrane Contents of Cholesterol-
Rich Lipid Rafts in T Cells

To investigate the role of Abcal in T cells and the impor-
tance of T-cell-specific ABCA1 in atherosclerosis, we
used the CD4-Cre mouse strain to generate the condi-
tional ABCA1 knockout mice (Abca 1°P+/P+) on the Ldlr’~
background. The expression of CD4 in the CD4*CD8*
double-positive thymocytes triggers the expression of
the Cre enzyme, which subsequently deletes the Abcal
gene in these cells as well as the later mature CD4" and
CD8* single-positive T cells in Abca 1P/P*[ dlr~= mice
(Figure STA). Indeed, the mRNA levels of ABCA1 were
reduced >90% (A<0.001) in splenic CD3* T cells of
Abca 1P+ 0%| dlr"-mice as compared to those of litter-
mate Abcal**Ldlr’-controls (Figure 1A). Of note, unlike
macrophages with higher levels of ABCAT1, T cells express

Arterioscler Thromb Vasc Biol. 2022;42:e311-e326. DOI: 10.1161/ATVBAHA.122.318226
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Figure 1. ABCA1 (ATP-binding cassette transporter A1) deletion inhibits T-cell proliferation and survival after activation in vitro.
A, mRNA levels of ABCA1 and ABCG1 in purified CD3* T cells from female Abca1*/®*Ld|r- (gray bar) or littermate Abca1**Ldlr”~ (open
bar) mice (n=6 mice/group) on normal laboratory diet (NLD). B and C, Cellular cholesterol efflux to apo Al (10 pug/mL) or HDL (high-density
lipoprotein; 50 pug/mL) from BODIPY-cholesterol loaded CD4* (B) or CD8* (C) T cells purified from female Abca1*/P*Ldlr- (gray bar) or
control Abca1**LdIr’- (open bar) mice (=6 mice/group) on NLD. D and E, Representative histograms (D) or bar graphs (E) showing levels
of lipid rafts, determined by CTB staining, on membranes of purified splenic CD4* or CD8* T cells from male Abca 14/ dlr- (black line/
gray bar) and Abca1**Ldlr’- (gray line/open bar) mice (n=4 mice/group) on NLD. F and G, Representative histograms (F) or bar graphs (G)
showing the levels of phosphorylated ZAP70 (pZAP70) and ERK (pERK) in total CD4+ or CD8* T cells from naive male Abca 1+ P+ Ld|r~
versus Abcal**Ldlr’~ mice (n=7 mice/group) upon activation. Cells were activated by soluble anti-CD3 (1 pg/mL) for 60 minutes before
fixation/permeabilization and intracellular staining. H-K, Representative histograms showing the division of cells, illustrated by (Continued)
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5-fold less ABCA1 than ABCG1 (Figure 1A). Interestingly,
deletion of ABCA1 further upregulated the expression of
ABCG1 in T cells at both mRNA (1.32-fold, ~=0.0181;
Figure 1A) and protein (1.81-fold, P=0.0286; Figure S1B
and S1C) levels. As expected, expressions of ABCA1 and
ABCG1 in non-CD3" (ie, T cell-depleted) splenocytes and
liver tissues were not affected in Abca 1P+ P4 dlr'-mice
(Figure S1D and S1E), corroborating the T-cell-specific
depletion of ABCAT1 in these mice.

Deletion of ABCA1 dramatically inhibited apo Al-
mediated cholesterol efflux from both CD4*+ (0.19-fold,
R<0.001) and CD8* (0.14-fold, ”R<0.001) T cells (Fig-
ure 1B and 1C). Moreover, despite the upregulation of
ABCG1, ABCA1™”~ T cells showed slight reductions
(=9%) in cholesterol efflux to HDL (Figure 1B and 1C),
likely due to the absence of cholesterol transport from T
cells via ABCA1 to small dense HDL.> As expected, no
differences in cholesterol efflux to apo Al were observed
in macrophages isolated from control versus Abcal1®?*/
D+ dlr"-mice (Figure S1F). Cholesterol is an important
component of membrane lipid rafts, and the membrane
contents of lipid raft can be quantified using fluorescently-
labeled CT-B (cholera toxin B), which binds to the penta-
saccharide chain of ganglioside GM1, a raft-associated
lipid."” Interestingly, no increment of membrane lipid rafts
was detected in ABCA1-deficient splenic T cells that had
impaired cholesterol efflux capacities. Instead, a slight but
significant decrease of membrane lipid rafts was observed
on both ABCA1~~ CD4* (0.91-fold, A~=0.0286) and CD8*
(0.93-fold, P=0.0286) T cells as compared to the corre-
sponding control (Abcal**) T cells (Figure 1D and 1E).
Thus, specific knockout of ABCA1 in T cells markedly
inhibits the cholesterol efflux to apo Al, but slightly reduces
the contents of lipid raft in the cell membrane.

ABCA1-Deficient T Cells Display Impaired TCR
Signaling, Reduced Proliferation, and Increased
Apoptosis After Activation In Vitro

Next, we compared the development and phenotype of T
cells between Abca 1P+ [ dlr’~ and Abcal**Ldlr"-mice
on NLD. The thymic weights and cellularities were compa-
rable between these 2 groups of mice (Figure S2A). In the
thymus, T cell precursors immigrated from the bone marrow
undergo a step-wise differentiation from CD4"CD8" dou-
ble-negative to the CD4*CD8* CD4*CD8* double-positive
stage before diverging into either CD4*CD8 or CD4
CD8* single-positive T cells that eventually migrate into
the periphery. The percentages of thymic CD4* and CD8*

T Cell-FABCA1 Promotes Atherosclerosis

single-positive as well as CD4*CD8* double-positive T cells
were comparable between Abca 1P+“P*[ djr’~ and Abca1*/
*Ldlr"-mice, showing that deletion of ABCA1 in CD4*CD8*
double-positive thymocytes has no impact on their further
development into CD4/8 single-positive T cells in the thy-
mus (Figure S2B).

In the periphery, the absolute numbers of splenocytes as
well as splenic CD4* and CD8* T cells did not differ signifi-
cantly between control and Abca 1<°+/P4[ dlr~"-mice (Figure
S2C). Based on expressions of CD44 and CD62L, mature
T cells can be subdivided into the following four subsets:
naive (CD44-CD62L"), central memory (CD44+CD62L"),
EM (CD44+CD62L) and effector (CD44CD62L) T cells.
Frequencies of these 4 subsets in both CD4* and CD8*
T-cell compartments were comparable between control and
T-cell specific ABCA1-deficient mice as well (Figure S2D
and S2E). Thus, T-cell-intrinsic ABCA1 has little impact
on the number and phenotype of peripheral T cells under
homeostatic conditions in vivo.

Given the importance of lipid rafts in signaling trans-
duction, we further explored the roles of ABCA1 on TCR
signaling and TCR-driven T-cell proliferation. The deletion
of ABCA1 did not alter the basal expressions of TCR and
CD3 on splenic CD4* or CD8* T cells in mice (data not
shown). However, upon activation by anti-CD3, the phos-
phorylation of both ZAP (pZAP70) and ERK (pERK), 2
important molecules along the TCR signaling pathway,
were considerably reduced by *20% in ABCA1~~ CD4*
and CD8* T cells in comparison to those in ABCA1-
sufficient counterparts (Figure 1F and 1G). Accordingly,
ABCA1~~ CD4* and CD8" T cells showed a ~25%
reduction in capacities to divide three or more times after
TCR stimulation, accompanied by a concomitant ~35%
increase of apoptotic cells (Figure 1H through 1M).

Taken together, despite little impact on in vivo devel-
oping thymocytes and the number/phenotype of mature
T cells in the periphery under homeostatic conditions,
deficiency of ABCA1 impairs TCR signaling, inhibits the
proliferation while promotes apoptosis of T cells upon
activation in vitro.

T-Cell-Specific Deletion of ABCA1

Reduces Arterial Accumulations of T Cells,

and Ameliorates the Development of
Atherosclerosis in LdIr”- Mice on WTD

To induce the formation of atherosclerosis, Abca 1P+’

4| dlr’~ and littermate Abcal**Ldlr’~ control mice
were fed a high fat/cholesterol WTD for 9 weeks. WTD

Figure 1 Continued. CFSE dilutions (H and 1), or mean percents of divided cells (J and K) of CD4* (H and J) or CD8* (I and K) T cells
isolated from male Abca1*/®*Ldlr~~ (black line/gray bar) and Abca?**Ldlr~~ (gray line/open bar) mice on NLD (n=4 mice/group). L and M,
Activation-induced apoptosis of CD4* (L) or CD8* (M) T cells isolated from male Abca1*/*Ld|r- (gray bar) and Abca1**Ldlr”’~ (open bar)
mice on NLD (n=4 mice/group). CSFE-labeled (H-K) or nonlabeled (L and M) CD4+/CD8* T cells were stimulated with 1 pg/mL plate-bound
a-CD3 plus soluble a-CD28 antibodies. CSFE dilutions and cellular apoptosis were determined by fluorescence-activated cell sorting (FACS)
after 72 hours of activation. Data are expressed as meantSEM. Results in A-C and G were compared with unpaired t test, and results in E
and J-M were compared with unpaired Mann-Whitney U test. A.U. indicates arbitrary unit; CTB, cholera toxin B; and MFI, mean fluorescence

intensity.
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Figure 2. T-cell-specific deletion of ABCA1 (ATP-binding cassette transporter A1) ameliorates the development of

atherosclerosis in LdIr’- mice on Western-type diet (WTD).

Animals were fed with WTD for 9 weeks to induce the formation of atherosclerotic lesions. A and B, Plasma total cholesterol (TC; A) and
triglyceride (TG; B) levels of Abca 1+ dr- (gray bar) and Abca1**Ldlr~ (open bar) mice on normal laboratory diet (NLD) or WTD (n=13-
16 mice/group). C and D, Representative photomicrographs showing oil-red-O stained sections (original magnification 4x10) with dashed lines to
mark the border of atherosclerotic lesions (C) and mean atherosclerotic lesion sizes at aortic roots (D). E and F, Representative photomicrographs
showing a-Moma-2 stained sections (brown, 10x10) counterstained by hematoxylin (E), and mean absolute macrophage contents (F) in aortic
roots of Abca1P*/P*Ldjr’- (black dot) and Abca?**Ldlr’~ (open dot) mice. Each symbol represents the mean lesion area in a single mouse

and the horizontal line indicates the mean of the group. Results in A, B, and D were analyzed with one-way ANOVA with Bonferroni multiple
comparisons. Results in F were compared with unpaired ¢ test (P=0.0093, male) or Mann-Whitney U test (P=0.0126, female).

feeding significantly increased plasma total cholesterol
and triglyceride levels in both animal groups, but no
effects of T-cell ABCA1 deletion on serum total cho-
lesterol and triglyceride levels were observed in either
male or female mice (Figure 2A and 2B). Moreover,
female Abca1**Ldlr"-animals developed considerably
larger lesions (1.29-fold, P=0.0096) at aortic roots than

Arterioscler Thromb Vasc Biol. 2022;42:e311-e326. DOI: 10.1161/ATVBAHA.122.318226

the male counterparts. Nonetheless, the lesion size in
Abca 10404 dIr~- mice, irrespective of the gender, was
significantly smaller (male: 0.79-fold, P=0.0467; female:
0.76-fold, P=0.0026) than that in Abca1**Ldlr"-controls
(Figure 2C and 2D).

IHC stainings demonstrated that lesions at the aor-
tic roots were mainly composed of Moma-2 positive
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macrophages (Figure 2E). Despite no effects on the
relative macrophage contents (Figure S3A and S3B),
T-cell specific deletion of ABCA1 significantly reduced
the absolute amounts of macrophages in atheroscle-
rotic lesions in both males (0.75-fold, A=0.0093) and
females (0.71-fold, P=0.0126; Figure 2F), likely owing
to the reduced lesion sizes in these mice (Figure S3A
and S3B). In female Abca 1°4/P*[ dlr"-animals, the rela-
tive contents of necrotic cores were also reduced (0.40-
fold, A~=0.0121, data not shown), whereas this was not
observed in male animals due to the absence of visible
necrotic cores in both genotypes.

Strikingly,a~b0% reductionof CD3* T cells was noted
in lesions and the surrounding adventitias in Abca 1€+
04| dir’= mice, regardless of the genders, compared
to that in corresponding Abca 1**Ldlr"~controls (Figure
3A and 3B). Given that the formation of lesions in the
aortic arch is much slower than that at the aortic roots
in mice on LDLr”~background, we further analyzed the
number of CD4*/CD8* T cells in aortic arch of female
mice with larger lesions and more T cells. As expected,
female Abca1P4/04[ dlr~~ mice also had significantly
reduced numbers of both CD4* and CD8* T cells in
thoracic aortas (CD4*: 0.49-fold, P=0.0362; CD8":
0.b4-fold, P=0.0326 versus Abcal**Ldlr’-controls;
Figure 3C), although the percentages of CD3*CD11b"
T cells among gated CD4b* leukocytes and the ratio
of CD4*/CD8* T cells within gated CD3*CD11b" com-
partment were comparable (data not shown). Notably,
a highly positive correlation was witnessed between
the numbers of CD4* and CD8* T cells in aortas (Fig-
ure 3C). At the mRNA level, similar reductions and
correlations of CD4 and CD8 expressions were also
observed in thoracic aortas of female Abca1cP4/c04
Ldlr’= mice (Figure 3D).

In sum, specific deletion of ABCAT1 in T cells alleviates
atherogenesis in Ldlr~~ mice, which is associated with
reduced arterial accumulations of T cells.

ABCAT1 Deficiency Alters the Phenotype and
Function of T Cells in WTD-Fed LdIr’- Mice

Akin to situations in naive mice, the development of
thymocytes and absolute numbers of CD4* and CD8*
T cells in spleens, blood, lungs, and aortic lymph nodes
were comparable between control and Abca1*/P+
Ldlr= mice after 9-week WTD feeding (Figure S4A
through S4F), ruling out the possibility that less T cells
in lesions were simply attributed to a general T-cell defi-
ciency in Abcal®+ P+ dir’ mice on WTD. However,
upon WTD challenge, surface levels of TCR decreased
slightly (10%) on ABCA1-deficient CD4* and CD8* T
cells in spleens (A<0.001/P<0.001) and aortic lymph
nodes (FP=0.0038/0.0022; data not shown), which may
further attenuate TCR signaling and alter the phenotypes
of peripheral T cells.

e318  December 2022
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We thus speculated that reduced migration/infiltra-
tion or increased apoptosis of T cells may underlie the
phenomena (described in Figure 3) in atherosclerotic
Abca 1P+/0%[ dir’~ mice. To test these hypotheses, we
first compared the expressions of a panel of chemokine
receptors and anti/proapoptotic genes in in vitro—acti-
vated control versus ABCA1-deleted splenic CD4* T
cells by quantitative polymerase chain reaction or FACS
analyses. Significant reductions in mRNA levels of CCR5
(=25%) and CXCR3 (=45%) were detected in ABCA1~/~
CD4* T cells early (24 hours) after activation (Figure 4A),
whereas their CCR1 and CCR2 levels were comparable
to those in control cells (data not shown). Accordingly,
the surface protein levels of both CCR5 and CXCR3 on
ABCA1~~ CD4* T cells were reduced by ~20% at 72
hours poststimulation (Figure 4A). Moreover, expressions
of the antiapoptotic proteins Bcl-2 and Bel-xL but not
the proapoptotic molecules BIM, BAX and BAK, were
significantly lower at both the mRNA (50%) and pro-
tein (x25%) levels in ABCA1~~ CD4+ T cells (Figure 4B
and 4C). In accordance with the above in vitro findings,
frequencies of CD4+ and CD8* T cells expressing CCR5
were significantly decreased in spleens (%25%), blood
(=30%), lungs (*35%) and alLNs (%20%) of Abca 1P+
4L dlIr’= mice than those in control Abcal**Ldlr’-
mice after 9-week WTD feeding (Figure 4D through
4G). Similar reductions in percentages of CXCR3 posi-
tive CD4* T cells were also observed in all organs ana-
lyzed in Abca 1P [dlr’- mice, whereas percents of
CXCR3-expressing CD8* T cells were mildly decreased
in lymphatic organs (#10%) and lungs (%25%) as well
(Figure 4D through 4G). Furthermore, splenic CD4*
and CD8* T cells in WTD-fed Abca 10+/P4[ dlr~ mice
expressed significantly less antiapoptotic proteins Bcl-2
(=30%) and Bcl-xL (=20%; Figure 4H). Together, these
data indicated that ABCA1 promotes the migration/infil-
tration and survival of activated T cells by upregulating
CCRbB/CXCR3 and Bcl-2/Bcl-xL, respectively, in athero-
sclerotic-prone arteries.

In addition, ABCA1~~ CD4* T cells expressed ~70%
less IFN-y at both mRNA and protein levels upon TCR
activation in vitro (Figure 4l). Likewise, significantly
reduced percentages of |IFN-y—positive CD4* and
CD8* T cells were observed in both spleens (*25%)
and alLNs (=30%) of WTD-fed Abca1P4/C0%[ djr/~
mice (Figure 4J and 4K). An approximate 40% reduc-
tion (P=0.0251) in mRNA levels of IFN-y were also
noted in thoracic aortas of Abca 1P4/4Ldjr/~ mice as
well (data not shown).

Collectively, depletions of ABCA1 in T cells lead
to reduced surface CCRB/CXCR3 expressions,
decreased antiapoptotic proteins Bcl-2 and Bcl-xL,
and hampered IFN-y—producing abilities of activated
T cells in mice on WTD, all of which may contribute
to the significant decline of T cell numbers in lesions
and the amelioration of atherosclerosis development

Arterioscler Thromb Vasc Biol. 2022;42:e311-e326. DOI: 10.1161/ATVBAHA.122.318226
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Figure 3. Significantly reduced T-cell accumulations in atherosclerotic lesions of T-cell-specific ABCA1- (ATP-binding cassette
transporter A1) deficient mice on Western-type diet.

A and B, Representative photomicrographs showing a-CD3 stained sections (blue, indicated by arrows, x400), counterstained by fast nuclear
red (left), and mean numbers of CD3* T cells (right) in atherosclerotic lesions and surrounding adventitias of male (A) or female (B) Abca1®+/
b4 dlr- (black dot) and Abca7**Ldlr’- (open dot) mice. C and D, Numbers of CD4*/CD8* T cells (C) or mRNA expressions of CD4/CD8 (D)
in thoracic aorts of female Abca1*/?*Ld|r- (black dot) and Abca1**Ldlr’- (open dot) mice (left) and their correlation (right). Each symbol
represents the mean value in a single mouse and the horizontal line indicates the mean of the group. All results were compared with unpaired ¢
test. Pvalues in A (0.0202, lesion) and B were corrected with Welch test. A.U. indicates arbitrary unit.
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Figure 4. Deletion of ABCA1 (ATP-binding cassette transporter A1) reduces the expressions of chemokine receptors and
antiapoptotic proteins, and hampers the effector functions of T cells both in vitro and in vivo.

A-C, Expressions of indicated chemokine receptors (A), proapoptotic (B) or antiapoptotic (C) proteins on/in activated CD4* T cells. Purified
splenic CD4+ T cells, from naive female Abca1*/P*Ldlr~- or control Abca1*/*Ldlr’- mice, were stimulated with plate-bound a-CD3 and
soluble a-CD28 (both at 1 pg/mL) for 24/72 hours before RNA extraction/fluorescence-activated cell sorting (FACS) analysis, respectively.
Expressions were determined by quantitative polymerase chain reaction (Q-PCR; n=7 mice/genotype) or FACS (n=4 mice/genotype). D-G,
Percentages of CCR5* (CC motif chemokine receptor 5) or CXCR3* (CXC motif chemokine receptor 3) cells within gated CD4* (D and E) or
CD8* (F and G) T cell compartment in indicated tissues of female Abca1P+/°+Ldlr~~ versus Abcal**Ldlr’- mice after 9-week Western-type
diet (WTD) feeding (n=6 mice/group). H, Expressions of antiapoptotic Bcl-2 (B-cell lymphoma 2) and Bcl-xL (B-cell lymphoma extra-large),
determined by FACS, in splenic CD4* and CD8* T cells in WTD-fed female Abca1*/“P*Ldlr- versus Abca1**Ldlr’- mice (n=6 mice/group).
I, Levels of IFN (interferon)-y in activated CD4* T cells or culture supernatants. CD4* T cells, purified from spleens of female Abca1¢P#/0+
Ldlr~~ or control Abca1**Ldlr’~ mice on normal laboratory diet, were activated with anti-CD3/28 in vitro. Expressions of IFN-y in cells/culture
supernatants were analyzed by Q-PCR (24 hours)/ELISA (72 hours), respectively (n=4 mice/group). J and K, Percentages of IFN-y* cells
within gated CD4* (J) or CD8* (K) T cells in spleens (SPC) or aortic lymph nodes (aLN) of WTD-fed female mice (n=5-6 mice/group). Data
are expressed as meantSEM. mRNA and mean fluorescence intensity (MFI) results in A-C were compared with unpaired t test and Mann-
Whitney U test, respectively. Results in D—H and J-K (SPC) were compared with unpaired ¢ test, and P values (0.0026 and 0.0243) in E were
corrected with Welch test. Results in 1=K (aLN) were compared with unpaired Mann-Whitney U test. A.U. indicates arbitrary unit.

in Abca1P+/4+[ dir’= mice. Of note, it is unlikely that T-Cell-Specific Deletion of ABCA1 Reduces

these aberrant phenotypes and functions of activated  the Frequency of EM T Cells During the
ABCAT1-deficient T cells are related to impaired costim- Development of Atherosclerosis

ulatory signaling, as expressions of many costimulatory

molecules were unaltered or even slightly increased in  Interestingly, detailed phenotypic analyses revealed a
Abca 1¢P4+/C0% [ dir’- mice on NLD or WTD (Figure S4G slight but consistent increase of naive T cells at the
through S4J). expense of EM T cells in both splenic CD4* (NA:
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1.22-fold, P=0.026; EM: 0.80-fold, P=0.0152) and
CD8* (NA: 1.10-fold, P=0.0368; EM: 0.71-fold,
P=0.0022) T-cell compartments in female Abca1*’
b4 dir"-mice on WTD (Figure 5A and 5B). A simi-
larly altered T-cell phenotype was observed in T-cell
ABCA1 deficient male animals on WTD as well (data
not shown). Because EM T cells preferentially reside
in extralymphoid tissues?’ the decreased numbers
of splenic EM T cells in Abca1?*/P%[ dIr"-mice may
result from an increased egress of these cells into
other tissues, for instance, lungs. We thus analyzed
the phenotype of T cells in the circulation and lungs of
these two groups of mice after WTD feeding. Although
the percentages of EM T cells in lungs were signifi-
cantly higher than those in the blood and spleens as
expected, similar declines of EM T cells as observed
in spleens, were evident in the circulation (+20%)
and lungs (=25%) of AbcalP+ P+ dir'-mice (Fig-
ure 5C through BF). Therefore, it is unlikely that the
decreased numbers of EM T cells in lymphatic organs
of Abca 14/ P4 dlr"-mice after WTD feeding can be
attributed to their altered distributions among differ-
ent tissues. Furthermore, the percentages of EM T
cells were also decreased in aLNs (CD4*: 0.76-fold,
P=0.0317; CD8*: 0.79-fold, P~=0.0397) of mice with T
cell-targeted deletion of ABCA1 (Figure 5G and 5H).

Notably, the number and suppressive function of
Foxp3* Treg cells were comparable in spleens and
alNs of these two groups of mice (Figure SHA through
SBC). Moreover, the expressions of Foxp3 in aortas of
Abca 1°P4+/04 dlr"-mice tended to decrease by ~50%
(P=0.08) after normalization to CD4 (data not shown).
Together, these data indicate that the reduced numbers
of EM T cells and decreased arterial accumulation of T
cells in Abca 1P+/P4| dlr'"-mice on WTD were not the
consequence of augmented suppressions conferred by
Treg cells in vivo.

ABCA1 Deficiency Reduces the Generation,
Survival, and Function of CD4* Memory T Cells
In Vivo

Given the weak expression of CD4 on dendritic cells, it is
possible that the profound defects of EM T cells in WTD-
fed Abcal®+ D4+ dir’- mice may partially stem from
the altered dendritic cells with reduced ABCA1 expres-
sions. However, no differences in the number of dendritic
cells and their expressions of ABCA1 and MHC-Il were
observed in Abca 1°P4/P4 djr’~ versus control mice (Fig-
ure S5D and S5E).

Next, we isolated CD47CD44 CD62L* naive T cells
and subsequently stimulated them with a-CD3 and a-
CD28 in vitro to explore T-cell-intrinsic roles of ABCA1
in the generation/maintenance of EM T cells. The activa-
tion of CD4* naive T cells was suppressed by the deletion
of ABCA1 as evidenced by reduced expression of CD25
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on cell surface (0.93-fold, P=0.026) and IL-2 levels in
supernatants (0.91-fold, P=0.0079) early (24 hours)
after stimulation (Figure 6A). Notably, similar to our in
vivo findings depicted in Figure 5, ABCA1 deficiency
resulted in significantly reduced numbers of CD44+*
memory T cells at 72 hours post stimulation (0.89-
fold, A=0.0065; Figure 6B). Considering the reduced
IL-2 and CD25 expressions in ABCA1-depleted T cells
upon activation (Figure 6A), and the importance of IL-2/
CD25 signaling in T-cell survival,?? we reasoned that the
reduced amounts of CD44** memory ABCA1-deficient
T cells in vitro may be attributed to the increased apopto-
sis of these cells. We thus sorted CD44+*CD4* memory
T cells generated in vitro (72 hours) and analyzed their
cellular viabilities/apoptosis upon further culture. Indeed,
significantly more apoptotic cells were observed in cul-
tured ABCAT1-deficient CD44**CD4* memory T cells
(1.3-fold, ~=0.0317) compared with those in ABCA1+/*
control counterparts on day 3 (Figure 6C), and this dif-
ference was almost completely abrogated by addition
of exogenous IL-2 (Figure 6D). Hence, it appears that
deletion of ABCA1 promotes the apoptosis of memory
CD4* T cells mainly via repressing I1L-2/CD25 signal-
ing. Importantly, the in vitro survival of EM, but not naive,
CD4* T cells sorted from spleens of Abca 104D+ dir-
mice on NLD, were significantly decreased (0.84-fold,
P=0.0286) as well (Figure 6E).

To further confirm the T-cell-intrinsic roles of ABCA1
in memory T cells in vivo, naive CD4* OT-II T cells, puri-
fied from spleens of Abca1#/P+QT-I| or Abcal**OT-
Il mice (CD45.2%), were intravenously administered into
CD4b.1* congenic recipients, which were challenged
with OVA and lipopolysaccharide 24 hours later as
described previously?' As expected, the TCR signaling of
these ABCA1~~ T cells was impaired upon stimulation
with cognate peptide in vitro as well (data not shown).
On day 4 post immunization, significantly less (0.68-
fold, P=0.0143) donor-derived CD45.2*ABCA1~~ T
cells, compared with CD45.2*ABCA1** controls, were
detected in the circulation of CD45.1* recipients (Fig-
ure 6F). With the cessation of antigen-induced prolif-
eration in vivo, most antigen-specific T cells die while a
minority of them survive and differentiate into memory
T cells.?® In accordance with our in vitro data, numbers
of ABCA1~~ donor-derived CD4* memory T cells were
significantly reduced in the blood (0.44-fold, P=0.0143),
spleens (0.42-fold, P=0.0286), mesenteric lymph nodes
(0.29-fold, P=0.0286) and lungs (0.55-fold, ~=0.0429)
of recipients 14 days after OVA inoculation (Figure 6F
and 6G). In addition, these ABCA1~~ memory T cells,
generated in vivo, produced profoundly less IL-2 (0.38-
fold, P=0.0286) and IFN-y (0.63-fold, ~=0.0286) upon
restimulation via TCR in vitro (Figure 6H).

Thus, deletion of ABCA1 suppresses the formation
and function of memory CD4* T cells in a cell-intrinsic
manner both in vitro and in vivo.
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DISCUSSION were consistently observed in bone marrow transplan-

ABCAT1 plays a critical role in reverse cholesterol transport
by facilitating HDL biogenesis and stimulating cellular
cholesterol efflux. Although macrophage reverse choles-
terol transport greatly affects the formation of foam cells
in atherosclerotic lesions, specific deletion of ABCA1 in
mature macrophages/neutrophils has little impact on the
development of atherosclerotic lesions.!” Nevertheless,
the atheroprotective effects of hematopoietic ABCA1
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tation studies,® regardless of the expression of LDLr
(low-density lipoprotein receptor) on hematopoietic
cells.?* Therefore, the type of cells responsible for bone
marrow ABCA1-mediated atheroprotection remains elu-
sive so far. In the current study, we, for the first time to
our knowledge, investigated the roles of T-cell ABCA1
on atherosclerosis. To our surprise, specific deletion of
ABCAT1 in T cells alleviates atherosclerosis in both male
and female mice. Mechanistically, ablation of ABCA1
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Figure 6. ABCA1 (ATP-binding cassette transporter A1) deficiency reduces the generation and survival of CD4* memory T cells
both in vitro and in vivo.

Naive CD62L*CD44 CD4"* T cells were purified from spleens of female Abca1°+/?“Ldlr- (gray bar) and Abca1**Ldlr’- (open bar) mice

on normal laboratory diet (NLD; n=5-6 mice/group), and were subsequently stimulated with 1 ug/mL plate-bound a-CD3 and soluble a-
CD28 antibodies in vitro. A, Levels of CD25 on cell surface or IL (interleukin)-2 in supernatants after 24 hours' stimulation. B, Percents of
CD44++CD4* T cells after 72 hours’ stimulation. C and D, Percentages of live (Annexin V-7-AAD") or apoptotic (Annexin V*) cells after a further
3-day culture of fluorescence-activated cell sorting (FACS)-sorted CD4*CD44** memory T cells (72 hours post the primary stimulation) in

the absence (C) or presence (D) of 10 ng/mL of exogenous IL-2. E, Percents of live cells after a 3-day culture of FACS-purified naive (NA)

or effector memory (EM) CD4*T cells from spleens of female Abca1*/“?*Ldlr"~ or Abca1**Ldlr’~ mice on NLD (n=4 mice/group). F and

G, Numbers of donor-derived CD45.2*CD4*OT-II T cells in the blood (F) or indicated tissues (G) of CD45.1* recipients. H, Percentages of
IL-2* or IFN (interferon)-y* cells within gated CD4*CD45.2* memory T cells after restimulation with the OVA,,_ ... peptide on day 14 post
immunization. Naive CD4*CD62L*CD44 T cells, purified from spleens of male Abca1#/“QT-Il (gray bar) or Abca1*+*OT-Il (open bar) mice
(CD45.2*) on NLD, were injected into CD45.1* congenic female recipient mice (n=4 mice/group), which were immunized with OVA plus
lipopolysaccharide 24 hours later (F-H). Data are expressed as meantSEM. All results were compared with unpaired Mann-Whitney U test. P
values in F-H were calculated by 1-tailed test. MFI indicates mean fluorescence intensity; and mLN, mesenteric lymph nodes.

attenuates TCR signaling, suppresses the formation and  to the increased content of lipid rafts in ABCA1-deficient
function of EM T cells, and significantly reduces arterial T~ macrophages,?® ABCA1-deficient T cells exhibit a slight

cell accumulations in response to hypercholesterolemia,  but consistent decrease in membrane lipid rafts, implying
thereby ameliorating the development of atherosclerosis ~ substantially different contributions of ABCA1-mediated
in Ldlr~ mice. cholesterol efflux in the formation of membrane lipid

Cholesterol is a key component of cell membranes  rafts between these two cell types. Indeed, unlike mac-
and is especially enriched in lipid rafts. Membrane cho-  rophages with high levels of ABCA12 T cells express 5

lesterol depletion using methyl-B-cyclodextrin results in  times less ABCA1 than ABCG1, and the latter is further
a disruption of lipid rafts in T cells.?® We show here that  upregulated upon ABCA1 deletion. ABCG1, a direct tar-
ABCAT1 plays a critical role in cholesterol homeostasis ~ get of LXR  induced by intracellular cholesterol deri-
of T cells as its deficiency not only remarkably inhib-  vates,'is preferentially localized in Triton X-100 resistant
its apo Al-mediated cholesterol efflux, but also slightly  raft domains and mediates the efflux of both cholesterol
reduces cholesterol outflow to HDL. Strikingly, contrary ~ and cholesterol-associated sphingomyelin.2*® Given the
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significantly higher expression of ABCG1 in T cells, and
the elevated levels of cellular cholesterol and membrane
lipid rafts in ABCG1-deficient CD4* T cells,'” it seems
that T cells rely more on ABCG1, rather than ABCAT,
to maintain the homeostasis of cellular cholesterol
and membrane lipid rafts. In this scenario, the slightly
decreased membrane lipid rafts in ABCA1-deficient
T cells are likely attributable to the increased ABCG1,
which promotes the efflux of cholesterol and sphingo-
myelin and eventually reduces the contents of lipid rafts
in T-cell membranes. Importantly, increased lipid rafts in
ABCG 1-deficient T cells enhance TCR signaling,'” while
downregulation of lipid rafts by depletion of cholesterol
or sphingomyelin inhibits the multimerization of TCR and
thereby sequestrates its signaling.#2%%9 It is thus con-
ceivable that the impaired TCR signaling in ABCA1-defi-
cient T cells, manifested by decreased phosphorylation
of ZAP70 and ERK upon activation in vitro, is partially
due to ABCG1 upregulation and the subsequent reduc-
tion of membrane raft domains.

Despite little impact on thymic T-cell development and
the number/phenotype of mature T cells in the periph-
ery under homeostatic conditions on NLD, deletion of
ABCA1 profoundly hampers the survival, proliferation,
and function of conventional T cells both in vitro and in
vivo, likely owing to the impaired TCR signaling.®" Upon
TCR triggering, ABCA1-deficient CD4* T cells produce
less IL-2 and express reduced levels of its receptor a
chain CD25 on the cell surface. Given the essential role
of IL-2 in the survival, long-term proliferation, and differ-
entiation of activated T cells,?2%3 the impaired IL-2/CD25
pathway in ABCA1-deficient T cells may further amplify
their TCR signaling defects, resulting in increased apop-
tosis, reduced proliferation, and differentiation towards
memory T cells as well as impaired functionality. Apart
from conventional T cells, cholesterol metabolism regu-
lates Treg cell homeostasis as well3* Hypercholesterol-
emia increases the Treg population,®?¢ while oxidized
LDL dampens the number and suppressive ability of Treg
cells®” As ABCA1 is expressed in Treg cells and apo Al
restores the in vitro Treg differentiation repressed by
oxLDL,*3® an important role of ABCAT in Treg cell biol-
ogy has been postulated. However, our data here dem-
onstrated that specific deletion of ABCA1 in T cells has
little impact on the number and suppressive function of
peripheral Treg cells, even under hypercholesterolemia.
The negative effect of ABCA1-deficiency on Treg cells
might be (partially) compensated by the activation of
LXR, illustrated by upregulated downstream molecule
ABCG1, because decreased/increased LXRp activity
disrupts/promotes the differentiation, fitness, and func-
tion of Treg cells, respectively, in a cell-autonomous fash-
ion.*%41 Likewise, the aberrantly augmented LXRp and
ABCG1 may also contribute to the impaired prolifera-
tion, differentiation, and effector function of conventional
T cells lacking ABCA1."%'%! |ndeed, the activation and
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proliferation defects of ABCA1-knockout T cells were
completely reversed by compound deletions of both
ABCA1 and ABCG1 (unpublished data).

During atherogenesis, antigens, generated as a
consequence of hypercholesterolemia, trigger the acti-
vations of naive T cells, some of which will differenti-
ate into either central memory or EM T cells. Central
memory T cells are preferentially home to lymphoid
organs, while EM T cells express tissue-homing recep-
tors associated with inflammation, such as CCR5 and
CXCRS3, and exert effector functions more readily. Of
note, memory, especially EM, T cells are shown to be
associated with atherosclerosis or coronary artery dis-
ease in humans and animal models.*?*3 CD4* and CD8*
T cells aggravate atherosclerosis development mainly
via IFN-y*4*6, Moreover, CD8* T cells may also promote
lesion progression by inducing the apoptosis of mac-
rophages in plaques which subsequently attracts more
proinflammatory macrophages.*’ In line with these find-
ings, mice with T-cell-specific ABCA1-deficiency on
an Ldlr’-background, after 9-week feeding of WTD,
showed significantly less accumulations of T cells in
plagues and surrounding adventitias, and more impor-
tantly, ameliorated atherosclerotic lesions than the
Abcal** littermates. The vascular accumulations of
T cells mainly result from the infiltration of T cells as
well as their subsequent expansion in situ. It has been
reported that antagonizing the function of CCRb and
CXCRS3 by small molecules almost completely blocks
the influx of T cells into atherosclerotic plaques (~
95%) and thereby greatly attenuates atherogenesis
in Ldlr"= mice.”® Hence, the significantly reduced lev-
els of CXCR3 and CCR5 on ABCA1~~ T cells, both
in vitro upon activation and in vivo after WTD feeding,
indicate that the hampered infiltration of T cells contrib-
utes significantly to their decreased numbers in lesions
in Abca 1P4+/0% [ dir"-mice. Given that IFN-y promotes
the expression of CXCR3 and CCR5 on T cells,**® it is
conceivable that the following cause-effect relationship
exists: depletion of ABCA1 inhibits IFN-y production
via impairing TCR signaling, thereby repressing CXCR3
and CCRb expression on T cells and their subsequent
migration toward inflammatory lesions/vessels, eventu-
ally leading to mitigated atherosclerotic plaque forma-
tions. In addition, the reduced survival, expansion, and
IFN-y—producing ability of infiltrated ABCA1-deficient
T cells in adventitias and plaques contribute to the
diminished atherogenesis as well.

Although CD8* T-cell immunity may depend on CD4*
T-cell help in some pathological conditions,®' deletion of
ABCA1 exerts a similar impact on the number, pheno-
type, and function of CD4* or CD8* T cells in vitro and in
vivo. It is thus difficult to ascertain the relative contribution
of CD4* versus CD8* T cells to T-cell-specific ABCA1-
mediated atherogenesis in the current study, which might
be achieved, for instance, by adoptive transfer of mature
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control CD4* plus ABCA1-deficient CD8* T cells (or vice
versa) into nude mice on an Ldlr’~ background.

Recently, Cheng et al'® revealed that specific deletion
of ABCG1 in T cells increases the intracellular choles-
terol content, enhances the differentiation of naive CD4*
T cells into Foxp3* Treg cells, and thereby protects Ldlr"~
mice against atherosclerosis. Interestingly, augmented
cholesterol efflux to apo Al via ABCA1 reduces cellular
cholesterol levels in Treg cells and inhibits their conver-
sion into T follicular helper cells during atherogenesis.®
Thus, it appears that cholesterol levels play distinct roles
in the differentiation versus stability of Treg cells. Here
we found that deletion of ABCA1 in T cells did not sig-
nificantly affect the number and function of Treg cells,
which may relate to the fact that on one hand, T cells, as
discussed above, depend more on ABCG1 for choles-
terol homeostasis; and on the other hand, the upregu-
lated ABCG1 compensates for the loss of ABCAT1 in
maintaining intracellular cholesterol levels. Nevertheless,
although modulation of T cell cholesterol homeostasis
by deletion of either ABCA1 or ABCG1 is atheroprotec-
tive, the underlying mechanisms differ substantially as
ABCAT1 functions through conventional T cells while the
latter acts mainly via Treg cells.

Notably, the cell-intrinsic effects of ABCA1 on T-cell
biology and atherosclerosis development seem to be
gender-independent.  T-cell-specific  depletions of
ABCA1 similarly impact the phenotype and function of
T cells in male or female mice, and thereby significantly
mitigate the development of atherosclerotic lesions in
both genders. Although most of our in vitro experiments
were performed on cells isolated from female mice,
ABCA1-deficient OT-Il CD4* T cells isolated from male
mice exhibit not only an attenuated TCR signaling upon
activation in vitro, but also an impaired generation/sur-
vival of memory T cells as well as a reduced functionality
upon transfer in vivo.

In summary, our results show that specific deletion of
ABCA1 in T cells impairs TCR signaling, inhibits the acti-
vation, survival, proliferation of T cells and the formation
of EM T cells, leading to significantly reduced accumula-
tion of T cells in lesions and attenuated atherogenesis.
To our knowledge, this is the first direct evidence show-
ing cell-intrinsic roles of ABCA1 in T cell biology and
atherosclerosis.
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