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Abstract

Cholesterol is a key component of cell membranes and is essential for cell growth and
proliferation. How the accumulation of cellular cholesterol affects lymphocyte development and
function is not well understood. We demonstrate that ATP-binding cassette transporter G1
(ABCG1) regulates cholesterol homeostasis in thymocytes and peripheral CD4 T cells. Our work
is the first to describe a cell type in Abcgl-deficient mice with such a robust change in cholesterol
content and the expression of cholesterol metabolism genes. Abcgl-deficient mice display
increased thymocyte cellularity and enhanced proliferation of thymocytes and peripheral T
lymphocytes in vivo. The absence of ABCG1 in CD4 T cells results in hyperproliferation in vitro,
but only when cells are stimulated through the TCR. We hypothesize that cholesterol
accumulation in Abcg1 ™~ T cells alters the plasma membrane structure, resulting in enhanced
TCR signaling for proliferation. Supporting this idea, we demonstrate that B6 T cells pretreated
with soluble cholesterol have a significant increase in proliferation. Cholesterol accumulation in
Abcgl~/~ CD4 T cells results in enhanced basal phosphorylation levels of ZAP70 and ERK1/2.
Furthermore, inhibition of ERK phosphorylation in TCR-stimulated Abcgl~~ T cells rescues the
hyperproliferative phenotype. We describe a novel mechanism by which cholesterol can alter
signaling from the plasma membrane to affect downstream signaling pathways and proliferation.
These results implicate ABCG1 as an important negative regulator of lymphocyte proliferation
through the maintenance of cellular cholesterol homeostasis.

Lymphocytes undergo rapid proliferation during development in the thymus and in response
to antigenic challenge. The least mature double-negative (DN) CD4~ CD8™ thymocytes can
be divided into four subsets (DN1-4) using the expression of two markers, CD25 and CD44:
CD25-CD44* (DN1), CD25*CD44* (DN2), CD25*CD44~ (DN3), and CD25~ CD44~
(DN4). DN4 cells give rise to double-positive (DP) CD4* CD8™ cells, which mature into

Copyright©2009 by The American Association of Immunologists, Inc.

Address correspondence and reprint requests to Dr. Catherine C. Hedrick, La Jolla Institute for Allergy and Immunology, Division of
Inflammation Biology, 9420 Athena Circle, La Jolla, CA 92037. hedrick@liai.org .

Disclosures The authors have no financial conflicts of interest.
The online version of this article contains supplemental material.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Armstrong et al.

Page 2

CD4" or CD8* single-positive (SP) cells (1). The first cell expansion occurs during the DN1
to DN3 stages before TCRp gene rearrangement; the second occurs during the DN-DP
transition before TCRa gene rearrangement. During this process, thymocytes receive stage-
specific growth signals from autonomous cells and the thymic microenvironment. Pre—
TCRB-induced proliferation (DN1-DN3) is dependent on c-kit and IL-7 signals provided by
epithelial cells (1, 2). Late DN3, DN4, and DP proliferation signals are derived from the pre-
TCR complex and trigger a maturation program within developing thymocytes that includes
rescue from apoptosis, inhibition of further DNA recombination at the TCRp gene, and
induction of proliferation and differentiation (3).

After T cell selection and maturation occurs in the thymus, naive T cells enter the periphery
and circulate to secondary lymphoid organs awaiting an encounter with Ag (4). Complex
homeostatic mechanisms assure the survival and production of lymphocytes in appropriate
numbers to maintain proper immune cell function. Evidence suggests that TCR interaction
with self-MHC is necessary for survival and expansion of peripheral T cells (5). The TCR
signal delivered in the periphery maintains the homeostasis of the naive T cell pool by
keeping cells alive and alert. Further, the low level of proliferation reaffirms the potential of
the T cell to respond to infection and launch a full immune response.

Following TCR ligation, a cascade of signaling events occurs that ultimately results in the
induction of IL-2 gene expression, cell-cycle entry, proliferation, and T cell effector
functions (6). Signals from the thymocyte pre-TCR involve many of the same signaling
proteins and lead to survival, differentiation, proliferation, and allelic exclusion (1). Ligation
of the TCR also induces rapid lipid raft clustering that results in the concentration of TCR
signaling proteins at the area of contact between APCs and T cells, known as the
immunological synapse (7). Lipid rafts are highly ordered cholesterol and ganglioside—rich
platforms that facilitate and coordinate close interactions between signaling molecules to
amplify downstream signaling. Patients with autoimmune diseases, such as systemic lupus
erythematosus, have hyperactive T cells with a lower TCR activation threshold. Further,
systemic lupus erythematosus T cells have increased plasma membrane cholesterol and lipid
raft formation, suggesting that changes in cholesterol plasma membrane levels can enhance
protein—protein interactions and TCR signaling (8).

Cholesterol is a key component of cell membranes and is essential for cell growth and
proliferation (9). Cholesterol homeostasis is maintained by two main nuclear receptor
systems: sterol regulatory element binding proteins (SREBPs) and liver X receptors (LXRS).
SREBP-2 resides in the endoplasmic reticulum under conditions of ample sterol (10). When
low cholesterol levels are sensed, SREBP-2 is cleaved and transported into the nucleus to
activate genes involved in cholesterol synthesis and uptake, such as low-density lipoprotein
receptor (LDLR), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase and HMG-CoA
synthase (10). Alternatively, under conditions of excess cellular cholesterol, the LXR
pathway is induced, which increases cholesterol efflux through the lipid transporters ATP-
binding cassette A1 (ABCA1) and ATP-binding cassette transporter G1 (ABCG1) (11).
Recently, Bensinger et al. (12) demonstrated that proliferating T cells maintain cholesterol
homeostasis although the reciprocal regulation of SREBP and LXR. Cells only proliferate if
enough cholesterol is available to satisfy this metabolic checkpoint.

Although the function of ABCGL1 has been described as a lipid transporter, very little is
known about how ABCGL1 facilitates the removal of cholesterol. ABCGL1 is localized in
intracellular compartmental membranes and has been shown to mobilize to the plasma
membrane upon cholesterol loading of macrophages (13), although the study by Xie et al.
(14) does not support this finding. Tarr and Edwards (15) showed that ABCGL1 is localized
to intracellular vesicles in primary mouse hippocampal neurons and primary mouse
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astrocytes. The importance of ABCG1 and how it maintains cholesterol homeostasis in other
cell types is not clear. ABCG1 plays a critical role in maintaining lipid homeostasis in a
variety of organs and is highly expressed in the ileum, liver, lung, spleen, and kidney (16,
17). Abcgl~/~ mice accumulate lipid in their liver and lungs but not in the spleen, kidney, or
ileum when fed a high-fat/high-cholesterol diet (18). At 6 mo of age, Abcgl ™~ mice on
chow diet display cellular accumulation, macrophage and pneumocyte type 2 cell
hypertrophy, increased levels of surfactant, and massive lipid accumulation (19). We and
other investigators showed that lipid accumulation in Abcgl ™~ lungs begins at a very early
age and is accompanied by massive inflammatory cell recruitment and cytokine production
(20, 21). Further, a bone marrow—derived cell is responsible for pulmonary lipidosis and
inflammation in Abcg1~/~ mice (20). ABCAL1 expression is not able to compensate for the
loss of ABCGL in the lung or immune cells, probably because of differences in the way
ABCA1 and ABCG1 maintain cholesterol homeostasis. ABCA1 effluxes cholesterol to
lipid-poor ApoAl, whereas ABCG1 promotes cholesterol efflux to more mature high-
density lipoprotein particles (22, 23). Because ABCG1 expression is primarily intracellular,
and Abcg1~/~ cells have no impairment of cholesterol efflux, the primary role of ABCG1
might be to regulate subcellular cholesterol distribution.

How cholesterol homeostasis affects lymphocyte development and function is not well
understood. In this study, we found that the absence of ABCG1 resulted in a quantitative
increase in cholesterol content and hyperproliferative thymocytes and peripheral
lymphocytes. Our data demonstrate that cholesterol content in the membrane is very
important to TCR signaling, and the absence of ABCGL1 resulted in increased ZAP70 and
ERK1/2 phosphorylation. Inhibiting ERK1/2 phosphorylation in Abcgl~~ T cells rescued
the hyperproliferative phenotype. We can now use Abcgl ™~ mice as a model to investigate
how disruptions in intracellular cholesterol homeostasis affect lymphocyte development and
function. We demonstrate an unrecognized mechanism of how increased cholesterol content
can regulate TCR signaling and cellular proliferation, which could severely impact the
immune response.

Materials and Methods

Reagents

Mice

Flow cytometry Abs anti-mouse CD4 (L3T4), TCRp (H57-597), CD69 ([1H].2F3), CD25
(PC61.5), CD3¢ (17A2), CD62L (MEL-14), CD45.1 (A20), and CD45.2 (104) were
purchased from eBioscience; CD8 (53-6.7) and CD44 (IM7) were purchased from BD
Pharmingen (San Diego, CA), and lineage marker mixture, TCRaf3 and CD4 was purchased
from Caltag Laboratories (Burlingame, CA). CFSE, PMA, ionomycin, and soluble
cholesterol were purchased from Sigma-Aldrich (St. Louis, MO). Murine recombinant IL-2,
anti-mouse CD3, and anti-mouse CD28 were purchased from BD Pharmingen. Thymidine
methyl 3H was purchased from PerkinElmer (Wellesley, MA). PD98059 was purchased
from BIOMOL (Plymouth Meeting, PA). Dynabeads T activator CD3/CD28 were purchased
from Invitrogen (Carlshad, CA).

C57BL/6 (stock no. 000664) and B6.129S7-RAG1IMIMomMA (stock no. 002216) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME), Abcgl~~/lacZ knock-in mice
on a C57BL/6J background were purchased from Deltagen (San Mateo, CA), and B6.SJL-
Ptprca/BoyAiTac mice were purchased from Taconic Farms (Germantown, NY). Mice were
fed a standard rodent chow diet and housed in microisolator cages in a pathogen-free
facility. All experiments followed University of Virginia Animal Care and Use Committee
guidelines, and approval for use of rodents was obtained from the University of Virginia.
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Purification of naive CD4 T cells and in vitro proliferation assays

Spleen was excised and pushed through a 70-um strainer. Total CD4 T cells or naive CD4 T
cells (CD4*CD62L*) were purified using Miltenyi Biotec (Auburn, CA) isolation kits and
the manufacturer’s protocol. For CFSE-dilution experiments, cells were stained with CFSE
dye at 5 um for 5 min and washed extensively. Purified cells were plated at 5 x 104 cells/
well in a 96-well U-bottomed plate coated with aCD3 Ab. Soluble aCD28 was added at a
concentration of 1 pg/ml. For 3H-thymidine—incorporation experiments, 3H-thymidine was
added 48 h after seeding, and incorporation was measured 16-18 h later. In some
experiments, 10 uM PD98059 was added to cultures when cells were plated. For
cholesterol-loading experiments, T cells were preincubated with 20 pg/ml cholesterol-loaded
methyl-B-cyclodextrin for 2 h before stimulation with aCD3aCD28 beads.

Flow cytometry

One to four x 10 cells were resuspended in 100 pl staining buffer (1% BSA, 0.1% sodium
azide in PBS). Cells were blocked with Fcy receptor for 10 min and stained with flow
cytometry Abs for 30 min at 4°C. A fixable LIVE/DEAD stain (Invitrogen) was used for
viability. Cells were fixed with 2% paraformaldehyde. Samples were run on a CyAn ADP
LX 9 Color analyzer (DakoCytomation), and data analyses were performed with FlowJo
software (Tree Star, Ashland, OR). Cells were gated on forward versus side scatter then
viability dye. The absolute numbers were calculated by multiplying the percentage of cells
in individual subsets by the total cell count before staining. To visualize lipid rafts,
splenocytes were first labeled with CD3 and CD4, as described above, and then rapidly
stained with 10 ng Alexa Fluor 488—labeled cholera toxin B (CT-B) from Vybrant lipid raft—
labeling kits (Invitrogen) for 10 min at 4°C. Cell fluorescence was determined using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and analyzed with FlowJo
software (version 7.2.2). The mean fluorescence intensity was quantified, and the expression
relative to B6 was calculated.

Cholesterol contentin T cells

Three x 108 T cells were pelleted by low-spin centrifugation. After several washes with
PBS, the cell pellet was extracted with isopropanol containing 5-cholestane as internal
standard. Total and free cholesterol content was determined by gas—liquid chromatography
and normalized to cellular protein, as previously described (24). Cholesteryl ester was
calculated as (total cholesterol 2 free cholesterol) x 1.67. Multiplying by 1.67 corrects for
the average fatty acid mass that is lost during saponification.

Quantitative real-time PCR

Total cellular RNA was collected from T cells using a Qiagen RNeasy Kit (Valencia, CA)
following the manufacturer’s protocol. One microgram of cDNA was synthesized using an
Iscript cDNA synthesis kit (Bio-Rad, Hercules, CA). Total cDNA was diluted 1:8 in H,0,
and 2 ul were used for each real-time condition using a Bio-Rad MyIQ single-color real-
time PCR detection system and iQ SYBR Green supermix (Bio-Rad). Primer sequences are
listed in Supplementary Table I. Data were analyzed and presented on the basis of the
relative expression method (25). The formula for this calculation is as follows: relative
expression = 27(SACt — CACY here AC; is the difference in the threshold cycle between the
gene of interest and the housekeeping gene (18S), S is the Abcgl ™~ mouse, and C is the
C57BL/6J control mouse.

In vivo proliferation studies

For homeostatic proliferation experiments, naive CD4 T cells were purified from B6 and
Abcgl~/~ mice and labeled with CFSE. Two x 106 cells/genotype were coinjected into the
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tail vein of RAG™~ mice. After 7 d, the spleens were harvested and stained for CD4, CD69,
CD25, CD3, CD45.1, CD45.2, and LIVE/DEAD dye for viability. For in vivo BrdU
incorporation experiments, mice were given an i.p. injection of 1 mg BrdU in 100 pl.
Thymus and spleen were harvested after 4 h, and BrdU incorporation was detected by
following the manufacturer’s protocol in the APC BrdU Flow Kit (BD Pharmingen, cat
51-9000019BK). Thymocytes were stained with a lineage marker mixture, CD44, CD4,
CD25, CD3, CD8, and LIVE/DEAD viability dye. Splenocytes were stained with CD3,
CD4, CD8, and LIVE/DEAD viability dye.

Short-term in vitro T cell stimulation and Western blots

Three to five x 106 purified naive CD4 T cells were incubated with 20 ug/ml «CD3 and
aCD28 on ice for 30 min. After washing, Abs were crosslinked with goat anti-hamster 1gG
at 37°C. Cells were lysed in radio immuno precipitation assay buffer, separated by SDS-
PAGE, and immunoblotted with the indicated Abs. Anti-ZAP70, anti-phospho-ZAP70
(Tyr319), anti-PLCy1, anti—-phospho-PLCy1, anti-phospho-JNK1/2, anti-JNK1/2, and anti-
p38 were purchased from Cell Signaling Technology (Beverly, MA). Anti—-phospho-ERK1/2
and anti—-phospho-p38 were purchased from R&D Systems (Minneapolis, MN). Anti-
ERK1/2 and anti—B-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Statistical analysis

Results

Data for all experiments were analyzed using Prism software (GraphPad, San Diego, CA).
The ECsxq for thymidine incorporation experiments was calculated using nonlinear
regression curve fit. Unpaired t tests and two-way ANOVA were used to compare
experimental groups. Data are graphically represented as mean + SEM. A p value <0.05 was
considered significant.

ABCG1 regulates thymocyte development and peripheral T cell proliferation in vivo

To investigate the role of ABCG1 in lymphocyte development and peripheral proliferation,
we examined the thymus and spleen of 5- to 8-wk-old Abcgl ™~ mice on a C57BL/6
background. We observed no visual difference in gross morphology of the spleen or
difference in the total cellularity or weight of spleens from C57BL/6 (B6) and Abcgl~~
mice (Fig. 1A-C). Flow cytometry analysis revealed no change in the frequency of CD4
versus CD8 T cells (Fig. 1D) at 6-8 wk of age. However, at 5 wk of age, Abcgl ™~ mice had
a visibly larger thymus (Fig. 2A) and a 60% increase in the total thymic cellularity (Table 1),
implicating that global loss of ABCGL1 alters T lymphocyte development. We observed only
slight differences in the frequencies of DP, DN, and SP populations in Abcgl~/~ mice,
specifically, a small increase in the percentage of DP (CD4*CD8*) thymocytes with a
concomitant decrease in the percentages of the DN (CD4~CD8™) and CD8 SP populations
and no significant change in the percentages of the CD4 SP population (Fig. 2B). However,
when comparing total cellularity of these populations, we found an ~50% increase in the
number of DP, DN, and CD4 SP cells in Abcgl—/— mice and no change in the number of
CD8 SP cells (Table 1). The ratio of DN/DP thymocytes in Abcgl ™/~ mice (1:25.0 + 0.8)
was significantly higher than in B6 mice (1:20.6 £ 0.3; p < 0.0001). This suggested an
increase in the proliferation that occurs during the DN to DP transition. We further
investigated the DN thymocyte subpopulations to determine whether ABCG1 expression
altered the transition and proliferation of these subsets. Flow cytometry analysis of the DN
subpopulations revealed a slight decrease in the DN4 thymocyte subset in Abcgl ™'~ mice
(Fig. 2C). We hypothesize that the Abcgl~/~ thymocytes are more proliferative and have an
accelerated DN4 to DP transition, which provides an explanation for the decrease in the
frequency of DN4 thymocytes and the increase in DP thymocytes.
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A dynamic increase in the total number of thymocytes hinted that enhanced thymocyte
proliferation occurs in the absence of ABCG1. We investigated thymocyte and peripheral T
cell proliferation in vivo by measuring BrdU incorporation. Although the spleen from
Abcgl~/~ mice appeared normal (Fig. 1A), we observed a 37% increase in CD4* and a 77%
increase in CD8* T cell homeostatic proliferation in Abcgl ™~ mice compared with B6 mice
(Fig. 3A, 3B). This low level of proliferation occurs through MHC-TCR engagement,
suggesting that the absence of ABCG1 in T cells results in increased MHC-TCR
interactions or stronger signals from the TCR. When we examined BrdU incorporation in
the thymus, we observed a 20% increase in DN2 proliferating thymocytes, a 10% increase in
DN3 proliferating thymocytes, and a 27% increase in DP proliferating thymocytes (Fig. 3C,
3D). These findings suggest that the increased thymic cellularity in Abcgl ™~ mice (Table I)
is probably due to the hyperproliferation of developing thymocytes.

ABCG1 regulates cholesterol content in lymphocytes

Modulating cholesterol levels can alter membrane structure and signaling from the TCR
(26), but very little is known about basal cholesterol levels in lymphocytes. We measured
cholesterol content using gas chromatography in resting B6 and Abcgl™~ CD4 T cells
purified from the spleen. Surprisingly, we found a 3.4-fold increase in cholesteryl ester
accumulation in Abcgl ™~ T cells (Fig. 4A). This is the first cell type in Abcgl-deficient
mice to be described with such a robust change in cholesterol content, and little is known
about the ability of the T cell to accumulate cholesterol (18, 27-29). Moreover, we found a
dramatic decrease in mMRNA expression of proteins involved in cholesterol synthesis and
uptake. Abcgl™~ CD4 T cells had a 74% reduction in SREBP-2, a 91% reduction in LDLR,
a 67% reduction in HMG-CoA reductase, and a 66% reduction in the expression of HMG-
CoA synthase (Fig. 4B), consistent with endoplasmic reticulum cholesterol loading, as
elegantly shown by Radhakrishnan et al. (30). We also measured LXR target genes and
observed a 6.4-fold increase in ABCAL and a 2.2-fold increase in SREBP-1c expression in
Abcgl~/~ resting CD4 T cells compared with B6 T cells (Fig. 4B). These data provide
evidence that LXR transcriptional activity is increased in Abcgl™~ T cells. Cholesterol is an
important component of membrane lipid rafts, and lipid raft perturbations were shown to
modulate TCR signaling (26). Therefore, we quantified the membrane lipid raft content in
B6 and Abcgl ™~ CD4 T cells using fluorescently labeled CT-B, which binds to the
pentasaccharide chain of ganglioside GM1, a raft-associated lipid. We observed a 38%
increase in lipid raft in the plasma membrane of resting Abcgl ™~ CD4 T cells, as measured
by higher CT-B staining intensity (Fig. 4C). We expect that proteins involved in TCR
signaling may be clustered within the rafts of resting Abcgl ™~ T cells, making them
“primed” for proliferation.

Given our results so far, we hypothesize that cholesterol accumulation in Abcg1 ™~ T cells
causes the hyperproliferative phenotype. We were interested in determining whether loading
B6 T cells with cholesterol would enhance their proliferative capacity. We measured the
proliferation of B6 and Abcgl ™~ naive CD4 T cells that were pretreated with soluble
cholesterol before TCR stimulation. Remarkably, we observed a 30% increase in thymidine
incorporation by B6 T cells loaded with cholesterol (Fig. 4D), suggesting that cholesterol
availability can drive T cell proliferation. Conversely, cholesterol loading did not affect the
proliferation of Abcgl~/~ T cells (Fig. 4D). Perhaps the beneficial effects of excess
cholesterol in Abcgl ™~ T cells have been maximized and the addition of cholesterol confers
no more advantage under these conditions.

Finally, because we found increased proliferation by thymocytes and peripheral
lymphocytes, we wanted to determine whether ABCG1 also regulated cholesterol
homeostasis in the thymus. Similar to peripheral T cells, we found a 15-20% decrease in the
mRNA expression of SREBP-2, LDLR, and HMG-CoA reductase in Abcgl~/~ thymocytes
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(Fig. 4E), suggesting increased cholesterol content in Abcgl~~ thymocytes as well.
Moreover, we found a 45% increase in ABCAL expression (Fig. 4E), further confirming a
disruption in cholesterol homeostasis in the thymocytes. The changes in thymocyte
expression levels of cholesterol metabolism genes were not as dramatic as peripheral CD4 T
cells. We believe this is because thymocytes are rapidly proliferating and constantly using
cholesterol for membrane formation. However, peripheral T cells proliferate slowly under
homeostatic conditions and, therefore, have the opportunity to accumulate cholesterol. This
finding gives us a model to investigate how excess cholesterol can affect T cell function and
TCR signaling.

Abcgl~/~ CD4 T cells are hyperproliferative

Our results demonstrated that thymocytes and peripheral T cells in Abcgl ™~ mice are
hyperproliferative and have impaired cholesterol homeostasis. To definitively determine
whether Abcgl ™/~ naive CD4 T cells have a proliferative advantage in vivo, we used a
competitive adoptive transfer model of homeostatic proliferation. In this model, proliferation
is controlled by TCR-MHC interactions in the lymphopenic environment (4). Naive CD4* T
cells were purified from B6 (CD45.1*) and Abcgl ™~ (CD45.2*) mice, labeled with CFSE,
and coinjected into Rag™~ mice. After 7 d, splenocytes were analyzed for proliferating T
cells by gating on CD4* cells, because a subset of proliferating T cells had downregulated
CD3 expression. Remarkably, we observed a 6-fold increase in the frequency of Abcgl ™~
CDA4 T cells compared with B6 T cells (Fig. 5A,5B). When we evaluated CFSE profiles of
B6 versus Abcgl ™~ CD4 T cells, we found that the majority (>99%) of Abcgl ™~ T cells
were CFSE!®W, whereas 25% of B6 T cells remained CFSEN9M (Fig. 5C). These data clearly
demonstrate that the absence of ABCG1 provides naive CD4 T cells with a homeostatic
proliferative advantage.

Subsequently, we investigated the proliferation of Abcgl™~ CD4 T cells in vitro. Naive
CDA4 T cells were purified from the spleens of B6 and Abcg1~/~ mice and stimulated with
plate-bound aCD3 in the presence or absence of costimulatory soluble aCD28. We found
that TCR stimulation with «CD3 alone resulted in a 2.4-fold increase in 3H-thymidine
incorporation; the addition of costimulatory aCD28 resulted in a 2.2-fold increase in 3H-
thymidine incorporation in Abcgl~/~ T cells (Fig. 6A). Flow cytometry analysis of CFSE
dilution revealed that the Abcg1 ™~ T cells divided more frequently compared with B6 CD4
T cells (Fig. 6B). Furthermore, cell cycle analysis revealed that Abcgl ™~ T cells had an
increase in the percentage of cells in the S, Gy, or M phase (Fig. 6C) after 48 h of
stimulation. These in vitro data re-capitulate what was observed in vivo and suggests that
after TCR stimulation, Abcgl~~ T cells progress more quickly through the cell cycle.

Next, we wanted to investigate the mechanism by which Abcgl ™~ T cells are
hyperproliferative. Because IL-2 is an essential cytokine for proliferation, we examined
whether ABCGL1 expression impacted IL-2 production and signaling. We found no increase
in the amount of 1L-2 produced by Abcgl™~ CD4 T cells, measured by IL-2 mRNA
expression and IL-2 protein levels in the supernatant of proliferating cultures (data not
shown). Additionally, excess IL-2 added to the proliferating cultures did not abrogate the
difference in proliferative capacity of the Abcgl™~ T cells (Fig. 6A). We also measured
CD25 and CD69 expression after stimulation (24 and 48 h) to determine whether ABCG1
expression impacts lymphocyte activation; we found no significant difference in the
upregulation of these activation markers (data not shown). These data strongly suggest that
T cell activation and IL-2 signaling are not the mechanisms by which Abcgl™~ CD4 T cells
are hyperproliferative. An alternative hypothesis was that the absence of ABCG1 resulted in
a “survival” advantage culminating in decreased apoptosis and increased proliferating cells.
We measured cell surface Annexin V levels after 24 and 96 h of stimulation in vitro and
found no difference in cell viability or Annexin V* cells between B6 and Abcgl ™~ T cells
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(data not shown). Our data imply that the regulation of proliferation by ABCG1 is not
attained through alterations in IL-2 signaling, lymphocyte activation, or a survival
advantage.

Because we found that the absence of ABCGL1 results in increased cholesterol accumulation
and lipid raft formation in CD4 T cells, we hypothesized that modulation of lipid rafts and/
or membrane cholesterol would alter TCR signaling. We first considered the possibility that
Abcgl~~ T cells had a lower TCR threshold. To investigate this hypothesis, we stimulated
B6 and Abcgl ™/~ naive CD4 T cells with increasing concentrations of plate-bound «CD3
and soluble aCD28. We found that Abcgl ™~ T cells had a similar sensitivity to TCR
stimulation compared with B6 T cells (Fig. 6D), with no significant difference in the ECsgq
values for proliferation of B6 and Abcgl ™~ CD4 T cells (ECso B6 102:60£0.32: Ahcg1~/—
10278 +0.38) Therefore, we concluded that TCR sensitivity is not the primary mechanism by
which Abcgl ™~ T cells are hyperproliferative.

Subsequently, we wanted to determine whether signals from the TCR are necessary for
Abcgl~/~ hyperproliferation. We stimulated purified naive CD4 T cells with PMA and
ionomycin, which bypasses the TCR to induce activation and proliferation. Surprisingly, we
found no change in proliferation between Abcgl~/~ and B6 CD4 T cells, measured by CFSE
dilution and 3H-thymidine incorporation (Fig. 6E,6F). Therefore, we conclude that the
mechanism by which ABCG1 regulates T cell proliferation is most likely through enhanced
TCR signal strength.

Abcg1~/~ T cells have increased TCR signaling

To determine whether the absence of ABCGL1 in T cells alters TCR signaling, we stimulated
B6 and Abcgl~~ naive CD4 T cells with aCD3 and aCD28 for short time periods and
measured the phosphorylation of signaling proteins. Interestingly, we found an increase in
the basal level of ZAP70 phosphorylation and a slight increase within 2 min after TCR
stimulation in Abcg1~/~ T cells (Fig. 7A). ZAP70 phosphorylation is a very early signaling
event after TCR stimulation and branches to many signaling pathways (6). Next, we
measured phospholipase C (PLCy1) and found no difference in phosphorylation levels
between B6 and Abcgl ™~ T cells (Fig. 7A). We also observed no change in phosphorylation
levels of p38, INK1/2, or protein kinase C (Fig. 7A). However, we found a dramatic
difference in the phosphorylation of ERK1/2. Abcgl~~ T cells seemed to have increased
phosphorylated ERK1/2 levels under resting conditions; after stimulation, ERK1/2
phosphorylation levels were sustained longer than in B6 CD4 T cells (Fig. 7A). We think
this is very interesting because the MAPK pathway is a major signal for cellular
proliferation. To further support our hypothesis that Abcgl ™~ T cells are hyperproliferative
as the result of enhanced TCR signaling and ERK1/2 phosphorylation, we performed an in
vitro proliferation assay in the presence of a MEK1/2 inhibitor, PD98059 (Fig. 7B).
Strikingly, the inhibition of MEK1/2 completely reversed the hyperproliferative phenotype
of Abcgl ™~ naive CD4 T cells (Fig. 7B). There was no significant difference in thymidine
incorporation between untreated B6 T cells and PD98059-treated Abcgl ™~ T cells (Fig.
7B). This result provides further evidence that enhanced ERK1/2 phosphorylation causes
hyperproliferation in Abcgl™~ CD4 T cells. We hypothesize that cholesterol accumulation
in Abcgl ™~ T cells affects the cell in many ways, and we found two specific mechanisms.
First, increased cholesterol in the plasma membrane of Abcg1 ™~ T cells results in lipid raft
formation and ZAP70 phosphorylation in resting, unstimulated T cells, making the Abcgl =/~
T cells primed for stimulation. Second, the subcellular cholesterol distribution is affecting
the basal and sustained phosphorylation of ERK1/2 in Abcgl™~ T cells. Clearly, cholesterol
has the ability to modify the membrane and protein-signaling pathways.
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Discussion

Understanding how cholesterol homeostasis impacts lymphocyte proliferation and function
is very important, because proliferation is a key process in adapting an immune response to
antigenic challenge. In the current study, we provide evidence that excess cellular
cholesterol alters TCR signaling, resulting in hyperproliferation in developing and peripheral
T cells. Our work is the first to describe a cell type in Abcgl-deficient mice with such a
robust change in cholesterol content and expression of cholesterol metabolism genes (18,
27-29). This demonstrates the importance of ABCG1 expression in lymphocytes,
particularly.

Cholesterol is a necessary component of membranes and is required for membrane
formation during cell division. The ability of the T cell to regulate sterol levels during T cell
activation is critical. Surprisingly, quantitative cholesterol levels are not often measured in
lymphocytes. Bensinger et al. (12) recently provided evidence that T cell activation triggers
the induction of sulfotransferase 2B1, an oxysterol-metabolizing enzyme, thus suppressing
the LXR pathway for cholesterol transport and upregulating the SREBP pathway for
cholesterol synthesis. Lxrg-deficient mice exhibit a similar lymphocyte phenotype as Abcgl-
deficient mice, with enhanced lymphocyte proliferation (12); however, Lxrf~/~ mice have
normal T cell development (12). Moreover, the cholesterol content in Lxrs~/~ lymphocytes
has not been described, nor has the mechanism by which Lxrg~/~ lymphocytes are
hyperproliferative. Our work provides insight into the understanding of sterol regulation in
lymphocytes by quantitatively measuring cholesterol levels in CD4 T cells and describing a
novel mechanism by which excess cholesterol results in enhanced signaling and
hyperproliferation. Our results, combined with those of Bensinger et al. (12), begin to
provide a complete story of lymphocyte function under high and low levels of sterol.

Our original hypothesis was that Abcgl~/~ T cells are “primed” for proliferation as the result
of increased cholesterol content. Once stimulated, the Abcg1 ™~ lymphocytes would
progress more quickly through the cell cycle because they could satisfy the “cholesterol
checkpoint” for cell division. However, when we stimulated Abcg1 ™~ T cells with PMA
and ionomycin, we found no change in proliferation compared with B6 T cells (Fig. 6E,6F).
If increased sterol availability alone can cause hyperproliferation, then T cell stimulation
signals through the TCR should be irrelevant. Therefore, we examined how increased
cholesterol content can affect TCR signaling. We went on to discover that Abcgl™~ T cells
have enhanced phosphorylation of ZAP70 and ERK1/2 signaling proteins (Fig. 7A).
Remarkably, the inhibition of MEK1/2, the upstream kinase of ERK1/2, completely
reversed the hyperproliferative phenotype of Abcgl ™~ naive CD4 T cells (Fig. 7B),
demonstrating that enhanced downstream signaling of MEK1/2, possibly through ERK,
causes hyperproliferation of Abcgl ™~ T cells.

We were curious to determine whether enhanced TCR signaling in Abcgl™~ T cells resulted
in increased IL-2 production. We measured higher levels of IL-2 protein in the supernatant
of Abcgl ™/~ T cells after x d in culture, but after normalizing to total number of cells or
cellular protein concentrations, there was no difference compared with B6 T cells (data not
shown). We also measured the mRNA expression of I1L-2 and found no difference between
B6 and Abcgl ™/~ T cells. These data were surprising, but the ERK signaling pathway does
not seem to be essential for IL-2 production (31-33). Therefore, our results reveal how
cholesterol can fine-tune the ERK signaling pathway for proliferation.

The role of membrane cholesterol in T cell lipid rafts has been studied extensively.
However, most of these studies use methyl-B-cyclodextrin to deplete membrane cholesterol
levels, resulting in the disruption of lipid rafts and TCR signaling. Little work has been done
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on how excess cellular cholesterol affects lipid raft formation and TCR signaling because of
the difficulty in “cholesterol loading” cells. Two recent studies showed that cholesterol
accumulation could alter lipid rafts and cell proliferation. Zhu et al. (34) demonstrated that
Abcal~/~ macrophages accumulated free cholesterol and had a significant increase in
membrane lipid rafts. Wilhelm et al. (35) observed hyperproliferation and activation of T
cells from Idir~~Apoal~~ mice fed an atherogenic diet and increased esterified cholesterol
content in ldlr/~Apoal~~ immune cells compared with IdIr~/~ cells. We demonstrate that
cholesterol-treated B6 T cells have a 30% increase in proliferation compared with untreated
B6 T cells (Fig. 4D). The enhanced proliferation from cholesterol-loaded B6 T cells did not
reach that of Abcgl~~ T cells (Fig. 4D). This may reflect the ability of cells under normal
conditions to accumulate cholesterol. Cells are highly capable of maintaining cholesterol
homeostasis and upregulate transporters to buffer excess cholesterol (30). Our study used
Abcgl~/~ T cells, which accumulate cholesterol without pharmacological treatment or
forced cholesterol loading, to investigate how excess cholesterol can affect TCR signaling.
We observed an increase in lipid rafts and basal phosphorylation levels of ZAP70 in resting
Abcgl~/~ T cells (Figs. 4C, 7A), suggesting Abcgl ™~ T cells are “primed” for stimulation.
This work has significant implications in human disease; according to the Centers for
Disease Control and Prevention, 17% of adult Americans have high blood cholesterol (=240
mg/dl total cholesterol). Whether high cholesterol results in cholesterol accumulation in T
cells and how this affects the ability of the T cell to launch an immune response warrant
further investigation.

We demonstrated a connection between enhanced TCR signaling and cholesterol
homeostasis in Abcgl ™~ naive CD4 T cells (Figs. 4A, 7A), but we also observed a
disruption in cholesterol homeostasis in Abcgl~/~ thymocytes (Fig. 4E). We hypothesize
that TCR signaling in thymocytes is enhanced as well but do not have explicit evidence to
support this. We do illustrate hyperproliferation of DN3 and DP thymocytes and an increase
in the ratio of DN/DP thymocytes (Fig. 3C, 3D). Signals from the pre-TCR control
proliferation in late DN3 thymocytes and during the DN-DP transition (5), but further
experiments are needed to determine whether enhanced pre-TCR signals result in the
hyperproliferation of Abcgl ™~ thymocytes. Our results also revealed increased proliferation
of Abcgl ™~ DN2 thymocytes (Fig. 3C, 3D). At this stage, proliferation is dependent on c-kit
and IL-7 signals (1, 2). Therefore, the absence of ABCG1 may affect the expression of
cytokine receptors as well, by altering the ordering and structure of the plasma membrane.
Membrane cholesterol depletion was also shown to result in the shedding of activation
markers and cytokine receptors (36, 37). Perhaps the increase in membrane cholesterol in
Abcgl~/~ thymocytes can cause enhanced cytokine receptor signaling and proliferation of
DN2 thymocytes. More work is needed to examine the effects of ABCG1 expression and
cholesterol on signals for lymphocyte development.

Little is known about how cholesterol affects CD4/CD8-lineage commitment. Abcgl ™/~
mice had a similar frequency of CD4* SP thymocytes, but we observed a 50% increase in
the absolute number of CD4* SP thymocytes (Fig. 2D, Table I). Furthermore, we observed a
decrease in the frequency of CD8* SP thymocytes, with no change in the number of CD8* T
cells (Fig. 2D, Table I). There are numerous models of CD4/CD8-lineage choice (38).
Several models agree that short and/or weak TCR signals terminate Cd4 transcription,
whereas long and/or strong TCR signals terminate Cd8 transcription. If these models are
applied to Abcgl~/~ mice, one would expect Abcgl ™~ thymocytes with increased TCR
signal strength and/or duration to terminate Cd8 transcription, develop fewer CD8 SP T
cells, and have increased CD4 SP T cells, which is exactly what we observed (Fig. 2D,
Table 1). Additionally, ERK signaling is required for CD4* T cell lineage. Overexpression
of a hypersensitive form of ERK2 will skew differentiation toward CD4 T cell commitment
(31, 39). We observed amplified ERK signaling in Abcg1 ™~ peripheral CD4 T cells (Fig.
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7A), which suggests that increased ERK signaling in Abcgl ™~ thymocytes may be skewing
the thymocytes to CD4 SP cells. The models of CD4/CD8-lineage choice are still highly
debated; however, it is clear that TCR signaling is important, and cholesterol may play a role
in regulating this process.

Our results demonstrate that ABCGL1 is a negative regulator of peripheral CD4 T cell
proliferation and TCR signaling. Deletion of negative regulators of TCR signaling, such as
Cbl-b (40, 41), Itch (42), SHP-1 (43-45), PTEN (46), SIT (47) and others, results in T cell
hyperreactivity and increased susceptibility to autoimmune diseases. The majority of these
negative regulatory proteins support peripheral tolerance by raising the threshold of T cell
activation to enforce the requirement for costimulation and limit activation by self-Ags.
Studies are underway to determine whether Abcg1 ™~ mice are more susceptible to
autoimmune diseases due to hyperproliferative T cells. Alternatively, Abcgl ™~ mice may be
protected from autoimmune diseases as the result of the elimination of T cells with high-
affinity TCR during negative selection in the thymus. It will be interesting to determine
whether ABCGL1 expression affects the development of autoimmune disease. Additionally,
using an LXR agonist to modulate ABCG1 expression and deplete cellular cholesterol may
be a beneficial therapeutic in autoimmune diseases in which lymphocytes are
hyperresponsive.

The role of ABCGL1 in pulmonary disease and atherosclerosis has been studied extensively
in our laboratory and by other investigators. The absence of ABCG1 in bone marrow—
derived cells results in pulmonary lipidosis and massive inflammation (19, 20). Further
studies will determine whether hyperproliferative Abcgl ™~ T cells are contributing to this
pulmonary disease. The atherosclerosis studies involving ABCG1 have been surprising and
controversial (48-51). Our work sheds light on a fascinating concept: that the cholesterol-
rich environment of the atherosclerotic lesion may influence the function of lymphocytes. If
T lymphocytes in the lesion have ample cholesterol, TCR signaling could be enhanced,
causing the T lymphocytes to proliferate more quickly and contribute to the inflammatory
environment.

In summary, our work describes a novel mechanism by which increased cholesterol content
can alter TCR signaling to result in hyperproliferation. Our results raise the possibility that
dyslipidemia may alter lymphocyte function and cause hyperreactive T cells. Likewise,
ABCG1 expression was shown to be down-regulated in macrophages isolated from mice
and patients with type 2 diabetes (52, 53). Additional studies will investigate whether
diabetes affects ABCG1 expression in lymphocytes, resulting in cholesterol accumulation
and enhanced TCR signaling and proliferation. In conclusion, our results clearly
demonstrate that ABCGL1 expression is important in developing and peripheral T cells for
regulating cholesterol homeostasis.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

ABCA1 ATP-binding cassette Al

ABCGl1 ATP-binding cassette transporter G1

CT-B cholera toxin B

DN double negative

DP double positive

HMG-CoA 3-hydroxy-3-methyl-glutaryl-CoA

LDLR low-density lipoprotein receptor

LXR liver X receptor

PLCyl phospholipase C

SP single positive

SREBP sterol regulatory element-binding protein
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FIGURE 1.

Abcgl~/~ spleen and CD4/CDS8 frequencies appear normal. A, Gross morphology of spleens
from 6- to 8-wk-old mice. B, Graph of total spleen cellularity. C, Graph of spleen weight. D,
Representative plots of frequency of CD4* and CD8* lymphocytes.
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FIGURE 2.

ABCGL1 regulates thymocyte development. A, Gross morphology of thymus from 5-wk-old
mice. B, Representative plots of frequency of CD4*CD8* (DP), CD4~CD8™ (DN),
CD4*CD8™ (CD4 SP), and CD4~CD8* (CD8 SP) thymocytes and graph representation (n =
13). C, Representative plots of frequency of CD25 versus CD44 populations on lineage
(CD4, CD8, CD3, CD19, Mac1, Gr1, Ter119, NK1.1)-negative DN thymocytes and graph
representation (n = 12). *p < 0.05; **p < 0.01; ***p < 0.0001.
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FIGURE 3.

Abcg1~/~ mice have increased thymocyte and peripheral lymphocyte proliferation in vivo.
Five-week-old B6 (n = 8) and Abcgl~~ (n = 8) mice were injected with 1 mg of BrdU and
sacrificed 4 h later. A, Representative plots SSC versus BrdU of CD4*CD3* T cells and
CD8*CD3* T cells from the spleen. B, Graph of frequencies of CD4* or CD8* T cells that
incorporated BrdU. C, Representative histograms of BrdU+ cells in lineage (CD4, CD8,
CD3, CD19, Macl, Grl, Ter119, NK1.1)-negative DN thymocyte subsets DN2
(CD25+CD44+), DN3 (CD25+CD44—) DN4 (CD25-CD44-), and DP (CD4+CD8+)
thymocytes and (D) graph of frequencies of cells in each thymocyte subset that incorporated
BrdU. *p < 0.05; **p < 0.01; ***p < 0.0001.
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FIGURE 4.

Abcgl~/~ CD4 T cells have increased cholesterol content. A, Total cholesterol and free
cholesterol was measured in purified CD4 T cells by gas chromatography (n = 7).
Cholesteryl ester was calculated as the difference between total and free cholesterol
(multiplied by 1.67). B, SREBP-2 and LXR targets genes measured in naive CD4 T cells by
real-time PCR (n = 6-10). C, Lipid rafts were measured in CD4 T cells by flow cytometry
using fluorescently labeled CT-B (see Materials and Methods). A representative intensity
plot of B6 and Abcg1~~ lipid raft staining. Graph represents relative expression to B6 mean
fluorescence intensity of CT-B Alexa Fluor 488 (n = 15). D, Naive CD4 T cells were
purified from B6 and Abcgl ™~ mice (n = 4), incubated with 20 pg/ml soluble cholesterol for
2 h, and stimulated with «CD30CD28 beads. 3H thymidine was added to cultures after a 48-
h stimulation and harvested after 18 h. E, SREBP-2 and LXR target genes measured in
thymocytes by real-time PCR (n = 6-10). *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 5.

Abcgl™~ CDA4 T cells have a homeostatic proliferative advantage. B6 (CD45.1%) and
Abcgl™~ (CD45.2%) naive CD4 T cells were purified from spleen, labeled with CFSE, and
coinjected into RAG ™~ mice. After 7 d, the spleen was harvested and stained for
proliferating T cells. A, Cells were gated on forward light scatter versus SSC, aqua LIVE/
DEAD negative, CD4*, and CD45.1* or CD45.2*. B, Percentage of CD4 T cells that are B6
or Abcgl~/~. n = 5, repeated twice. ***p < 0.0001. C, CFSE dilution of CD45.1* or
CD45.2* CD4 T cells.
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FIGURE 6.

Naive CD4 T cells from Abcg1 ™~ mice are hyperproliferative to TCR stimulation. Naive
CDA T cells were purified from spleen. A, Cells (n = 4) were stimulated with plate-bound
aCD3 (1 pg/ml), soluble aCD28 (1 pg/ml), and IL-2 (10 U/ml). 3H thymidine was added to
cultures after a 48-h stimulation and harvested after 18 h. B, CFSE-labeled cells (n = 4) were
stimulated with 1 pg/ml plate-bound aCD3 and 1 pg/ml aCD28, and CFSE dilution was
measured after 72 h. C, Cells (n = 3) were stimulated with 1 ug/ml plate-bound «CD3 and 1
ng/ml aCD28 and stained with propidium iodide after 48 h to determine the cell cycle. D,
Cells (n = 4) were stimulated with 0.1-10 pg/ml plate-bound a«CD3 and 1 pg/ml soluble
aCD28, and 3H thymidine incorporation was measured. Graph represents 3H thymidine
incorporation (inset). Nonlinear curve regression was used to fit the data to sigmoidal curves
and calculate ECgp. E, CFSE-labeled cells (n = 6) were stimulated with 5 ng/ml PMA and
100 ng/ml ionomycin, and CFSE dilution was measured after 72 h. F, Cells (n = 4) were
stimulated with PMA and ionomycin (iono), and 3H thymidine incorporation was measured.
*p < 0.05; **p < 0.01; ***p < 0.0001.
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FIGURE 7.

Enhanced ERK1/2 phosphorylation results in hyperproliferation of Abcgl ™~ CD4 T cells.
A, B6 and Abcgl ™~ naive CD4 T cells were stimulated with cross-linked anti-CD3 and anti-
CD28 mAbs for the indicated times. Cell lysates were separated by SDS-PAGE and
immunoblotted with the indicated Abs. Each blot was repeated twice. B, B6 and Abcgl ™/~
naive CD4 T cells (n = 4) were stimulated with plate-bound aCD3 (1 pug/ml) and soluble
aCD28 (1 ug/ml) in the presence or absence (untx) of 10 uM PD98059. 3H thymidine was
added to cultures after a 48-h stimulation and harvested after 18 h. **p < 0.01; ***p <
0.001.
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