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Abstract HDLs appear to affect regulatory T cell (Treg) ho-
meostasis, as suggested by the increased Treg counts in
HDL-treated mice and by the positive correlation between
Treg frequency and HDL-cholesterol levels in statin-treated
healthy adults. However, the underlying mechanisms remain
unclear. Herein, we show that HDLs, not LDLs, significantly
decreased the apoptosis of human Tregs in vitro, whereas
they did not alter naive or memory CD4" T cell survival. Sim-
ilarly, oleic acid bound to serum albumin increased Treg sur-
vival. Tregs bound and internalized high amounts of HDL
compared with other subsets, which might arise from the
higher expression of the scavenger receptor class B type I by
Tregs; accordingly, blocking this receptor hindered HDL-
mediated Treg survival. Mechanistically, we showed that
HDL increased Treg ATP concentration and mitochondrial
activity, enhancing basal respiration, maximal respiration,
and spare respiratory capacity. Blockade of FA oxidation by
etoxomir abolished the HDL-mediated enhanced survival
and mitochondrial activity. Bl Our findings thus suggest that
Tregs can specifically internalize HDLs from their microen-
vironment and use them as an energy source. Furthermore,
anovel implication of our data is that enhanced Treg survival
may contribute to HDLs’ anti-inflammatory properties.—
Rueda, C. M., A. L. Rodriguez-Perea, M. Moreno-Fernandez,
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Regulatory T cells (Tregs) control both innate and adap-
tive immune responses and are essential to maintain im-
mune homeostasis and curb exacerbated inflammatory
processes. Tregs can be divided into two groups according
to their site of origin: thymus-derived Tregs (tTregs) and
peripherally derived Tregs (pTregs). The marker, CD25,
and lack of the marker, CD127, used for Treg isolation do
not allow for the distinction of tTregs from pTregs [re-
viewed in (1)]. A reciprocal interaction between Tregs and
lipid metabolism was recently suggested. On one hand,
Tregs seem to play an anti-atherogenic role through non-
immunological mechanisms by directly modulating lipo-
protein metabolism (2). Conversely, lipid metabolism can
modulate the function of Tregs because levels of choles-
terol inhibit Treg migration to inflamed tissues (3). Nota-
bly, Tregs have distinct metabolic requirements compared
with those of conventional CD4" T cells (Tcons): murine
Tregs (especially peripherally induced Tregs) primarily
rely on lipid oxidation for energy generation (4, 5). In ad-
dition, an environment rich in FAs enhances Treg differen-
tiation (5). These data thus suggest that Treg homeostasis
may be heavily influenced by lipid metabolism.

HDLs constitute a heterogeneous group according to
different isolation/separation techniques. HDLs can be sep-
arated by ultracentrifugation (HDL2 and HDL3) and gra-
dient gel electrophoresis (HDL2b, HDL2a, HDL3a, HDL3b,
and HDL3c) on the basis of density and diameter, respec-
tively. In addition, HDLs can be separated on the basis of
electrophoretic mobility (a-HDL and prep-HDL) [reviewed
in (6, 7)]. HDL is broadly considered as anti-inflammatory,
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notably preventing atherosclerotic disease or pulmonary
hypertension (8, 9). This anti-inflammatory property could
be at least partially mediated by an effect of HDL on Tregs,
as splenic Treg counts in LDL receptor (LDLR) knockout
mice increased after intraperitoneal injection of HDL/
ApoA-I (10, 11). In addition, we recently showed that Treg
frequency positively correlated with HDL-cholesterol
(HDL-C) levels in healthy adults treated with statins (12).
Although these data suggest that HDLs promote Treg ac-
crual, underlying mechanisms remain unclear. It is not
clear whether HDLs exert their effect indirectly or
whether they can directly affect Treg homeostasis. CD4"
T cells express known HDL receptors, such as the sphin-
gomyelin receptors, SIPR (notably S1PR1) (13, 14)
or scavenger receptor class B type I (SR-BI) (15, 16).
Herein, we therefore hypothesized that HDL might pref-
erentially interact with human Tregs as an energy source,
and that these interactions might promote survival by en-
hancing oxidative phosphorylation (OXPHOS) in the
mitochondria.

MATERIALS AND METHODS

Cell isolation

Peripheral blood mononuclear cells from healthy donors were
separated by centrifugation through Ficoll-Hypaque (GE, Fair-
field, CT). Then, resting CD4™ T cells were purified by negative
selection using the Miltenyi CD4 separation kit (Auburn, CA), per
the manufacturer’s instructions. Aliquots of purified CD4" T cells
were frozen in FCS + 10% DMSO and stored in liquid nitrogen.
The viability of thawed cryopreserved cells was ~90%. In some
experiments, freshly isolated CD4" T cells that had never been
cryopreserved were analyzed within 24 h of blood sample collec-
tion. To isolate Tregs (pTregs and tTregs), naive cells, and mem-
ory cells, purified CD4" T cells (fresh or previously cryopreserved)
were stained with anti-CD8-FITC, anti-CD25-APC (BD Pharmin-
gen, San Diego, CA), anti-CD127-PE (Beckman Coulter, Fullerton,
CA), and anti-CD45RA-PB (Invitrogen, Carlsbad, CA) and sorted
using a FACS Aria (BD). As shown in supplemental Fig. S1A, the
populations were defined as follows: Tregs (CD8”CD25"CD127"
cells), naive cells (CD8 CD25°CD127"CD45RA"), and memory
cells (CD8™CD25"°"CD127"CD45RA ™). Purity of the sorted pop-
ulations was >90%, as determined by postsorting analysis of
FOXP3 expression (supplemental Fig. SIB). In some experi-
ments, CD25" CD4" T cells were isolated by positive selection us-
ing magnetic microbeads (Miltenyi-Biotec); 80% of isolated
CD25" CD4' T cells isolated were FOXP3', as determined by flow
cytometry.

Reagents and culture conditions

Purified Tregs, naive T cells, and memory T cells were cultured
in the serum-free medium, X-VIVO 15 (Lonza, Charleston, TN),
formulated with glucose. These subsets were incubated for 1-24 h
at 37°C in the presence or absence of pooled human HDL or LDL
(both at 300 wg/ml unless indicated otherwise; =95% SDS-PAGE;
Sigma-Aldrich, St. Louis, MO); human HDL-Dil or LDL-Dil (same
concentration; Biotrend, Destin, FL); oleic acid bound to albu-
min, oleic acid, or albumin (all at 300 pg/ml; Sigma-Aldrich);
etomoxir (ETX; 30 wM; Sigma-Aldrich). To confirm the data ob-
tained with the commercial HDL pool, HDLs from seven healthy
donors were isolated, pooled, and used at 300 pg/ml within

7 days of their preparation. Healthy donors were consented un-
der a protocol approved by the Institutional Review Board of Cin-
cinnati Children’s Hospital Medical Center, Cincinnati, OH. The
effect of SR-BI/II was tested by adding the rabbit polyclonal SR-
BI/II blocking antibody (1:100 dilution; Novus Biological, Little-
ton, CO) to the cultures, starting 10 min before adding the HDL.
Absolute number and cell viability were then quantified using
Trypan blue staining.

Imaging flow cytometry

To measure HDL binding/uptake in vitro, purified Tregs, na-
ive Tcells, and memory T cells were cultured for 1-4 h with HDL-
Dil or LDL-Dil in X-VIVO 15 media. Then, cells were extensively
washed and fixed with 4% methanol{ree formaldehyde for 30
min. Cells were stained with anti-CD4-AF700 (Biolegend, San Di-
ego, CA) and DAPI for surface and nuclear stain, respectively.
Samples were acquired with the Amnis Image Stream, using the
INSPIRE software; data were analyzed using the IDEAS software
(MD Millipore, Seattle, WA).

Flow cytometry

To quantify cell cycle, Tregs were stained intracellularly with
Ki-67-PerCP-Cy™5.5 (clone B56; BD). Apoptosis was quantified
using the Annexin V/7AAD Apoptosis Detection Kit I (BD). To
estimate mitochondrial membrane potential, cells were incu-
bated with 10 nM of MitoTracker Deep Red FM dye (Invitrogen)
for 30 min at 37°C and were washed twice before analysis by flow
cytometry. To evaluate the cholesteryl ester (CE) content by flow
cytometry, cells were incubated for 15 min at 4°C in the dark with
cholesteryl BODIPY® FL C12 (500 ng/ml; Invitrogen, Grand Is-
land, NY). Free cholesterol content was quantified by staining
with filipin III, following the manufacturer’s instructions (choles-
terol assay kit; Abcam, Cambridge, MA). In addition, the rabbit
blocking SR-BI/II polyclonal antibody (Novus Biological) was la-
beled with Zenon AF700 (Life Technology, Grand Island, NY)
and used to determine levels of SR-BI/II expression. Glutl and
LDLR expression were measured using anti-Glutl-AF700 (202915)
and ant-LDLR-AF488 (472413), respectively (R&D Systems, Bos-
ton, MA). Samples were acquired on an LSRII flow cytometer
(BD). Flow cytometry data were analyzed using the FACS DIVA
software (BD).

Confocal microscopy

T cell subsets were cultured for 1-4 h with HDL-Dil in X-VIVO
15 media. Then, cells were washed and fixed with 4% methanol-
free formaldehyde for 30 min. Cells were stained with anti-CD4-
AF647 (Biolegend) and DAPI for surface and nuclear stain,
respectively. Cell suspension was directly applied to freshly
cleaned glass slides. Following a drying time of 15-20 min, #1.5
coverslips (Fisher Scientific, Pittsburgh, PA) were mounted onto
the slides using Prolong® Gold Antifade reagent (Fisher Scien-
tific). HDL localization was visualized with an inverted Nikon Al
laser scanning confocal microscope with the 100x objective.

Analysis of Treg metabolism

Purified CD25" CD4" (7 x 105) T cells (three replicates per con-
dition for each individual Treg sample) were plated in 96-well XF
cell culture microplates in the serum-free XF assay medium (Agi-
lent Technologies, Santa Clara, CA), which contains minimal sub-
strates (such as 2 mM glutamax) and is specifically formulated for
Seahorse assays. XF medium was prepared with or without glu-
cose (2 mM). Cells were incubated for 1.5 h at 37°C without CO,
in the presence or absence of human HDL. Oxygen consumption
rates (OCRs) and extracellular acidification rates were measured
under basal conditions or in the presence of ETX, as well as
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following the addition of either oligomycin (2 wM; Sigma), an
inhibitor of OXPHOS, or the uncoupler fluoro-carbonyl cyanide
phenylhydrazone (2 wM, Sigma). Five measurements were taken
using a 96-well extracellular flux analyzer (Agilent Technologies).
Basal respiration was defined as the OCR before the addition of
any additional compounds. Maximal respiration was defined as
the OCR after fluoro-carbonyl cyanide phenylhydrazone treat-
ment. Basal and maximal respiration values are the average of
three experimental replicates for each Treg sample in each condi-
tion. Spare respiratory capacity (SRC) is the ratio between maxi-
mum and basal OCR and was calculated for each individual Treg
sample and condition. The median (range) of these values (basal
respiration, maximal respiration, and SRC) in six individual Treg
samples was then calculated and displayed.

RNA and quantitative real-time PCR

Total RNA was isolated from sorted Tregs, naive Tcells, and
memory T cells using the RNeasy Mini kit (QIAGEN). RNA was
used for cDNA synthesis with RT-PCR using oligo (dT) by the Su-
perScript® III single stranded cDNA synthesis kit (Invitrogen),
per the manufacturer’s instructions. Real-time PCR reactions
were performed using the FastStart TagMan Probe Master (Roche)
reagent, specific primers and results were analyzed by using the
iCycler IQ real-time PCR detection system (BioRad). Expression
levels were normalized by Act using ubiquitin conjugating enzyme
(UBE2D2) as housekeeping gene.

Measurement of intracellular ATP levels

Intracellular ATP was measured in isolated Treg, naive T cell,
and memory T cell subsets in the presence or absence of HDL,
using a luminescence assay (ATP bioluminescent assay kit; Sigma-
Aldrich) and the GloMax®-Multi detection system.

Statistical analysis

Statistical analyses were performed using Prism (GraphPad
Software 5). Medians (ranges) were compared by U Mann-Whit-
ney or Wilcoxon tests depending on the analysis. In all analyses,
Pvalues lower than 0.05 were considered to be significant.

RESULTS

HDL promotes survival of Tregs, but not of naive or
memory T cells

HDL increased the absolute numbers of Tregs in murine
models (10). As HDL has also been shown to enhance the
survival of endothelial cells in vitro (17), we thus evaluated
the effect of HDL on the viability of purified Tregs
(CD8 CD25'CD127 ), compared with that of purified na-
ive (CD8 CD25 CD127'CD45RA") and memory Tcons
(CD8-CD25 CD127'CD45RA ™) cells from healthy individ-
uals. All populations were >90% pure (see supplemental
Fig. S1B). As expected based on previous data (18), Tregs
cultured without stimulus had reduced viability at 24 h
compared with naive and memory T cells (Fig. 1A). How-
ever, Treg counts significantly increased when they were
cultured with pooled HDL used at 300 pg/ml of total pro-
tein (Fig. 1B), increasing by a median fold of 1.6. In con-
trast, HDL did not affect the number of naive and memory
cells (Fig. 1C, D; median fold increase: 1.0 and 1.1, both
P> 0.2 compared with untreated). Importantly, the effect
of HDL on Treg viability was dose dependent, increasing
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gradually when Tregs were cultured with HDL concentra-
tions spanning from 75 to 600 pg/ml (supplemental Fig.
S2A). Accordingly, we chose the 300 pwg/ml concentration
for all subsequent experiments, as it is within the range of
HDL-C we measured in the plasma of normal healthy indi-
viduals (12). We confirmed these data using freshly iso-
lated HDL prepared from the plasma of seven healthy
donors, that also led to an increased number of Tregs com-
pared with medium (P=0.03, data not shown). In contrast
to the effect exerted by HDL, LDL at the same concentra-
tion did not affect the number of Tregs (Fig. 1E), naive T
cells, or memory T cells (data not shown). Some studies
have shown changes in the frequency, phenotypes, or func-
tion on Tregs after cryopreservation (19, 20); although, in
our hands and in other studies (21-24), Tregs retained
their suppressive capacity and phenotype after cryopreser-
vation. Nevertheless, we validated our findings in freshly
isolated unfrozen cells. As shown in Fig. 2F and supple-
mental Fig. S2B-D, freshly isolated cells had a similar re-
sponse to HDL as cryopreserved cells.

As HDL has been shown to both decrease apoptosis
and stimulate entry into cell cycle (25), we next evalu-
ated these two mechanisms, analyzing the percentage of
apoptotic cells by 7AAD/annexin V staining and the ex-
pression of the cell cycle marker, Ki67, respectively. After
24 h of exposure to HDL, the percentage of apoptotic
Tregs significantly decreased (Fig. 1F, see representative
flow cytometry data in supplemental Fig. S2E), while the
frequency of Ki67" Tregs was not changed (Fig. 1G). We
observed a trend toward a negative correlation between
the increased proportion of apoptotic cells and the abso-
lute number of cells at 24 h (Pearson correlation, P =
0.078, r=—0.65).

FAs have been shown to play a vital role in Treg differ-
entiation (5, 26). Therefore, we investigated whether free
FAs or FAs bound to albumin would also promote Treg
survival. As shown Fig. 1H, oleic acid bound to albumin
significantly improved Treg survival, like HDL. In contrast,
oleic acid alone or albumin did not affect Treg survival
(Fig. 1H).

Tregs bind and uptake high amounts of HDL compared
with naive and memory CD4" T cells

To understand the mechanisms underlying the spe-
cific effect of HDL on Treg viability, we next analyzed
whether Tregs have greater affinity for HDL than the
other CD4 subsets. We designed an in vitro assay to track
the interaction with HDL, using labeled HDL (HDL-Dil)
and visualizing HDL binding/internalization by T cells
by imaging flow cytometry (Fig. 2A, and representative
example in supplemental Fig. S3A). Remarkably, at both
1 h (Fig. 2B) and 4 h (Fig. 2C), the percentage of isolated
Tregs labeled by HDL-Dil was very high (~60% and
~40%, respectively), and was always significantly higher
than that of HDL-DiI" naive and memory Tcons. HDL-
Dil intensity in the positive cells was similar in all subsets
(data not shown). HDL internalization by Tregs re-
mained specific when they were analyzed in the context
of total CD4" T cells (Fig. 2D), although Tregs represent
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Fig. 1. HDLs, but not LDLs, promote Treg survival. A: Bar graphs show median and range of the baseline survival of Tregs, naive cells, and
memory cells in X-VIVO medium. B, C: Dot line graphs represent the absolute number of cells cultured for 24 h in the absence (medium)
or in the presence of HDL (300 pg/ml): Tregs (B), naiveCD4" T cells (C), and memory CD4" T cells (D). E: Absolute number of Tregs cul-
tured for 24 h in the presence or absence of LDL (300 pg/ml). F: Tregs were stained for apoptosis with annexin V and 7AAD. Normalized
survival was calculated based on cells cultured in medium alone. Annexin V- 7AAD " cells were considered as live. G: Tregs were stained in-
tracellularly for the cell cycle marker with Ki67. H: Absolute number of Tregs cultured for 24 h in medium or in the presence of oleic acid
bound to albumin, oleic acid alone, albumin, or HDL (all at 300 wg/ml). Comparisons between groups were done with U Mann-Whitney or

Wilcoxon tests. Each line represents a single donor.

only ~5% of the circulating CD4" T cell pool (27, 28).
Because imaging flow cytometry does not distinguish be-
tween uptake and binding, we used confocal microscopy
to study HDL-Dil localization inside Tregs. As shown in
the representative supplemental Fig. S3B, HDL (red) was
mainly localized in the membrane colocalizing with CD4
expression (green) in Tregs after 1 h. After 4 h, HDL
staining had a punctuated intracellular pattern, reminis-
cent of the HDL clusters seen in CHO cells (29). Con-
firming the specificity of the HDL-Treg interactions,
LDL-Dil uptake by Tregs or the other CD4" subsets, was
minimal (<20%; Fig. 2E).

To confirm these results, we measured the cellular con-
tent of free cholesterol and CE in Tregs or other subsets
treated with HDL. Compared with the untreated condi-
tion, HDL increased the quantity of free cholesterol, as evi-
denced by the higher intensity of filipin staining, in both
frozen and fresh Tregs (Fig. 2F and representative example
of the staining shown in supplemental Fig. S3C). This in-
crease was significant for Tregs (mean fold increase: 1.4),
while it was minimal in naive and memory Tcons (mean
fold increase close to 1.0 in both subsets; supplemental Fig.
S3D). Increased free cholesterol levels were not seen in
presence of LDL (data not shown). In contrast, HDL did
not modify the cellular content in CEs in any of the CD4

subsets, as evidenced by similar levels of BODIPY® FL. C12
staining in treated or untreated cells (data not shown).

SR-BI/BII contribute to HDL-mediated survival in Tregs

The first HDL receptor to be characterized was SR-BI, a
cell surface glycoprotein that is associated with lipid rafts
(30). Expression of SR-BI or its isoform, SR-BII, in hu-
man and murine T-cells had been reported (15, 16), but
its differential expression by CD4 subsets had not been
reported. We thus compared by flow cytometry the expres-
sion of SR-BI/BII in the different CD4" T cell subsets using
an anti-SR-BI/BII antibody. As shown in Fig. 3A, SR-BI/BII
expression by Tregs was approximately twice that of the
other subsets, suggesting that this difference could play a
major role in the selective HDL uptake by Tregs. Accord-
ingly, SR-BI/BII blockade abolished the HDL-mediated
enhanced survival (Fig. 3B). This effect of anti-SR-BI/II
was seen in both fresh and cryopreserved Tregs (data not
shown). All subsets also expressed the two major receptors
for sphingomyelin, SPR1 and SPR4, but in contrast to the
higher expression of SRB-I/BII by Tregs, similar high lev-
els of SIPRI and low levels of SRP4 were observed in all
subsets (supplemental Fig. S4A, B). None of the CD4 sub-
sets expressed the main cholesterol efflux regulatory pro-
teins, ABCAI and ABCG1 (data not shown). Expression of
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8102 ‘Z Areniga uo ‘nreuuidul) jo Alsianiun e 610 | mmm woly papeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2017/04/04/jlr.M072835.DC1.html 
http://www.jlr.org/content/suppl/2017/04/04/jlr.M072835.DC1.html 

SASBMB

JOURNAL OF LIPID RESEARCH

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2017/04/04/jir. M072835.DC1
_html

A : B 1h c 4h
HDL-Dil DAPI CD4-AF647 Merge 0.09

801 004 807 0.008
% I + 701 o002
— g 05 — 601 0.43
0 50+ D 50_ —_—
_'J 40 —|— _'] 40
0o 307 T o 304
I 20 I 50
52 101 2 101 |

0- 04

Treg Naive Memory Treg Naive Memory

D 4h E 4h F Treg
0.0002

80 <0.0001 80, 2
+ 70 + 70 E / . Frozen cells
= 60 = 60 =
Q 50 O 50 E % V Freshcells
= 401 = 40 = 0o
% 304 ] 3 30- £ /
= 201 52 207 g' 6004

0- > 0- 3001

Treg Naive Memory Treg Naive Memory

Medium HDL

Fig. 2. Tregs bind, uptake, and store high amounts of HDLs compared with naive and memory Tcons. A—C: Purified Tregs, naive cells, and
memory cells from healthy controls were incubated with HDL-Dil (300 wg/ml) and analyzed by imaging flow cytometry. Representative im-
ages show HDL-Dil (green), nucleus (DAPI blue), and CD4 (red) localization (A) and summary of HDL uptake in each subsetat 1 h (B) and
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of culture of total CD4" T cells with HDL-Dil. Cells were then stained extracellularly with CD25, CD127, and CD45RA to differentiate Treg
(CD25°CD127 "), naive (CD25 CD45RA"), and memory (CD25 CD45 ") subsets. E: LDL uptake was analyzed in each subset after 4 h of cul-
ture with LDL-DiI (300 pg/ml). F: Free cholesterol in purified Tregs cultured in the presence or absence of HDL was detected by flow cyto-
metric filipin III stain. Each line represents an individual. Comparisons between groups were done with U Mann-Whitney or Wilcoxon tests.

LDLR was significantly higher in naive T cells than in
Tregs and memory T cells (supplemental Fig. S4C), sug-
gesting that expression of LDLR is not related with lipo-
protein (HDL or LDL) uptake in T cells.

Increased OXPHOS and FA oxidation in Tregs contribute
to the HDL-mediated survival of Tregs

We next explored whether Tregs can use HDL as an en-
ergy substrate, which could explain the HDL-mediated in-
creased survival. We measured the OCR as an indicator of
OXPHOS in purified CD4°CD25" cells (>80% FOXP3") cul-
tured in the presence or absence of HDL and in the ab-
sence of glucose. As shown in the representative Fig. 4A,
Tregs exposed to HDL for 1 h showed higher OCR than
Tregs cultured in medium. To determine which mitochon-
drial respiration process was modified by the presence of
HDL, we analyzed by Seahorse Tregs’ basal respiration,
ATP-coupled OCR, maximal respiration, and SRC. Tregs
exposed to HDL had higher median basal and maximal res-
piration, (Fig. 4C, D) than untreated cells, but ATP-coupled
OCR was unchanged (supplemental Fig. SbA). Extracellu-
lar acidification rate was also unchanged (supplemental
Fig. S5B). OCR minimally changed in response to glucose
injection, in both HDL-exposed or unexposed Tregs (Fig.
4A). In most individual Treg samples, basal respiration was
equal to or higher than maximal respiration, which is con-
sistent with previous data obtained in resting human or

1518 Journal of Lipid Research Volume 58, 2017

murine Tregs (31-33). We also determined the effect of
HDL on mitochondrial SRC, because it reflects the addi-
tional capacity to produce energy under stress and appears
critical for the survival of activated CD8" T cells (34, 35). In-
terestingly, SRC increased in HDI-treated Tregs (Fig. 4E).

Addition of ETX, an inhibitor of carnitine palmitoyl
transferase la (CPT1a), and thus of the transport of long-
chain FAs into the mitochondria, inhibited the effect of
HDL on Treg basal and maximal respiration (Fig. 4C, D),
but it did not significantly affect Treg SRC (Fig. 4E). ETX
alone had no effect on basal and maximal OCR (data not
shown). Importantly, and consistent with the hypothesis
that HDL serves as an energy substrate for Tregs, ETX abol-
ished HDL-mediated increased Treg survival (Fig. 4F).

Because the presence of glucose has been shown to be
important in supporting FA oxidation (FAO) and OX-
PHOS in CD8' T cells (36), we also tested whether the ef-
fect of HDL on Treg metabolism was altered by the
presence of glucose. HDL in this experimental setting also
increased Treg maximal respiration and SRC (supplemen-
tal Fig. SbE, F), but it did not change Treg basal respiration
or ATP-coupled mitochondrial respiration (supplemental
Fig. S5C, D). Consistent with a lack of influence of glucose
on Treg metabolism, Tregs expressed low levels of Glutl,
one of the main glucose receptors, which is expressed by T
cells with high glycolytic activity (4, 5), and HDL had no
effect on its expression (data not shown).
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Fig. 3. SR-BI/BII expression by Tregs is important for their enhanced HDL-mediated survival. A: Extracellular SR-BI expression in each
subset was determined by flow cytometry in total CD4 T cells. Each subset was gated as: Tregs (CD3" CD4" CD25" CD127""™), naive cells
(CD3™ CD4" CD25 CD127" CD45RA"), and memory cells (CD3” CD4" CD25~ CD127" CD45RA ™). Histograms represent median (quartile)
in n = 5 individuals. B: Effect of SR-BI cross-linking on HDL-mediated survival. Tregs were pre-exposed or not to the rabbit SR-BI-blocking
antibody (1:100 dilution) for 10 min at 37°C and then cultured with HDL. Treg absolute numbers were measured in the presence of HDL
and SR-Bl-blocking antibody. Comparisons between groups were done with U Mann-Whitney or Wilcoxon tests.

HDL increases mitochondrial membrane potential and
ATP generation in Tregs

To further establish that HDL increased Treg mitochon-
drial activity, we measured the effect of HDL uptake on
mitochondrial membrane potential that we quantified by
analyzing the intensity of MitoTracker staining. HDL treat-
ment significantly enhanced MitoTracker MFI in Tregs
(Fig. 5A), whereas no change was seen in the other subsets
(data not shown). One important question is whether
HDL uptake is required for this effect, as opposed to a by-
stander effect. We compared the MitoTracker intensity of
Tregs that had or had not internalized HDL (HDL-Dil"
versus HDL-Dil ') in Tregs that were all exposed to HDL-
Dil for 4 h. As shown in Fig. 5B, mitochondrial membrane
potential was higher in Tregs that had internalized HDL
than in those who did not, suggesting that HDL uptake is
needed to increase Treg mitochondrial activity.

FAs are oxidized resulting in the synthesis of ATP by -
oxidation to generate cellular energy. We therefore quanti-
fied total ATP levels in untreated and HDIL-treated CD4" T
cell subsets. Basal ATP levels were significantly lower in
Tregs than in naive and memory T cells (supplemental Fig.
S6), in accordance with their lower survival (Fig. 1A).
When Tregs were cultured with HDL for 4 h, total ATP
levels increased by ~2-fold (P=0.06; Fig. 5C), whereas HDL
did not affect the ATP concentration in naive and memory
cells (data not shown), suggesting that HDLs boost the
Treg bioenergetic potential.

DISCUSSION

One of our main findings is that Tregs have a high ca-
pacity to bind and internalize HDL, but not LDL. In ac-
cordance, Treg survival significantly increased in the
presence of HDL, but not LDL. An important question

was thus to understand why Tregs preferentially interact
with HDL. Our data suggest that the high expression of
SR-BI/BII by Tregs could play a major role in this selective
effect. SR-BI and its isoform, SR-BII, have an identical ex-
tracellular domain (37). The rabbit polyclonal anti-SR-BI
we used does not distinguish between the two forms. Previ-
ously, SR-BI/BII mRNA expression was detected in total
CD3' T cells, although it was low compared with SR-B lev-
els in hepatocytes (15). Herein, we show that Tregs exhibit
a much higher level of SR-BI/BII than the other CD4 sub-
sets. This difference could be related to Tregs’ enhanced
basal level of activation compared with other Tcon subsets
(38, 39). Of interest in this context, Xu and colleagues de-
scribed years ago that HDL internalization could occur in
activated T cells, but these reports did not identify the
receptor(s) involved in this phenomenon, nor did they es-
tablish whether the different subsets might not be equally
able to bind and internalize HDL (40, 41). SR-BI plasma
membrane location and how it mediates HDL endocytosis
have been extensively studied in cell lines with discrepant
results depending on the model system and the cell line
[reviewed in (42)]. In some cells, SR-BI is concentrated in
plasma membrane caveolae/lipid rafts and caveolin-con-
taining complex, although this result was not consistently
found (42). SR-BI binds HDL with high affinity, and medi-
ates cellular uptake of HDL CE (43, 44). SR-BI delivers CE
to sites in the membrane where it is readily metabolized to
free cholesterol by cell type-specific CE hydrolases (43,
44). Our data show that HDL increased the cellular con-
tent of free cholesterol in Tregs. However, this was not
associated with enhanced CE levels. One potential expla-
nation for this finding is that CEs are rapidly used by the
enzyme, lysosomal acid lipase/CE hydrolase, which is im-
portant to the mobilization of FA to FAO and the develop-
ment of T cells (36, 45). Our results also raise one
intriguing question, which is why HDLs, but not LDLs,
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bind to Tregs; in another immune cell, macrophage’s SR-BI
can bind native LDL, even if this process is much less effi-
cient in mediating LDL internalization than the classic
LDLR [reviewed in (46)]. Of note, Tregs express very low
levels of LDLR. It is thus possible that HDL uptake by
Tregs through a SR-BI pathway is modulated by other cel-
lular proteins or another structural component from HDL.
Indeed, in hepatocytes, caveolin expression increases
HDL-CE selective uptake by SR-BI, while it decreases LDL-
CE selective uptake (47). Similarly, the presence of ApoE
in HDL facilitates HDL-CE selective uptake through bind-
ing to SR-BI and inducing conformational changes (48).

1520 Journal of Lipid Research Volume 58, 2017

Further studies will thus be needed to completely eluci-
date how Tregs uptake HDL.

Importantly, similar to mice with FoxP3 mutation or
with selective depletion of Tregs (49, 50), SR-BI-null mice
developed systemic autoimmune disorders characterized
by splenomegaly and high T cell activation/proliferation
(15). Treg frequencies and numbers in SR-BI-null mice
were not diminished compared with the wild-type mice
(15), which could be related to the compensatory expan-
sion of Tregs during inflammation. In addition, Treg func-
tionality on a per cell basis was not analyzed in these mice.
The role of metabolic programming on Treg functionality
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has not been thoroughly studied, but impaired mitochon-
drial activity in murine Tregs is associated with poor sup-
pressive activity, likely due to decreased levels of CTLA4,
ICOS, and CD71 (51). Similarly, key OXPHOS regulators
were recently shown to be required for optimal Treg
function (32). Therefore, the role of SR-B-mediated up-
take of HDL in Treg functionality will need to be further
ascertained.

Downstream of HDL binding, the decreased fre-
quency of annexin V-positive Tregs and the unchanged
expression of Ki-67 indicate that HDL increased Treg
survival, but did not affect Treg cell cycle. These data are
in agreement with the effect of the HDL on endothelial
cells (52, 53). Importantly, FAs derive from extrinsic
sources, and both short-chain FAs (propionate, butyrate,
and acetate) and exogenous long-chain FAs (oleate/pal-
mitate) can be used as fuel and are important metabo-
lites for Treg homeostasis (5, 26). Importantly, unlike
memory CDS8" T cells that synthesize FAs from extracel-
lular glucose, Tregs take up externally derived FAs to
support their high rates of FAO, but the involved mole-
cules and pathways are not known [reviewed in (54,
55)]. Our in vitro assay suggests that Tregs can use HDL
from their microenvironment as a source of energy, acti-
vating FA OXPHOS and increasing their basal and maxi-
mal respiration. This hypothesis is supported by the fact
that oleate bound to serum albumin had a similar pro-
survival effect for Tregs as HDL. Increased SRC was re-
ported to promote the survival of memory CD8" T cells
treated by IL-15 through a FAO-dependent pathway
(34). Our data are partially in concordance with this sce-
nario, as HDL also enhanced Treg SRC, but this increase
was not dependent on FAO because it was insensitive to
ETX. However, ETX abolished HDL-mediated increased
Treg survival and Treg basal and maximal respiration,
suggesting that SRC is not the only parameter associated
with Treg survival.

Tregs’ metabolic dependency on FAO or glycolysis re-
mains disputed. Indeed, activated Tregs appear to require
both glycolysis and FAO (31, 32), while Tregs generated
through in vitro polarization of CD4" T cells preferentially
use lipid metabolism (4, 5, 56). A recent study reported
that freshly isolated human Tregs have higher glycolysis
and OXPHOS, but lower FAO, in comparison with Tcons
(31). These discrepancies raise the question of whether the
presence of glucose in culture medium might modify how
Tregs use extracellular sources of lipids for their metabo-
lism. One of these modifications could be the enhanced
synthesis of FA, as has been shown in memory CDS8' T cells
(36). Our results do not support such a model for several
reasons. First, Tregs expressed very low levels of Glutl, and
these levels were not modified by HDL. Second, consistent
with these data, Treg glycolysis did not augment in re-
sponse to glucose injection. Finally, the presence of glu-
cose had only a very modest influence on the effect of HDL
on Treg metabolism.

An important parameter related to cellular survival is the
synthesis of intracellular ATP. Basal levels of intracellular
ATP were much lower in Tregs than in the other T cell sub-
sets, which is in agreement with a previous study showing
that high levels of adenylyl cyclase 9 degrade Treg intracel-
lular ATP (57). These low levels of total ATP are likely caus-
ative to their low survival. Total ATP levels generated by
OXPHOS or another metabolic process were upregulated
by HDL. This robust enhancement of ATP generation ap-
pears to require some time to occur, as it was only apparent
after 4 h, whereas enhanced Treg respiration was seen after
1 h. These differences might be related to the time the cells
require to completely uptake HDL, as internalization was
more pronounced at 4 h than at 1 h (Fig. 2), and this may
influence the kinetics by which HDLs affect different as-
pects of Treg metabolism. Of interest, mitochondrial activ-
ity was mostly increased in the Tregs that internalized HDL,
and not in the exposed “bystander” Tregs, which reinforces
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the hypothesis that the main mechanism underlying in-
creased survival is through providing additional “fuel.” Al-
ternatively and nonexclusively, Tregs have been shown to
use exogenous FA to produce phospholipids for cellular
membranes, while other CD4 subsets predominantly use
de novo FA synthesis (58), and this mechanism could also
contribute to the HDL- or FA-mediated increased Treg sur-
vival. More studies are thus needed to determine the
mechanism (s) by which HDLs promote Treg survival. An-
other area for future studies is to better understand the
relationship between HDL composition and its biological
effect on Tregs. It is a highly significant question due to the
existence of numerous subpopulations of HDLs with dis-
tinct protein/lipid composition (59). HDL composition
influences HDL anti-apoptotic capacities for endothelial
cells or macrophages (60, 61), and might also dictate HDL
anti-apoptotic effect on Treg survival.

Altogether, our results show for the first time that hu-
man resting Tregs internalize HDL, which leads to their
increased survival. The recent failure of HDL-C-raising
agents to provide clinical benefits has created a controversy
on the mechanisms underlying HDLs’ atheroprotective
properties (62) and has highlighted the need for a better
understanding of the biology of HDL particles and how
they exert their pleiotropic effects on inflammation (63).
Our data, by providing a novel understanding of the effect
of HDLs on Treg homeostasis, could thus open a new met-
ric by which HDL-C-raising agents could be evaluated Bl

The authors thank J. Matthew Kofron for his invaluable help
with the confocal microscopy experiments.
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