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Abstract Plasma levels of HDL cholesterol are
inversely associated with CVD progression. It is
becoming increasingly clear that HDL plays important
roles in immunity that go beyond its traditionally un-
derstood roles in lipid transport. We previously re-
ported that HDL interaction with regulatory T cells
(Treg) protected them from apoptosis, which could be
a mechanism underlying the broad anti-inflammatory
effect of HDL. Herein, we extend our work to show
that HDL interacts mainly with memory Treg, partic-
ularly with the highly suppressive effector memory
Treg, by limiting caspase-dependent apoptosis in an
Akt-dependent manner. Reconstitution experiments
identified the protein component of HDL as the pri-
mary driver of the effect, though the most abundant
HDL protein, apolipoprotein A-I (APOA1), was inac-
tive. In contrast, APOE-depleted HDL failed to rescue
effector memory Treg, suggesting the critical role of
APOE proteins. HDL particles reconstituted with
APOE, and synthetic phospholipids blunted Treg
apoptosis at physiological concentrations. The APOE3
and APOE4 isoforms were the most efficient. Similar
results were obtained when lipid-free recombinant
APOEs were tested. Binding experiments showed that
lipid-free APOE3 bound to memory Treg but not to
naive Treg. Overall, our results show that APOE
interaction with Treg results in blunted caspase-
dependent apoptosis and increased survival. As dys-
regulation of HDL-APOE levels has been reported in
CVD and obesity, our data bring new insight on how
this defect may contribute to these diseases.
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Plasma levels of HDLs are associated with protection
from CVD, inflammatory and metabolic diseases such
as obesity (1, 2), but the underlying mechanisms of how
HDL exerts their immunoprotective effects are not
fully understood. Traditionally, HDL was thought to
mainly carry lipids in reverse cholesterol transport (3),
but only about one-third of the 250 or so proteins that
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associate with HDL play known roles in lipid transport.
In contrast, the majority play roles in modulating
inflammation and the innate immune system, strongly
implying important roles in host defense (4). HDL is
known to display important immunomodulating func-
tions by interacting with many immune cells, but most
of the work has focused on myeloid cells (5). We
recently found that HDL could directly interact with
human regulatory T cells (Treg) and promote their
accrual (6). Treg also limit vascular endothelial injury
by decreasing the accumulation of proinflammatory
cells and by producing anti-inflammatory cytokines in
the atherosclerotic plaque (7). Given the known Treg
atheroprotective effect, this newly discovered function
of HDL could also play an important role. However, the
amplitude of HDL antiapoptotic effect for Treg varied
widely between individuals (6).

Human Treg are phenotypically and functionally
heterogeneous (8–11), with different subsets with
unique specificities and immunomodulatory functions
(8, 9). Three major subsets can be identified in the
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peripheral blood: naïve Treg (nTreg), memory Treg
(mTreg), and effector memory Treg (emTreg). Treg,
notably the highly functional emTreg subset, are
essential for maintaining immune homeostasis, protec-
tion against CVD, and complications related to meta-
bolic disorders (12). Thus, we posited that these two
separate anti-inflammatory processes, HDL immuno-
modulatory properties, and Treg anti-inflammatory
function, may work in concert to limit CVD and
metabolic disorders.

HDLs are heterogenous particles, consisting of a
central core of neutral lipid esters, surrounded by a
monolayer of phospholipids, free cholesterol, and
apolipoprotein functions (3, 13). Both HDL lipids and
apolipoproteins have been shown to be involved in the
HDL antiapoptotic effect for endothelial cells (14, 15).
Between the apolipoproteins, APOA1 is the most
abundant protein, and lipid-free APOA1 favored Treg
expansion in a murine model of autoimmunity (16).
APOA1 could also inhibit the differentiation of Treg
into atherogenic T cells (17). Besides APOA1, APOE, one
of the minor proteins of the HDL, has been signifi-
cantly associated with lower risk of coronary heart
disease, and it also promotes metabolic steps in reverse
cholesterol transport (18). Interestingly, Apoe(−/−)
mice exhibit significantly decreased Treg numbers
(19–21) and secretion of Treg-related cytokines, notably
of transforming growth factor-beta (22).

Herein, we found that HDLs preferentially bind to
mTreg and emTreg and promote their survival by
decreasing caspase-dependent apoptosis in an Akt-
dependent manner. Our results also show that HDL
apolipoproteins, particularly APOE, drive emTreg and
mTreg survival. This mechanism could thus contribute
to the atheroprotective and anti-inflammatory proper-
ties of HDL, through their effect on Treg homeostasis.
MATERIALS AND METHODS

Cell isolation
Peripheral blood mononuclear cells from healthy donors

(Hoxworth blood center, Cincinnati, OH) were separated by
centrifugation through Ficoll-Hypaque (GE, Fairfield, CT).
CD4+ T cells were purified by negative selection using the
Miltenyi CD4 negative separation kit (Auburn, CA), per the
manufacturer’s instructions. Aliquots of purified CD4+ T
cells were frozen in FBS + 10% DMSO and stored in liquid
nitrogen. The viability of thawed cryopreserved cells was
>90%. To isolate bulk Treg, cryopreserved CD4+ T cells were
stained with live dead aqua (ThermoFisher, Waltham, MA),
anti-CD8-FITC, anti-CD25-APC (BD Pharmingen, San Diego,
CA), anti-CD127-PE (Beckman Coulter, Fullerton, CA), and
sorted using a FACS Aria (BD) (supplemental Fig. S1A). Purity
of the sorted Treg was >90%, as determined by postsorting
analysis of FOXP3 expression (supplemental Fig. S1B). FOXP3
expression was also significantly higher in Treg compared
with conventional CD4+T cells (non-Treg) after sorting
(supplemental Fig. S1C). In some experiments, Treg subsets
(nTreg, mTreg, and emTreg) were isolated, briefly
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cryopreserved CD4+ T cells were stained with anti-CD8-FITC,
anti-CD25-APC, anti-HLA-DR-APC-Cy7 (BD), anti-CD127-PE
(Beckman Coulter), anti-CD45RA-PB, anti-CD95-BV510 (Bio-
Legend, San Diego, CA), and sorted using an FACS Aria
(supplemental Fig. S1A).

Reconstitution of HDL lipids and POPC into HDL
particles

HDL lipids were isolated from total HDL (Sigma-Aldrich,
St. Louis, MO) using a Bligh-Dyer lipid extraction method (23).
Polar lipids were isolated using thin layer chromatography,
reconstituted in chloroform, and a phosphorous assay deter-
mined the HDL lipid concentration. A modified Bio-bead
sodium cholate removal method was used for the prepara-
tion of reconstituted HDL (rHDL) discs as reported (24).
Phospholipid POPC (Avanti Polar Lipids, Birmingham, AL)
was used at a molar ratio of 85:1 POPC:APOA1 and 72:13:1
POPC:HDL lipids:APOA1 to generate 96 Å particles contain-
ing either HDL lipids or POPC. Particle size and homogeneity
was determined by 4–15% nondenaturing gradient gel elec-
trophoresis (Mini-PROTEAN TGX; Bio-Rad) with Coomassie
blue staining (supplemental Fig. S2A). Protein concentrations
were determined by the modified Markwell-Lowry assay.

Generation of apo HDL, rHDL-APOA1, rHDL-
APOA2, rHDL-APOA4, rHDL-APOE2, rHDL-
APOE3, and rHDL-APOE4 discs

HDL proteins from human HDL isolated from fresh
plasma were isolated using a Bligh-Dyer lipid extraction
method (23). rhAPOA1, rhAPOA2, rhAPOA4, rhAPOE2,
rhAPOE3, and rhAPOE4 (recombinant human forms) were
expressed in cells, purified by 6x His tag followed by pro-
teolytic removal of the N-terminal tag as described previously
(25, 26). Human HDL was delipidated in ethanol/diethyl ether
as described by Scanu and Edelstein (27). The reconstitution
of HDL and recombinant proteins into HDL particles was
performed as described before for the HDL lipids and POPC
into HDL particles (24, 28). Briefly, the proteins were recon-
stituted with POPC and free unesterified cholesterol (Sigma,
St. Louis, MO) at molar ratio of 85:1 POPC:APOA and 150:1
POPC:APOE (isoforms stated above) to generate 96 Å parti-
cles. The particle size and homogeneity were confirmed by a
8–25% nondenaturing gradient gel electrophoresis with Coo-
massie blue staining and compared against an SDS 4–15% gel
(Mini-PROTEAN TGX; Bio-Rad) with Coomassie blue stain-
ing (supplemental Fig. S2B–D). Protein and particle concen-
trations were determined by a modified Markwell-Lowry
assay. Phospholipid concentrations were determined using a
modified choline-containing phospholipid colorimetric assay
(Fujifilm; Wako).

Generation of rhAPOA1, rhAPOE2, rhAPOE3, and
rhAPOE4

pET-32 APOE3 plasmid was used as a template to construct
a mutant plasmid by site-directed mutagenesis to create the
plasmid for the recombinant APOE2 isoform. The site-
direction mutagenesis was accomplished by changing argi-
nine 158 to a cystine. The pET-30 APOA1 and pET-32 APOE
isoforms (APOE2, APOE3, and APOE4) (25) were expressed
and purified as described previously (25). Prior to use, the
purified APOA1, APOE3, and APOE4 isoforms were resolu-
bilized in 3 M guanidine HCl followed by refolding at 4◦C by
buffer exchange into PBS. The purified APOE3 was



resolubilized in 3 M guanidine HCl followed by a refolding at
4◦C by buffer exchange into PBS with 5 mM DTT (Ther-
moFisher) (supplemental Fig. S2C,D). After purification,
rhAPOA1 and rhAPOE3 were labeled at a 1:1 mass:mass ratio
using Alexa Flour 488 5-TFP (Invitrogen) stirring at room
temperature for 1 h. Labeled protein was purified away from
unreacted label using a HiLoad 16/600 Superdex (Cytiva,
Washington, DC) equilibrated in PBS. Peak fractions were
pooled and concentrated and sterile filtered. Apolipoprotein
concentration was determined again by using a modified
Markwell-Lowry assay. Fluorescence was confirmed using
SDS gel exposed to UV.
Depletion of APOE from total HDL
APOE-depleted HDL was prepared using immunoaffinity

chromatography. Briefly, HDL (Sigma-Aldrich) was applied to
an immunoaffinity chromatography column containing
affinity-purified anti-APOE antibody (Academy Biomedical,
Houston, TX) covalently bound to Sepharose 4B resin on a
fast protein liquid chromatography system at 0.5 ml/min in
PBS buffer containing 140 mM NaCl, 0.01% EDTA, and 0.01%
azide (pH = 7.4). Bound APOE-HDL was eluted in 3 M sodium
thiocyanate in PBS and immediately desalted using poly-
acrylamide 6000 columns (Thermo Scientific). Flow thru
(APOE-depleted HDL) was then concentrated and analyzed
by Western blot to confirm the depletion of APOE from the
original total HDL sample. Briefly, 2 μg of total protein for
either APOE-depleted HDL or total HDL was probed using an
affinity-purified HRP-conjugated goat anti-APOE primary
antibody (Meridian Life Science) at a 1:2,500 dilution.
Culture conditions
Purified Treg cells were cultured in the serum-free me-

dium, X-VIVO 15, which contains human albumin, human
insulin, human transferrin, and L-glutamine (Lonza,
Charleston, TN), overnight at 37◦C in the presence or the
absence of pooled human HDL (700 μg/ml of protein; Sigma-
Aldrich) or different HDL preparations (700 μg/ml of pro-
tein) as described in the legends. In some experiments, puri-
fied Treg cells were pretreated with either MK-2206 (Akt
inhibitor, 3 μM) (MCE, Monmouth Junction, NJ) or the
receptor-associated protein (RAP, LDL receptor [LDLR]–
related protein [LRP] inhibitor, 10 μM) (Innovative Research,
Novi, MI) in X-VIVOmedium for 1 h at 37◦C. HDL (700 μg/ml
of protein) was added, and the cells were incubated overnight.
Flow cytometry and microscopy analyses
Apoptosis was quantified using cellevent caspase 3/7 green

detection reagent (ThermoFisher). Cells were incubated with
3 μM of the reagent for 30 min at 37◦C. To separate out nTreg,
mTreg, and emTreg, cells were blocked with PBS 2% FBS +
human IgG 10 μg/ml and stained with the surface antibodies
CD45RA-pacific blue, CD95-BV510 (BioLegend), and HLA-
DR-APC-Cy7 (BD) for 30 min at room temperature. Then,
cells were fixed and permeabilized with FOXP3 perm/fix
buffer kit (ThermoFisher) for 1 h at 4◦C, followed by intra-
cellular staining with anti-Ki67-PerCP-Cy5.5 (BD), anti-ICOS-
BV605, and anti-CTLA4-BV711 (BioLegend). Samples were
acquired on a Fortessa flow cytometer (BD). Flow cytometry
data were analyzed using the Flowjo software, version 10.6.2
(BD). For some experiments, bulk Treg cells were cultured in
X-VIVO media in the presence of caspase 3/7 green reagent
and anti-CD45RO (Alexa Fluor 700; BioLegend) and followed
HDL-
for 24 h by time-lapse imaging, using Nikon AXR Inverted
Confocal Laser Scanning Microscope (Nikon Corporation,
Minato City, Tokyo, Japan).

Imaging flow cytometry
To measure HDL binding, nTreg, mTreg, and emTreg cells

were sorted from total CD4+ T cells and cultured for 1 h at
4◦C or 37◦C with HDL-Dil or APOA1-Alexa Fluor 488 or
APOE3-Alexa Fluor 488 in X-VIVO 15 media. In some ex-
periments, cells were pretreated with RAP (10 μM) in X-VIVO
medium for 1 h at 37◦C, before adding the labeled APOE3.
Then, for surface and nuclear staining, cells were washed and
stained with anti-CD4-AF700 (BioLegend) and NucBlue
(ThermoFisher) for 30 min at room temperature. Samples
were acquired with the Amnis Image Stream, using 60X
objective lens, and analyzed using the IDEAS software
(Luminex, Austin, Tx).

Statistics
Graphics and Statistical analyses were generated with

GraphPad Prism software, version 9.3.1 (GraphPad Software,
Inc). Most analyses, when the effect of HDL or rHDL-
apolipoproteins was compared between the different Treg
subsets, used a repeated-measures two-way ANOVA with
matched values and Sidak’s multiple comparison test with a
single pooled variance. One-way ANOVA test and Sidak’s
multiple comparison test with a single pooled variance was
used to compare the effect of rHDL-E-POPC and rhAPOE in
Treg cells. In some cases, paired t-tests were utilized to
compare the effect between two groups of treatment. In all
cases, a threshold of P ≤ 0.05 was considered significant.

RESULTS

HDL improves mTreg and emTreg survival
In our previous work (6), we noted significant inter-

subject variability in the response of their bulk Tregs to
a common HDL sample. We speculated HDL may
differentially affect Treg subsets, which can vary in
distribution across individuals. We thus characterized
Treg subsets and their response to HDL. Three
different circulating Treg subsets can clearly be iden-
tified via cellular markers, as reported in the literature
(8–11): nTreg, mTreg, and emTreg (Fig. 1A). In addition
to differential expression of CD45RA on nTreg, and
CD95 on mTreg, only emTreg express high levels of the
activation marker HLA-DR. mTreg, particularly
emTreg, also express the highest levels of the sup-
pressive molecules, CTLA-4, ICOS, CD25, as well as high
Ki67 and FOXP3 levels (Fig. 1A), further suggesting that
emTreg are the most activated and suppressive subset.
nTreg and mTreg are more abundant in peripheral
blood than emTreg (Fig. 1B), suggesting that only a low
number of nTreg or mTreg differentiate into emTreg.

To assess whether HDL differentially affect Treg
subsets, Treg cells were cultured overnight in the
serum- and cytokine-free X-VIVO medium either
alone or in the presence of HDL, and the expression of
proapoptotic caspase-3/7 was measured after 24 h. This
ex vivo assay has been shown to correlate well with T-
APOE promotes survival of regulatory T lymphocytes 3



Fig. 1. HDL rescues mTreg and emTreg from apoptosis. A: CD4+ T cells were purified by negative bead selection from PBMCs and
stained with fluorescently labeled antibody. Within CD4+ T cells, Treg were identified as CD3+CD4+FOXP3+ within the live/dead
singlet cells. Dimension reduction analysis was performed by t-distributed stochastic neighbor embedding. A representative example
of 15 experiments is shown. B: Frequency of nTreg, mTreg, and emTreg in peripheral blood (n = 15). C and D: Bulk Treg were
purified by cell sorting from CD4+ T cells from healthy donors and incubated overnight with or without pooled HDL (700 μg/ml of
protein) in X-VIVO medium. Caspase-3/7 expression was measured by flow cytometry in nTreg, mTreg, and emTreg. C: Repre-
sentative example of caspase 3/7 staining in Treg subsets before and after HDL treatment. D: Effect of HDL on caspase 3/7
expression in Treg subsets. Each line represents cells from one individual (n = 20). Asterisks indicate significant differences (**** P<
0.0001) two-way ANOVA.
cell in vivo survival (29). After 24 h, mTreg, particularly
the effector memory subset, expressed higher levels of
caspase-3/7 than nTreg (Fig. 1C,D). The highest differ-
ence in caspase-3/7 expression between nTreg and
mTreg was observed after 14 h and sustained up to 24 h
(supplemental Fig. S3). Treg subsets maintained their
phenotype after 24 h of culture, including in the
presence of HDL treatment (supplemental Fig. S4).
Consistent with their low basal levels, HDL incubation
did not significantly affect nTreg expression of
caspase-3/7. However, HDL dramatically reduced
caspase-3/7 expression in mTreg and emTreg subsets
after 24 h of culture (Fig. 1C,D), suggesting HDL is
antiapoptotic for the most activated and suppressive
Treg subsets.

emTregs and mTregs bind HDL more efficiently
than nTregs

Next, we assessed the ability of different Treg sub-
classes to bind fluorescently labeled HDL. Figure 2A
and supplemental Fig. S5 show that HDL bound mini-
mally to nTregs but exhibited significant binding to
mTregs and emTregs at 37◦C, with the latter subset
exhibiting the most pronounced binding (Fig. 2A–C).
Mean fluorescent intensity (MFI) of HDL binding per
cell was both high in mTregs and emTregs (Fig. 2B,C).
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In contrast, HDL bound poorly to all cell types at 4◦C
(Fig. 2C), indicating that HDL preferentially binds and
rescues mTreg and emTreg and does so only at tem-
peratures when typical membrane receptor turnover
processes are functional.

HDL antiapoptotic effect involves the Akt signaling
pathway

The Akt signaling pathway promotes survival of
many cell types (30) and has been implicated in previ-
ously observed HDL-mediated antiapoptotic effects in
endothelial cells (31). Therefore, we investigated its
involvement in HDL inhibition of Treg apoptosis. Treg
were pretreated for 1 h with the Akt inhibitor, MK-2206
(32), at a dose that did not increase caspase-3/7 activa-
tion in Treg subsets compared with the untreated cul-
tures (Fig. 3). Importantly, Akt inhibition significantly
decreased HDL antiapoptotic effect in mTreg and
emTreg (Fig. 3), suggesting the involvement of this
pathway in the HDL protective effect for Treg.

HDL apolipoproteins, but not those of the A class,
rescue mTreg and emTreg from caspase-dependent
apoptosis

HDLs contain more than 250 different proteins and
upward of 200 different species of neutral or polar lipids



Fig. 2. mTreg and emTreg bind higher amounts of HDL than nTreg. Purified Treg subsets from healthy controls were incubated
with HDL-DiI in X-VIVO medium at 4 or 37◦C. Cells were stained with anti-CD4 and NucBlue to visualize membrane (red) and
nucleus (purple) and analyzed by Imagestream. A: Representative example of staining of one cell in each subset. B: MFI of HDL-DiI
in all three subsets is shown for one representative individual. C: MFI of HDL-DiI binding in each condition (n = 3). Asterisks indicate
significant differences (**P < 0.005, ***P < 0.0005) in two-way ANOVA.
(3, 33). To determine whether the antapoptotic effect of
HDL was due to the protein or the lipid component, we
took advantage of our ability to selectively incorporate
various HDL protein and lipid components into rHDL
particles (26, 34). First, we evaluated the protein compo-
nent of HDL by delipidating HDL under conditions that
preserve the protein components (23). We refer to this
fraction as apo-HDL because it consists of all the “apo”
and other proteins known to be associated with HDL.
The apo-HDL fraction was reconstituted with synthetic
POPC to form discoidal rHDL particles that are within
the size range of native HDL particles (supplemental
Fig. 3. Akt blockage attenuates the HDL antiapoptotic effect
on mTreg and emTreg. Purified bulk Treg subsets from
healthy controls were pretreated with MK-2206 (Akt inhibitor
[AKTi], 3 μM) in X-VIVO medium for 1 h at 37◦C. HDL (700
μg/ml of protein) was added, and the cells were incubated
overnight. Caspase 3/7 expression of Treg subsets is shown in
the figure. Asterisks indicate significant differences (*P < 0.05,
**P < 0.005, ****P < 0.0001) in paired t-test (n = 7).

HDL-
Fig. S2A). The rHDL particles containing the comple-
ment of the native HDL particles, HDL proteins (rHDL-
APO-POPC), provided clear protective effects for both
mTreg and emTreg subsets (Fig. 4A), suggesting that the
protein and not the lipid component mediates HDL-
Treg prosurvival effect. To identify the apoprotein(s)
involved, we then produced rHDL including isolated
apolipoproteins that are known to be relatively abun-
dant in HDL, starting with the APOA class. rHDL parti-
cles were produced with APOA1 (the major protein
component of HDL), APOA2 the second most abundant
apolipoprotein in HDL, and APOA4 another relatively
abundantAPOA-related protein inHDL. These particles
also shared general size and composition with native
HDL (supplemental Fig. S2B). As expected, native HDL
and rHDL particles containing HDL proteins were
effective, whereas neither APOA1 nor APOA2-POPC
containing rHDL had a significant protective effect.
APOA4 (rHDL-A4-POPC) showed a moderate protec-
tive effect for the emTregs (Fig. 4B).

To confirm the pre-eminent role of apolipoproteins,
and not HDL lipids, human plasma polar lipids (i.e.,
phospholipids, sphingomyelins, carotenoids, free
cholesterol, etc.) were isolated from neutral lipid esters
by thin layer chromatography and combined with
APOA1 to produce rHDL particles (rHDL-A1-H-PC).
These exhibited size and physical properties similar to
native HDL (supplemental Fig. S2A) yet exhibited no
ability to protect either mTreg population, similar to
particles containing APOA1 and POPC (rHDL-A1-
POPC) (Fig. 4C). Together, these data strongly support
the conclusion that the lipid component of HDL plays a
minimal role in the protective effect for Treg and
further implicate the involvement of apolipoproteins
other than the major HDL scaffold proteins APOA1
and APOA2.
APOE promotes survival of regulatory T lymphocytes 5



Fig. 4. HDL apolipoproteins, but not APOAs, promote survival of mTreg and emTreg from healthy individuals. Caspase 3/7
expression of Treg subsets incubated overnight in X-VIVO medium with (A) PBS (control), apolipoproteins of HDL in POPC (rHDL-
APO-POPC, 700 μg/ml of protein) and total HDL (700 μg/ml of protein). Asterisks indicate significant differences (***P < 0.0005) in
two-way ANOVA (n = 6). B: rHDL-APOA(1,2,4)-POPC discs, rHDL-APO-POPC, or total HDL. Asterisks indicate significant differ-
ences (****P < 0.0001) in two-way ANOVA test (n = 5). C: APOA1 reconstituted either in POPC (rHDL-A1-POPC) or HDL lipids
(rHDL-A1-H-PC). Asterisks indicate significant differences (*P < 0.05 and **P < 0.005) in two-way ANOVA test (n = 3).
APOE-HDLs promote mTreg and emTreg survival
Another relatively abundant HDL constituent is

APOE. APOE−/− mice have been reported to have
low number of systemic Treg (22, 35) and on plaques
(36). To test whether APOE mediated the protective
effect seen in the apo-HDL preparations, we used
immobilized anti-APOE antibodies to deplete native
human HDL particles of those that contain APOE,
typically about 10% of native HDL particles (3). SDS-
PAGE analysis showed that our depletion protocol
removed nearly all Western blot-detectable APOE
from total HDL preparations (Fig. 5A). We then
compared the effect of total HDL to APOE-depleted
HDL on an equal total protein basis (700 μg/ml). Our
Treg protection assay shows that APOE-depleted HDL
not only failed to protect emTreg from cell death,
but it might also be slightly toxic to the cells, whereas
the parent native HDL preparation showed the ex-
pected protection (Fig. 5B).

In humans, APOE exists in three major isoforms,
APOE2, APOE3, and APOE4, which differ by the
presence of Cys residues at two sites in the sequence.
Taking advantage of our bacterial expression system,
we produced APOE2, APOE3, and APOE4-containing
rHDL particles with POPC and tested them in our
Treg protection assay, at an equalized concentration of
700 μg/ml of total protein. APOE3-containing rHDL
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exhibited a significant protective effect for the
emTreg, whereas APOE4-containing rHDL trended
toward a protective effect, but this was not statistically
significant. APOE2 in rHDL showed no effect (Fig. 5C).
Next, we asked whether APOE (2–4) proteins could also
protect Treg when not complexed to lipids as rHDL
particles. rhAPOE3 significantly protected emTreg,
similarly to the antiapoptotic effect of the HDL. rhA-
POE4 again trended toward a protective effect, as did
APOE2, but neither effect was significant because of
higher variability (Fig. 5D). APOE3-containing HDL
and rhAPOE3 also exhibited an antiapoptotic effect for
mTreg (supplemental Fig. S6A,B). In physiological
conditions, a –normolipidemic human has about 20–70
μg/ml of circulating APOE (37). Therefore, we per-
formed dose-response experiments with APOE3- and
APOE4-containing rHDL to test whether physiological
concentrations would protect Treg from apoptosis.
Interestingly, lower concentrations of APOE3 and
APOE4-containing rHDL showed a significant protec-
tive effect on emTreg, including at physiological levels
(∼20 μg/ml), an effect similar to that of total HDL
(Fig. 5E). Similar results were observed for mTreg,
where APOE3 and APOE4-containing rHDL were both
more protective at lower concentrations (supplemental
Fig. S6C). Taken together, the data strongly implicate
APOE, particularly APOE3 and APOE4, as a major



Fig. 5. APOE-containing rHDL and lipid-free rhAPOE, but not APOE-depleted HDL, decrease emTreg apoptosis. Purified bulk
Treg subsets were incubated with total HDL or APOE-depleted HDL, APOE(2–4)-containing rHDL, or lipid-free rhAPOE(2–4),
overnight in X-VIVO medium. A: 4–15% SDS-PAGE analysis of APOE-containing HDL (APOE HDL, lane 1) and APOE-depleted
HDL (APOE-depleted HDL, lane 2). B: Caspase 3/7 expression of emTreg incubated with APOE-depleted HDL or total HDL. The
data are normalized with respect to the level of caspase expression in the control (PBS). Asterisks indicate significant differences (**P
< 0.005) in t-test (n = 5). Caspase 3/7 expression of emTreg after treatment with (C) rHDL-APOE(2–4)-POPC and (D) rhAPOE(2–4).
The data are normalized with respect to the level of caspase expression in the control (PBS). Asterisks indicate significant differences
(*P < 0.05, ***P < 0.001) in one-way ANOVA test (n = 4–6). E: Caspase 3/7 expression of emTreg after the treatment with different
concentrations of rHDL-APOE(3,4)-POPC, dotted line shows the mean of total HDL treatment (700 μg/ml of protein). Asterisks
indicate significant differences (control vs. rHDL-E-POPC) in two-way ANOVA (*P < 0.05, **P < 0.005, ***P < 0.0005) (n = 5).
operational factor underlying the HDL-mediated
mTreg and emTreg survival.

Lipid-free APOE3 efficiently binds to mTreg
Since HDL binding to mTreg is associated with its

prosurvival effect (Fig. 2), we evaluated the ability of
lipid-free rhAPOE3 to bind mTreg. We sorted nTreg
and total memory, including the emTreg subset, from
bulk Treg (see supplemental Fig. S1A for gating strat-
egy) and exposed them to fluorescently labeled rhA-
POE3 for 1 h. As a control, we used labeled rhAPOA1.
Fig. 6A and supplemental Fig. S7A show that lipid-free
rhAPOE3 bound to total mTreg but less so to nTreg.
Total mTreg also displayed higher MFI of rhAPOE3
binding than nTreg (Fig. 6B,C). Furthermore, rhAPOE3
showed significantly higher binding to mTreg than the
nonprotective rhAPOA1 (Fig. 6D–F and supplemental
Fig. S7A). Next, we probed whether rhAPOE3-specific
binding to mTreg was mediated by the APOE recep-
tor, LRPs. mTreg subsets were treated with RAP, an
inhibitor of LRPs (38), for 1 h before adding the fluo-
rescent rhAPOE3. The treatment with RAP failed to
affect rhAPOE3 binding to mTreg (Fig. 6G) and did not
HDL-
decrease MFI of rhAPOE3 binding to mTreg cell
membrane (Fig. 6H,I). In addition, LRP inhibition by
RAP did not significantly decrease HDL protective ef-
fect for mTreg and emTreg apoptosis (supplemental
Fig. S7B), suggesting LRPs are not involved in HDL-
APOE3 binding and signaling in Treg.

DISCUSSION

Plasma levels of HDL, at least as measured by their
cholesterol content, are associated with protection from
CVD, and it has become increasingly clear that immu-
nological mechanisms may account for a substantial
portion of the protection (39). We previously published
that HDL had antiapoptotic effects in bulk Treg subset
(6). Our results reported here clearly show that i) HDL
primarily impacts the mTreg and emTreg subclasses, ii)
it is the protein component of HDL, principally APOE,
that mediates the lion’s share of this effect, and iii)
theprotective effect of HDL is mediated, at least in part,
via Akt-dependent signaling.

Treg homeostasis at steady state and during inflam-
mation is controlled by the rate of proliferation versus
APOE promotes survival of regulatory T lymphocytes 7



Fig. 6. Total mTreg cells bind high amount of lipid-free rhAPOE3 but not rhAPOA1. Sorted nTreg
(CD127−CD25+CD45RA+CD95−) and total mTreg (CD127−CD25+CD45RA−CD95+) were incubated with either rhAPOE3 or
rhAPOA1 labeled with Alexa Fluor 488 for 1 h at 37◦C in X-VIVO medium. Cells were stained with anti-CD4 (red) and NucBlue
(purple) to visualize membrane and nucleus and analyzed by Imagestream. A: Representative example of each subset. B and C: MFI
of fluorescent rhAPOE3 bound to either nTreg or mTreg. D: Representative example of one cell for each apolipoprotein. E and F:
MFI of rhAPOE3- or rhAPOA1-bound mTreg. Asterisks indicate significant differences (*P < 0.05) in t-test (n = 3). G: Representative
example of one cell for rhAPOE3 or rhAPOE3 + RAP (LRPs inhibitor, 10 mM). H and I: MFI of rhAPOE3 bound to mTreg pretreated
with or without RAP. Nonsignificant differences in t-test (n = 3).
apoptosis. The loss of Treg can directly cause autoim-
munity (40) or accelerate the atherosclerotic process (7).
Our new data using an ex vivo assay that reflects T-cell
survival in vivo (29) show that Treg subsets are vastly
different in terms of homeostasis, as nTreg subsets
were not susceptible to apoptosis, whereas mTreg and
emTreg subsets, which have a higher activation
phenotype, go to apoptosis quickly. This is important as
most of the literature on Treg survival has focused on
the role of interleukin 2 (IL-2), although several studies
suggest that blocking IL-2 minimally affects mTreg (41),
suggesting other factors controlling Treg homeostasis
besides IL-2 are important to understand. A better
knowledge of the mechanisms involved in their
8 J. Lipid Res. (2023) 64(9) 100425
survival, including those mediated by lipoproteins,
could suggest new strategies to improve Treg control of
inflammation.

HDL functionality is dependent on its apolipoprotein
and lipid composition. Both apolipoprotein and lipid
components appear to contribute to the HDL overall
anti-inflammatory properties (3, 42). As opposed to the
described antiapoptotic role of HDL lysosphingolipids
for endothelial cells (42), we did not find any effect of
HDL lipids in emTreg survival. Of note, a previous study
implicated the sphingosine-1 phosphate receptor 1 (S1P1),
the major HDL sphingolipid receptor, in Treg function
in a mouse model (43). However, it is to be noted that,
consistent with the role of S1P1 regulating T-cell exit



from lymphoid tissues, this study demonstrated that S1P1

is critical for Treg localization to nonlymphoid tissues,
but contrary to us, did not study circulating Treg ho-
meostasis. In agreement with our new data, we previ-
ously found that blocking S1P1 did not have any effect on
bulk Treg survival (6).

Many antiatherogenic functions of the HDL apolipo-
proteins have been attributed to APOA1. Therefore, it
surprised us that APOA1 failed to mediate the Treg
survival effect. De Souza et al. (44) found that HDL-
APOA1 protected endothelial cells from apoptosis.
Another study correlated APOA1 levels with Treg ho-
meostasis, as Treg numbers from hypercholesterolemic
mice (LDLr−/−, Apoa1−/−) were proportionally
increased after the treatment with lipid-freeAPOA1 (16).
However, this study did not demonstrate that APOA1
acted through a direct effect on Treg. Thus, HDL likely
impact different cell types through different mecha-
nisms (whichmay also include removal of cellular lipids),
and these different activities synergize to mediate the
full anti-inflammatory properties of HDL.

Our data identifying APOE as a major apolipopro-
tein involved in Treg antiapoptotic effect shed new
mechanistic light on its known atheroprotective prop-
erties described in mice and human (45). Apoe−/− mice
are a well-established model for atherosclerosis; the
lack of this apolipoprotein increases cholesterol levels,
plaque formation, and sustained systemic inflammation
(46). Consistent with our data, Treg also play an
important protective role against the development of
atherosclerosis in these mice, as their depletion exac-
erbates plaque formation and immune infiltration,
whereas their adoptive transfer inhibits atherosclerosis
(19–21). Moreover in humans, the homozygous APOE
deficiency has been associated with severe atheroscle-
rosis and premature CVD (47). There are three major
human alleles of APOE (E2, E3, and E4), with their
frequencies being 8.4, 77.9, and 13.7%, respectively, in
the worldwide population (45, 48). These APOE geno-
types are associated with different risks of atheroscle-
rosis. APOE3 and APOE4 appear to have more
beneficial effects and antiatherogenic properties
compared with the rarest isoform APOE2. APOE2 is
associated with increased levels of triglyceride-rich li-
poproteins and type III hyperlipoproteinemia, which
correlates with an early development of CVD (45).
Importantly, we found that APOE3 and APOE4 are
likely mediating the protective effect of HDL, whereas
APOE2 was less protective. Similar to our findings,
APOE3 was shown to protect endothelial cells from
apoptosis by decreasing caspase-3/7 activation (49).
APOE makes up ∼3% of total HDL protein and normal
values of plasma concentration of APOE in normoli-
pidemic individuals are between 20 and 70 μg/ml (37); it
was striking that physiological concentrations of
APOE3 and APOE4 containing HDL had the most sig-
nificant effect in Treg survival. These data suggest that
physiological concentrations of APOE3- and APOE4-
HDL-
containing HDL protect Treg from apoptosis, and this
may be beneficial for CVD.

We previously proposed that HDLs were used as fuel
to promote OXPHOS and fatty acid oxidation, after
their uptake by Treg (6). Our new data suggest a
different model, whereby HDL acts by signaling
emTreg, in an Akt-dependent manner to control
apoptosis as HDL apolipoproteins, and even lipid-free
APOE3, can rescue emTreg from apoptosis, whereas
the blockage of Akt attenuated the HDL prosurvival
effect. In agreement with this new model, it has been
described that HDL can inhibit apoptosis in endothelial
cells by activating the Akt/endothelial nitric oxide
synthase pathway (31, 50).

Here, we found that HDL mainly bound to mTreg,
suggesting there may be a differential mechanism of
HDL recognition between nTreg and mTreg. This may
be due to a different expression of APOE receptors be-
tween the two Treg phenotypes. As lipid-free APOE
cannot bind to LDLR (51, 52), Treg-HDL interactions are
not likely to beLDLRmediated.APOEalso interacts with
other members of the LDL receptor family, the LRPs
(51). However, the blockage of LRPs did not have any
significant effect either on APOE3 binding or on HDL
antiapoptotic capacity, suggesting that other receptors
are involved in Treg-HDL interactions. Further studies
will be needed to elucidate this mechanism.

The recent failure of HDL-cholesterol raising agents
to provide clinical benefits for CVD has highlighted the
need to better understand how they exert their pleio-
tropic effects on inflammation. Our study shows a new
link between lipoprotein metabolism and Treg ho-
meostasis that may be exploitable to reduce systemic
inflammation during chronic metabolic diseases. It will
be important to gain a more detailed mechanistic un-
derstanding of this effect with an eye toward devel-
oping APOE-containing synthetic lipoproteins for
infusion or small molecules that mediate key parts of
the pathway to enhance atheroprotection.
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