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Oxidized Low-Density Lipoprotein (OxLDL)-Treated Dendritic Cells
Promote Activation of T Cells in Human Atherosclerotic Plaque and
Blood, Which Is Repressed by Statins: microRNA let-7c Is Integral to
the Effect

Johan Frostegard, MD, PhD; Yong Zhang, PhD; Jitong Sun, PhD; Kegiang Yan, MD, PhD; Anquan Liu, MD, PhD

Background—Activated T cells and dendritic cells (DCs) are colocalized in atherosclerotic plaques in association with plaque
rupture. Oxidized low-density lipoprotein (oxLDL) promotes immune activation and inflammation. We studied the effects of statins
(atorvastatin and simvastatin) on human DC maturation and T-cell activation.

Methods and Results—Human peripheral blood monocytes were differentiated to DCs and stimulated with oxLDL. T cells were
isolated from carotid endarterectomy specimens from patients undergoing carotid endarterectomy or from healthy individuals.
Naive T cells were cocultured with pretreated DCs. The effects of statin were studied. OxLDL induced DC maturation and T-cell
activation. OxLDL induced atherogenic heat shock proteins (HSP) 60 and 90 and decreased potentially atheroprotective heat shock
protein 27, effects restored by atorvastatin. T cells exposed to oxLDL-treated DCs produced interferon-y and interleukin (IL)-17.
Atorvastatin and simvastatin suppressed the DC maturation showing lower expression of CD80, CD83, and CD86, and limited their
production of tumor necrosis factor-a, IL-1f3 and IL-6, and increased transforming growth factor-f and IL-10 secretion. Statin-
treated DCs inhibited Th1 and/or Th17 polarization by downregulation of transcriptional factors T-bet and RORYt expression, and
induced T regulatory cells with IL-10 production. OxLDL-induced miRNA let7c and phosphorylation of Akt and ERK were repressed
by statins. Let-7c had a pivotal role in mediating effect of oxLDL. Experiments on T cells derived from carotid atherosclerotic
plaques or healthy individuals showed similar results.

Conclusions—Statins repress human DC maturation induced by oxLDL, limit T-cell activation, and repress an atherogenic heat
shock protein profile and promote induction of T regulatory cells. MicroRNA let-7c is integral to the effects. (/ Am Heart Assoc.
2016;5:€003976 doi: 10.1161/JAHA.116.003976)
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immune-competent cells including T cells, dendritic cells
(DCs), monocytes/macrophages and others, which actively
produce factors as cytokines, are abundant.'?

A proatherogenic role of T-cell subsets is indicated by
studies using mouse models, other experimental models, and
also human ex vivo studies. For example, transfer of CD4" T
cells to immunodeficient atherosclerosis-prone mice acceler-
ates atherosclerosis progression and abrogation of trans-

D uring recent years it has become clear that atheroscle-
rosis, the main cause of cardiovascular disease (CVD), is
an inflammatory process in the artery wall, where activated
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forming growth factor-beta (TGF-B) signaling in T cells alters
atherosclerotic plaques.®* Also, studies in humans support a
pathologic role for pro-inflammatory T cells.> DCs most likely
play an important role in atherosclerosis at different stages as
specialized antigen-presenting cells.®® Furthermore, DCs and
T cells colocalize in plaques, which suggests participation in
local immune reactions.’

Another essential feature of atherosclerotic lesions is the
presence of lipids, especially low-density lipoproteins (LDL),
where oxidation and/or modification of LDL by enzymes as
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phospholipases (OxLDL) appears to be a prerequisite for
uptake in lesions.? Furthermore, oxLDL in contrast to LDL
activates DC and T cells into a pro-inflammatory phenotype
and oxLDL-induced T-cell activation could be of importance
for plaque rupture, where heat shock protein 60 (HSP60) (and
potentially HSP90) may play a central role also as antigens.'®

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase, which catalyses the conversion of 3-hydroxy-3-methyl-
glutaryl coenzyme A to mevalonic acid, is essential for
cholesterol synthesis. A common denominator for different
statins is inhibition of this enzyme.'" Statins for prevention of
atherosclerosis complications have been much studied and are
widely used.'>'* Clinical studies such as the Jupiter study,
which targeted patients at CVD risk with increased C-reactive
protein levels, suggested that statin effects could also be
related to inflammation,'® a notion also supported by much
experimental evidence.'® Pleiotropic effects of statins have
been much discussed, including anti-inflammatory, and even
immune modulatory."” Still, to the best of our knowledge, there
is no information about the role of statins in specific immune
reactions of direct potential importance in plaque rupture and
thus CVD. LDL lowering per se may be a significant factor in
reducing risk in acute coronary syndromes.'® One mechanism
could be that lower LDL also could imply lower levels of immune
stimulatory modified LDL, which causes activation of DC and
T cells from atherosclerotic plaques.'®

We here report that statins, by a novel mechanism
involving the microRNA (miRNA) let-7c, repress human DC
maturation induced by oxLDL, limit T-cell activation, and
promote an anti-inflammatory cell response and induction of T
regulatory cells. The implications of these findings are
discussed.

Materials and Methods

Differentiation and Treatment of Monocyte-
Derived DCs

Peripheral blood mononuclear cells were isolated using the
standard Ficoll-Pague PLUS (GE Healthcare, Sweden). For
monocyte isolation by adherence, 50 x 108 peripheral blood
mononuclear cells were seeded per Petri dish (10-cm
diameter) in 10 mL RPMI/10% Fetal Calf serum, and allowed
to adhere in a 5% CO, incubator at 37°C for 2 hours.
Nonadherent cells were removed and the adherent cells were
carefully washed twice with culture medium. Recovered
monocytes were >90% pure as assessed by CD14 labeling.
Monocytes were differentiated to immature DCs during
7 days with 50 ng/mL human recombinant granulocyte-
macrophage colony-stimulating factor and 25 ng/mL human
recombinant interleukin (IL)-4 in RPMI 1640 supplemented
with 2 mmol/L glutamine, 10 mmol/L HEPES, and 1%

penicillin/streptavidin. For statin treatment, an aliquot of
immature DCs at day 5 were treated with 2 pmol/L
atorvastatinor 5 pumol/L simvastatin (Sigma-Aldrich, Ger-
many) for 24 hours, then DCs were incubated with 2 pmol/
L atorvastatinor 5 pumol/L simvastatin, in the presence or
absence of 10 pg/mL oxLDL (Copper-oxidized LDL from
Source BioScience, UK) and/or 100 umol/L mevalonate
(Mev) (Sigma-Aldrich, Germany) for another 24 hours. Cells
were harvested and analyzed. Cell viability was >90%.

Plaque T-Cell Isolation

Carotid endarterectomy specimens (atherosclerotic plaques)
were from patients undergoing carotid endarterectomy at the
Department of Surgery, Karolinska University Hospital, Stock-
holm, Sweden. All patients had clinical symptoms of transitory
ischemic attacks or minor stroke. All specimens contained
advanced atherosclerotic lesions type IV.'? The plaque spec-
imens were kept in RPMI-medium and were transferred
immediately to the laboratory for separation of cells. The study
was approved by the local ethics committee of Karolinska
Hospital, participating subjects gave informed content, institu-
tional review board approval was obtained, and the study was
conducted in accordance with the Helsinki Declaration.

The experimental procedure has been described in a recent
publication.'® Plaque was rinsed intensively with phosphate-
buffered saline and medium RPMI-1640 to reduce the risk of
contamination. Mononuclear cell populations were isolated
according to Grivel et al with modification.?° Briefly, the
plaque was dissected into multiple blocks, and were digested
with the enzyme mixture containing collagenase IV (1.25 mg/
mL; Life Technologies Europe BV, Sweden), Liberase DL
(25 pg/mL; Roche Applied Science, Sweden), and DNase |
(0.2 mg/mL; Roche Applied Science) for 1.5 hours at 37°C.
The released cells and tissue ghosts were strained through a
100-um Celltrics filter (Millipore AB, Sweden). The super-
natant was collected for mononuclear cell isolation using the
standard Ficoll-Paque PLUS (GE Healthcare, Sweden). T cells
were further purified by Dynabeads® Untouched™ Human T
Cells (Life Technologies Europe BV,).

T Cell-DC Cocultures

Peripheral blood mononuclear cells were isolated by density
gradient centrifugation on Ficoll-Hypaque. CD4" T cells were
purified from peripheral blood mononuclear cells by negative
selection using the untouched CD4" T cell Isolation kit
(Miltenyi Biotech, Sweden), according to the manufacturer’s
instructions.

T cell-DC cocultures were conducted in 96-well flat-bottom
culture plates. DCs were generated as above, collected at day
7, extensively washed, and resuspended in RPMI/10% Fetal
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Calf serum. Two methods were employed to analyze the T-cell
proliferation: (1), carboxyfluorescein succinimidy! ester (CFSE)
staining. 2x 10° T cells prelabeled by CFSE (5 umol/L) were
then cocultured with autologous DCs in 200 pL of complete
culture medium at 10:1 T:DC cells ratio. After 4 days, culture
supernatant was frozen for cytokine analysis and cells were
harvested to test the CFSE expression by flow cytometry.
Cells were stained with anti-CD4 Phycoerythrin-conjugated
(BD Biosciences, Sweden) for 20 minutes at 4°C. Results
were expressed as percentage of proliferating CFSE™"/CD4*
cells. (2), Bromodeoxyuridine incorporation assay: 2x10° T
cells were cocultured with autologous DCs for 5 days in
200 pL of complete culture medium at 10:1 T:DC cells ratio.
Bromodeoxyuridine (10 pmol/L) (Roche Diagnostics Scandi-
navia AB, Sweden) was present in the last 16 hours. The cells
were fixed and processed according to the manual provided.
Proliferative response was evaluated as optical density value.

T-Cell Differentiation and Suppression

CD4" T cells were depleted of CD45R0O" cells using anti-
CD45R0O-coupled magnetic beads and LD negative selection
columns (Miltenyi Biotech, Sweden). In the purified cells the
proportion of CD4'CD45RO™CD45RA" was consistently
>90%. 1x10° CD4"CD45RO™ T cells were cultured with
1x10° autologous DCs in 1 mL of X-ivo 15 medium
(Biowhittaker, Sweden). After 6 days, recombinant human
IL-2 (20 U/mL) was added, and cells were expanded for an
additional 7 days. Thirteen days after initiation of the culture,
T cells were collected, washed, and analyzed for their
functions. T cells stimulated with oxLDL-treated DC referred
to as T (DC [oxLDL]), and T cells stimulated with (atorvastatin
[AVA]+oxLDL)-treated DC referred to as T (DC [AVA+oxLDL]).

To test for the capacity of these T cells to suppress
proliferation and/or cytokine production, autologous
CD4"CD45R0O™ T cells prelabeled by CFSE (5 umol/L) were
then stimulated with mature DCs (10:1; 10°T:10*DC), in the
absence or presence of T (DC), T (DC [oxLDL]), or T (DC
[AVA+oxLDL]) cells (1:1 ratio) in a final volume of 200 uL of
complete medium in 96-well round-bottom plates. Cells were
cultured for 5 days and CFSE expression was tested by flow
cytometry. Results were expressed as percentage of prolifer-
ating CFSE™"/CD4" cells.

Intracellular Staining of Cytokines

Intracellular cytokines were detected by flow cytometry.
Briefly, T cells (1x 10%/mL) were stimulated with immobilized
anti-CD3 (1 pg/mL; OKT3, eBioscience) and tetradecanoyl-
phorbol acetate (10 ng/mL; Sigma) for 6 hours in complete
medium. Prior to the culture, the plates were centrifuged for
5 minutes at 800g. Three hours after activation, monensin

(10 pg/mL; Sigma) was added. T cells were then collected,
washed in phosphate-buffered saline, and fixed with 2%
formaldehyde. After fixation, T cells were permeabilized in
phosphate-buffered saline supplemented with 2% Fetal Calf
serum and 0.5% saponin (Sigma). Permeabilized T cells were
incubated with anti-IL-17, anti-IL-4, anti-interferon-y, anti-IL-10,
or anti-FoxP3 monoclonal antibodies. All monoclonal antibodies
were obtained from BD PharMingen. After washing, cells were
analyzed using LSRII Fortessa™ cell analyzer (BD Biosciences,
CA), and data were analyzed with Flowjo software. Quadrant
markers were set accordingly to isotype-matched controls.

Phospho-Flow Cytometry

Dendritic cells were fixed with 500 puL BD Cytofix (BD
Biosciences) at 37°C, 15 minutes, permeabilized with ice-
cold Perm Buffer Ill (BD Biosciences) for 30 minutes on ice.
Cells were stained with Alexa Fluor® 647 or Alexa Fluor® 488
conjugated Mouse anti-Akt (pS473), Alexa Fluor® 488 or
PerCP-Cy™5.5 conjugated Mouse anti-MEK1 (pS298). Isotype
controls were used to establish positive expression limits.
After 60 minutes incubation, cells were analyzed on an LSRII
Fortessa™ cell analyzer.

Enzyme-Linked Immunosorbent Assay

The amounts of tumor necrosis factor-alpha (TNF-o), IL-10, IL-
1B, TGF-B, and IL-6 in cell cultures were determined by
enzyme-linked immunosorbent assay. Culture supernatants of
DCs were collected at day 7 after a 24-hour treatment as
indicated, and level of TNF-a, IL-10, IL-18, TGF-B, and IL-6 was
measured according to the manufacturer’s instructions (R&D
Systems Europe Ltd, UK).

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction

Total RNA was isolated and cDNA was reversely transcribed
using Superscript Il (Gibco BRL) according to manufacturer’s
instructions. Real-time quantitative polymerase chain reac-
tion was performed for selected genes. We tested genes
TBX21 (Hs00203436_m1), GATA3 (Hs00231122_m1), RORC
(Hs01076122_m1), FOXP3 (Hs01085834_m1), HSP60
(Hs01102298_g1), HSP90 (Hs00743767_sH), (Hs00356629_
g1), and PRDM1 (Hs00153357_m1; Applied Biosystems, CA).
The expression level of the housekeeping gene GAPDH
(Hs02758991_g1) was used to normalize for differences in
input cDNA. Real-time quantitative polymerase chain reaction
was carried out using TagMan gene expression presynthesized
reagents and master mix (Applied Biosystems, CA) in Applied
Biosystems 7500 Real-Time PCR System. The expression ratio
was calculated using the AACT method.
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Micro RNA

To detect miRNAs from cells, total RNA was isolated using
Trizol Reagent (Invitrogen). MiRNA-specific cDNA was gener-
ated with TagMan MicroRNA RT kit (Applied Biosystems, CA).
Primer sets for let-7c (000379), miR-155 (000479), miR-146
(002163), miR-17 (002308), and miR-23b (000400) were from
Applied Biosystems, CA. The polymerase chain reaction was
directly monitored by the Applied Biosystems 7500 Real-Time
PCR System. U6 RNA was used as an endogenous control.

miRNA/Small Interference RNA Transfection and
Functional Study

DCs were transfected with the miRNA inhibitors, let-7c
(MH12580), mimic control (MC12580) using Lipofectamine®
RNAIMAX Transfection Reagent (Invitrogen) in a 20-nmol/L
concentration. oxLDL was added 6 hours after transfection,
and cells were further incubated for 24 hours followed with
functional study and RNA/protein analysis.

Statistical Analysis

Statistical significance was determined with 1-way ANOVA.
The statistical significance is based on Bonferroni corrected
values. P-value is presented for individual experiments
(*P<0.05, **P<0.01). The sample sizes are for each condition
(eg, untreated, oxLDL, AVA+oxLDL, etc) and not for the total
number of data points.

Results

oxLDL-Induced Maturation of DCs Is Limited by
Statin

The effect of different statins, atorvastatin and simvastatin, on
the maturation of DCs was studied. Mevalonate was included
in the treatment to test whether the effect of statin on DC
maturation was mediated through the specific inhibition of 3-
hydroxy-3-methylglutaryl coenzyme A reductase. The expres-
sion of costimulatory molecules CD86, CD40, CD83, and HLA-
DR were upregulated in oxLDL-treated DCs (Figures 1A and
2A). By treatment with atorvastatin or simvastatin, their
upregulation induced by oxLDL was significantly repressed.
Mevalonate abrogated the effect of statins on oxLDL-induced
DC maturation.

The expression of costimulatory molecules CD86, CD40,
CD83, and HLA-DR was upregulated in oxLDL-treated DCs
(Figures 1A and 2A). By treatment with atorvastatin or
simvastatin, their upregulation induced by oxLDL was signif-
icantly repressed. Mevalonate abrogated the effect of statins
on oxLDL-induced DC maturation.

To characterize the impact of oxLDL on DC function, we
analyzed the production of cytokines from DCs (Figure 1B).
oxLDL induced a significantly increased secretion of TNF-o
(452+53 pg/mL versus 59+11 pg/mL, n=6, P<0.01), IL-1P3
(515£61 pg/mL versus 4949 pg/mL, n=6, P<0.01), IL-6
(289+£32 pg/mL versus 46+£10 pg/mL, n=6, P<0.01), and
TGF-B (96+9 pg/mLversus 29+5 pg/mL,n=6,P<0.01). Alow
level of IL-10 could be detected in supernatants of oxLDL-
treated DCs and immature DCs (32+5 pg/mL and 1943 pg/
mL, respectively). In contrast to oxLDL-treated-only DC cul-
tures, atorvastatin inhibited the production of TNF-o, IL-1f3, and
IL-6 but increased substantially secretion of IL-10 (215461 pg/
mL) and TGF-f (335+106 pg/mL) in the DC cultures (Fig-
ure 1B). Simvastatin showed a similar effect (Figure 2B).

T-Cell Activation Stimulated by oxLDL-Treated DC
Is Suppressed by Statins

Mature DCs are of major importance for stimulation of naive T
cells, in order to test the effect of statin on T-cell proliferation.
DCs were thus treated with atorvastatin and/or oxLDL, and
applied in DC—T-cell coculture experiments. We demonstrate
that oxLDL-treated DCs stimulate T-cell proliferation (Fig-
ure 1C). With treatment by atorvastatin, T-cell proliferation
induced by oxLDL-treated DCs was significantly reduced
(Figure 1C). Simvastatin treatment showed an effect similar
to atorvastatin (Figure 2C).

Th1 and Th17 Polarization Induced by oxLDL-
Treated DCs Were Inhibited, While T Regulatory
Cells Were Induced by Atorvastatin

Differentiation of naive CD4" T cells into different T-cell
subsets is driven by the lineage-specifying transcription
factors. Th1, Th2, Th17, and Treg subsets are driven by T-
bet/TBX21, GATA3, RORyt/RORC, and FOXP3, respectively.
TBX21, GATA3, RORC, and FOXP3 gene expression was
evaluated by real-time polymerase chain reaction (Figure 3A).
oxLDL-treated DCs strongly induced TBX21 and RORC
expression in naive T-cell populations. However, on pretreat-
ment with statin, expression of TBX21 and RORC was
inhibited while FoxP3 was strikingly induced.

A considerable proportion of T cells stimulated with oxLDL-
treated DCs produced interferon-y (23.3+£8.5% versus
1.540.3%, n=5, P<0.01), whereas no significant induction of
IL-4-producing cells could be detected. Interestingly, a small
population of IL-17-producing T cells was also induced
(15.5£3.6% versus 2.04+0.6%, n=5, P<0.01) (Figure 3B and
3C). This indicated that oxLDL might tune T cells to initiate
both Th1 and Th17, but not Th2 polarization. A low level of IL-
10-producing T cells was detected in cultures stimulated with
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Figure 1. Dendritic cell (DC) maturation, proinflammatory cytokine production, and the subsequent T-cell
proliferation induced by oxidized low-density lipoprotein (OxLDL) were suppressed by statins. DCs at day 6
were treated with 10 pg/mL oxLDLfor 24 hours. For atorvastatin treatment, an aliquot of DCs on day 5
were treated with 2 pmol/L atorvastatin (AVA) for 24 hours, then stimulated with 2 pmol/L atorvastatin in
the presence or absence of 10 pg/mL oxLDL and/or 100 pmol/L mevalonate (Mev) for another 24 hours.
A, The expression of CD80, CD86, CD83, and HLA-DR on day 7 DCs was analyzed by flow cytometry. A
representative of 10 independent experiments is shown. B, Cytokine production tested by ELISA. DC
supernatants were collected at day 7. Results represent the mean concentration+SEM of 8 independent
experiments. **P<0.01, DC+OxLDL vs DC; ##P<0.01, DC+AVA+oxLDL vs DC+OxLDL. C, T-cell proliferation.
After the indicated treatment, DCs were washed and cocultured in triplicate for 5 days with autologous T
cells. BrdU (bromodeoxyuridine), 10 pmol/L, was present in the last 16 hours. Proliferative response was
evaluated as OD value. Results show mean+SD (n=6). **P<0.01, DC+OxLDL vs DC; *#p<0.01,
DC+AVA+oxLDL vs DC+OxLDL. IL indicates interleukin; TGF, transforming growth factor; OD, optical
density; TNF, tumor necrosis factor.

oxLDL-treated DCs or immature DCs (5.1£2.0% and producing and FoxP3-positive T cells (16.8+3.2%

2.0+0.6%, respectively, n=5). In contrast to oxLDL-only-
treated DC cultures, T cells obtained after stimulation with DC
(AVA+oxLDL) contained a low proportion of interferon-y- and
IL-4-producing cells (10.843.6% and 4.24-1.1%, respectively,
n=5, P<0.01), but increased a significant proportion of IL-10-

17.613.8%, respectively, n=5) (Figure 3B and 3C).

T (DC [AVA+oxLDL]) cells were tested for their ability to
suppress autologous CD4" T cells activated with mature DCs.
Proliferation of naive CD4" T cells stimulated with mature DCs
was significantly reduced by addition of T (DC [AVA+oxLDL])
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Figure 2. Simvastatin suppressed oxidized low-density lipoprotein (oxLDL)-induced dendritic cell (DC)
maturation, cytokine production, and the subsequent T-cell proliferation. DCs at day 6 were treated with
10 pg/mL oxLDLfor 24 hours. An aliquot of DCs on day 5 were treated with 5 pmol/L simvastatin (Simva) for
24 hours, then stimulated with 5 pmol/L simvastatin in the presence or absence of 10 pg/mL oxLDL and/or
100 pumol/L mevalonate (Mev) for further 24 hours. A, The expression of CD80, CD86, CD83, and HLA-DR on
DCs were detected by flow cytometry. A representative of 4 independent experiments is shown. B, Cytokine
production was tested by ELISA. Supernatants of DC were collected at day 7. Results represent the mean
concentration£SD of 5 independent experiments. **P<0.01, DC+oxLDL vs DC; ##P<0.01, DC+Simva+oxLDL
vs DC+oxLDL. C, T-cell proliferation. After the indicated treatment, DCs were washed and cocultured in
triplicate for 5 days with autologous T cells. BrdU (bromodeoxyuridine), 10 pmol/L, was present in the last
16 hours. Proliferative response was evaluated as OD value. Results show mean+SD (n=4). **P<0.01,
DC+oxLDL vs DC; ##P<0.01, DC+Simva+oxLDL vs DC+oxLDL. AVA indicates atorvastatin; OD, optical density.

cells at a 1:1 ratio (Figure 3D). Thus, T cells generated with
DC (AVA+oxLDL) suppress primary T-cell responses.

miRNA let-7c and PI3k/ERK Signaling Pathways
Were Involved in the Effect of oxLDL and Statins

miRNAs that related to DC maturation and tolerogenicity were
tested. Expression of miR155 and miR146 was induced by

oxLDL (Figure 4A). Pretreatment with statin limited this
induction but induced miR-17 and miR-23b that related to
tolerogenicity. Interestingly, let-7c was the most prominently
induced by oxLDL but it was abolished by statin pretreatment.

Phosphorylation of Akt and extracellular signal-regulated
kinase (ERK) mitogen-activated protein kinase (MAPK) were
tested by phospho-flow using specific antibody anti-Akt
(pS473) and anti-MEK1 (pS298). Both were induced in
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Figure 3. Th1 and Th17 polarization induced by oxidized low-density lipoprotein (oxLDL)-treated dendritic cells (DCs) were inhibited, while T
regulatory cells were induced by atorvastatin. A, T-cell polarization-related transcription factors. Quantitative PCR data represent mean+SD of 6
independent experiments. B, Intracellular staining of cytokine production in T cells. Naive CD4" T cells were cultured with oxLDL- or atorvastatin
(AVA)+oxLDL-treated autologous DCs for 13 days. After stimulation, T cells were activated with anti-CD3 monoclonal antibody and intracellular
staining of cytokine production. Percentages of interferon-y (IFN-y)-, interleukin (IL)-17-, IL-10-producing cells, and FoxP3-positive cells in T (DC), T
(DC [oxLDL]), or T (DC [AVA+oxLDL]) cells are presented. Figure depicts a representative experiment of 5. C, Frequency of T-cell subsets is
summarized. Results show mean+SD (n=5). D, T (DC [AVA+oxLDL]) cells suppressed primary T-cell proliferation. T-cell proliferation was measured
by CFSE staining. Naive CD4" T cells were stimulated with mature DCs alone or in the presence of T (DC), T (DC [oxLDL]), or T (DC [AVA+0oxLDL]) cells
ata 1:1ratio. Results show a representative experiment of 4. **P<0.01, T (DC [oxLDL]) vs T (DC); **P<0.01, T (DC [AVA+0xLDL]) vs T (DC [oxLDL]).
CFSE indicates carboxyfluorescein succinimidyl ester; PCR, polymerase chain reaction.

oxLDL-treated DCs and the effect was confined by atorvastatin
(Figure 4B). Specific inhibitors of PI3k and MEK, LY294002
and U0126, respectively, were treated as positive control.
Expression of let-7c was strikingly downregulated by specific
inhibitor, and miRNA mimics were administered as control
(Figure 4C). Furthermore, downregulation of let-7c restricted
the phosphorylation of Akt and ERK in the oxLDL-treated DC
(Figure 4D).

In our recent article, we demonstrated that HSP is
essential for oxLDL-induced DC- and T-cell activation, and
we suggest that T cells recognize oxLDL-induced HSP as
antigens and thus that HSP (60) is a major immunological
antigen related to oxLDL."® Expression of HSP60 and HSP90
was upregulated but that of HSP27 was downregulated in
oxLDL-treated DCs. Atorvastatin treatment suppressed the
expression of HSP60, whereas it significantly upregulated the
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Figure 4. MicroRNA (miRNA) let-7c and PI3k/ERK signaling pathways were involved in the effect of oxidized low-density lipoprotein
(oxLDL) and statins. A, Expression of miRNAs in dendritic cells (DCs) was tested by quantitative reverse transcription polymerase chain
reaction (qRT-PCR). The value was normalized as fold change to that of nontreated DC samples. Results represent the mean+SEM of 7
experiments. *P<0.05, **P<0.01, DC+oxLDL vs DC; #P<0.05, ##P<0.01, DC+ atorvastatin (AVA)+oxLDL vs DC+oxLDL. B, Phosphorylation of
Akt and ERK induced in oxLDL-treated DCs were confined by AVA. OxLDL-induced phosphorylation of Akt and ERK were tested by phospho-
flow using specific antibody anti-Akt (pS473) and anti-MEK1 (pS298). Results show 1 representative experiment of 5. LY294002 (PI3k
inhibitor) and U0126 (MEK inhibitor) are used as control. C, Inhibition of let-7c in DCs was tested by qRT-PCR. DCs at day 6 were treated with
10 ng/mL oxLDL for 24 hours. For inhibition of let-7c, inhibitor of miRNA let-7c, mimic control was transfected with Lipofectamine®
RNAIMAX (Invitrogen) in a 20 nmol/L concentration at day 6. oxLDL was added 6 hours after transfection, and cells were further incubated
for 24 hours. The value was normalized as fold change to that of nontreated DC samples. Results represent the mean£SD of 4 experiments.
**p<0.01, DC+oxLDL vs DC; ##P<0.01, DC+inhibitor+oxLDL vs DC+mimict+oxLDL. D, Downregulation of let-7c restricted the
phosphorylation of Akt and ERK in the oxLDL-treated DC. One of 4 experiments is shown. E, Expression of heat shock proteins (HSPs) in
DCs was tested by qRT-PCR. Results represent the mean+SD of 4 experiments. *P<0.05, **P<0.01, DC+oxLDL vs DC; #P<0.05, ##P<0.01,
DC+AVA+oxLDL vs DC+oxLDL. F, Expression of B lymphocyte—induced maturation protein-1 (BLIMP1) in DCs was tested by qRT-PCR
showing the mean+SD of 4 experiments, and flow cytometry showing a representative of 4 experiments. **P<0.01, DC+oxLDL vs DGC;
#p<0.01, DC+AVA+oxLDL vs DC+oxLDL. MFI indicates median fluorescence intensity.

HSP27 expression (2.31+0.75% versus 0.544-0.23%, n=4,
P<0.01; Figure 4E).

Recently the transcriptional repressor B lymphocyte—induced
maturation protein-1 (BLIMP1) was implicated in DC activation

with let-7c.?' We therefore investigated the role of BLIMP1 in
our oxLDL-related systems. BLIMP1 expression in DCs was
induced by oxLDL treatment; however, in the presence of statin
the induction of BLIMP1 was dampened (Figure 4F).

DOI: 10.1161/JAHA.116.003976

Journal of the American Heart Association 8

HDOYVIASHY TVNIDIYO



Statins Inhibit oxLDL-Induced T-Cell Activation Frostegard et al

A
------ Isotype control
1209
M bc
w0
= +oxLDL
w0
s —— +inhibitor +oxLDL
o : . ~ +mimic +oxLDL
IOD ID‘ IU5
Comp-PerCP-Cv5-5-A - CDB6
CD86
100 |
w0
)
o
Como-APC-A :: CD83
CcD83
B Cc
600- = DG . 15
3 +oxLDL 2
400. #Inhibitor +oxLpL 2 1.0
E E +mimic +oxLDL o
5 2 0.5
2 B
200 @
0-
&

Figure 5. MicroRNA let-7c mediated the effect of oxidized low-density lipoprotein (0xLDL) on dendritic cell
(DC) maturation, cytokine production, and T-cell proliferation. A, let-7c was involved in the DC maturation. The
expression of CD86 and CD83 were analyzed by flow cytometry. Results show 1 representative of 6
independent experiments. B, Cytokine production in DC cultures after let-7c downregulation. DC supernatants
were collected at day 7, and tested by ELISA. Results represent the mean concentration+=SEM of 6
independent experiments. **P<0.01, DC+OxLDL vs DC; ##P<0.01, DC+inhibitor+oxLDL vs DC+OxLDL. IL
indicates interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor. C, T-cell proliferation. After
the indicated treatment, DCs were washed and cocultured with autologous T cells in triplicates for 5 days.
Bromodeoxyuridine (BrdU) 10 pmol/L was present in the last 16 hours. Proliferative response was evaluated
as OD value. Results show mean+SD of 6 independent experiments. **P<0.01, DC+oxLDL vs DC; ##P<0.01,
DC+inhibitor+oxLDL vs DC+mimic+oxLDL. OD indicates optical density.

miRNA let-7c Was Essential to the oxLDL-Mediated
Effect on DC Maturation, Cytokine Production,
and the Subsequent T-Cell Proliferation

In comparison with the mimic control, inhibition of let-7c
decreased considerably the expression of CD86 and CD83 on
DCs (Figure 5A). The production of TNF-a,, IL-1f, and IL-6 was
limited but IL-10 secretion was increased in the DC cultures
(Figure 5B). In the subsequent T-cell proliferation assay,
inhibition of let-7c significantly reduced T-cell proliferation
compared with that in mock-treated cultures (0.38+0.14
versus 0.84+0.13, n=6, P<0.01; Figure 5C).

Statin Suppressed the oxLDL-Induced DC
Maturation, Proinflammatory Cytokine
Production, and Subsequent T-Cell Proliferation
Derived From Patients

DCs were generated from peripheral blood monocytes of
patients who underwent carotid endarterectomy with higher
basal expression of CD86 and CD83 on DCs, and they were
further enhanced by oxLDL stimulation. Pretreatment with
statin repressed the induction (Figure 6A). We analyzed the
cytokine production from DCs. Patient DCs had a higher basal
level of TNF-a, IL-6, and IL-10. oxLDL induced production of
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Figure 6. Dendritic cell (DC) maturation, proinflammatory cytokine production, and the subsequent T-cell
proliferation from plaque patients induced by oxidized low-density lipoprotein (oxLDL) were suppressed by
statins. DCs were generated from peripheral blood monocytes of patients who underwent carotid
endarterectomy. The same protocol was used as that for DCs of normal donors. Briefly, DCs at day 6 were
treated with 10 ug/mL oxLDL for 24 hours. An aliquot of DCs at day 5 were treated with 2 pmol/L
atorvastatin for 24 hours, and continued with 2 umol/L atorvastatin in the presence or absence of 10 pg/
mL oxLDL for an additional 24 hours. A, The expression of CD80, CD86, CD83 and HLA-DR was tested on
day 7 DCs derived from patient blood. Figure depicts the expression of CD86 and CD83 tested by flow
cytometry. A representative of 6 independent experiments is shown. B, Cytokine production in DC cultures
derived from patient blood. Culture supernatants were collected after 24 hours treatment. Cytokine level
was determined by ELISA. Results represent the mean+SD from 6 independent experiments. IL indicates
interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor. C, Percentage of CD4, CDS8,
CD45R0, CD45RA, CD25, and CD69 /71 positive cells in plaque T cells are presented. Results represent
the mean+SD generated from 5 plaques. Plague mononuclear cells were isolated from single cell
populations using the standard Ficoll-Paque PLUS, and followed by T-cell purification using Dynabeads®
Untouched™ Human T Cells. D, Plaque T-cell proliferation induced by oxLDL-treated DC was suppressed by
atorvastatin (AVA). After the indicated treatment for 24 hours, DCs derived from patient peripheral blood
monocyte were washed and cocultured with autologous plaque T cells in triplicates for 5 days.
Bromodeoxyuridine (BrdU) was present in the last 16 hours. **P<0.01, DC+oxLDL vs DC and
DC+AVA+oxLDL. ¥#P<0.01, DC+ (AVA)+oxLDL vs DC+oxLDL.

TNF-a, IL-1pB, IL-6, and TGF-B. However, atorvastatin inhibited Furthermore, we studied the human plaque T-cell response
this induction but promoted secretion of IL-10 and TGF-B to autologous oxLDL-treated DCs. T cells were isolated from
(3354106 pg/mL) (Figure 6B). carotid atherosclerotic plaques, and phenotype and activation
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status of T cells were analyzed by flow cytometry (Figure 6C).
CD4 T cells were major populations and constituted 58+9% of
T cells. Naive (CD45RA positive) and memory (CD45RO
positive) T cells were 21+5% and 73+11%, respectively. We
tested the expression of activation markers CD25, as well as
CD71. There were 30+11% and 9+6% of T cells expressing
CD25 and CD71, respectively. We demonstrated that oxLDL-
treated DCs, which were generated from patient peripheral
blood monocytes, stimulated autologous plaque T-cell prolif-
eration. The induced plaque T-cell proliferation was abrogated
by atorvastatin treatment (Figure 6D).

Inhibition of let-7c in DCs Abrogated the Plaque T-
Cell Proliferation

We tested the expression of let-7c in DCs that derived from
patient peripheral blood monocytes. Basal level of let-7¢ in
patient DCs had higher expression. The expression was
induced by oxLDL and pretreatment with statin limited this
induction (Figure 7A). We demonstrated that oxLDL-treated
DCs, which were generated from patient peripheral blood
monocytes, stimulated autologous plaque T-cell proliferation.
The induced plaque T-cell proliferation was abrogated by
atorvastatin treatment. Downregulation of let-7c by specific
inhibitor in the oxLDL-treated DCs abrogated T-cell prolifer-
ation (Figure 7B).

Discussion

We here report that OxLDL induces T-cell activation as
determined by proliferation, through DCs from the same
donor, and from both blood and atherosclerotic plaques.
Furthermore, OxLDL induced DC activation with expression of
CD86, and other markers including CD83, CD40, HLA-DR,
CCR2, and CX3CR1. These findings confirm and extend
previous reports. ' %223

These effects of oxLDL on DC-mediated proliferation of T
cells were abolished by atorvastatin and simvastatin. There
are now several other statins in use, since the discovery of the
first one, which is a product of yeast as penicillin. From an
evolutionary point of view this could represent a defense
against bacteria, in the case of statins possibly inhibition of
build-up of bacterial cell walls.?* Even though our findings
indicate common effects of atorvastatin and simvastatin, we
cannot exclude the possibility that other statins differ in some
respect in relation to T-cell activation as described herein, but
we focus on atorvastatin, being one of the most commonly
used statins.

Modification including oxidized LDL is most likely a
major antigen and pro-inflammatory compound in the
plaques.'®%> Qur finding that oxLDL-induced DC-mediated
activation of T cells from vulnerable atherosclerotic plaques
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Figure 7. Downregulation of let-7c in dendritic cells (DCs)
abrogated the plaque T-cell proliferation. A, Expression of let-7¢ in
patient DCs was tested by quantitative reverse transcription
polymerase chain reaction, with normal dendritic cell (DC)
samples as controls. The value was normalized as fold change
to that of nontreated normal DC samples. Results represent the
mean=4SD of 4 experiments. **P<0.01, DC+ oxidized low-density
lipoprotein  (oxLDL) vs DC; *¥p<0.01, DC+ atorvastatin
(AVA)+oxLDL vs DC+oxLDL. B, Downregulation of let-7c abro-
gated the plaque T-cell proliferation. After downregulation of let-
7¢c, oxLDL-treated DCs were washed and cocultured in triplicates
for 5 days with autologous plaque T cells. Bromodeoxyuridine
(BrdU) was present in the last 16 hours and proliferative response
was evaluated as OD value. **P<0.01 compared to that of mock-
treated samples. OD indicates optical density.

is inhibited by statins could thus represent a novel specific
immunomodulatory mechanism, unrelated to LDL-lowering.
The benefits of statins in patients with CVD could be at
least partly caused by mechanisms described herein. This is
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not least the case in coronary artery disease, where
inflammation and immune activation is common and
plaques typically are vulnerable. Even though the situation
in stroke is more complex, emerging evidence points to a
role in ameliorating inflammation and stabilizing plaque in
carotid arteries (the origin of T cells from plaque tested
herein).?® Such an effect is in line with recent imaging
studies, where statins decrease inflammation in atheroscle-
rotic plaques.?’?®

Statins, including atorvastatin and simvastatin, exert their
blood lipid—lowering effect by inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, which is a pivotal step
in the production of mevalonate, which is a precursor of
cholesterol. Mevalonate reverts the effects on statin-induced
inhibition of OxLDL-induced DC-mediated activation of T cells,
thus indicating specificity of the effects described herein.

HSP60 was originally reported by Wick and coworkers to
be atherogenic, and immunization with HSP60 promotes
atherosclerosis in animal models. An interesting possibility is
that stress to the arterial wall, for example, at sites exposed
to stress as in hypertension, the induced HSP could promote
atherosclerosis through cross-reactivity with bacterial
HSPs.?’ We reported that oxLDL induces HSP60 in mono-
cytes®® and that HSP60 could be of major importance in
oxLDL-induced DC-mediated T-cell activation.'® Also, HSP90
may be proatherogenic,®', though it appears to be less
studied than HSP60. Furthermore, HSP90 also plays a role in
oxLDL-induced activation of T cells from atherosclerotic
plaques.'® HSP27 may, on the other hand, have atheropro-
tective properties.>? We here report that atorvastatin restores
the proatherogenic HSP profile induced by OxLDL, adding yet
another immunological mechanism by which statins could
modulate immune reactions pivotal to atherosclerosis and
CVD.

In line with our previous report,’® DC exposed to oxLDL
promoted a pro-inflammatory T-cell profile with development of
Th1andTh17 cells. Therole of IL-17 (from Th 17 cells) at different
stages of atherosclerosis development has been discussed.®*
35 |t appears that in human atherosclerosis, the Th17 pheno-
type36 and, in our previous studies, a Th 1 type of cytokine profile
is dominant in advanced atherosclerotic plaques,’ a finding that
has been reported in recent studies in vulnerable human
plaques.®” Of note, human plaque rupture (leading to CVD) is
known to be difficult to mimic in mouse models.>®

We also report that when T cells are activated by OxLDL
through DC and then cocultured with naive T cells in the
presence of matured DC, both types of T cells were activated
to proliferate, indicating a synergy effect, which could be
mediated by pro-inflammatory cytokines, in addition to
specific T-cell activation.®’

Furthermore, oxLDL-induced DC-mediated T-cell polariza-
tion, in the form of Th1 cytokines, was reversed by

atorvastatin, instead promoting T regulatory cells and thus a
different type of T-cell activation. Regulatory T cells are of
major importance in regulation of T-cell immune responses.
They suppress pro-inflammatory T-cell effector functions, and
an imbalance with decreased proportion of T regulatory cells
may promote atherosclerosis (and also autoimmune diseases
such as systemic lupus erythematosus). T regulatory cells
may also have other beneficial effects in the context of
atherosclerosis and its complications including inhibition of
foam cell formation, and induction of anti-inflammatory
macrophages. Therefore, increasing T regulatory cells has
been discussed as a potential therapy in atherosclerosis and
CvD.*

Interestingly, immune modulatory properties of statins are
also reported to include inhibition of Th17-related T-cell
reactions and induction of T regulatory cells. Experimental
evidence supports a potential role in autoimmune disease, for
this reason. However, even though there are now many
studies in different autoimmune diseases where statins have
been used, evidence of an effect on these conditions by
statins is insufficient.*' Previous findings also indicate that
statins can inhibit MHC class Il interaction with antigen.*?

Another central finding herein is that we report for the first
time both that oxLDL specifically induces the miRNA Let-7c in
DC and that this novel effect is abolished by atorvastatin.
Furthermore, atorvastatin constrained the dysregulated
upregulation of pAkt and pERK in DCs induced by oxLDL.
ERK and the PI3K-Akt signaling pathway were downstream of
the effect of atorvastatin, since treatment with an ERK
inhibitor or a PI3K inhibitor during DC maturation could
directly induce CD4°CD25" Foxp3® T reg. Downregulation of
let-7c in DCs abrogated the plaque T-cell proliferation, thus
indicating that Let-7c is pivotal for oxLDL-induced DC-
mediated T-cell activation through DC and for the effects of
atorvastatin.

Our findings are in line with a recent study using a mouse
model where let7c is involved in the activation of DC.
Furthermore, it was demonstrated that increased BLIPM1
expression promotes DC maturation and increases let7c
expression.?’ In line with these findings, we here report that
BLIMP1 expression is induced by oxLDL but in the presence of
statin the induction was dampened. The role of BLIMP1 in
relation to let7-c thus deserves further study.

Let-7 was one of the first miRNAs that was initially
discovered in the nematode Caenorhabditis elegans. The let-7
family has several roles, all of which are not fully known.

The expression of the let-7 family is required for develop-
mental timing and tumor suppressor function, but must be
suppressed for the self-renewal of stem cells. This implies
that a careful control of the expression of this miRNA is
essential. Let-7 expression is especially high during embryo-
genesis and brain development.*®* Let-7 miRNAs are
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evolutionarily conserved and present in many animal species,
but not in plants, and could play an important role as a
regulator of gene expression. Still, much of Let-7 functions are
not known in humans.*® It is thus not clear what physiological
significance the specific oxLDL induction could have for
pathophysiology in plaques and for atherosclerosis, CVD, and
other conditions in general. Still it is interesting to note that in
our previous report, oxLDL was reported to induce differen-
tiation of a monocytic tumor cell line in addition to monocytes
from healthy donors.**

However, this finding could have implications for statins in
general. Let-7c is downregulated and is characterized by low
expression (and poorer survival) in many tumors.*®> The
possibility that downregulation of Let-7¢ by statins could pose
a risk should be considered.

Whether statin use is associated with or even causatively
influences the risk of cancer has been much debated, and is
beyond the topic of the present study. However, there
appears to be no clear general evidence of an increased risk
of cancer among statin-treated individuals, though it cannot
be excluded that subgroups of cancer are influenced in
different ways by statins. Inflammation per se could be a risk
factor in some forms of cancer.*¢™*®

Even though statins are still debated, most experts agree
that they are beneficial for secondary prevention after
coronary artery disease. They are also widely used among
patients with known risk factors, as supported by clinical
evidence. The beneficial effects for women and the elderly is
more debated. In general, there are also critical voices in
relation to statin treatment. However, this whole discussion is
beyond the scope of the present study.*’

Statin’s inhibition of the mevalonate pathway and its
isoprenoid formation are believed to be the underlying cause
of much of the pleiotropic effects described for statins, since
prenylation of protein is an important step in intracellular
signaling.'® In the present study, it is not clear if this is the
underlying effect, though it is downstream of mevalonate
formation.

Taken together, our data indicate that OxLDL activates
human T cells through DCs and that this effect was abolished
by a statin, atorvastatin, and also by simvastatin, though the
focus was on the former. A specific mechanism where Let-7c
plays a role was described. Our findings could provide novel
explanations for the effects of statins on CVD.
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