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abSTRaCT

Lipid metabolism is a determining factor during the proliferation and differentiation of 
CD4+ naïve T (Tn) cells into T helper and regulatory T (Treg) cells. An integral process 
in lipid metabolism during lipid overload is lipophagy, which is a specialized form of 
autophagy in which lipid droplets are targeted for lysosomal degradation. It is unclear 
whether dyslipidemia and modulation of lipid metabolism or lipophagy induce intrinsic 
changes in CD4+ Tn cells which affect their effector phenotype.
Diet-induced dyslipidemia and dyslipidemia-like conditions, as mimicked by culturing 
CD4+ Tn cells in the presence of excess lipoproteins or serum, induced liver-X-receptor 
(LXR) activation. Priming of CD4+ Tn cells with atherogenic lipoproteins increased their 
proliferative capacity only in response to suboptimal antibody-induced stimulation but 
not antigen-induced stimulation. In line, priming of CD4+ Tn cells under dyslipidemia-
like conditions with serum from WTD-fed mice did not affect their proliferation in 
response to antigen stimulation. Interestingly, pharmacological LXR activation using 
T0901317 during priming inhibited the proliferation of CD4+ T cells and induced Treg 
cell differentiation only after priming in dyslipidemia-like conditions. In line, modulation 
of lipid metabolism using the lysosomal inhibitor chloroquine during priming of CD4+ 
Tn cells under dyslipidemia-like conditions decreased proliferation and decreased T 
helper 1 cell differentiation. In vivo, diet-induced dyslipidemia was not associated with 
increased autophagy in CD4+ T cells. Interestingly, treatment of mice with chloroquine, 
which inhibits endolysosomal processing of lipoproteins as well as lipophagy, induced 
Treg cell differentiation but also increased CD4+ T cell proliferation in mice with diet-
induced dyslipidemia but not normolipidemia.
Altogether, modulation of lipid metabolism by LXR activation or lysosomal inhibition 
during the priming of CD4+ Tn cells under dyslipidemia-like conditions affects the effec-
tor phenotype.

KEywORDS

Naïve T cell, priming, lipids, LXR, autophagy, chloroquine
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InTRODuCTIOn

A major risk factor for atherosclerosis is dyslipidemia in the form of hypercholesterolemia, 
as this is characterized by increased amounts of atherogenonic lipoproteins, such as low 
density lipoprotein (LDL). Native and modified LDL contain epitopes in its core-protein 
ApoB-100 which act as antigens for CD4+ T cells inside atherosclerotic lesions 1,2 and ac-
cordingly promote atherosclerosis 3. After activation by antigen-presenting cells (APC), 
CD4+ naïve T (Tn) cells undergo a phase of cell blast, cell division and differentiation into 
a T helper cell subset. Cell blast and division require a distinct metabolic program to 
meet the biosynthetic demand which facilitates the generation of daughter cells from a 
single T cell clone 4. Cell membranes consist, in part, of a phospholipid bilayer and free 
cholesterol molecules. Hence, lipid synthesis is among the first proteomic clusters to be 
upregulated upon activation of Tn cells 5, which is regulated by liver-X-receptor (LXR) 6 
and sterol-regulatory element binding protein (SREBP) 7. Activated LXR modulates cho-
lesterol metabolism through its target genes, such as the cholesterol-efflux transport-
ers ATP binding cassette A1 (ABCA1), which essentially promotes cholesterol efflux 8. 
Hence, LXRβ-deficient T cells are hyperproliferative and pharmacological LXR activation 
inhibits T cell proliferation 6. In line, T cells deficient for ABCG1, another cholesterol efflux 
transporter which regulates intracellular cholesterol trafficking and presumably local-
izes to the cell membrane 9, accumulate cholesterol and are hyperproliferative 10. ABCG1 
deficiency has also been shown to promote regulatory T (Treg) cell differentiation from 
naïve T cells  11. Thus, cholesterol metabolism in T cells is a determining factor in the 
proliferative capacity and differentiation skewing of activated CD4+ T cells.
In atherosclerosis, T helper (Th)1 cells are the main subset of CD4+ T cells found in ath-
erosclerotic lesions 12–14. Th1 cells are characterized by high expression of the transcrip-
tion factor T-bet and the secretion of interferon-gamma (IFNγ) via which Th1 cells drive 
atherosclerosis 15. Another type of CD4+ T cells, the Treg cell, is actually specialized in im-
munosuppression, through cell-cell interactions and the secretion of anti-inflammatory 
cytokines such as interleukin-10 (IL-10), and inhibit atherosclerosis  16. Thus, hypercho-
lesterolemia (or dyslipidemia) elevates the amount of antigen inside atherosclerotic 
lesions for T cells to respond to and cholesterol metabolism is an important factor in the 
inflammatory potency of T cells.
Interestingly, hypercholesterolemia has been suggested to modulate the inflamma-
tory potency of T cells in an antigen-independent manner as well. For example, the 
supplementation of culture medium with cholesterol increases the proliferative capac-
ity of wild-type T cells  10. The majority of a cell’s free cholesterol is located in the cell 
membrane where it modulates membrane rigidity 17,18 and lipid raft formation 19. CD8+ T 
cells deficient in acetyl-CoA acetyltransferase 1, the rate-limiting enzyme for cholesterol 
esterification, have elevated levels of free cholesterol and a more rigid cell membrane 
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which results in a more stable immunological synapse, enhanced T cell receptor (TCR)-
signaling and increased T cell proliferation and inflammatory cytokine secretion  20. 
Furthermore, lipid loaded CD4+ T cells which are activated in vitro via antibody-mediated 
TCR stimulation are prone towards Th1 differentiation  21. Additionally, as compared to 
CD4+ T cells from normolipidemic mice, CD4+ T cells from Ldlr-/- mice with diet-induced 
hypercholesterolemia contain different lipids and have an altered membrane lipid 
composition, which is associated with a more rigid cell membrane and increased T cell 
proliferation in vivo 22.
An essential organelle in the endolysosomal uptake of lipoproteins and degradation of 
intracellular lipid droplets is the lysosome 23. Lysosomes contain lysosomal acid lipases 
(LAL), which degrade the triglycerides and cholesteryl from lipoproteins and deposit 
their content, being free fatty acids and cholesterol, into the cytoplasm. Autophagy 
is a cellular process in which intracellular cargo is targeted for lysosomal degradation 
through the selective or nonselective isolation of organelles by autophagosomes  24. 
Lipophagy is a specific form of autophagy in which lysosomes degrade lipid droplets 
(LD) which have been targeted for lysosomal degradation by autophagosomal isola-
tion membranes. In foam cells, atherogenic lipoprotein-induced LD accumulation is 
decreased by lipophagy-mediated LD degradation which enhances cholesterol efflux to 
Apo-A1 25. Most reports describe antigen-independent effects of dyslipidemia on T cells 
in the effector phase or the total CD4+ T cell population. Presumably, dyslipidemia also 
modulates Tn cells which could affect their effector phenotype after TCR-stimulation. 
We define this as ‘priming’ of Tn cells as lipid accumulation could induce phenotypic 
changes in Tn cells prior to activation, which could affect the effector phenotype, as the 
strength of TCR-signaling and the induction of specific transcriptional programs, which 
drive lipid synthesis, could be altered. Through this mechanism, dyslipidemia primes Tn 
cells to have an altered inflammatory phenotype in their effector phase. We postulate 
here that lysosomal lipid handling and LXR-mediated cholesterol metabolism are an 
integral part of the priming effect of dyslipidemia on naïve T cells.

maTERIalS anD mETHODS

mice

All animal work was performed according to the guidelines of the European Parliament 
Directive 2010/63EU and the experimental work was approved by the Animal Ethics 
committee of Leiden University. LDL receptor deficient (Ldlr-/-) mice were purchased 
from the Jackson Laboratory and further bred in the Gorlaeus Laboratory in Leiden, 
The Netherlands. Diet-induced dyslipidemia was established by feeding mice from 9-12 
weeks of age a Western-type diet (WTD) containing 0.25% cholesterol and 15% cocoa 
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butter (Special Diet Services) for 2, 4, 8 or 16 weeks. At sacrifice, the mice were sedated 
and their blood was collected via orbital blood collection. Subsequently, their vascular 
system was perfused with PBS at a continuous low flow via heart puncture in the left ven-
tricle after which the spleens were collected. For studies examining antibody-induced 
stimulation of T cells, male Ldlr-/- mice were used. For studies using antigen-induced T 
cell stimulation, we used male transgenic OT-II mice, purchased from the Jackson Labo-
ratory and further bred in-house. OT-II mice have T cells which have a TCR recognizing 
chicken ovalbumin 323-339 peptide in the context of major histocompatibility complex 
II molecules. The animals were kept under standard laboratory conditions and were fed 
a normal chow diet (NCD) and water ad libitum.

Chloroquine treatment in vivo

The effect of chloroquine treatment on CD4+ T cells was studied by feeding Ldlr-/- mice 
from 9-12 weeks of age an NCD or a WTD for 4 weeks. In the last three days of the 
experiment, mice from both diet groups were split into two groups which received a 
daily injection of either PBS or chloroquine (60 mg/kg) via intraperitoneal injection. 
After three days of chloroquine treatment, the mice were sacrificed as described above. 
Spleens were harvested, mashed through a 70 μm cell strainer to generate a single-cell 
suspension and used for CD4+ T cell isolation.

Flow cytometry

Spleens were isolated and mashed through a 70 μm cell strainer. Erythrocytes were 
subsequently eliminated from the spleen by incubating the cells with ACK erythrocyte 
lysis buffer to generate a single-cell suspension prior to staining of surface markers. For 
analysis of surface markers, cells were stained at 4°C for 30 min. in PBS with 2% (vol/vol) 
fetal bovine serum (FBS). Intracellular transcription factors were stained for by following 
the FoxP3 staining protocol (eBioscience). All antibodies used for staining of surface 
markers or transcription factors were from eBioscience, BD Biosciences or BioLegend 
(table 1). For staining of LD using BodipyTM 493/503 (Invitrogen), cells were stained with 
1,3µg/mL Bodipy in pre-warmed PBS at room temperature for 10 minutes. Proliferation 
was assessed by flow cytometry by measuring the dye dilution in stimulated CD4+ T cells 
which were labeled with 5 μM CellTrace™ Violet (Invitrogen) as per manufacturer’s in-
structions. Flow cytometry analysis was performed on a FACSCantoII (BD Biosciences) or 
a Cytoflex S (Beckman Coulter) and data was analyzed using Flowjo software (TreeStar).

Cell culture

CD4+ T cells or CD4+CD62L+CD44- naïve T (Tn) cells were isolated from spleens and 
peripheral lymph nodes (inguinal and mesenteric) from Ldlr-/- mice using MACS micro-
beads (Miltenyi Biotec). T cells were cultured in RPMI-1640 medium supplemented with 
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2 mM L-glutamine, 100U/mL pen/strep and 10% FBS (all from Lonza). Lipid loading of 
Tn cells was established in vitro by supplementing the medium with 5% serum from 
NCD- or WTD-fed mice for 48h. Alternatively, lipid loading was achieved by the addition 
of lipoproteins (10 μg/mL oxLDL and 50 μg/mL very low density lipoprotein (VLDL)) 
which were isolated from human serum through KBr density gradient ultracentrifuga-
tion as described below. Antibody-induced activation after lipid loading in Tn cells 
was performed using plate-bound anti-CD3e (1μg/mL; Ebioscience), anti-CD28 (1 μg/
mL; Ebioscience) and 100U/mL recombinant murine IL-2 (Peprotech). The LXR agonist 
T0901317 (Sigma) was dissolved in dimethylsulfoxide and used at 5µM. The LXR antago-
nist GSK2033 (GlaxoSmith Klein) was used at 5µM. The lysosome inhibitor chloroquine 
diphosphate (ThermoFisher) was used at 50 µM.

Ova323 induced proliferation

Bone-marrow derived dendritic cells (BMDCs) were generated and cultured as described 
before 26 with the exception that 8% FCS was used. 24 hours before CD4+ Tn cells were 
added to the BMDCs, the BMDCs were incubated with different concentrations of 
OVA323 peptide (Genscript) and 20 ng/mL granulocyte-macrophage colony-stimulating 
factor (GM-CSF) (Peprotech). Tn cells were isolated from male OT-II mice and primed with 
WTD-serum with or without T0901317 for 48 hours. After 48 hours, Tn cells were washed 
twice and added to GM-CSF-stimulated BMDCs to induce antigen-specific proliferation.

Rna and immunoblot analysis

mRNA was extracted from freshly isolated CD4+ cells using the guanidium isothiocya-
nate (GTC) method after which cDNA was generated using RevertAid M-MuLV reverse 
transcriptase per manufacturer’s instructions (Thermo Scientific). Quantitative gene 
expression analysis was performed using Power SYBR Green Master Mix on a 7500 
Fast Real-Time PCR system (Applied Biosystems). Gene expression was normalized to 
2-3 housekeeping genes (table 2). For immunoblot analysis, whole-cell lysates were 
prepared using radioimmunoprecipitation assay buffer (Cell Signaling Technology) 
supplemented with protease inhibitor (Roche). Protein lysates were resolved on a 15% 
SDS-PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane with 0.2 
μm pore-size. The membranes were probed with anti-LC3B or anti-β-actin antibodies 
(both from Novus Biologicals) and the proteins were detected using chemiluminescence.

lipoprotein isolation and modification

The lipoproteins very-low density lipoprotein VLDL and LDL were isolated from non-
fasted human serum using KBr-density gradient ultracentrifugation as described previ-
ously 27. Oxidized LDL (oxLDL) was generated through copper oxidation by incubating 
LDL with CuSO4 overnight at 37°C.
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lC3 immunofluorescence

Isolated CD4+ T cells were fixed with 3.7% formaldehyde in PBS and adhered to Super-
frost adhesion slides (Thermo Scientific). Subsequently, the cells were permeabilized for 
15 minutes at RT using 0.2% Triton-X, washed and then incubated with blocking solution 
containing 2% BSA and 0.2% Tween-20. Thereafter, LC3B was visualized by incubating 
the cells with a rabbit-anti-LC3B antibody (Thermo Scientific) and subsequently with a 
goat anti-rabbit Alexa Fluor 647 secondary antibody. Finally, the slides were mounted 
with Fluoroshield containing DAPI (Sigma). Images were taken on a confocal microscope 
Nikon Eclipse Ti with a 60x oil objective. The number of cells containing LC3B, were 
quantified manually and plotted relative to the total number of cells.

automated segmentation of lipid droplet-lysosome colocalization

CD4+ Tn cells were incubated with 50 µM chloroquine-diphosphate for 2 hours prior to 
the addition of 5% serum from NCD- or WTD-fed Ldlr-/- mice. The cells were incubated with 
serum and or chloroquine for 24 hours. After 24 hours, lipid droplets were stained using 
Bodipy as described above. Subsequently, the cells were stained with 60 nM Lysotracker 
Red DND-99 in complete RPMI-1640 medium for 30 min. at 37 °C. Hereafter, the cells 
were washed with PBS and stained with live-Hoechst (Sigma) for 45 min. at room tem-
perature. Subsequently, the cells were washed and seeded on a plate coated with 5mg/
mL poly-D-lysine (Sigma). Bodipy, lysotracker and Hoechst staining as well as transmit-
ted light were monitored using a Nikon Eclipse Ti2 C2+ confocal laser microscope (lasers 
540, 488 and 408 nm), equipped with a 20X (NA 0.75) , an automated stage and perfect 
focus system at 37 °C with humidified atmosphere and 5% CO2/air mixture from Okolab. 
Image preprocessing was performed in ImageJ 28 (rolling ball background subtraction 
and Gaussian smoothing). Foci detection was performed using the FociPicker3D ImageJ 
plugin 29. An in house developed macro was used to automate the image preprocessing 
and foci detection. CellProfilerv2.22 30 was used for nuclei segmentation, counting the 
number of Bodipy and lysosome foci and establishing parent-child relationships (which 
foci belong to which cell).
Image analysis results were exported as csv files and read into R (version 3.4.1) for fur-
ther downstream analysis. Eventually, the fraction of overlapping foci were calculated as 
compared to total bodipy or lysosomes and normalization of these fractions per number 
of cells.

Statistical analysis

Bar graphs are expressed as mean ± SD. A two-tailed student’s T-test was used to 
compare individual groups with Gaussian distributed data. Non-parametric data was 
analyzed using a Mann-Whitney U-test. Data from three or more groups were analyzed 
using a one-way ANOVA with a subsequent Tukey’s multiple comparison test. A p-value 
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below 0.05 was considered significant. In the figures a * indicates p<0.05, ** indicates 
p<0.01, *** indicates p<0.001 and **** indicates p<0.0001.

RESulTS

Total and naïve CD4+ T cells accumulate lipids during dyslipidemia

Presumably, Western-type diet (WTD)-induced dyslipidemia in mice increases the 
amount of lipoproteins to which CD4+ Tn cells are exposed to, as compared to normal 
chow diet (NCD) fed mice (with normolipidemia). This increase would result in enhanced 
endolysosomal uptake of lipoproteins and increased lipid droplets (LD) content, despite 
LXR activation and increased ABC transporter expression.
We examined whether CD4+ Tn cells actually contain more LD when exposed to excess 
lipoproteins in vitro by mimicking dyslipidemia with atherogenic lipoproteins. Alterna-
tively, dyslipidemia was mimicked using serum from WTD-fed mice and compared to 
NCD-serum control, to mimic lipoprotein excess in the context of inflammatory factors 
associated with dyslipidemia-induced atherosclerosis.
First, we incubated isolated CD4+ Tn cells with the atherogenic lipoproteins oxLDL and 
VLDL, which mimic hypercholesterolemia and hypertriglyceridemia, respectively, and 
assessed LD accumulation through flow cytometry. OxLDL and VLDL increased the 
median fluorescent intensity (MFI) of Bodipy, a neutral lipid dye which can stain LD, in 
CD4+ Tn cells as compared to control incubated T cells (fig. 1A). Similar to incubation 
with isolated oxLDL and VLDL, incubating CD4+ Tn cells with serum from WTD-fed Ldlr-/- 
resulted in a higher LD stain as compared to serum from NCD-fed Ldlr-/- mice (fig. 1B).
To confirm that dyslipidemia is indeed associated with increased LD content and LXR ac-
tivation in vivo, we examined whether CD4+ T cells have enhanced LD formation during 
dyslipidemia. To this end, we fed Ldlr-/- mice a Western-type diet (WTD) containing 0.25% 
cholesterol and 15% cocoa butter for 4 weeks to induce dyslipidemia and quantified the 
degree of LD formation in isolated CD4+ T cells. CD4+ T cells isolated from WTD-fed mice 
more frequently contained one or more LD than CD4+ T cells from normal chow diet 
(NCD) fed control mice (fig. 1C). In line, the mRNA expression of Plin2, which is involved 
in LD formation, was increased in CD4+ T cells from WTD-fed mice (fig. 1D). CD36 mRNA 
expression was not modulated by WTD (fig. 1E) suggesting that prolonged exposure 
of CD4+ T cells to excess lipoproteins did not result in downregulation of scavenger 
receptors which mediate the uptake of lipoproteins, comparable to lipid loaded macro-
phages 31. Actually, we have shown that CD36 expression on a protein level is increased 
in conventional CD4+ T cells isolated from Ldlr-/- mice with diet-induced dyslipidemia, as 
compared to normolipidemic mice (J. Amersfoort, unpublished).
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In CD4+ T cells from WTD-fed mice we determined, however, an increased mRNA expres-
sion of Abca1 which encodes the ABCA1 cholesterol efflux transporter but not of Abcg1 
(fig 1F), indicating that LXR is activated in CD4+ T cells in vivo by dyslipidemia. Next, 
we assessed whether there are dynamic changes in LXR activation in CD4+ T cells dur-
ing prolonged WTD-induced dyslipidemia. Again, the mRNA expression of Abca1 was 
elevated after 4 weeks of WTD as compared to the NCD controls (fig. 1G). Moreover, 
it remained increased after 8 and 16 weeks of WTD to a similar extent suggesting that 
LXR remained elevated during prolonged WTD feeding. The expression of Abcg1 was 
significantly increased after 4 weeks of WTD as compared to the NCD control, but did 
not remain significantly higher at 8 and 16 weeks of WTD (fig. 1H). To establish that the 
increase in Abca1 and Abcg1 was LXR-dependent, we isolated CD4+ T cells and mimicked 
dyslipidemia in vitro using human VLDL and simultaneously treated the cells with the 
LXR antagonist GSK2033. Abca1 and Abcg1 expression was almost abolished in GSK2033 
treated CD4+ T cells (fig. 1I), suggesting that Abca1 and Abcg1 expression in CD4+ T cells 
in the presence of excess atherogenic lipoproteins is LXR-dependent.
Altogether, these results indicated that WTD-induced dyslipidemia induced lipid ac-
cumulation in total CD4+ T cells and an LXR-dependent increase in the expression of 
cholesterol efflux transporters and that dyslipidemia-like conditions induced lipid ac-
cumulation in CD4+ Tn cells in vitro.

Priming of CD4+ Tn cells with isolated lipoproteins increases proliferation of 
antibody- but not antigen-stimulated T cells

As we were interested in the priming of CD4+ Tn cell by lipoproteins, we isolated CD4+ 
Tn cells, induced lipid loading in vitro using oxLDL and VLDL and subsequently studied 
cell growth and proliferation after TCR stimulation with antibodies or antigen (fig. 2A). 
We used suboptimal antibody-induced TCR stimulation (1 µg/mL plate-bound αCD3) 
as we reasoned that any dyslipidemia-mediated effects on proliferation would be less 
apparent during strong TCR stimulation. Alternatively, we assessed proliferation in re-
sponse to strong, antigen-induced TCR stimulation, which has the advantage that bone 
marrow-derived dendritic cells (BMDC) provide a more physiological co-stimulatory 
signal and cytokine stimulation of primed CD4+ Tn cells.
We also studied the effect of lipoprotein-induced priming by activating the cells in the 
absence or presence of oxLDL and VLDL. We hypothesized that the cell blast (or cell 
growth) phase which precedes cell division within 24 hours after antibody-induced 
activation 32 is increased after lipoprotein-induced priming of CD4+ Tn cells. However, T 
cell blast after 18 hours of activation was not affected by lipoprotein-induced priming 
since the cell size, which was measured by the forward scatter (FSC), was not enhanced 
in the primed CD4+ T cells as compared to the vehicle-treated CD4+ T cells. (fig. 2B). 
Interestingly, T cell blast was diminished when CD4+ Tn cells were activated in the pres-
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ence of lipoproteins, independent of the priming condition. We also measured CD4+ 
T cell activation as reflected by the percentage of IL-2 producing CD4+ T cells after 18 
hours of antibody-induced activation. In line with equal cell growth between vehicle- 
and lipoprotein-primed CD4+ T cells, the percentage of IL-2+ cells within the CD4+ T cell 
population was equal between vehicle- and lipoprotein-primed T cells (fig. 2C). Activa-
tion of CD4+ Tn cells in the presence of lipoproteins also reduced the percentage of IL-2 
producing CD4+ T cells. Besides the effect of priming on T cell activation, we wanted to 
examine the effect of lipoprotein-induced priming on the proliferation of CD4+ T cells. 
To this end, we activated CD4+ Tn cells for 72 hours with αCD3 and αCD28 antibodies as 
initial cell division occurs after approximately 48 hours after TCR stimulation and prim-
ing effects might be diluted after longer stimulation. Interestingly, lipoprotein-induced 
priming of CD4+ Tn cells increased the percentage of proliferated cells after 72 hour of 
antibody-induced TCR stimulation but this effect of lipoprotein-induced priming was 
abolished when the cells were activated in the presence of excess lipoproteins (fig. 
2D). Furthermore, activation of vehicle-primed CD4+ Tn cells in the presence of excess 
lipoproteins increased the percentage of proliferated cells as compared to CD4+ T cells 
activated without excess lipoproteins. The effects of lipoprotein-induced priming and 
activation of CD4+ Tn cells in the presence of excess lipoproteins were reflected by the 
percentage of IL-2 producing CD4+ T cells after 72 hour stimulation (fig. 2E).
Next, we wanted to assess the effect of lipoprotein-induced priming on T cell prolifera-
tion by activating CD4+ Tn cells in an antigen-specific manner. To this end, we induced 
proliferation of primed OT-II T cells in a co-culture of these cells with BMDC which were 
previously loaded with various concentrations of OVA-323 peptide. We did not include a 
condition in which we activated vehicle- or lipoprotein-primed CD4+ OT-II T cells in the 
presence of excess lipoproteins as lipoprotein uptake by BMDCs induces phenotypic 
changes, leading to enhanced activation of T cells  33. Moreover, lipoprotein-induced 
priming was counteracted by the presence of excess lipoproteins during antibody-
induced activation of CD4+ T cells, suggesting that activation in the context of dyslipid-
emia might mask any priming effect which we were interested in. Lipoprotein-induced 

Figure 1 CD4+ T cells from Ldlr-/- mice accumulate lipids in vivo and in vitro which elicits an lXR re-
sponse. (A) Quantification of Bodipy median fluorescent intensity (MFI) in CD4+ T cells loaded with lipo-
proteins (lipo) in vitro. (B) Quantification of LD MFI in Tn cells incubated in vitro with serum from NCD- or 
WTD-fed mice. (C) The percentage of T cells containing LD as assessed by confocal microscopy. (D) Plin2 
expression in isolated CD4+ T cells. (E) CD36 expression in isolated CD4+ T cells. (F) Abca1 and Abcg1 expres-
sion in isolated CD4+ T cells. (G) Expression of Abca1 in T cells from mice fed a normal chow diet (NCD, t=0) 
or a WTD for 2-16 weeks. (H) Expression of Abcg1 in same experiment. (I) Expression of Abca1 and Abcg1 
after LXR inhibition with GSK2033 in vitro in the presence of atherogenic lipoproteins. Asterisks in 1G and 
1H indicate a significant difference as compared to 0 weeks WTD. White arrows in 1C indicate a CD4+ T cell 
with LD.
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priming of CD4+ Tn cells did not enhance the antigen-induced proliferation of OT-II cells 
as compared to vehicle-induced priming (fi g. 2F).
Altogether, these data showed that priming of CD4+ Tn cells with lipoproteins enhanced 
proliferation after suboptimal, antibody-induced T cell activation but not after antigen-
induced T cell activation.
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Figure 2 lipoprotein-induced priming of CD4+ Ldlr-/- Tn enhanced proliferation in response to anti-
body-mediated TCR stimulation. (A) Experimental setup for in vitro evaluation of eff ect of CD4+ Tn cell 
priming on proliferation. (B) Cell growth as assessed by fl ow cytometry (median fl uorescent intensity, MFI) 
after 18 hours of antibody-induced T cell activation. (C) Percentage of IL-2 producing CD4+ T cells after 18 
hours of antibody-induced T cell activation. (D) Proliferation after 72h stimulation with antibody-induced T 
cell activation. (E) Percentage of IL-2 producing CD4+ T cells after 72 hours of antibody-induced T cell activa-
tion. (F) Antigen-induced proliferation of OT-II T cells in a co-culture with BMDC as measured by CellTrace 
dilution. Groups in B-E are indicated as priming condition-activating condition, thus, veh-lipo indicates 
vehicle-primed T cells which are activated in the presence of excess lipoproteins.
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lXR activation during wTD serum-induced priming of CD4+ Tn cells has anti-
inflammatory effects

Since LXR activation and Abcg1 are crucial factors during T cell proliferation and dif-
ferentiation and lipid accumulation in T cells induced LXR activation, we postulated 
that activation of LXR in CD4+ Tn cells under dyslipidemic conditions would affect their 
effector phenotype.
Therefore, we primed CD4+ Tn cells with NCD- or WTD-serum with or without the 
addition of the LXR agonist T0901317 and assessed the proliferation and Treg/Th1 dif-
ferentiation after antigen-stimulation. After 18 and 96 hours of antigen-induced CD4+ 
T cell activation, no difference in the percentage of IL-2 producing cells was observed 
between NCD- and WTD-serum primed CD4+ T cells (fig. 3A,B). Interestingly, activation 
of LXR with T0901317 during priming slightly decreased the percentage of proliferated 
CD4+ T cells, which is in line with previous reports describing LXR-agonists to suppress T 
cell proliferation 6. In the same experiment, we also assessed the effect of serum-priming 
on the differentiation skewing of CD4+ T cells. Again, no difference in the percentage of 
Treg cells was observed after priming with WTD-serum as compared to NCD-serum (fig. 
3C). Interestingly, 48 hours of priming with T0901317 did increase the percentage of 
Treg cells (as defined by CD44+FoxP3+ cells in the CD4+ population) in the presence of 
both NCD- and WTD-serum. T0901317 also increased the percentage of Treg cells when 
OT-II CD4+ T cells were incubated with unloaded BMDCs, suggesting that part of the Treg 
cell simulating effect of T0901317 was OVA323 independent. Furthermore, T0901317 
treatment specifically during the priming of CD4+ Tn cells with WTD-serum reduced 
the percentage of Th1 cells (as defined by CD44+Tbet+ cells in the CD4+ population) as 
compared to CD4+ which were primed with only WTD-serum (fig. 3D). Altogether, these 
results indicated that priming of CD4+ Tn cells with WTD-serum did not affect T cell pro-
liferation or differentiation but T0901317 treatment under dyslipidemia-like conditions 
inhibited proliferation and skewed CD4+ T cell differentiation to Treg cells.

wTD-induced dyslipidemia does not induce autophagy in CD4+ T cells

As acetylated-LDL induces lipophagy in foam cells  25 we aimed to examine whether 
dyslipidemia induced lipophagy in CD4+ T cells as well. This is relevant as this would 
affect the outcome of stimulation or inhibition of autophagy on lipid accumulation dur-
ing the priming of CD4+ Tn cells under dyslipidemia-like conditions. To this end, we fed 
Ldlr-/- mice a WTD for 4 weeks, isolated CD4+ T cells and compared the level of autophagy 
to CD4+ T cells from NCD-fed mice. An immunoblot for LC3 showed that the amount of 
lipidated LC3 (LC3-II, indicating active autophagy) was equal between CD4+ T cells from 
NCD- and WTD-fed mice (fig. 4A). Another method to quantify active autophagy is by 
measuring the amount of LC3 puncta through confocal microscopy as LC3 puncta re-
flect matured autophagosomes 34. The percentage of cells which contained LC3 puncta 
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did not differ between CD4+ T cells isolated from NCD- and WTD-fed mice (fig. 4B). This 
suggested that diet-induced dyslipidemia prompted lipid accumulation in CD4+ T cells 
but not severe enough to induce autophagy. In addition, as autophagy is not induced 
by dyslipidemia, lysosomal inhibition during the priming of CD4+ Tn cells mostly inhibits 
the endolysosomal uptake of lipoproteins and not lipophagy-mediated LD degradation.

Chloroquine inhibits serum-induced lipid accumulation

Chloroquine inhibits LAL, thereby impairing the degradation of cholesteryl esters and 
triglycerides and formation of LD as well as autophagy-mediated degradation of LD (i.e. 
lipophagy). To assess whether chloroquine would inhibit the endolysosomal uptake of 
lipoproteins during dyslipidemia-like priming conditions, we isolated CD4+ Tn cells and 
incubated them with chloroquine 2 hours prior to and during priming with NCD- and 
WTD-serum to induce lipid accumulation as compared to a medium control. To quantify 
whether chloroquine induces lipid accumulation in lysosomes, we performed a proof-
of-principle experiment where we stained neutral lipids (esterified lipids and choles-

A

B

LC3-I
LC3-II

β-actin

NCD WTD

DAPI LC3

NCD
WTD

0

10

20

30

40

50

%
 o

f c
el

ls
 c

on
ta

in
in

g 
LC

3 
pu

nc
ta

WTDNCD

Figure 4 Diet-induced dyslipidemia did not induce autophagy in CD4+ T cells. (A) Immunoblot showing 
LC3-I and LC3-II (the lipidated LC3 indicating active autophagy) in CD4+ T cells derived from NCD or WTD 
fed mice (n=4/group). (B) Assessment of lipophagy by quantification of the percentage of CD4+ T cells with 
LC3 puncta as a measure for active autophagy. White arrows indicate cells with clear LC3 puncta.
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terol) and lysosomes using Bodipy and Lysotracker, respectively, and used automated 
segmentation of neutral lipid- and lysosome foci in <150 CD4+ Tn cells per condition. 
CD4+ Tn cells incubated with NCD- and WTD-serum for 24 hours showed an increase in 
the number of neutral lipid foci per cell which was inhibited by incubating the cells with 
chloroquine 2 hours prior to and during the 24 hours priming (fig. 5A). As chloroquine 
also inhibits the fusion between endosomes and lysosomes  35, chloroquine treatment 
likely decreased the level of lipoprotein handling through several mechanisms in CD4+ 
Tn cells and thus decreased the formation of LD. The fraction of neutral lipid foci which 
colocalize with lysosomes, after normalization to the number of lysosomes and cells, 
was increased in the chloroquine treated condition (fig. 5B). This was especially appar-
ent in the WTD-serum primed CD4+ Tn cells (fig. 5C). Since dyslipidemia did not result 
in the induction of autophagy, increased colocalization between neutral lipid foci and 
lysotracker foci is likely due to lipid accumulation in lysosomes. Naturally, it cannot be 
ruled out that chloroquine treatment impaired the autophagic degradation of LD which 
would also result in enhanced colocalization between neutral lipid- and lysosome foci. 
Automated segmentation of neutral lipid foci (fig. 5D) and lysosomes (fig. 5E) resulted 
in a slight overestimation of the number of foci, as indicated by segments of lysosomes 
in the absence of a clear lysosome signal. Nevertheless, a proof-of-principle experiment 
showed that automated segmentation is suitable to identify neutral lipid and lysosome 
foci in confocal images of CD4+ Tn cells which suggested that chloroquine impaired the 
endolysosomal uptake and degradation of lipids and formation of lipid droplets under 
dyslipidemia-like priming conditions.

lysosomal inhibition while priming naïve T cells with serum inhibits T cell 
activation

Priming of CD4+ Tn cells under dyslipidemia-like conditions had minor effects on the 
effector phenotype of CD4+ T cells as shown in figure 2 and 3. Interestingly, promoting 
cholesterol efflux with an LXR-agonist during priming did have minor anti-inflammatory 
effects as it slightly inhibited proliferation of CD4+ T cells and promoted Treg cell differen-
tiation. To further explore whether inhibiting the availability of free cholesterol through 
lysosomal inhibition would have similar anti-inflammatory effects we treated CD4+ Tn 
cells during priming with chloroquine. In CD4+ Tn cells primed with WTD serum, chloro-
quine treatment significantly inhibited T cell activation as measured by the percentage 
of IL-2 producing cells after overnight activation with antibody-induced TCR stimulation 
(fig. 6A). Perhaps this is because fewer lipids can be taken up through the endolysosomal 
pathway as well as decreased LD degradation via lipophagy. In line, proliferation showed 
a strong trend (p=0.0506) towards being decreased in chloroquine treated WTD-serum 
primed T cells activated for 72 hours (fib. 6B). To assess the effect of autophagy inhibition 
on the differentiation status of T cells, we measured the percentage of Treg and Th1 cells 
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after 72 hours activation. No effects were observed on the percentage of Treg cells, while 
Th1 cells were decreased in Tn cells primed with WTD-serum and chloroquine as com-
pared to WTD-serum primed Tn cells (fig. 6C). These in vitro results suggested that the 
decrease in cholesterol availability after lysosomal inhibition, which limits the uptake of 
lipoproteins from the environment as well as the degradation of LD through autophagy, 
in the initial phase of T cell activation might have anti-inflammatory effects. Proliferation 
and Th1 differentiation was severely impaired after chloroquine treatment during WTD-
serum priming, which is in line with literature describing pharmacological inhibition of 
autophagy to inhibit proliferation of Th1 cells 36. To explore the therapeutic potential of 
chloroquine to inhibit T cell-mediated inflammation we fed mice a NCD or a WTD for 
4 weeks and treated them with chloroquine for three consecutive days and assessed 
the percentage of Treg- and Th1 cells in the spleen. Surprisingly, chloroquine actually 
increased the percentage of Treg cells in WTD-fed mice but not in NCD-fed mice (fig. 6D) 
while we did not observe any effect of chloroquine treatment on the percentage of Th1 
cells (fig. 6E). Moreover, we did not observe an anti-proliferative effect of chloroquine on 
T cells as the percentage of proliferating cells was elevated in chloroquine-treated mice 
fed a WTD (fig. 6F).
In conclusion, these data suggest that lysosomal inhibition with chloroquine might have 
anti-inflammatory effects on T cells specifically during dyslipidemia and dyslipidemia-
like conditions.

DISCuSSIOn

Dyslipidemia has been shown to have lipid-mediated antigen-independent effects on 
T cell effector function in atherosclerosis. Moreover, autophagy-induced degradation 
of LD is an essential metabolic process in foam cells which facilitates cholesterol ef-
flux. However, it is unknown whether atherogenic lipoproteins prime CD4+ Tn cells to 
have an altered effector phenotype, and whether lipid-associated metabolic processes 
contribute to the priming effect. Through in vitro and in vivo studies we showed that 
dyslipidemia and dyslipidemia-like conditions affect lipid metabolism in CD4+ T cells but 
that pharmacological modulation of lipid metabolism in CD4+ Tn cells had the largest 
immunomodulatory effect specifically under dyslipidemic conditions.
First we showed that CD4+ T cells accumulate lipids in Ldlr-/- mice fed a WTD as compared 
to NCD-fed controls. This was reflected by an increase in the mRNA expression of ABCA1 
and ABCG1 in T cells in an LXR-dependent manner and increased Plin2 expression. 
Further characterization of the content of LD and how dietary lipids affect their content 
should shed more light on the exact functional implications of LD accumulation and ex-
pansion in T cells. In macrophages and dendritic cells, different types of LD exist within 
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individual cells  37. Moreover, it has been shown that different types of LD can affect 
various intracellular processes involved in inflammation, including IFN-signaling, cross 
presentation and bioenergetic metabolism  38. LD are also involved in the metabolism 
of arachidonic acid and its metabolites, eicosanoids 38,39. Some eicosanoids are potent 
immunological mediators and are potent ligands for peroxisome proliferator activated 
receptor delta, which mediates altered cellular metabolism in Treg cells during dyslip-
idemia (J. Amersfoort et al., unpublished). Therefore, although we did not observe any 
major effects of priming of CD4+ Tn cells using human serum-derived lipoproteins or 
WTD-serum, a different method of priming could induce distinct types of LD which could 
modulate the inflammatory phenotype of effector CD4+ T cells. A recent report described 
that mitochondria-associated LD have unique bioenergetics properties, dynamics and 
composition 40. These reports suggest that LD have the potential to modulate T cell me-
tabolism and therefore effector function and call for the characterization of the different 
types of LD present in T cells from patients with dyslipidemia and cardiovascular disease.
Lipid accumulation in CD4+ T cells was not associated with increased autophagy, as 
opposed to foam cells  25. This was surprising as cholesterol accumulation in Treg cells 
is associated with decreased mTORC1 activity during diet-induced dyslipidemia 11 and 
mTORC1 inhibits autophagy by phosphorylating Ulk1 41. Given that scavenger receptors 
mediate the uptake of (modified) lipoproteins 42,43, perhaps scavenger receptor expres-
sion or cytoplasm volume in CD4+ Tn cells is too low to induce lipid accumulation to an 
extent which requires autophagy induction to facilitate reverse cholesterol transport 
and prevent lipotoxicity. As Treg cells appear to have higher lipid scavenging capacity 
than conventional T cells (J. Amersfoort et al., unpublished), dyslipidemia might induce 
autophagy in Treg cells. Importantly, this does not mean that lipophagy is not involved 
in the inflammatory effects of lipid-mediated priming of Tn cells. Lipophagy-mediated 
degradation of LD could enhance the availability of cholesterol and other lipids in the 
initial stage of T cell activation and affect their effector phenotype under inflammatory 
conditions which we did not examine. Of note, chloroquine inhibits atherosclerosis in 
apolipoprotein-E deficient mice in a p53-dependent manner  44. p53 is a tumor sup-
pressor protein which induces apoptosis and has been described to inhibit cholesterol 
synthesis 45, suggesting that chloroquine could impair T cell-mediated inflammation by 

Figure 5 Chloroquine inhibits endolysosomal processing of lipoproteins and impairs serum-induced 
lipid accumulation. (A) Quantification of Bodipy-stained lipid droplets as detected by automated segmen-
tation in indicated treatments. An example of Bodipy stained lipid droplets is shown. (B) Colocalization 
between lipid droplets and lysosomes (stained with Lysotracker-RED DND-99) by automated segmentation 
in indicated treatments. (C) Example of immunofluorescent image of lipid droplets and lysosomes in WTD-
serum and chloroquine primed CD4+ Tn cells. White arrows indicate colocalization between lipid droplet 
and lysosome in yellow. An asterisk indicates a lipid droplet (D) Corresponding images showing neutral 
lipid foci and lysosome segments in white. CQ indicates chloroquine.
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decreasing cholesterol-synthesis. These data underline the therapeutic possibility of 
using chloroquine or chloroquine-diphosphate to inhibit T cell-mediated inflammation 
in atherosclerosis.
Priming of CD4+ Tn cells with atherogenic lipoproteins induced lipid accumulation in 
CD4+ Tn cells in vitro but did not increase cell growth after overnight antibody-induced 
activation. However, both priming of naïve T cells with lipoproteins as activating 
unprimed (vehicle control) CD4+ Tn cells in the presence of lipoproteins enhanced their 
proliferation in response to prolonged stimulation. Activation of CD4+ T cells in the pres-
ence of oxLDL and VLDL decreased the percentage of IL-2 producing CD4+ T cells. This 
reduction of T cell blast and IL-2 production is in line with a report describing human T 
cells proliferate less when activation occurs in the presence of 10 ug/mL oxLDL 46. Inter-
estingly, priming with lipoproteins did not enhance the antigen-specific proliferation 
after 96 hours incubation of OT-II T cells with OVA323 loaded BMDCs, suggesting the 
priming of CD4+ Tn cells with lipoproteins has stimulation-dependent effects on pro-
liferation. Another explanation is that antigen-specific proliferation was not enhanced 
in primed OT-II T cells but was enhanced in Ldlr-/- T cells which were activated using 
antibody-stimulation, is the presence of a functional LDL receptor. In CD4+ T cells iso-
lated from transgenic OT-II mice, LDL receptor-mediated uptake of native lipoproteins 
could have overruled the priming effect.
Priming CD4+ Tn cells with normolipidemic or dyslipidemic serum did not affect antigen-
specific proliferation either. This could be because the affinity of the OVA323-peptide 
for the TCR of OT-II T cells is higher than the affinity of physiological antigens, such 
as ApoB100 derived-peptides. Hence, priming of CD4+ Tn cells might be overruled by 
strong TCR signals which enhance the transcriptional program facilitating cell growth 
and proliferation. Priming might only affect proliferation during suboptimal stimulation, 
as was the case in the antibody-stimulation which we used.
Enhanced cholesterol content in T cells is generally associated with elevated prolifera-
tion by enhancing the availability of cholesterol for membrane synthesis and fine-tuning 
the TCR 47. However, the modulatory effect of cholesterol on TCRs is not as straightfor-
ward as suggested by reports describing cholesterol to enhance the nanoclustering of 
TCRs 48 and free cholesterol to enhance TCR signaling in CD8+ T cells 20. The activity of 
Sult2b, which inactivates oxysterols as LXR ligands through sulfation, might negatively 
modulate cholesterol-mediated enhancement of TCR signaling. Moreover, cholesterol 

Figure 6 lysosomal inhibition during wTD serum priming inhibits activation and proliferation. 
(A) IL-2 production after ON activation of CD4+ T cells primed as indicated. (B) CD4+ T cell proliferation of 
primed CD4+ T cells after 72h of activation. (C) Percentage of Treg- and Th1 cells in same experiment as in 
(B). (D) Percentage of Treg cells in splenic CD4+ population in Ldlr-/- mice on a NCD or WTD treated with 
control (PBS) or chloroquine. (E) Percentage of Th1 cells in same experiment as in D. (F) Percentage of pro-
liferating CD4+ T cells in same experiment as in D. CQ indicates chloroquine.
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binding to the TCRβ subunit has been shown to both drive TCR dimerization and avidity 
to MHC-peptide complex as inhibit spontaneous TCR signaling 49. Promoting cholesterol 
efflux with an LXR agonist during dyslipidemia-like priming slightly decreased antigen-
specific proliferation. Upon TCR stimulation, T cells acquire a transcriptional program 
which drives cholesterol synthesis, in part by increasing the expression of Sult2b1 6. 
Moreover, during the blasting phase, but not during the cell division phase, lipid syn-
thesis is increased in a SREBP-dependent manner 7. Presumably, LXR agonism during 
priming of CD4+ Tn cells did not inhibit their antigen-induced proliferation in a major 
way because cholesterol synthesis is induced to such an extent that the effects of LXR 
agonism on proliferation are overruled.
Inducing cholesterol efflux during priming by treating CD4+ Tn cells with T0901317 
enhanced the generation of Treg cells and decreased Th1 differentiation after antigen-
induced activation. The former is in line with a report describing LXR activation with 
GW3965 to promote differentiation of CD4+ T cells towards Treg cells  50. Interest-
ingly, another report by Takeuchi et al. suggested that pharmacological activation of 
retinoid-X-receptor, the protein with which LXR forms a heterodimer  51, promotes the 
differentiation of CD4+CD25- to Treg cells but LXR agonism alone using T0901317 does 
not  52. The Treg cells in those reports were mainly generated in vitro using antibodies 
and transforming growth factor β1, which is a common method to generate Treg cells 
from murine CD4+ T cells. In our T cell-BMDC co-culture, Treg cell differentiation was 
likely induced by the BMDC-derived cytokines after T0901317 was washed away after 
the preceding priming step. Therefore, these results support the notion that modulation 
of cholesterol metabolism only during the priming of CD4+ Tn cells with dyslipidemic 
serum can induce T cell skewing. Whereas LXR agonism enhanced Treg cell differentia-
tion under normolipidemia- and dyslipidemia-like conditions, it inhibited Th1 cell differ-
entiation only under dyslipidemia-like conditions. LXR agonists have been described to 
inhibit IFNγ secretion in murine 50 and human T cells 53. Again, in our experimental setup, 
LXR activation was mainly exerted in the priming phase as it was washed away prior to 
the activation of OT-II T cells. Altogether, the presented study suggests that promoting 
the efflux of cholesterol in CD4+ Tn cells under dyslipidemia-like conditions affects T cell 
skewing in the effector phase.
Finally, we assessed whether modulation of lipid metabolism through chloroquine-
induced lysosomal inhibition under dyslipidemia-like priming conditions affects T cell 
proliferation and skewing in a manner similar to LXR activation. Chloroquine treatment 
decreased T cell activation specifically under dyslipidemia-like conditions as shown by 
a decrease in the percentage of IL-2 producing T cells after overnight antibody-induced 
activation. Moreover, chloroquine treatment reduced the percentage of proliferating T 
cells after 72 hours of stimulation, specifically under dyslipidemia-like priming condi-
tions. Treg cell differentiation was not altered as adequate Treg cell differentiation in 
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vitro requires addition of TGFβ 54 or weak TCR stimulation 55. However, in line with LXR 
activation, which reduces intracellular cholesterol content and Th1 differentiation, 
chloroquine pre-treatment decreased the percentage of Th1 cells after 72 hours of 
stimulation. This suggests that lysosomal inhibition could prove useful to alter the effec-
tor T cell phenotype by altering lipid metabolism of Tn cells. In line, lysosomal inhibition 
using chloroquine inhibits the activity of LAL, which decreases ABCA1 expression in 
fibroblasts 56, suggesting that lysosomal inhibition decreases the intracellular oxysterol 
abundance. Accordingly, fibroblasts isolated from patients with cholesteryl ester stor-
age disease, which have impaired LAL activity, have impaired upregulation of Abca1 
expression in response to LDL loading 56. In vivo, chloroquine did enhance the percent-
age of Treg cells in WTD-diet fed mice but had no effect on Th1 cell differentiation and 
actually increased the percentage of proliferation T cells. These contrasting effects of 
chloroquine in vivo, as compared to in vitro, are most likely explained by the effects of 
chloroquine on APCs as it has been shown to induce tolerogenic DCs in a STAT1-de-
pendent manner 57 and can inhibit experimental autoimmune encephalomyelitis (EAE) 
by modulating DCs 58. Tolerogenic DCs are potent inducers of Treg cells 59. In the report 
by Thome et al., systemic treatment with chloroquine enhanced the Treg cell popula-
tion 58. Systemic chloroquine treatment does not reduce Th1 differentiation which was 
surprising as chloroquine has been reported to decrease the secretion of IL-12p40 by 
DCs, which is a major Th1-inducing cytokine 60. Moreover, Th1 differentiation is inhibited 
by chloroquine  61 and proliferation of in vitro generated Th1 cells is dampened by the 
inhibition of autophagy  36. In our in vivo experimental setup, chloroquine might have 
affected various other immune cell types and non-immune cells which may compensate 
for the DC-dependent and T cell-specific effects of chloroquine on Th1 cells. Surprisingly, 
chloroquine treatment in mice with WTD-induced dyslipidemia enhanced the percent-
age of proliferating CD4+ T cells which is counterintuitive based on reports describing 
pharmacological and genetic blockade of autophagy to inhibit proliferation 36,62.
Moreover, chloroquine inhibits the antigen processing in DCs and thereby antigen pre-
sentation on MHC-I 63 and MHC-II molecules 64. In line, genetic blockade of autophagy 
through the knockout of autophagy related protein 7 in DCs inhibits EAE in a T cell 
expansion-dependent manner 65. However, chloroquine treatment of DCs during cross 
presentation actually enhances CD8+ T cell responses suggesting that chloroquine does 
not have exclusively anti-inflammatory effects on DC function  66. Therefore, the T cell 
aspecific effects of in vivo chloroquine may explain the observed increase in Ki-67+ T 
cells.
Altogether, modulation of lipid metabolism by pharmacological LXR activation or lyso-
somal inhibition during the priming of CD4+ Tn cells under dyslipidemia-like conditions 
affects the effector phenotype after antibody- and antigen-induced activation. This sug-
gests that antigen-independent modulation of lipid metabolism in CD4+ Tn cells may 
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have immunomodulatory effects already prior to activation, which is especially relevant 
to lymphoid tissue residing T cells. As the effects of priming which we observed were 
limited, further research is required to fully examine the relevance of the presented 
findings. Moreover, further mechanistic research is required to further elucidate how 
specific lipids affect the effector phenotype when modulating lipid metabolism under 
dyslipidemia-like conditions. Additionally, the relevance of the presented findings to 
humans with dyslipidemia where physiological antigens stimulate primed CD4+ Tn cells 
in the presence of excess lipoproteins, should be investigated.
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SuPPlEmEnTaRy TablES

Table 1 antibodies/dyes used for flow cytometry

antigen label clone manufacturer

CD25 FITC PC61.5 eBioscience

CD4 PE GK1.5 eBioscience

CD4 eFluor 405 GK1.5 eBioscience

CD4 PerCP RM4-5 BD Biosciences

CD44 eFluor 405 IM7 eBioscience

CD44 PE-Cy7 IM7 eBioscience

CD62L PerCP-Cy5.5 MEL-14 eBioscience

T-bet Alexe Fluor 647 4B10 eBioscience

FoxP3 eFluor 405 FJK-16s eBioscience

FoxP3 APC FJK-16s eBioscience

Ki-67 FITC SolA15 eBioscience

IL-2 APC JES6-5H4 Biolegend

IL-2 APC JES6-5H4 eBioscience

Thy1.2 PE-Cy7 53-2.1 eBioscience

eFluor 780 viability dye APC-Cy7 - eBioscience

Table 2 list of primers used for qRT-PCR

gene Forward primer (5’-3’) Reverse primer (3’-5’)

Abca1 agagcaaaaagcgactccacatagaa cggccacatccacaactgtct

Abcg1 ttgacaccatcccagcctac  cagtgcaggtcttctcggt

Plin2 gcacagtgccaaccagaaaattcagg cagtctggcatgtagtctggagctg

CD36 atggtagagatggccttacttggg agatgtagccagtgtatatgtaggctc

Rpl27 cgccaagcgatccaagatcaagtcc agctgggtccctgaacacatccttg

Rpl37 agagacgaaacactaccgggactgg cttgggtttcggcgttgttccctc

36B4 ctgagtacaccttcccacttactga cgactcttcctttgcttcagcttt


