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Abstract

B-carotene oxygenase 1 (BCO1) catalyzes the cleavage of B-carotene to form vitamin A.
Besides its role in vision, vitamin A regulates the expression of genes involved in lipid
metabolism and immune cell differentiation. BCO1 activity is associated with the reduction of
plasma cholesterol in humans and mice, while dietary p-carotene reduces hepatic lipid
secretion and delays atherosclerosis progression in various experimental models. Here we
show that B-carotene also accelerates atherosclerosis resolution in two independent murine
models, independently of changes in body weight gain or plasma lipid profile. Experiments in
Bco1”" mice implicate vitamin A production in the effects of B-carotene on atherosclerosis
resolution. To explore the direct implication of dietary B-carotene on regulatory T cells
(Tregs) differentiation, we utilized anti-CD25 monoclonal antibody infusions. Our data show
that B-carotene favors Treg expansion in the plaque, and that the partial inhibition of Tregs
mitigates the effect of B-carotene on atherosclerosis resolution. Our data highlight the
potential of B-carotene and BCO1 activity in the resolution of atherosclerotic cardiovascular
disease.

eLife assessment

This study presents an important conceptual advance of how vitamin A and its
derivatives contribute to atherosclerosis. There is solid evidence for the contributions
of specialized populations of T cells in atherosclerosis resolution, including use of
multiple in vivo models to validate the functional effects. A limitation is the
insufficient analysis of lesions, but the manuscript has been improved from the
original preprint version and the overarching conclusions have been refined.
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1. Introduction

Atherosclerotic cardiovascular disease is a progressive pathological process initiated by the
accumulation of cholesterol-rich lipoproteins within the intima layer of the arterial wall. These
particles ultimately lead to the production of chemoattractant cues for circulating monocytes that
transmigrate across the endothelial layer to reach the intima and then differentiate to
macrophages to become cholesterol-laden foam cells. During lesion development, macrophages
promote local inflammation and plaque weakening by degrading extracellular matrix components
such as collagen fibers, which can evolve in the rupture of the lesion and thrombus formation

Conventional therapies aim to lower plasma cholesterol to mitigate the progression of
atherosclerosis. Novel strategies are currently under development to stimulate the resolution of
plaque inflammation more directly, and eventually a reduction in lesion size, in a process named
atherosclerosis regression [2(2]. Among these strategies, the modulation of CD4" regulatory T cells
(Tregs) number is gaining interest over the past years since the discovery that regressing lesions
are enriched in Tregs, where they promote plaque stabilization and repair [3 (2, 42 ]. Tregs

typically express the surface marker CD25, which has been utilized to target and eliminate Tregs
[5(%, 64 1. However, strategies to deplete CD25" Tregs do not affect CD25™ Tregs, which possess

show that retinoic acid, the transcriptionally active form of vitamin A, promotes Treg
differentiation by upregulating FoxP3 expression [9 2], however, whether dietary vitamin A

affects Tregs during atherosclerosis development and resolution remains unanswered.

Humans obtain vitamin A primarily from B-carotene and other provitamin A carotenoids present
in most fruits and vegetables. Upon absorption, provitamin A carotenoids are cleaved by the
action of B-carotene oxygenase 1 (BCO1), the limiting enzyme in vitamin A formation [102]. Our
data show that the enzymatic activity of BCO1 mediates the bioactive actions of B-carotene in
various preclinical models of obesity and atherosclerosis [115-16 &2 ]. We showed that the dietary
supplementation with B-carotene delays atherosclerosis progression by reducing cholesterol
hepatic secretion in low-density lipoprotein receptor (LDLR)-deficient (Ldlr") mice [15C%]. We also
reported that subjects harboring a genetic variant linked to greater BCO1 activity was associated
with a reduction in plasma cholesterol [17Z].

In this study, we tested the effect of dietary B-carotene on atherosclerosis resolution in two
independent experimental models. We characterized plaque composition by probing for
macrophage and collagen contents, two parameters utilized to characterize atherosclerotic lesions
undergoing resolution [18 3-21 % ]. Lastly, we utilized Bco1” mice and CD25" Treg depletion

experiments in Foxp3FCFP mice to tease out the direct implications of vitamin A formation and
Tregs on atherosclerosis resolution.

2. Methods

2.1. Animal husbandry and diets

All procedures were approved by the Institutional Animal Care and Use Committees of the
University of Illinois at Urbana Champaign. For all our studies, we utilized comparable number of
male and female wild-type, Ldlr”"(#002207, Jackson Labs, Bar Harbor, ME), Bco1™- [112], and

Foxp3EGFPmjce (#006772, Jackson Labs). All mice were in C57BL/6] background. Mice were kept
under controlled temperature and humidity conditions with a 12-hours light/dark cycle and free
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access to food and water. Mice were weaned at three weeks of age onto a breeder diet (Teklad
global 18% protein diet: Envigo, Indianapolis, IN) in groups of three to four mice. Control and -
carotene diets contained either placebo beadlets or B-carotene beadlets at a final concentration of
50 mg B-carotene/kg diet. For reference, the content of B-carotene in carrots is 80 mg/kg (USDA
Database). Beadlets were a generous gift from DSM Nutritional Products (Sisseln, Switzerland). All
diets were prepared by Research Diets (New Brunswick, NJ) by cold extrusion. The exact
composition of all the diets used for this study are provided in Supplementary Table 1. For all the
experiments, we stimulated the development of atherosclerosis with a Western diet deficient in

2.2. Blood sampling and tissue collection

Before tissue harvesting, mice were deeply anesthetized by intraperitoneal injection with a
mixture of ketamine and xylazine at 80 and 8 mg/kg body weight, respectively. We collected blood
by cardiac puncture using ethylenediaminetetraacetic acid (EDTA)-coated syringes. We then
perfused the mice with 10% sucrose in 0.9% sodium chloride (NaCl)-saline solution prior to tissue
harvesting. Tissues were immediately snap-frozen in liquid nitrogen and kept at -80 °C. Aortic
roots were collected after removing fat under a binocular microscope, embedded in optimum
cutting temperature compound (OCT, Tissue-Tek, Sakura, Torrance, CA) and kept at -80°C.

2.3. Antisense oligonucleotide (ASO)
targeting LDLR expression (ASO-LDLR)

To transiently deplete LDLR expression in wild-type, Bcol 7/, and Foxp3EGF P mice, we administered
weekly an intraperitoneal injection containing 5 mg/kg body weight of ASO-LDLR for a period of
16 weeks. At the end of the treatment, we injected a single dose of 20 mg/kg of the sense

oligonucleotide treatments were generously provided by Ionis Pharmaceuticals (Carlsbad, CA).

2.4. HPLC analyses of carotenoids and retinoids

Nonpolar compounds were extracted from 100 pl of plasma or 30 mg of liver under a dim yellow
safety light using methanol, acetone, and hexanes. The extracted organic layers were then pooled
and dried in a SpeedVac (Eppendorf, Hamburg, Germany). We performed the HPLC with a normal
phase Zobax Sil (5 pm, 4.6 x 150 mm) column (Agilent, Santa Clara, CA). Isocratic chromatographic
separation was achieved with 10% ethyl acetate/hexane at a flow rate of 1.4 ml/min. For molar
quantification of B-carotene and retinoids, we scaled the HPLC with a standard curve using the
parent compound.

2.5. Plasma lipid analyses

We measured plasma total cholesterol, cholesterol in the high-density lipoprotein fraction (HDL-C),
and triglyceride levels using commercially available kits (FUJIFILM Wako Diagnostic, Mountain
View, CA), according to the manufacturer’s instructions.

Plasma lipoproteins were fractionated using fast performance liquid chromatography (FPLC) with
two Superose 6 10/300 GL columns (G.E. Healthcare, Boston, MA) on a Shimadzu HPLC system
(Columbia, MD), as done in the past [15CZ, 18 (2 ]. Pooled samples (five mice/group) were used for

analysis, and lipoprotein fractions were identified by quantifying cholesterol and triglyceride
levels in each fraction.

2.6. RNA isolation and RT-PCR

We isolated the total RNA using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and
Direct-zol RNA Miniprep kit (Zymo Research, Irvine, CA) according to the manufacturer’s
instructions. RNA was reverse-transcribed to cDNA using high-capacity cDNA reverse
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transcription kit (Applied Biosystems, Foster City, CA). Then we used Tagman Master Mix (Applied
Biosystems) to perform RT-PCR using the StepOnePlus RT-PCR system (ABI 7700, Applied
Biosystems). We calculated the relative gene expression using the ACt method and normalized the
data to B-actin (Actb). Probes (Applied Biosystems) include mouse Ldlr (Mm00440169_m1), mouse
cytochrome P450 26al (Cyp26al, Mm00514486_m1) and mouse Actb (Mm02619580_g1).

2.7. Western blot analysis

For the determination of hepatic levels of LDLR, proteins were extracted from liver lysates in RIPA
buffer (50 mM Tris pH 7.4, 150 mM Nacl, 0.25% sodium deoxycholate, 1% Nonidet P-40) in the
presence of protease inhibitors. Total protein amounts were quantified using the Pierce® BCA
Protein Assay Kit (ThermoFisher Scientific, Waltham, MA). A total of 80 g of protein homogenate
were separated by SDS-PAGE and transferred onto PVDF membranes (Bio- Rad, Hercules, CA).
Membranes were blocked with fat-free milk powder (5% w/v) dissolved in Tris-buffered saline (15
mM NaCl and 10 mM Tris/HCL pH 7.5) containing 0.01% Tween 100 (TBS-T), washed, and incubated
overnight at 4 °C with mouse anti-LDLR (Santa Cruz Biotechnologies, Dallas, TX) and mouse anti-
GAPDH (ThermoFisher Scientific) as a housekeeping control. Infrared fluorescent-labeled
secondary antibodies were prepared at 1:15,000 dilution in TBS-T with 5% fat-free milk powder
and incubated for 1 h at room temperature.

2.8. Treg depletion in Foxp3£CFP mice

To deplete Tregs, mice were injected twice with 250 ug of either the isotype control IgG (Ultra-
LEAFPurified Rat IgG1, A Isotype Ctrl Antibody no. 401916, Biolegend, CA) or PC61 anti-CD25
monoclonal antibody (Ultra-LEAF Purified anti-mouse CD25 Antibody no. 102040, Biolegend, CA).
The first treatment took place a day after the administration of SO-LDLR, and the second injection
two weeks after, following established protocols [6 (2 ].

2.9. Monocyte/macrophage trafficking studies

One week before harvesting the baseline group, we injected the mice intraperitoneally with 4
mg/ml of 5-ethynyl-2'-deoxyuridine (EdU) (Invitrogen, Waltham, MA) with the goal of labeling
circulating monocytes to assess macrophage retention among groups. To compare monocyte
recruitment among groups, we labeled circulating monocytes by injecting the mice retro-orbitally
with 1 ym diameter Flouresbrite flash red plain microspheres beads (Polysciences Inc,
Warrington, PA) diluted in sterile PBS 24 hours before harvesting, regardless of the experimental
group. We assessed the efficiency of EAU and bead labeling by flow cytometry 48 hours and 24

2.9. Flow cytometry

To assess the number of monocytes labeled with either EAU or fluorescent beads, we incubated
blood samples with red blood cell lysis buffer (Thermo Fisher Scientific, Waltham, MA) and
blocked unspecific bindings with using anti-mouse CD16/CD32 (Mouse BD Fc Block, BD Biosciences,
Franklin Lakes, NJ). Cells were then stained with FITC-conjugated anti-mouse CD45 (BioLegend),
PE-conjugated anti-mouse CD115 (BioLegend), and PerCP-conjugated anti-mouse Ly6C/G
(BioLegend, San Diego, CA) for 30 minutes on ice. Cells were fixed, permeabilized, and stained for
EdU using Click-iT EAU Pacific Blue Flow Cytometry Assay Kit (Invitrogen) following
manufacturer’s instructions. Beads were detected with the 640-nm red laser using a 660/20
bandpass filter. Monocyte recruitment and egress was estimated based on monocyte labeling
efficiency, following established protocols [24 (% ].

For Treg quantifications, spleens were mashed and filtered through a 100 um sterile cell strainer
(Thermo Fisher Scientific). Blood and spleen homogenates were incubated with red blood cell lysis
buffer (Thermo Fisher Scientific) and subsequently blocked with anti-mouse CD16/CD32 (BD
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Biosciences). We stained the cells with Fixable Viability Dye eFluor 780 (eBioscience, San Diego,
CA) and eFluor 506-conjugated anti-mouse CD45 (BioLegend), PE-conjugated anti-mouse CD3e
(BioLegend), FITC-conjugated anti-mouse CD4 (BioLegend), and BV421-conjugated anti-mouse
CD25 (BioLegend) for 30 minutes on ice. We washed the cells twice before fixing and
permeabilizing cell membranes using the eBioscience FoxP3/Transcription Factor Staining Buffer
Set (Invitrogen) for 1 hour at room temperature, followed by incubation with Alexa Fluor 647-
conjugated anti-mouse FoxP3 antibody (BioLegend) for 30 minutes at room temperature. All
samples were measured on a BD LSR II analyzer (BD Biosciences) and results were analyzed with
the FCS express 5 software (De Novo Software, Pasadena, CA).

2.10. Atherosclerotic lesion analysis

Six um-thick sections were fixed and permeabilized with ice-cold acetone, blocked, and stained
with rat anti-mouse CD68 primary antibody (clone FA-11; Bio-Rad, Hercules, CA) followed by
biotinylated rabbit anti-rat IgG secondary antibody (Vector Laboratories, Burlingame, CA). CD68"
area was visualized using a Vectastain ABC kit (Vector Laboratories). Sections were then
counterstained with hematoxylin, dehydrated in an ethanol gradient, xylene, and mounted with
Permount medium (Thermo Fisher Scientific). Images were acquired using Axioskop 40
microscope (Carl Zeiss, Jena, Germany). For collagen content, frozen sections were fixed and
stained using picrosirius red (Polysciences). Sections were scanned using the Axioscan.Z1
microscope (Carl Zeiss) using both bright field and polarized light. Total lesion area, CD68", and
collagen-positive areas were quantified using Image] software (NIH).

Aortic root sections were fixed in 10% formalin, permeabilized with 1% Triton X-100 in phosphate
buffer, and stained using anti-FoxP3 (clone MF-14; BioLegend), anti-GFP (cat #ab290; Abcam), anti-
CD25 (clone IL2R.1; Thermo Fisher Scientific), anti-arginase 1 (cat #16001-1-AP; Thermo Fisher
Scientific), anti-Cyp26b1b (cat #21555-1-AP; Thermo Fisher Scientific), and anti-Ki67 (clone SP6;
Abcam). EQU+ cells in the lesion were visualized using Click-IT EAU Imaging Kit (Invitrogen).
Secondary antibodies conjugated to Alexa fluorophores were purchased from Molecular Probes
(Life Technologies). Images were taken using a Zeiss Axioscan.Z1 slide scanner (Carl Zeiss).
Quantifications were performed using the Image] software (NIH).

2.11. Statistical Analysis

Data represented as bar charts are expressed as mean + standard error of the mean (SEM). Data
were analyzed using GraphPad Prism software (GraphPad Software Inc., San Diego, CA) by one-
way ANOVA, followed by Tukey’s multiple comparisons test. Differences between groups were
considered significant with an adjusted P value < 0.05. The relationship between the two
dependent factors, CD68 and collagen contents, and group differences were evaluated by
descriptive discriminant analysis. Briefly, models were fitted under null and alternative
hypotheses and goodness of fit was evaluated using the Likelihood Ratio Test with randomized
inference (bootstrap; n = 1000 simulations). Simultaneous hypothesis testing was corrected using
the Benjamini-Hochberg procedure [24 (©]. The resulting False Discovery Rate (FDR) was

considered significant with a cut-off < 0.05.

3. Results

3.1. B-carotene supplementation

accelerates atherosclerosis resolution

We recently showed that dietary B-carotene delays atherosclerosis progression in Ldlr""mice
[15], which prompted us to examine whether p-carotene also impacts the resolution of

inflammation in complex atherosclerotic lesions. To achieve these lesions, we utilized two distinct
mouse models of atherosclerosis in combination with WD-VAD. In our first model, we established
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LDLR deficiency in wild-type mice by injecting ASO-LDLR weekly for a period of 16 weeks. The
characteristics of the plaques before undergoing resolution were established by sacrificing a
subset of mice after 16 weeks on diet (Baseline). The remaining mice were injected once with SO-
LDLR to promote atherosclerosis resolution and divided into two groups fed either WD-VAD
(Resolution - Control) or WD-B-carotene (Resolution - f-carotene). Mice were harvested three
weeks after SO-LDLR injections (Figure 1A (%).

Male mice gained more weight than female mice, although we did not observe differences
between the three experimental groups (Supplementary Figure 1A). For the remaining outcomes
(plasma lipid profile, retinoid levels, and plaque composition), we did not observe sex differences
in any of our experiments, and therefore, we combined results from both sexes. Both Resolution
groups, independently of B-carotene, showed drastic reduction in total plasma cholesterol and
triglyceride levels in comparison to the Baseline group. HDL-C levels remained constant between
groups (Figure 1B(®). Using pooled samples, we compared plasma cholesterol and triglyceride
partitioning between groups by FPLC. Very low-density lipoprotein (VLDL) and LDL fractions in
both Resolution groups showed a comparable reduction in total cholesterol and triglyceride
content in comparison to Baseline mice (Figure 1C %, D). Lipid normalization was accompanied
by the upregulation of hepatic LDLR expression at the mRNA and protein levels (Figure 1E 2, F).

Despite mice being fed a WD-VAD for several weeks, HPLC measurements of circulating vitamin A
and hepatic retinoid stores ruled out vitamin A deficiency in any of the experimental groups
(Figure 1G @, H). However, mice fed WD-B-carotene showed an increase in hepatic vitamin A
content in comparison to those fed WD-VAD, which was mediated by the conversion of B-carotene
to vitamin A (Figure 1H ). Hepatic Cyp26al expression, which is commonly utilized as a

response to WD-B-carotene (Supplementary Figure 1B).

To determine the effect of B-carotene supplementation on atherosclerosis resolution, we examined
lesion size and composition at the level of the aortic root (Figure 1I12). Lesion area remained
constant among the three experimental groups, as previously reported in mice treated with ASO-
LDLR under similar experimental conditions (Figure 1) 2) [27 &2 ]. We next examined plaque
composition by focusing on two parameters commonly utilized as a surrogate indicators of
atherosclerosis resolution: CD68" area, a myeloid (macrophage) marker that represents plaque
inflammation, and collagen area, a marker of plaque stability in humans [28@ 29Z]. In
comparison to Baseline mice, the lesions of Resolution — Control and Resolution - f-carotene
groups presented a reduction in CD68 content of approximately 36% and 45%, respectively (Figure
1K@). The collagen content in lesions increased in both Resolution groups in comparison to
Baseline, reaching statistical significance only in the B-carotene-fed mice. In this group, we
observed 215% and 60% increase in collagen content compared to the Baseline and the Resolution
- Control groups, respectively (Figure 1L2). Lastly, we plotted the relative CD68 and collagen
contents in the lesion to perform a descriptive discriminant analysis. Individual samples from
three distinct experimental groups clustered together, highlighting significant differences between
the three experimental groups for all the comparisons (Figure 1M @).

To validate the results obtained in our ASO-LDLR reversible model of atherosclerosis, we utilized
Ldlr’" mice fed WD-VAD subjected to a dietary switch strategy to lower cholesterol in plasma and
promote atherosclerosis resolution [18 (%, 30 (2 ]. Baseline Ldlr”" mice were harvested after 12
weeks on WD-VAD, while the remaining animals were switched to either a Standard diet without
vitamin A (Resolution - Control) or the same diet supplemented with p-carotene (Resolution - B-
carotene) for four more weeks. To prevent changes in food intake due to consistency and hardness
of the feed, we provided Standard diets as powder. This approach prevented a reduction in body
weight, which could have resulted in confounding alterations in atherosclerosis resolution

(Supplementary Figure 2A).
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Figure 1.

B-carotene accelerates atherosclerosis resolution in wild-type mice infused with anti-
sense oligonucleotide targeting the low-density lipoprotein receptor (ASO-LDLR).

(A) Four-week-old male and female wild-type mice were fed a purified Western diet deficient in vitamin A (WD-VAD) and
injected with antisense oligonucleotide targeting the low-density lipoprotein receptor (ASO-LDLR) once a week for 16 weeks
to induce atherosclerosis. After 16 weeks, a group of mice was harvested (Baseline) and the rest of the mice were injected
once with sense oligonucleotide (SO-LDLR) to inactivate ASO-LDLR and promote atherosclerosis resolution. Mice undergoing
resolution were either kept on the same diet (Resolution - Control) or switched to a Western diet supplemented with 50
mg/kg of B-carotene (Resolution - B- carotene) for three more weeks. (B) Plasma lipid levels at the moment of the sacrifice.
(C) Cholesterol and (D) triglyceride distribution in FPLC-fractioned plasma (data pooled from five mice/group). (E) Relative
LDLR mRNA, and (F) protein expressions in the liver. (G) Circulating vitamin A (all-trans retinol), and (H) hepatic retinyl ester
stores determined by HPLC. (I) Representative images for macrophage (CD68", top panels), and picrosirius staining to
identify collagen using the bright-field (middle panels) or polarized light (bottom panels). (J) Plaque size, (K) relative CD68
content, and (L) collagen content in the lesion. (M) Descriptive discriminant analysis employing the relative CD68 and
collagen contents in the lesion as variables highlighting the FDR for each comparison. Each dot in the plot represents an
individual mouse (n = 10 to 12/group). Values are represented as means + SEM. Statistical differences were evaluated using
one-way ANOVA with Tukey’s multiple comparisons test. Differences between groups were considered significant with a p-
value < 0.05. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001. Size bar = 200 pm.
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Ldlr’” mice in both Resolution groups presented a comparable reduction in plasma cholesterol and
triglyceride levels in comparison to the Baseline group. These changes were not accompanied by
alterations in HDL-C levels between groups (Figure 2A%). Systemic and hepatic vitamin A levels
failed to show indications of vitamin A deficiency, and hepatic vitamin A stores increased in p-
carotene-fed mice (Supplementary Figure 2B).

We next characterized atherosclerotic lesions at the level of the aortic root (Figure 2B (). Lesion
size area was comparable between experimental groups (Figure 2C[#), although CD68 content
decreased to the same extent in both Resolution groups in comparison to Baseline mice (Figure

2D (). In comparison to the Baseline group, collagen accumulation in the lesion increased 100% in
the Resolution - Control and over 200% in the Resolution - B-carotene group, respectively (Figure
2E @). Descriptive discriminant analysis showed comparable results to those observed for our
ASO-LDLR model, where differences between the three experimental groups reached statistical
significance (Figure 2F(@).

Together, these data show that B-carotene supplementation during atherosclerosis resolution
results in the improvement of lesion composition in two independent mouse models.

3.2. BCO1 drives the effect of -

carotene on atherosclerosis resolution

To establish the contribution of BCO1 on the effect of B-carotene on atherosclerosis resolution, we
utilized LDLR-ASO to promote atherogenesis in Bco1” mice following the same experimental
approach described for wild-type mice (Figure 1A ). Consistent with our results in our two
Resolution models (Figure 1B and 2A(2), plasma cholesterol levels decreased in both Resolution
groups in comparison to Baseline mice (Supplementary Figure 3A). Similarly, HPLC measurements
of plasma and hepatic vitamin A ruled out vitamin A deficiency in Bco1”" mice Baseline and
Resolution mice (Supplementary Figure 3B, C). The accumulation of B-carotene in tissues and
plasma is characteristic in Bco17'mice [112]. Indeed, HPLC quantification of B- carotene in

plasma and liver of Bco1”Resolution - B-carotene mice presented four-fold and 400- fold greater B-
carotene levels found in wild-type Resolution - B-carotene, respectively (Figure 3A(%, B).

The characterization of the atherosclerotic lesions showed no alterations in lesion size between
the three experimental groups (Figure 3C %, D). When compared to Baseline mice, both
Resolution groups displayed lower CD68 and higher collagen contents, although we didn’t observe
differences in CD68 and collagen contents between both Resolution groups (Figure 3EZ, F).
Descriptive discriminant analysis highlighted differences between Baseline Bco1” mice and their
Resolution littermates, independently of the presence of -carotene in the diet (Figure 3G (2).

3.3. Effect of B-carotene and anti-

CD25 depletion on Treg cell number

Our data show that B-carotene favors atherosclerosis resolution in two independent mouse models
(Figure 1M (2, 2F), and results in Bcol 7 mice directly implicate vitamin A formation in this
process (Figure 3G @). Retinoic acid is the transcriptionally active form of vitamin A and promotes
Treg differentiation by upregulating FoxP3 expression in various experimental models [31 & -

affects Treg number during atherosclerosis remains unanswered. To investigate whether the Tregs
are responsible for the effect of dietary f-carotene on atherosclerosis resolution, we induced
atherosclerosis in Foxp3FC¢P mice by injecting ASO-LDLR as described above (Figure 1 and
3). Foxp3E¢TPmice co-express EGFP and FoxP3 under the regulation of the endogenous FoxP3
promoter [39C2]. After 16 weeks on diet, mice undergoing resolution were treated twice with

either the PC61 anti-CD25 monoclonal antibody (anti-CD25) or an isotype control (IgG) (Figure
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Figure 2.

B-carotene accelerates atherosclerosis resolution in low-density
lipoprotein deficient (Ld/r’") mice subjected to dietary switch.

Four-week-old male and female Ld/r”" mice were fed a purified Western diet deficient in vitamin A (WD-VAD) for 12 weeks to
induce atherosclerosis. After 12 weeks, a group of mice was harvested (Baseline) and the rest of the mice were switched to a
Standard diet (Resolution-Control) or the same diet supplemented with 50 mg/kg of B-carotene (Resolution-B-carotene) for
four more weeks. (A) Total cholesterol plasma levels at the moment of the sacrifice. (B) Representative images for
macrophage (CD68", top panels), and picrosirius staining to identify collagen using the bright-field (middle panels) or
polarized light (bottom panels). (C) Plaque size, (D) relative CD68 content, and (E) collagen content in the lesion. (F)
Descriptive discriminant analysis employing the relative CD68 and collagen contents in the lesion as variables highlighting
the FDR for each comparison. Each dot in the plot represents an individual mouse (n =9 to 12/group). (A-E) Values are
represented as means + SEM. Statistical differences were evaluated using one-way ANOVA with Tukey's multiple comparisons
test. Differences between groups were considered significant with a p- value < 0.05. * p < 0.05; *** p < 0.005; **** p < 0.001.
Size bar =200 pm.
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Figure 3.

B-carotene supplementation does alter atherosclerosis resolution in 3-
carotene oxygenase 1-deficient (Bco7”") mice infused with ASO-LDLR.

Four-week-old male and female Bco?” mice were fed a purified Western diet deficient in vitamin A (WD-VAD) and injected
with antisense oligonucleotide targeting the low-density lipoprotein receptor (ASO-LDLR) once a week for 16 weeks to induce
the development of atherosclerosis. After 16 weeks, a group of mice was harvested (Baseline) and the rest of the mice were
injected once with sense oligonucleotide (SO-LDLR) to block ASO-LDLR (Resolution). Mice undergoing resolution were either
kept on the same diet (Resolution-Control) or switched to a Western diet supplemented with 50 mg/kg of B-carotene
(Resolution-B-carotene) for three more weeks. (A) B-carotene levels in plasma and (B) liver at the sacrifice determined by
HPLC. (C) Representative images for macrophage (CD68", top panels), and picrosirius staining to identify collagen using the
bright-field (middle panels) or polarized light (bottom panels). (D) Plaque size, (E) relative CD68 content, and (F) collagen
content in the lesion. (G) Descriptive discriminant analysis employing the relative CD68 and collagen contents in the lesion as
variables highlighting the FDR for each comparison. Each dot in the plot represents an individual mouse (n =5 to 11/group).
(A-F) Values are represented as means + SEM. Statistical differences were evaluated using one-way ANOVA with Tukey's
multiple comparisons test. Differences between groups were considered significant with a p-value < 0.05. * p < 0.05; ** p <
0.01; *** p < 0.005; **** p < 0.001. Size bar = 200 pm.
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undergoing resolution showed a normalization in plasma lipids in comparison to Baseline controls
(data not shown).

Flow cytometry analyses demonstrated the effectiveness of the anti-CD25 treatment by reducing
the ratio of circulating and splenic CD25 FoxP3" (CD25" Tregs) in comparison to the other
experimental groups (Figure 4B-D (3). We also observed a depletion of CD25" Tregs and
CD25"FoxP3™ T cells in the lesion and lymph nodes (Figure 4E (4, F), in agreement with previous
reports showing that anti-CD25 fails to completely deplete CD25 FoxP3" Tregs (CD25" Tregs), which
retain strong anti-inflammatory properties [7 % ]. Hence, we quantified the number of total Tregs
independently of the presence of CD25 by counting the number of GFP/FoxP3/DAPI triple positive
cells (Figure 4G @). All the groups undergoing Resolution presented a greater total Treg number
than Baseline mice, although the results did not reach statistical significance between Baseline and
Resolution - Control group (P = 0.10). Resolution - B-carotene injected with IgG presented the
highest Treg cell number among all the other experimental groups, suggesting that dietary -
carotene favors Treg expansion in the plaque (Figure 4H@).

Circulating total Treg number remained constant, but we observed a slight decrease in the
number of splenic total Tregs in mice undergoing Resolution in comparison to Baseline mice. This
reduction was more pronounced in the Resolution — f-carotene mice + anti-CD25 (Supplementary
Figure 4A, B). The number of circulating CD25™ Tregs increased in the Resolution - f-carotene mice
+ anti-CD25 group in comparison to Baseline mice, remaining constant in the spleen among all
groups (Supplementary Figure 4C, D).

3.4. Anti-CD25 treatment partially abrogates the

effect of B-carotene on atherosclerosis resolution
Tregs possess strong anti-inflammatory properties independently of the presence of CD25 [7 2,

Hence, we evaluated plaque composition in our Foxp3E¢fPmice (Figure 5A ). As expected, all
experimental groups showed comparable lesion size at the level of the aortic root (Figure 5B(%).
Mice in the Resolution — B-carotene + IgG group displayed a reduction in CD68 content in the lesion
of approximately 50% in comparison to Baseline mice. Resolution - Control + IgG and Resolution —
B-carotene + anti-CD25 groups showed a 30% reduction in comparison to Baseline mice, although
only the former reached statistical significance (Figure 5C2). Collagen content in the lesion of
Resolution - B-carotene + IgG mice was significantly higher in comparison to any other
experimental group. Resolution Control + IgG and Resolution - B-carotene + Anti-CD25 showed
comparable results, while Baseline mice had the lowest collagen content among all the groups
(Figure 5D (@).

We next performed a descriptive discriminant analysis to examine pairwise comparisons between
our four experimental groups. The Baseline group was significantly different in comparison to all
the Resolution counterparts. Resolution - B-carotene + IgG mice were different from their
Resolution - Control + IgG, as we observed in our two previous resolution experiments (Figure

1M & and 2F(2). We did not observe statistical differences when we compared Resolution - -
carotene + anti-CD25 to Resolution - Control + IgG (FDR = 0.38) or Resolution - B-carotene + IgG to
(FDR = 0.10) (Figure 5E®).

The presence of anti-inflammatory macrophages in the lesions, together with a net egress of pro-
inflammatory macrophages, are key features of atherosclerosis resolution [41 2 ]. We quantified

arginase 1 content in the lesion, a key anti-inflammatory marker in mice that contributes to
collagen synthesis [42 (2], and is synergistically upregulated in anti-inflammatory macrophages

of the injection with IgG or anti-CD25, showed an upregulation of arginase 1 in the lesion (Figure
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Figure 4.

Effect of anti-CD25 treatment on Treg number.

(A) Four-week-old male and female mice expressing enhanced green fluorescence protein (EGFP) under the control of the
forkhead box P3 (Foxp3) promoter (Foxp3EGFP mice) were fed a purified Western diet deficient in vitamin A (WD-VAD) and
injected with antisense oligonucleotide targeting the low-density lipoprotein receptor (ASO-LDLR) once a week for 16 weeks
to induce the development of atherosclerosis. After 16 weeks, a group of mice was harvested (Baseline) and the rest of the
mice were injected once with sense oligonucleotide (SO-LDLR) to block ASO-LDLR (Resolution). Mice undergoing resolution
were either kept on the same diet (Resolution-Control) or switched to a Western diet supplemented with 50 mg/kg of B-
carotene (Resolution-B-carotene) for three more weeks. An additional group of mice fed with B-carotene was injected twice
before sacrifice with anti-CD25 monoclonal antibody to deplete Treg (Resolution-B-carotene+anti-CD25). The rest of the
resolution groups were injected with IgG isotype control antibody. (B) Representative flow cytometry panels showing splenic
CD25"FoxP3* (CD25" Treg) cells in mice injected with IgG or anti-CD25. (€) Quantification of the splenic and (D) circulating
blood levels of CD25* Treg cells determined by flow cytometry. (E) Representative confocal images show the presence of total
Tregs (CD25 FoxP3* + CD25" Tregs) and CD25"FoxP3™ T cells in the lesion of mice injected with IgG (left panel) or anti-CD25
(right panel). (F) Representative confocal images show the presence of total Tregs and CD25"FoxP3" T cells in lymph nodes of
mice injected with IgG (left panel) or anti-CD25 (right panel). quantification of CD25" Tregs in the lesions. (G) Representative
confocal image and (H) quantification of total Tregs in the lesion. Each dot in the plot represents an individual mouse (n =5
to 11 mice/group). Values are represented as means + SEM. Statistical differences were evaluated using one-way ANOVA with
Tukey’s multiple comparisons test. Differences between groups were considered significant with a p-value < 0.05. * p < 0.05;
** p<0.01; *** p < 0.005; **** p < 0.001.
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Figure 5.

Effect of anti-CD25 treatment on lesion composition and monocyte/macrophage trafficking.

Four-week-old male and female expressing enhanced green fluorescence protein (EGFP) under the control of the forkhead
box P3 (Foxp3) promoter (Foxps’EGFP mice) were fed a purified Western diet deficient in vitamin A (WD-VAD) and injected with
antisense oligonucleotide targeting the low-density lipoprotein receptor (ASO-LDLR) once a week for 16 weeks to induce the
development of atherosclerosis. After 16 weeks, a group of mice was harvested (Baseline) and the rest of the mice were
injected once with sense oligonucleotide (SO-LDLR) to block ASO-LDLR (Resolution). Mice undergoing resolution were either
kept on the same diet (Resolution-Control) or switched to a Western diet supplemented with 50 mg/kg of B-carotene
(Resolution-B-carotene) for three more weeks. An additional group of mice fed with B-carotene was injected twice before
sacrifice with anti-CD25 monoclonal antibody to deplete Treg (Resolution-B-carotene+anti-CD25). The rest of the resolution
groups were injected with IgG isotype control antibody. To quantify macrophage egress and monocyte recruitment, we
injected a dose of EAU at week 15 and fluorescently labeled beads two days before harvesting the mice, respectively (see
methods for details). (A) Representative images for macrophage (CD68", top panels), and picrosirius staining to identify
collagen using the bright-field (middle panels) or polarized light (bottom panels). Size bar = 200 pm. (B) Plaque size, (C)
relative CD68 content, and (D) collagen content in the lesion. (E) Descriptive discriminant analysis employing the relative
CD68 and collagen contents in the lesion as variables highlighting the FDR for each comparison. (F) Representative confocal
image showing arginase 1 (green), CD68 (red), and DAPI (blue) in the lesion. (G) relative arginase 1 area in the lesion. (H)
Representative confocal image showing Cyp26b1 (green), CD68 (red), and DAPI (blue) in the lesion. (I) relative Cyp26b1 area
in the lesion. (J) EdU+ macrophages were identified by the colocalization of EdU (green) and DAPI (blue) in CD68" (red) cells.
(K) Number of EdU+ macrophages in the lesion. (L) Newly recruited monocytes were identified, and (M) quantified by the
presence of beads (green) on the lesion. Size bars = 50 um. Each dot in the plot represents an individual mouse (n=5to 11
mice/group). Values are represented as means + SEM. Statistical differences were evaluated using one-way ANOVA with
Tukey's multiple comparisons test. Differences between groups were considered significant with a p-value < 0.05. * p < 0.05;
** p<0.01; *** p < 0.005; **** p < 0.001.
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5G ). We next evaluated retinoic acid signaling in the atherosclerotic lesion by quantifying the
levels of the retinoic acid-sensitive marker Cyp26b1 in the plaque (Figure 5H ) [45(#%]. We
observed an upregulation in Cyp26b1 expression in mice fed B-carotene, independently of
receiving IgG or anti-CD25 (Figure 51 2). We also evaluated macrophage egress by injecting a
single dose of EAU a week before sacrificing the Baseline mice (see methods for details) (Figure

5) @). Only those mice fed B-carotene, independent of the antibody treatment, displayed a greater
egress in comparison to Baseline mice (Figure 5K ). We did not observe changes in monocyte
recruitment evaluated by injecting fluorescently labeled beads 24 h before the sacrifice (Figure
5L, M), nor changes in Ki67"CD68" cells, as an indicator of macrophage proliferation in the

lesion (Supplementary Figure 5A, B).

4. Discussion

Seminal studies showed that B-carotene delays atherosclerosis progression in various
experimental models by reducing plasma cholesterol levels [46 (248 (2 ], while greater levels of

circulating B-carotene and retinoic acid are associated with lower risk of cardiovascular disease in
people ([49%, 502 ]. In 2020, we demonstrated that these effects depend on BCO1 activity in mice,

in two independent experimental models in a BCO1-dependent manner. Treg depletion studies
revealed that dietary B-carotene favors Treg expansion in resolving lesions. Together, these
findings identify dietary B-carotene and its conversion to vitamin A as a promising strategy to
ameliorate plaque burden not only by delaying atherosclerosis progression, but also by reversing
atherosclerosis inflammation.

Carotenoids are the main source of vitamin A in human diet, and the only source of this vitamin in
strict vegetarians [51 (2 ]. Among those carotenoids with provitamin A activity, B-carotene is the
most abundant in our diet and the only compound capable of producing two vitamin A molecules.
Vitamin A is required for vision, embryo development, and immune cell maturation, making p-
carotene a crucial nutrient for human health [52 2 ]. Unlike preformed vitamin A, the intestinal
uptake of carotenoids is a protein-mediated process that depends on vitamin A status. This
regulatory mechanism prevents the excessive uptake of provitamin A carotenoids to avoid vitamin

A toxicity [53 (2, 542 ].

], show a
reduction in total cholesterol and non-HDL-C in comparison to those with two copies of the
rs6564851-G variant [17 (2 ]. A recent study revealed that this variant is also associated with

regulator of plasma lipid profile. These studies provide a clinical relevance to studies performed in
rodents and rabbits in which B-carotene-rich diets reduce plasma cholesterol and mitigate the
development of atherosclerosis [15(%, 46 (2 -48 2],

Carotenoids, including pB-carotene, possess antioxidant properties in lipid-rich environments
[60 % ]. The development of Bcol”” mice of contributed to solving a long-lasting controversy in the
carotenoid field by dissecting the biological effects of intact B-carotene and its role in vitamin A
formation. When Bcol” mice are fed B-carotene, these mice accumulate large amounts of this
compound in tissues and plasma [112]. In 2011, we reported that wild-type mice fed p-carotene

exhibited a reduction in adipose tissue size. Bcol mice subjected to the same experimental
conditions did not chow differences in adipose tissue size in comparison to control-fed mice
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expressed BCO1 in the adipose tissue of Bco1”" mice fed B-carotene. Under these conditions, we
observed an increase in vitamin A levels including retinoic acid, and a reduction of adipose tissue
size [16 2 ]. These effects are in line with those reported by Palou’s group utilizing both dietary
vitamin A and retinoic acid supplementation, which promotes fatty acid oxidation and
thermogenesis in various experimental models [61Z-71(Z].

In 2020, we confirmed the implication of BCO1 activity and vitamin A in the development of
atherosclerosis. We compared the effect of B-carotene on Ldlr’"and Ldlr’"Bco1”" mice using the
same experimental diets utilized in this study (Supplementary Table 1). In alignment with our
clinical data, B-carotene reduced total cholesterol and non-HDL-C in Ldlr”" mice, but not in Ldlr”"
Bco1” mice [15(2, 17C2]. B-carotene supplementation during atherosclerosis resolution, either in
Western or Standard diets, failed to improve plasma lipids in comparison to Resolution — Control
groups (Figure 1B, 2A). This discrepancy could be attributed to the duration of the B-carotene
feedings: 12 weeks in our Progression study vs. three to four weeks in our Resolution studies

[15]. Another possibility is that the effect of B-carotene is only evident in mice displaying

In our atherosclerosis progression study, we attributed the effects of dietary p-carotene on plasma
lipids to the formation of retinoic acid in the liver. We showed that retinoic acid treatment
decreased cholesterol and triglyceride hepatic secretion rates in cultured hepatocytes and wild-
type mice, suggesting that the effects of B-carotene on plasma lipid profile depend on the lipidation
of hepatic lipoprotein particles [15 @ ]. Whether BCO1 activity is associated with the development

retinoic acid promotes alternative macrophage activation in various cell culture models, and
skews naive T cells to anti-inflammatory Tregs by directly upregulating the transcription factor
FoxP3 [73(#, 742 ]. The expression of FoxP3 is necessary and sufficient for the anti-inflammatory

exogenous retinoic synergizes with interleukin 4 (IL4) to stimulate the expression of arginase 1,
which is considered an anti-inflammatory marker in murine macrophages [44 (2, 772 ]. Arginase

derivative hydroxyproline, proline is a key limiting amino acid in the synthesis of collagen. These
results indicate that the combination of retinoic acid with anti-inflammatory signals typically
present during regressing lesions could favor atherosclerosis resolution by stimulating collagen
deposition by the macrophage.

Our PCR data in liver homogenates show -carotene supplementation upregulates Cyp26al
expression in the liver, which together with Cyp26b1 and Cyp26c1, are widely considered as
surrogate markers for retinoic signaling in tissues (Supplementary Figure 1B, [26 2, 45 (Z]). Cyp26

examine whether B-carotene also stimulates retinoic acid signaling in the atherosclerotic lesion,
we stained the lesions of Foxp3FCfP mice with Cyp26b1 (Figure 5H, I). Among the three Cyp26s,
we selected Cyp26b1 based on our recent RNA seq data in murine bone marrow-derived
macrophages exposed to retinoic acid [44 2 ]. We observed that Cyp26b1 was the only Cyp26

family member responsive to retinoic acid in macrophages. Our immunostaining showed that
Cyp26b1 co-localizes with the macrophage marker CD68, in agreement with results obtained in
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reported an association between aggravated atherosclerosis with a SNP in the CYP26B1 gene with
a greater retinoic acid catabolic activity [78 2 ]. These data suggest that greater retinoic acid levels

in the lesion could decrease atherogenesis in humans, in agreement with our preclinical findings.

Despite the upregulation of Cyp26b1 expression, Treg expansion in regressing lesions in response
to B-carotene was partially suppressed in mice injected with anti-CD25 (Figure 4H (2). To rule out
intact B-carotene as the driving factor responsible for these effects, we quantified the number of
Tregs in our experiment using Bco1”'mice. As expected, both Resolution groups displayed a
greater number of Tregs in comparison to Baseline mice, although we did not observe any effect in
response to B-carotene (Supplementary Figure 3D, E). These data suggest that vitamin A formation
is required for Treg expansion in the atherosclerotic lesion of mice. To our knowledge, this is the
first report showing that a dietary intervention with a nutrient administered at physiological
concentrations can modulate Treg levels in the atherosclerotic lesion. As a reference, our diets
were supplemented with 50 mg of B-carotene/kg in comparison to 80 mg of B-carotene/kg in
carrots (USDA Database).

Our HPLC analyses in liver and plasma revealed that our experimental approach did not result in
vitamin A deficiency despite feeding our mice vitamin A-deficient diets for several weeks to
develop atherosclerosis. This was not surprising, since mice are notably resistant to vitamin A
deficiency. Protocols to develop vitamin A deficiency in wild-type mice require feeding the dams a
vitamin A deficient diet during pregnancy through weaning [31 (%], although the use of genetic
models lacking key proteins in vitamin A transport, uptake, or storage are more adequate and
time-efficient [79 2 -81 2 ]. Future experiments utilizing these genetic models could shed light on

the role of vitamin A deficiency on Treg expansion and its consequence on atherosclerosis
resolution.

To establish a direct link between the effect of B-carotene supplementation and Tregs in our
experimental model, we decided to deplete Tregs in Foxp3£¢"Pmice by infusing them with anti-
CD25, following Sharma and colleagues’ approach [6 (2 ]. However, our data show that this strategy

Tregs remained in circulation and tissues including aortic lesions (Figure 4E-H and
Supplementary Figure 4). It is possible that the conversion of B-carotene to retinoic acid favored
Treg expansion by specifically favoring CD25™ Treg proliferation, which are insensitive to anti-
CD25.

CD25 is a crucial component of the IL2 receptor and it is expressed in CD4" T cell subsets other
than Tregs (CD4"CD25"FoxP3) [82 (2 ]. Therefore, strategies targeting FoxP3" cells directly are an
attractive approach to specifically dissect the role of Tregs in our experimental model. For
example, the use of Foxp3PTR mice (#016958, Jackson Labs), which express the diphtheria toxin
receptor, would allow us to specifically deplete FoxP3" cells independently of the expression of
CD25 [83 2 ]. This approach would also eliminate CD8*CD25"FoxP3" Tregs, a relatively new Treg
subpopulation [84 (2 ]. However, Treg depletion in Foxp3P™R mice requires injections with
diphtheria toxin, which can result in potential adverse effects under certain experimental
conditions [85 & ]. Future studies dissecting the contribution of T cell subpopulations and the role

vitamin A and other nutrients could play in their differentiation are needed to fully understand
their role during atherosclerosis resolution.

Whether B-carotene supplementation during atherosclerosis resolution alters Treg content in
other organs and disease models were outside of the scope of this study. For example, an increase
in Treg number in developing tumors could result in the reprograming of pro-inflammatory
macrophages towards resolving macrophages that could contribute to tumor expansion [86 % ]. In
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summary, partial Treg depletion was sufficient to mitigate the effects of B-carotene on plaque
composition during the resolution of atherosclerosis, providing a direct link between B-carotene
and Treg number (Figure 5A-1).

Another question remains unanswered: What is the source of vitamin A that favors Treg
expansion in the lesion? Our HPLC analyses show that circulating B-carotene in wild-type mice is
marginal, although hepatic vitamin A stores highlight an increase in vitamin A formation (Figure
1H® and Figure 3A (3, B). It is not clear whether naive T cells express BCO1, which would enable
them to locally produce vitamin A and its derivative retinoic acid. Previous work has related tissue
macrophages as the responsible for retinoic acid production and suggested that these cells would
release it to signal nearby naive T cells that in turn, could differentiate into Tregs. Retinoic acid
could be originated from B-carotene or retinol/retinyl esters stored in the cell, although our RNA
sequencing analysis revealed that BCO1 expression in plaque macrophages is relatively limited
[15C2]. Plaque macrophages, and T cells in a lesser extent, express various scavenger receptors
that have been linked to the uptake of retinoids and carotenoids such as the scavenger receptor
class B lipoprotein lipase and the cluster of differentiation 36 [87(4]. Determining whether naive

T cells rely on plaque macrophages to obtain retinoids and activate FoxP3 to differentiate into
Treg is not clear to this day.

In summary, we report for the first time that vitamin A production from B-carotene favors Treg
expansion in the atherosclerotic lesion, a process that contributes to atherosclerosis resolution.
Together with the cholesterol-lowering effects of B-carotene described in the past, unveils a dual
role of dietary B-carotene and the enzyme BCO1: (1) BCO1 delays atherosclerosis progression by
reducing plasma cholesterol, and (2) favor atherosclerosis resolution by modulating Treg levels
and macrophage polarization status.
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Reviewer #1 (Public Review):

This is an interesting study by Pinos and colleagues that examines the effect of beta carotene
on atherosclerosis regression. The authors have previously shown that beta carotene reduces
atherosclerosis progress and hepatic lipid metabolism, and now they seek to extend these
findings by feeding mice a diet with excess beta carotene in a model of atherosclerosis
regression (LDLR antisense oligo plus Western diet followed by LDLR sense oligo and chow
diet). They show some metrics of lesion regression are increased upon beta carotene feeding
(collagen content) while others remain equal to normal chow diet (macrophage content and
lesion size). These effects are lost when beta carotene oxidase (BCO) is deleted. The study
adds to the existing literature that beta carotene protects from atherosclerosis in general, and
adds new information regarding regulatory T-cells. However, the study does not present
significant evidence about how beta-carotene is affecting T-cells in atherosclerosis. For the
most part, the conclusions are supported by the data presented, and the work is completed in
multiple models, supporting its robustness. However there are a few areas that require
additional information or evidence to support their conclusions and/or to align with the
previously published work.

Specific additional areas of focus for the authors:

The premise of the story is that b-carotene is converted into retinoic acid, which acts as a
ligand of the ROR transcription factor in T-regs. The authors measure hepatic markers of
retinoic acid signaling (retinyl esters, Cyp26al expression) but none of these are measured in
the lesion, which calls into question the conclusion that Tregs in the lesion are responsible for
the regression observed with b-carotene supplementation.

There does not appear to be a strong effect of Tregs on the b-carotene induced pro-regression
phenotype presented in Figure 5. The only major CD25+ cell dependent b-carotene effect is on
collagen content, which matches with the findings in Figure 1 +2. This mechanistically might
be very interesting and novel, yet the authors do not investigate this further or add any
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additional detail regarding this observation. This would greatly strengthen the study and the
novelty of the findings overall as it relates to b-carotene and atherosclerosis.

The title indicates that beta-carotene induces Treg 'expansion' in the lesion, but this is not
measured in the study.

Revised manuscript:

In the revised manuscript, the authors provide quantification of an RA-responsive gene in the
plaque as evidence that RA signalling is indeed elevated upon b-carotene supplementation. It
is not reduced upon blocking CD25 (Tregs) which implies that other cells in addition to Tregs
are impacted by b-carotene supplementation that favourably remodels the plaque. The
authors properly account for this by tempering their conclusions and recognize that Tregs
are only partially responsible for the plaque phenotype upon b-carotene supplementation.

The authors chose not to further investigate why b-carotene impacted collagen production,
instead including a discussion point. In this reviewer's opinion, it is a missed opportunity but
hopefully something that can be investigated further by others.

e https://doi.org/10.7554/eLife.87430.2.sal

Reviewer #2 (Public Review):

Pinos et al present five atherosclerosis studies in mice to investigate the impact of dietary
supplementation with b-carotene on plaque remodeling during resolution. The authors use
either LDLR-ko mice or WT mice injected with ASO-LDLR to establish diet-induced
hyperlipidemia and promote atherogenesis during 16 weeks, and then they promote
resolution by switching the mice for 3 weeks to a regular chow, either deficient or
supplemented with b-carotene. Supplementation was successful, as measured by hepatic
accumulation of retinyl esters. As expected, chow diet led to reduced hyperlipidemia, and
plaque remodeling (both reduced CD68+ macs and increased collagen contents) without
actual changes in plaque size. But, b-carotene supplementation resulted in further increased
collagen contents and, importantly, a large increase in plaque regulatory T-cells (TREG). This
accumulation of TREG is specific to the plaque, as it was not observed in blood or spleen. The
authors propose that the anti-inflammatory properties of these TREG explain the
atheroprotective effect of b-carotene, and found that treatment with anti-CD25 antibodies (to
induce systemic depletion of TREG) prevents b-carotene-stimulated increase in plaque
collagen and TREG.

An obvious strength is the use of two different mouse models of atherogenesis, as well as
genetic and interventional approaches. The analyses of aortic root plaque size and contents
are rigorous and included both male and female mice (although the data was not segregated
by sex). Unfortunately, the authors did not provide data on lesions in en face preparations of
the whole aorta.

Overall, the conclusion that dietary supplementation with b-carotene may be
atheroprotective via induction of TREG is reasonably supported by the evidence presented.
Other conclusions put forth by the authors (e.g., that vitamin A production favors TREG
production or that BCO1 deficiency reduces plasma cholesterol), however, will need further
experimental evidence to be substantiated.

The authors claim that b-carotene reduces blood cholesterol, but data shown herein show no
differences in plasma lipids between mice fed b-carotene-deficient and -supplemented diets
(Figs. 1B, 2A, and S3A). Also, the authors present no experimental data to support the idea
that BCO1 activity favors plaque TREG expansion (e.g., no TREG data in Fig 3 using Bco1-ko
mice).
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As the authors show, the treatment with anti-CD25 resulted in only partial suppression of
TREG levels. Because CD25 is also expressed in some subpopulation of effector T-cells, this
could potentially cloud the interpretation of the results. Data in Fig 4H showing loss of b-
carotene-stimulated increase in numbers of FoxP3+GFP+ cells in the plaque should be taken
cautiously, as they come from a small number of mice. Perhaps an orthogonal approach using
FoxP3-DTR mice could have produced a more robust loss of TREG and further confirmation
that the loss of plaque remodeling is indeed due to loss of TREG.

e https://doi.org/10.7554/eLife.87430.2.sa0

Author Response

The following is the authors’ response to the original reviews.

elife Assessment

This study presents a valuable conceptual advance of how Vitamin A and its derivatives
contribute to atherosclerosis. There is solid evidence invoking the contributions of
specialized populations of T cells in atherosclerosis resolution, including use of multiple
in vivo models to validate the functional effect. The significance of the study would be
strengthened with more detailed interrogation of lesions composition and consolidation
with previous work on the topic from human studies.

Answer: We thank the reviewers and editorial office for their comments and constructive
criticism. Below we provide point by point responses to the comments and concerns, which
include the issues of lesion composition and consolidation with human studies. We also
proofread the manuscript and included information about the immunostaining procedures
that were previously missing (Lines 199 - 206).

Public Reviews
REVIEWER #1:

This is an interesting study by Pinos and colleagues that examines the effect of beta
carotene on atherosclerosis regression. The authors have previously shown that beta
carotene reduces atherosclerosis progress and hepatic lipid metabolism, and now they
seek to extend these findings by feeding mice a diet with excess beta carotene in a model
of atherosclerosis regression (LDLR antisense oligo plus Western diet followed by LDLR
sense oligo and chow diet). They show some metrics of lesion regression are increased
upon beta carotene feeding (collagen content) while others remain equal to normal chow
diet (macrophage content and lesion size). These effects are lost when beta carotene
oxidase (BCO) is deleted. The study adds to the existing literature that beta carotene
protects from atherosclerosis in general, and adds new information regarding
regulatory T-cells. However, the study does not present significant evidence about how
beta-carotene is affecting T-cells in atherosclerosis. For the most part, the conclusions
are supported by the data presented, and the work is completed in multiple models,
supporting its robustness. However there are a few areas that require additional
information or evidence to support their conclusions and/or to align with the previously
published work.

Specific additional areas of focus for the authors:
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1. The premise of the story is that b-carotene is converted into retinoic acid, which acts as a
ligand of the RAR transcription factor in T-regs. The authors measure hepatic markers of
retinoic acid signaling (retinyl esters, Cyp26a1 expression) but none of these are
measured in the lesion, which calls into question the conclusion that Tregs in the lesion
are responsible for the regression observed with b-carotene supplementation.

Answer: We agree with the Reviewer’s comment, which prompted us to quantify the
expression of the retinoic acid-sensitive maker Cyp26b1 in the atherosclerotic lesions.
Cyp26b1, together with Cyp26al and c1, contain retinoic acid response elements (RAREs) in
their promoter, and therefore, are highly sensitive to retinoic acid. Indeed, the mRNA/protein
expression of Cyp26s are widely considered surrogate markers for retinoic acid levels in cells
or tissues.

We typically use Cyp26al as a surrogate marker for retinoic acid signaling in the adipose
tissue and the liver, as we did in this study. However, our RNA seq data in murine bone-
marrow derived macrophages (mBMDMs) exposed to retinoic acid revealed that Cyp26b1 is
the only Cyp26 family member responsive to retinoic acid (PMID: 36754230). Actually,
Cyp26al or c1 were not expressed in our mBMDMs (data not shown). Unlike the M2 marker
arginase 1, Cyp26b1 did not respond to IL-4 (Figure iA). Hence, Cyp26b1 is an adequate
marker to evaluate retinoic acid signaling in the lesion of mice, rich in macrophages.

Before staining the lesions, we validated the Cyp26b1 antibody by staining mBMDMs exposed
to retinoic acid (Figure iB).

Author response image 1.

(A) mBMDMs were divided in MO or M2 (exposed to IL-4 for 24 h), and then treated with
either DMSO or retinoic acid for 6 h before harvesting for RNA seq analysis. Exploring the
RNA seq dataset, we identified Cyp26b1 as a RA-sensitive gene in mBMDMs (PMID: 36754230).
(B) Validation of Cyp26b1 antibody in mBMDMs exposed to retinoic acid confirms the
suitability of this antibody for measuring retinoic acid signaling in our experimental settings.
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In the current version of the manuscript, we include the results of Cyp26b1 quantifications
(Figure 5H, I), (Lines: 362 - 366). To put these findings in perspective to human studies, we
discuss these results with the role human CYP26B1 plays in the atherosclerotic lesion (Lines:
450 - 464).

1. There does not appear to be a strong effect of Tregs on the b-carotene induced pro-
regression phenotype presented in Figure 5. The only major CD25+ cell dependent b-
carotene effect is on collagen content, which matches with the findings in Figure 1 +2.
This mechanistically might be very interesting and novel, yet the authors do not
investigate this further or add any additional detail regarding this observation. This
would greatly strengthen the study and the novelty of the findings overall as it relates to
b-carotene and atherosclerosis.

Answer: As the Reviewer points out, the effects of B-carotene on collagen content are more
pronounced than those on CD68 content in the lesion. Indeed, we have observed the majority
of the experiments in this manuscript.

Collagen accumulation in the lesion is a complex process, where smooth muscle cells secrete
collagen and plaque macrophages (typically) degrade it. Matrix metalloproteases produced
by macrophages contribute to the degradation of collagen, and studies show that retinoic acid
regulates the expression of metalloproteinases in various cell types (PMID: 2324527,
24008270). We explored the expression of metalloproteases in macrophages exposed to
retinoic acid in our mBMDM RNA seq, but we did not observe any significant result (data not
shown).

Interestingly, M2 macrophages can secrete collagen by upregulating arginase 1 expression. In
the current version of the manuscript, we acknowledge this in the results (Lines: 358-359)
and in the discussion section (Lines: 443-449).
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1. The title indicates that beta-carotene induces Treg 'expansion' in the lesion, but this is not
measured in the study.

Answer: Following the suggestion by the Reviewer, we have re-worded the title to “B-carotene
accelerates the resolution of atherosclerosis in mice”

REVIEWER #2:

Pinos et al present five atherosclerosis studies in mice to investigate the impact of dietary
supplementation with b-carotene on plaque remodeling during resolution. The authors
use either LDLR-ko mice or WT mice injected with ASO-LDLR to establish diet-induced
hyperlipidemia and promote atherogenesis during 16 weeks, and then they promote
resolution by switching the mice for 3 weeks to a reqular chow, either deficient or
supplemented with b-carotene. Supplementation was successful, as measured by hepatic
accumulation of retinyl esters. As expected, chow diet led to reduced hyperlipidemia, and
plague remodeling (both reduced CD68+ macs and increased collagen contents) without
actual changes in plaque size. But, b-carotene supplementation resulted in further
increased collagen contents and, importantly, a large increase in plaque regulatory T-
cells (TREG). This accumulation of TREG is specific to the plaque, as it was not observed in
blood or spleen. The authors propose that the anti-inflammatory properties of these
TREG explain the atheroprotective effect of b-carotene, and found that treatment with
anti-CD25 antibodies (to induce systemic depletion of TREG) prevents b-carotene-
stimulated increase in plaque collagen and TREG.

Y

. An obvious strength is the use of two different mouse models of atherogenesis, as well as
genetic and interventional approaches. The analyses of aortic root plaque size and
contents are rigorous and included both male and female mice (although the data was
not segregated by sex). Unfortunately, the authors did not provide data on lesions in en
face preparations of the whole aorta.

Answer: We appreciate the positive comments on rigor. We considered displaying our data
segregated by sex, although for some experiments, we did not have matching numbers of
male and female mice, which could be distracting for the reader. The goal of our study was to
analyze changes in plaque composition. Therefore, our experimental approach was designed
to study atherosclerosis resolution (plaque composition changes, but not plaque size) instead
of atherosclerosis regression (both plaque composition and size change). As expected, we did
not observe differences in plaque size at the level of the atherosclerotic root for any of our
experiments, which deterred us from quantifying plaque content by en-face in the aorta.

2.0verall, the conclusion that dietary supplementation with b-carotene may be
atheroprotective via induction of TREG is reasonably supported by the evidence
presented. Other conclusions put forth by the authors (e.g., that vitamin A production
favors TREG production or that BCOT1 deficiency reduces plasma cholesterol), however,
will need further experimental evidence to be substantiated.

Answer: We apologize for the lack of clarity in the presentation of our results and overstating
our conclusions. We have rephrased some of these conclusions in the results and discussion
sections.

3.The authors claim that b-carotene reduces blood cholesterol, but data shown herein
show no differences in plasma lipids between mice fed b-carotene-deficient and -
supplemented diets (Figs. 1B, 2A, and S3A).
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Answer: As Reviewer 2 points out, we did not observe changes in plasma cholesterol between
mice undergoing Resolution in response to B-carotene. For clarity, we rephrased our plasma
lipids results for each of our experimental designs (Lines: 230 — 236, 270 — 272, and 288-290).
We also include a clarification in the discussion section about the differential effects of B-
carotene on plasma lipids when mice undergo atherosclerosis progression and resolution.
(Lines: 419 - 430).

1. Also, the authors present no experimental data to support the idea that BCO1 activity
favors plaque TREG expansion (e.g., no TREG data in Fig 3 using Bco1-ko mice).

Answer: We appreciate the suggestion by the Reviewer 2. In the current version of the
manuscript, we stained the aortic roots from Bco1l-/- mice for FoxP3. We did not observe
differences between Control and B-carotene resolution groups, in agreement with the results
in plaque composition (CD68 and collagen contents). These new data strengthen our
manuscript and now we included these results as a Supplementary Figure 3D, E. (Lines: 465 -
471).

5.As the authors show, the treatment with anti-CD25 resulted in only partial suppression
of TREG levels. Because CD25 is also expressed in some subpopulation of effector T-cells,
this could potentially cloud the interpretation of the results. Data in Fig 4H showing loss
of b-carotene-stimulated increase in numbers of FoxP3+GFP+ cells in the plaque should
be taken cautiously, as they come from a small number of mice. Perhaps an orthogonal
approach using FoxP3-DTR mice could have produced a more robust loss of TREG and
further confirmation that the loss of plaque remodeling is indeed due to loss of TREG.

Answer: We agree with the reviewer, and we rephrased the results and discussion to avoid
overstating our findings. We now acknowledge a second experimental approach would help
us confirm our findings employing a blocking antibody targeting CD25. We favored the use of
anti-CD25 infusions over other depletion methods based on the experimental protocol carried
out by our collaborators in which the examined the effect of Tregs on atherosclerosis
regression (PMID: 32336197). The utilization of FoxP3-DTR mice would nicely complement
our findings. In the current version of the manuscript, we discuss this alternative approach
(Line : 491 - 501).

Recommendations for the Authors

All reviewers agreed that despite the claims of the title, there is no direct interrogation of
Tregs or vitamin A signaling in lesions.

The work does not consolidate well with the role of B-carotene in human heart disease.
Additional discussion and synthesis are required to elaborate on the significance of the
findings. For example, the idea of beta carotene supplementation for cardiovascular
prevention has attracted attention for years but recent meta-analysis showed no benefit,
and, if anything, an increase in cardiovascular events. The U.S. Preventive Services Task
Force (USPSTF) went as far to recommend AGAINST the use of beta-carotene for the
prevention of cardiovascular disease.

In light of the above point and elife editorial policies, please revise the title to include
species.

Answer: Thanks for your feedback. Carotenoid metabolism in mammals is complex, and
establishing direct parallelisms between humans and rodents must be done with caution. For
example, B-carotene supplementation in humans inevitably results in the accumulation of
this compound in plasma, while in rodents, B-carotene is quickly metabolized to vitamin A.
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Our findings over the years reveal that the effects of B-carotene in mice derive exclusively
from its role as vitamin A precursor.

In the current study, we confirm our previous work utilizing Bcol-/- mice, which are unable
to produce vitamin A when fed B-carotene. Then, we observe that vitamin A promotes
atherosclerosis resolution in mice independently of alterations in plasma cholesterol in two
independent mouse models. Lastly, we utilized anti-CD25 blocking antibodies to deplete Tregs
to establish a direct connection between dietary p-carotene/vitamin A and Tregs in the lesion.
While this experimental approach failed to completely deplete Tregs, our morphometric
assays indicates that these infusions were sufficient to partially mitigate the effect of B-
carotene on atherosclerosis resolution.

Regardless, in the discussion section of our manuscript, we attempt to consolidate our
preclinical studies with clinical data (Lines: 374 — 376, and 461 — 464).

We have also revised the title, as suggested by Reviewer 1. We also included “mice” in the title
to align with the editorial policies of eLife.

Reviewer #1:

1.1. The authors need to measure retinoic acid signaling directly in the lesion and in
Tregs to be able to draw the conclusion that b-carotene is directly activating Tregs to
promote regression.

Answer: Please see comments above.

1.2. The authors to investigate the role of beta carotene on collagen production by T-
regs.

Answer: Please see comments above.

Reviewer #2 (Recommendations For The Authors):
Major:

2.1. If the authors still have frozen sections of the aortas from their Bco1-ko experiment,
it should be trivial to look at plaque TREG contents to confirm that vitamin A production
is indeed needed for the effect of b-carotene on plaque remodeling.

Answer: Please see comments above.

Minor:

2.2. This reviewer wonders if the axis for lesion size in all figures is off by an order of
magnitude. Most studies show aortic root lesions in the 10°5 um2 range, not in the 1016
um2.

Answer: We apologize for this error. We have corrected the units in all our quantifications.

| 2.3. FPLC lipoprotein profiles would enhance the manuscript.

Answer: We have run FPLCs for the plasmas and included them in the results (Lines: 233 —
236). Data are presented in Figure 1C, D.

2.4.This reviewer could not cope with the thought that mice that are fed 16+ weeks a diet
that is vitamin A-deficient did not become vit A-deficient (e.g., Fig. 1E). Perhaps the
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authors could elaborate a little on this in their discussion.

Answer: Mice are extremely resistant to vitamin A deficiency. A common protocol to achieve
deficiency in mice requires feeding a vitamin A deficient diet to dams during their pregnancy
and lactation to deplete new-born pups of vitamin A stores. Even in that situation, pups
display enough vitamin A stores to sustain circulating vitamin A levels to those observed in
wild-type mice. In the current version of the manuscript, we have included a paragraph in
the discussion to cover this “interesting” aspect. (Lines: 476 — 483).
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