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Patients with systemic lupus erythematosus (SLE) present a high incidence of atherosclerosis,
which contributes significantly to morbidity and mortality in this autoimmune disease. An impaired
balance between regulatory (Treg) and follicular helper (Tfh) CD4* T cells is shared by both diseases.
However, whether there are common mechanisms of CD4* T cell dysregulation between SLE and
atherosclerosis remains unclear. Pre-B cell leukemia transcription factor 1isoform d (Pbx1d) is a
lupus susceptibility gene that regulates Tfh cell expansion and Treg cell homeostasis. Here, we
investigated the role of T cells overexpressing Pbx1d in low-density lipoprotein receptor-deficient
(LdIr’-) mice fed with a high-fat diet, an experimental model for atherosclerosis. Pbx1d-transgenic
T cells exacerbated some phenotypes of atherosclerosis, which were associated with higher
autoantibody production, increased Tfh cell frequency, and impaired Treg cell regulation, in

LdIr’- mice as compared with control T cells. In addition, we showed that dyslipidemia and Pbx1d-
transgenic expression independently impaired the differentiation and function of Treg cells in vitro,
suggesting a gene/environment additive effect. Thus, our results suggest that the combination of
Pbx1d expression in T cells and dyslipidemia exacerbates both atherosclerosis and autoimmunity, at
least in part through a dysregulation of Treg cell homeostasis.

Introduction
As the underlying cause of heart attacks and strokes, atherosclerosis is one of the leading causes of death
worldwide. Mechanistically, it is a lipid-driven chronic disease in which leukocyte accumulation in the
vessel wall actively participates in the disease process (1). A higher incidence of atherosclerosis has been
reported among patients with systemic lupus erythematosus (SLE) (2), with a large cross-sectional study
reporting a 1.45 odds ratio of hospitalized SLE patients to present with atherosclerosis (3). A potential
mechanism linking SLE and atherosclerosis is that both diseases are mediated by activated T cells (4, 5).
Using mouse models, it has been recently reported that dyslipidemia exacerbates SLE pathogenesis with
enhanced follicular helper T (Tth) cell responses (6), while transferring CD4" T cells from lupus-prone mice
into dyslipidemic mice accelerates the development of atherosclerosis (7, 8). These results suggest that
CD4* T cells represent a functional link in a reciprocal enhancement between SLE and atherosclerosis.
Furthermore, an imbalance between impaired regulatory CD4*Foxp3* T (Treg) cells and activated effector
CD4* T (Teff) cells has been shown to have a causative effect in atherosclerotic mouse models (9-11).
A Treg/Teff imbalance is also found in patients with SLE (4). Thus, there is a growing interest in identi-
fying common mechanisms by which CD4* T cells induce pathogenesis in both SLE and atherosclerosis.
We have identified 3 major lupus susceptibility loci in the NZM2410 mouse model, which are neces-
sary and sufficient to induce lupus nephritis on a non-autoimmune B6 background in the B6.Sle!.Sle2.Sle3
triple congenic (TC) strain (12). Transferring BM or CD4" T cells from TC mice accelerated atherosclerosis
in the aortic sinus of low-density lipoprotein receptor—deficient (Ld/r-KO) dyslipidemic mice, characterized
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by increased T cell infiltration in lesions. Enhanced atherosclerosis was independent of serum cholesterol
or triglycerides but was associated with an increase of spleen cell number, serum creatinine, serum urea,
and anti-dsDNA antibody production (7, 8, 13), indicating that dysregulated immunity was mechanistical-
ly involved. Furthermore, this suggested that the genetic loci, sufficient to induce lupus pathogenesis, also
accelerate atherosclerosis through CD4" effector T cell-mediated mechanisms. In the Ld/»-KO chimera,
Treg cells from TC origin produced more IL-17 than Treg cells from B6 origin, suggesting that dysfunction-
al Treg cells may promote atherosclerotic lesions in those mice (8). Interestingly, the lupus susceptibility
locus Sle3, one of 2 associated with T cell hyperactivation in the TC strain (14), was not sufficient to accel-
erate atherosclerosis (15), suggesting that Sle/ may accelerate atherosclerosis in lupus because Sle2 regulates
autoreactive B cell phenotypes (16).

The Slel locus is necessary for the development of systemic autoimmunity in the NZM2410 model (12, 17),
and it intrinsically regulates the function of CD4" T cells (18). We show here that Slel accounts for a large part
of the atherosclerosis-accelerating effect of the TC hematopoietic cells in the Ldlr-KO chimera model, which
corroborates the major role CD4* T cells play in this process. Skl contains at least 3 independent loci: Slelal,
Slelb, and Slelc (19). Slelal affects primarily CD4" T cells by promoting the generation of autoreactive T cells
(20) and impairing Treg functions (20, 21). Pre-B cell leukemia transcription factor 1 (PbxI), the only gene locat-
ed in Slelal, encodes for a transcription factor regulating multiple cellular processes through 7 splice isoforms
(22). The PbxI1disoform lacks the DNA and the HOX binding domains, resulting in dominant negative functions
(23), and its expression is increased in the CD4* T cells from B6.Sle/al mice and SLE patients as compared
with healthy controls (24). Transgenic (Tg) expression of PbxId in CD4" T cells reproduced the phenotypes of
lupus CD4* T cells, including decreased Treg cell homeostasis and Tth cell expansion (25). Because these T cell
populations have been implicated in atherosclerosis, we hypothesized that the overexpression of Pbx1d in T cells
would exacerbate the development of atherosclerosis by impairing Treg cells, either in number or in function,
and by expanding Teff cells in atherogenic, dyslipidemic conditions. Here, we show that Pbx1d-Tg CD4* T
cells enhanced atherosclerotic phenotypes associated with greater severity in Ld/-KO mice fed with a high-fat
Western diet (WD). The overexpression of Pbx1d in T cells of dyslipidemic Ld/-KO mice also enhanced their
autoimmune phenotypes, including autoantibody production, increased Tth cell frequency, and impaired Treg
cell regulation. In vitro studies suggest that excess cholesterol impaired the suppressive function of Treg cells,
which, combined with the alteration in Treg homeostasis driven by Pbx1d, may be a mechanism by which this
lupus susceptibility allele enhances both atherosclerosis and autoimmunity in dyslipidemic conditions.

Results

The atherosclerotic effect of immune cells from the TC lupus-prone mouse partially maps to Slel. Because CD4* T cells
from TC mice are sufficient to accelerate atherosclerosis in dyslipidemic mice (8), we evaluated the B6.Sle!
and B6.S/e3 single congenic mice in this model (Figure 1A). Autoreactive CD4* T cells are activated in these
2 strains, either directly for Slel (18) or indirectly for Sle3 (26), while Sl2, which regulates only B cells (27),
was not evaluated in this experiment. Previous studies have demonstrated that hematopoietic transfer of cells
expressing Sle3 is not sufficient to increase atherosclerosis in Ld/-KO mice. Previous work showed that all
atherosclerotic phenotypes, including lesion size and severity in the aorta as well as the number of infiltrating
CD4* T cells and macrophages, were similar between Sle3 chimeras with B6 controls (15). The Sle3 chimeras
are therefore functional controls with activated T cells that do not induce atherosclerosis. The Sle/ and TC Ldlr-
KO chimeras showed similarly enlarged plaques measured by oil red O (ORO) stain (Figure 1, B and C), as
compared with the Sle3 chimeras. Increased lesions were not due to increased levels of circulating cholesterol
(Figure 1D) or triglycerides (data not shown). Accordingly, both Sle/ and TC Ldl+-KO chimeras presented
increased infiltrates of CD4* T cells in the lesions (Figure 1E). The Sle/ bone marrow—derived (BM-derived)
cells were, however, not sufficient to induce autoantibodies against dSDNA or oxidized LDL (oxLDL) (Figure
1, F and G) to the same level as TC BM-derived cells. These results indicate that immune cells expressing Slel
promote atherosclerosis at least in part through CD4" T cells, independent of autoantibody and overt autoim-
munity as observed in TC recipients.

Pbx1d expression in T cells enhanced atherosclerosis in Ldlr-KO mice fed with WD. We next investigated
whether expression of the lupus susceptibility allele PbxId, a major contributor to the Sle/ phenotypes in
CD4" T cells, could affect the development of atherosclerosis. We reconstituted lethally irradiated Ldlr-
KO mice with BM from Pbx1d-Tg.Foxp3YF*¢ mice or B6.Foxp3Y**< mice, which differ only by the over-
expression of Pbxld in T cells (25). Six weeks after BM transfer, the chimeric mice were fed with WD to
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Figure 1. Sle1 partially accounts for the atherogenic effect of TC immune cells. (A) Experimental design. (B) Representative images of atherosclerotic
lesions in the aortic root for each of the 3 groups and (C) corresponding morphometric analysis. (B) Terminal serum cholesterol. (E) Morphometric analysis
of CD4* T cell infiltrates in the aortic root. Terminal serum anti-dsDNA 1gG (F) and oxLDL IgG (G). Means + SEM compared with 1-way ANOVA with Tukey's
multiple-comparisons tests. *P < 0.05, ***P < 0.001. Each symbol represents 1 mouse.
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induce hyperlipidemia or normal diet (ND) for another 8 weeks. As expected, WD increased body weight
in both strains, but the Pbx1d chimeric mice gained more weight than the B6 chimeric mice (Figure 2A).
WD increased serum triglycerides, total cholesterol, and LDL, as compared with ND, but as for the TC
and single congenic chimeras (Figure 1D), there was no difference between strains (Figure 2, B-D). Also,
as expected, WD induced the development of plaque in the aortic root that was larger than that of mice
fed with ND (Figure 2E). There was no difference in the size of the plaque between the Pbx1d and B6 chi-
mera (Supplemental Figure 1, A and B; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.138274DS1). Scoring on a semiquantitative scale the aortic valve histiocytic
inflammation, perivalvular chronic inflammation or fibrosis, as well as the number of apoptotic cells did
not reveal a difference between the Pbx1d and B6 chimera on WD (Supplemental Figure 1, C and D).
However, a morphometric analysis revealed a thickening of the aortic tunica media of the Pbx1d chimera
in the WD group, which showed higher values than either B6 chimera in the WD group, or Pbx1d chi-
mera in the ND group (Figure 2, E and F). Dyslipidemia expands the tunica intima and media with an
alteration of the elastic fibers, as well as an infiltration of Teff cells (28), which is most likely enhanced by
Pbx1d-expressing T cells. In addition, the plaque in Pbx1d chimeric mice in the WD group showed larger
necrotic cores (Figure 2G and Supplemental Figure 1E), corresponding to an accumulation of necrotic
macrophages as a consequence of high levels of inflammation (29). Neither B6 nor Pbx1d chimeras in
the ND group presented lesions that were advanced enough to develop a necrotic core (data not shown).

The surrounding myocardium of Pbx1d chimeras contained a higher number of infiltrating cells, and
a similar trend was observed in the aorta (Figure 2H). Among these cells, WD expanded monocytes to
a similar extent in B6 and Pbx1d chimeras. However, MHC-II® macrophages were uniquely expanded
in the heart of Pbx1d chimeras in the WD group (Figure 2I). These cells correspond to resident cardiac
macrophages that have the highest capacity for efferocytosis and antigen processing (30). No difference
was observed for circulating inflammatory macrophages (data not shown). The number of CD4* T cells
infiltrating the heart was the highest in Pbx1d chimeras in the WD group, and a similar trend was observed
in the aorta (Figure 2J). Furthermore, the frequency of CD4" T cells expressing high levels of CD25, the
majority of which are likely to be Treg cells, was reduced in the heart and aorta of Pbx1d chimeric mice
regardless of the diet (Figure 2K). The number of CD4*CD25* cells was similar among the groups (Sup-
plemental Figure 1J), but a reduced CD25 expression was observed on the CD4* T cells in the aorta of
dyslipidemic Pbx1d chimeras (Figure 2L), a phenotype that has been reported in Treg cells in lupus and
associated with their dysfunction (31). These results suggest that Pbx1d expression in T cells worsened ath-
erosclerosis in Ldl-KO mice fed with WD. This was associated with an increased cardiovascular infiltrate
and an expansion of resident macrophages and proinflammatory CD4" T cells.
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Figure 2. Pbx1d overexpression in CD4* T cells accelerates atherosclerosis in LdIr-KO mice fed with WD. (A) Body weight
after diet change, expressed as percentage of the original weight. *P < 0.05, **P < 0.01, 2-way ANOVA. Terminal serum
triglycerides (B), total cholesterol (C), and LDL (D). (E) Representative ORO-stained aortic root section in each of the 4
groups. Scale bar: 600 pm. The green outline represents the tunica media quantified in F. (G) Proportion of total lesion
filled by a necrotic core. Each data point represents the mean value for 6 sections per mouse. The results were normalized
to the B6 mean value in each of the 2 cohorts to account for the differences in severity between the cohorts (see Supple-
mental Figure 1E). (H) Number of CD45* cells in heart and aorta. (I) Frequency of monocytes and MHC-II' macrophages in
the CD45* cell infiltrate in the heart. (J) Number of CD4* T cells in the heart and aorta. (K) Frequency of CD25* cells in CD4*
cells in the heart and aorta. (L) MFI of CD25 in the aorta on CD4*CD25* cells. Means + SEM compared with t tests in B, C, D,
and G and 1-way ANOVA with Tukey’s multiple-comparisons testsin F, I, and J. *P < 0.05, **P < 0.01, ***P < 0.001. Each
symbol represents 1 mouse.

Pbx1d expression in CD4* T cells enhances autoimmunity in mice with dyslipidemia. Pbx1d overexpression
in CD4" T cells promotes autoimmune T cell phenotypes (25), and dyslipidemia enhances autoimmune
responses in a mouse model of lupus (6). Therefore, we evaluated whether the autoimmune phenotypes
associated with Pbx1d expression were enhanced by dyslipidemia. WD promoted lymphoid expansion,
but the spleen weight and splenocyte numbers were higher in Pbx1d than B6 chimeric mice in the WD
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group (Figure 3, A and B). A low frequency of old CD4-Pbx1d-Tg (Pbx1d-Tg) mice produced anti-nuclear
antibodies (ANA) and anti-chromatin IgG (24, 25). Here, we show that Pbx1d expression in the T cells of
dyslipidemic chimeric mice promoted not only earlier ANA production (Figure 3C) but also significant
amounts of anti-dsDNA IgG as compared with B6 chimeric mice (Figure 3D). In contrast, the production
of anti-RNA IgG, which is not part of the spontaneous autoimmune repertoire of the NZM2410 model
from which Pbx1d is derived (32), was enhanced by dyslipidemia to the same extent in both Pbx1d and
B6 chimeras (Supplemental Figure 1F). Interestingly, dyslipidemic Pbx1d chimeric mice also showed an
increased production of IgG autoantibodies reactive to heart lysate as well as ApoH (also known as f,-gly-
coprotein) and cardiolipin (Figure 3, E-G), which are associated with thrombophilia in anti-phospholipid
syndrome (33). Anti-heart and -cardiolipin IgG serum levels were also higher in Pbx1d than B6 chimeric
mice in the ND group (Figure 3, E and G), indicating that low levels of dyslipidemia may be sufficient
for Pbx1d-overexpressing T cells to promote the production of anti-cardiovascular autoantibodies. Serum
anti-oxXLDL IgG was, however, similar between chimeric mice in the WD group (Supplemental Figure
1G). Total IgM and IgG were comparable among the groups (Supplemental Figure 1, H and I), suggesting
that the global humoral response was not affected by Pbx1d expressed in the dyslipidemic mice. Finally,
IgG2a immune complex deposits were solely found in the glomeruli of Pbx1d chimeric mice fed with WD
(Figure 3H). Glomerular immune complex deposition is a first step in lupus nephritis (34) that has not
been observed in Pbx1d-Tg mice (our unpublished data). However, this phenotype, which was most likely
the consequence of the increased autoantibody production, was not sufficient to progress to clinical renal
pathology in the Pbx1d chimera in the WD group (data not shown). Taken together, our results suggest that
the interaction between a lupus susceptibility allele, here Pbx1d expression, and dyslipidemia accelerates
autoimmune responses in this model.

Dyslipidemic Pbx1d chimeric mice show systemic dysregulated Teff cell and myeloid responses. Based on the known
phenotypes of Pbx1d-Tg mice in control conditions (25), we focused on the relative frequency of effector
memory (Tem) and naive (Tn) CD4" T cell populations (Figure 4A), as well as Tth and follicular regulatory T
(Tfr) cells (Figure 4B) in the spleen. B6 chimeric mice fed with WD showed a decreased percentage of CD4*
T cells compared with ND, which was not observed in Pbx1d chimeric mice (Figure 4C). T cell activation,
measured with the early activation marker CD69, or with the increased frequency of Tem and decreased fre-
quency of Tn populations, was greatly enhanced by WD treatment but showed no difference between strains
(Figure 4, D-F). On the other hand, WD increased the frequency of Tth cells in Pbx1d but not in B6 chimeric
mice (Figure 4G). Conversely, WD significantly increased the frequency of Tfr cells only in B6 chimeric mice
(Figure 4H). This resulted in a decreased Tfr/Tth ratio in Pbx1d chimeras fed with either diet but with no
difference between diets within a strain (Figure 4I). These results suggest that Pbx1d and not dyslipidemia
is the major driver of the aberrant Tfh response in this model. Finally, Pbx1d chimeric mice fed with WD
exhibited a higher frequency of IFN-y—producing CD4" T cells than their counterparts fed with ND or B6 chi-
meric mice fed with WD (Figure 4J), indicating a synergy between Pbx1d overexpression and dyslipidemia to
produce this inflammatory cytokine that aggravates atherosclerosis (35). No consistent changes in the number
of CD4" T cells in each subset were observed between strains because of the opposing effects of increased
splenocyte numbers and decreased frequency of CD4" T cells in the WD mice (Supplemental Figure 2, A-F).

Contrary to CD4* T cells, neither Pbx1d expression nor dyslipidemia affected splenic B cells (Supple-
mental Figure 3, A and B). Although Pbx1d chimeric mice fed with WD presented the highest frequency
of Tth cells, the frequency and number of germinal center (GC) B cells and plasma cells were similar
among the groups (Supplemental Figure 3, C and D), which parallels their similar amounts of total IgM
and IgG (Supplemental Figure 1, H and I). We next investigated splenic myeloid cells in the chimeric mice
(Supplemental Figure 4A), including macrophages and dendritic cells (DCs), which have recognized roles
in atherosclerosis and have been identified within atherosclerotic lesions (36, 37). WD greatly increased
the side scatter of spleen macrophages and monocytes in both Pbx1d and B6 chimeric mice (Supplemental
Figure 4, B and C). However, the frequency of macrophages was the highest in Pbx1d chimeric mice fed
with WD (Supplemental Figure 4B), while the frequency of monocytes was similar between WD and ND
groups (Supplemental Figure 4C). There was a trend for WD to increase the frequency of conventional
DCs (cDCs), but it was significant only in Pbx1d chimeric mice (Supplemental Figure 4D). Finally, the fre-
quency of plasmacytoid DCs, a critical subset in lupus pathogenesis (38), was similar between WD and ND
groups as well as between strains (Supplemental Figure 4E). Overall, the analysis of the Ldlr-KO chimeric
mice revealed a synergy between Pbx1d overexpression in T cells and a high-fat diet for the expansion of
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Figure 3. Pbx1d overexpression in CD4* T cells enhances autoimmunity in Ld/r-KO mice fed with WD. (A) Spleen
weight and (B) total spleen cell numbers. (C-G) Serum autoantibodies at week 6 on ND or WD. Representative ANA
staining and quantification of MFI (C) and anti-dsDNA (D), anti-heart (E), anti-ApoH (F), and anti-cardiolipin (G) 1gG.
(H) Representative IgG2a staining and MFI quantification in the kidneys of chimeric mice from each of the 4 groups.
Means + SEM compared with 1-way ANOVA with Tukey’s multiple-comparisons tests. *P < 0.05, **P < 0.01, ***P <
0.001. Each symbol represents 1 mouse. Original magnification, x20 (C and H).

the frequency of Tfh cells and IFN-y*CD4* T cells as well as macrophages and ¢cDCs, which are all cell
populations that have been implicated in the pathogenesis of atherosclerosis and SLE.

Dyslipidemia alters Treg cell phenotypes in Pbx1d chimeric mice. Treg dysfunction or the reduced frequency of
Treg cells contributes to the phenotype of mice carrying the Sle/al lupus susceptibility locus, where Pbx! is locat-
ed (20, 21), and Pbx1d overexpression in T cells directly alters the frequency of Treg cells and their induction (25).
To understand the role of Pbx1d in regulating Treg cells during the development of atherosclerosis, we first char-
acterized Treg cells ex vivo in the Ldlr-KO chimeric mice. The frequency of Treg cells was increased by WD as
compared with ND in B6 chimeric mice (Figure 5, A and B), which is consistent with a previous study reporting
an increased number of Treg cells in the liver of B6 mice on WD (39). However, Pbx1d chimeric mice exhibited
a similar frequency of Treg cells in the ND and WD groups, which was lower than the frequency of Treg cells
in B6 chimeric mice in the WD group (Figure 5, A and B). The frequency of CD25 expression on Treg cells was
decreased in the WD group in both strains, but the Pbx1d chimeric mice showed the lowest frequency of CD25*
Treg cells in both WD and ND groups (Figure 5, A and C). The expression of CD62L, another marker associ-
ated with Treg suppressive function (40), was decreased in both WD and ND groups of dyslipidemic chimeric
mice (Figure 5D), while cytotoxic T lymphocyte—associated protein 4 (CTLA-4) expression was decreased on
the Treg cells of Pbx1d chimeric mice in the WD as compared with the ND group (Figure 5E). Finally, CD28
triggers AKT phosphorylation to activate the mTOR pathway and destabilize Foxp3 expression (41). Expression
of p-AKT was increased in Treg cells from Pbx1d chimeric mice to a greater extent than in B6 chimeric mice in
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Figure 4. Pbx1d overexpression in CD4* T cells expands the Tfh and IFN-y*CD4* populations in Ldir-KO mice fed with
WD. Representative CD4*-gated FACS plots showing the CD44-CD62L* Tn and CD44*CD62L" Tem subsets (A), as well

as the CXCR5*PD-1*Bcl6*Foxp3- Tfh and CXCR5*PD-1*Bcl6*Foxp3* Tfr subsets (B) in the spleen of B6 and Pbx1d chimeric
mice fed with ND or WD. Frequency of total splenic CD4* T cells (C); activated CD69*CD4* T cells (D); and Tem (E), Tn (F),
Tfh (G), and Tfr (H) cells and Tfr/Tfh ratio (1). (J) Frequency of IFN-y*CD4* T cells. Means + SEM compared with 1-way
ANOVA with Tukey’s multiple-comparisons tests. *P < 0.05, **P < 0.01, ***P < 0.001. Each symbol represents 1 mouse.

the WD group (Figure 5F). Overall, our results suggest that Pbx1d expression in T cells synergizes with dyslip-
idemia to impair Treg functions, which may promote atherosclerosis in the Pbx1d chimeric mice fed with WD.
Pbx1d overexpression impairs Treg suppressive function and differentiation under dyslipidemic conditions. To direct-
ly test whether dyslipidemia impairs the function of Pbx1d-overexpressing Treg cells, we assessed whether
cholesterol affects their ability to suppress CD4* T cell proliferation in vitro (Figure 6A). Cholesterol-meth-
yl-B-cyclodextrin (CD-CHO) and sodium cholesteryl sulfate (CS) were used to simulate the dyslipidemia envi-
ronment. CD-CHO complexes are the most efficient manner to load cholesterol into cells in vitro (42), but it
has not been used in T cells. CS activates AMPK and inhibits TCR signaling in T cells (43), which may inter-
fere with data interpretation. Without added cholesterol, Teff cells showed a higher proliferation index in the
presence of Pbx1d Treg cells, supporting that Pbx1d overexpression impaired Treg suppressive function (Fig-
ure 6, B-D). CD-CHO in vitro treatment dramatically reduced the suppressive function of Treg cells in both
strains but to a greater extent in the Treg cells from Pbx1d-Tg mice (Figure 6C). Similar results were obtained
with CS, although it was less dramatic than with CD-CHO (Figure 6D). In addition, the pretreatment with
CD-CHO or, to a lesser extent, with CS reduced CD25 expression on Treg cells (Figure 6, E and F), in agree-
ment with their lower suppressive capacity. Finally, we tested whether excess cholesterol impairs CD4* T cell
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Figure 5. Pbx1d overexpression in CD4* T cells alters Treg cell phenotypes in Ldlr-KO mice fed with WD. (A) Represen-
tative CD4*-gated FACS plots showing CD4*Foxp3* Treg cells and CD4* Foxp3*-gated FACS plots showing CD25" expres-
sion. Frequency of CD4* Treg cells (B), CD25* in Treg cells (C), and CD62L* in Treg cells (D). (E and F) AMFI of cytotoxic

T lymphocyte-associated protein 4 (CTLA-4) and phosphorylated AKT (p-AKT) Ser473 expression in CD4*Foxp3* Treg
cells. Means + SEM compared with 1-way ANOVA with Tukey’s multiple-comparisons tests. *P < 0.05, **P < 0.01, ***P
< 0.001. Each symbol represents 1 mouse.

polarization. CD-CHO and CS did not alter Th1 or Th17 differentiation (data not shown). CD-CHO inhib-
ited Treg cell differentiation in both B6 and Pbx1d-Tg mice (Figure 6G), while CS had no effect (Figure 6H).
Overall, these results suggest that high levels of cholesterol impair Treg cell differentiation and their function,
the latter with a potentially greater impact in Pbx1d-expressing Treg cells.

Cholesterol blocks Tfh cell differentiation and IL-21 production in vitro. Because Pbx1d chimeric mice fed with
‘WD exhibited an increased frequency of Tth cells, we next investigated directly the effect of dyslipidemia on the
expansion of Tfh cells in vitro. We used B6-IL-21""* and CD4-Pbx1d-Tg-IL-21"F* reporter mice because IL-21
is uniquely expressed by Tth cells (44). We evaluated the expansion of Tth cells from total CD4* T cells under
in vitro Tth differentiation conditions, with a ThO condition in which cells were stimulated in the absence of
the cytokine cocktail as a control. A greater expansion (Figure 7, A-C) and IL-21 production (Figure 7, D-H)
were obtained from Pbx1d-expressing T cells, which validated the assay. However, Tth cell expansion measured
with either Tth markers or IL-21 production was inhibited by CD-CHO or CS in both strains (Figure 7, A—H).
Finally, we assessed the effect of cholesterol on the maintenance of sorted CD4*IL-21"CD44" T cells stimulated
with anti-CD3 and anti-CD28 Abs for 24 hours. In these conditions, the maintenance of IL-21 expression was
impaired by CS but not by CD-CHO (Figure 7, I and J). Taken together, our results suggest that high levels of
native cholesterol block Tth cell differentiation and the maintenance of IL-21 production in vitro.

Discussion

Cardiovascular disease (CVD) is a leading comorbidity in patients with SLE, with which it shares common
pathways of immune activation. Although the mechanisms responsible for the development of SLE are still
largely elusive, it is important to better understand the regulatory mechanisms that bridge the 2 disease man-
ifestations. Previous studies from our group (7, 8, 13), as well as by others (45), have shown that the genetic
susceptibility that leads to the spontaneous development of lupus in mice also aggravates the development of
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Figure 6. Cholesterol impairs Treg function in vitro. (A) Suppression assay experimental design. (B) Representative
CD4+CD45.1*-gated FACS histograms showing the percentage of proliferating Teff cells with decreasing Treg/Teff ratios.
Teff proliferation index in the presence of B6 or Pbx1d-Tg Treg cells pretreated with CD-CHO (C) or CS (D). Mean + SEM
of N = 3-4 per group compared with 2-way ANOVA; **P < 0.01, ***P < 0.001. (E and F) CD25 MFI in Treg cells from B6
and Pbx1d-Tg mice after treatment with vehicle, CD-CHO, or CS for 4 hours. (G and H) Frequency of Foxp3* Treg cells
polarized from naive CD4* T cells in the presence of CD-CHO or CS as compared with vehicle control after 4 days. Paired
t tests; *P < 0.05, **P < 0.01. Each symbol represents 1 mouse.

atherosclerosis in dyslipidemic conditions. Using the TC mouse model of lupus, it was determined that CD4*
T cells are responsible for the atherosclerotic effect (8). The TC mouse has been extensively used, including to
map the genetic loci responsible for lupus endophenotypes, such as the production of autoreactive inflammato-
ry CD4" T cells (46). The first goal of this study was to map, using single congenic strains that we have devel-
oped, the genetic loci responsible for the atherosclerotic effect of the immune cells from TC mice. We focused
on the Slel locus, which is responsible for the intrinsic autoimmune activation of CD4* T cells (18, 20). Using
a BM transfer model into Ldi-KO mice fed with a high-fat diet, we showed that immune cells expressing Slel
enhanced atherosclerotic lesions similar to TC, and increased numbers of CD4* T cells were found in lesions
of both groups. Among the Sle! subloci, we selected the Pbx1d dominant negative allele, whose expression in T
cells impairs Treg cell homeostasis and promotes Tth cell differentiation (25), 2 T cell phenotypes that contrib-
ute to the pathogenesis of both lupus and atherosclerosis. Using the same BM chimera model, we showed that
Pbx1d overexpression in T cells aggravated the expression of inflammatory phenotypes, of increased leukocyte
infiltrates in cardiovascular tissues, of thickening of the arterial wall, and of larger necrotic cores within the
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Figure 7. Cholesterol reduces Tfh cell expansion in vitro. (A) Representative CD4*-gated FACS plots showing the
percentage of CD4*CXCR5*PD-1* Tfh cells differentiated in vitro from CD4* T cells purified from B6-IL-21V and Pbx1d-
Tg-1L-21V"" mice in the presence of vehicle, CD-CHO, or CS. (B and C) Frequency of Tfh cells corresponding to the assay
shown in A. (D) Representative CD4+*-gated FACS plots showing the percentage of IL-21°CD4* T cells differentiated

in vitro from B6-1L-21VF" and Pbx1d-Tg-IL-21V%* CD4* T cells in the presence of vehicle, CD-CHO, or CS. Frequency of
IL-21* in CD4* T cells (E and F) and IL-21 MFI (G and H). (I and J) Percentage of IL-21* cells remaining in CD4*CD44*IL-21*
cells isolated from B6-1L-21F" and Pbx1d-Tg-I1L-21""" mice after 24 hours’ stimulation with anti-CD3 and anti-CD28
antibodies in the presence of vehicle, CD-CHO, or CS. Paired t tests; *P < 0.05, **P < 0.01, unpaired t test; *P < 0.05,
##P < 0.01. Each symbol represents 1 mouse.

lesions, which have been associated with the severity of atherosclerotic lesions. Moreover, Pbx1d overexpres-
sion in CD4* T cells promoted autoimmune T cell phenotypes in dyslipidemic mice. This was associated with
expansion of numbers of Tfh cells as well as altered expression of Treg markers associated with suppressive
function. High levels of cholesterol impaired the differentiation and suppressive function of Treg cells from
either Pbx1d-Tg mice or B6 controls in vitro. In vitro assays, however, did not support that high cholesterol
promotes the expansion or the maintenance of Tth cells. This might be explained by the fact that Treg cells
have a wide distribution within lymphoid tissue (47), where they may directly encounter cholesterol, while
pre-Tth and Tth cells are mostly in the B cell zone or deep within GCs, respectively. Moreover, the increased
frequency of Tth cells in dyslipidemic Pbx1d chimeric mice may reflect that exposure to oxidized lipids rather
than native cholesterol skews T cell effector functions. The specific contribution of Treg and Tth cells will need
to be addressed directly in Ld/-KO chimeras with Pbx1d expression specific to each of these 2 subsets.
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Overall, this study suggests that a single lupus susceptibility gene enhances both autoimmune and ath-
erosclerotic pathogenesis through impaired Treg cell functions.

Immune cells participate decisively in all stages of atherosclerosis. Among them, T lymphocytes are
influenced by inflammatory signals and contribute to the onset and progression of atherosclerosis. Tth cells
have been recently scrutinized in autoimmune diseases and CVD. Tth cells are found in large numbers in
lupus-prone mice (48) and in the peripheral blood of patients with lupus, with a correlation with disease
activity (49). Tth cells promote atherosclerosis in mice, with dyslipidemia inducing Tth differentiation from
unstable “ex-Treg” cells (50) or through IL-27 produced by DCs (6). A direct contribution of Tfh cells to
atherosclerosis is shown by the reduced disease severity induced by Bcl6-deficient CD4* T cells (50). On the
other hand, transferring BM from lupus-prone mice into dyslipidemic mice not only increased the severity
of atherosclerotic lesions but also enhanced their Tth and GC responses (6), again suggesting synergy
between SLE and CVD through the adaptive immune system. Here, we also found an increased frequency
of Tth cells in the Pbx1d chimeric mice fed with a high-fat diet as compared with either B6 chimeric mice
on the same high-fat diet or Pbx1d chimeric mice on a control diet. This expansion of the Tfh subset was
associated with increased autoantibody production and renal immune complex deposition. At steady state,
however, Pbx1d is not sufficient to expand the number of Tth cells and has only a modest autoimmune
effect in aged mice (25). These results indicate that a gene/environment interaction between Pbx1d and
dyslipidemia enhances the Tfh response in this BM chimeric Ldlr-KO model. We were not able to show
in vitro that cholesterol favors Tth cell differentiation or maintenance. This may reflect the complex mul-
ticellular environment that is involved in the process and that may not have been reproduced in the assay.
Cholesterol may not act directly on Tth cells but on DCs or GC B cells. Alternatively, cholesterol may not
be the metabolite that alters Tth cell fate in dyslipidemic mice.

In the context of cholesterol homeostasis, Treg cells have opposite functions to other T cell subsets (51).
Treg cells are functionally impaired in both mice and humans with coronary artery disease, although their
numbers initially increase in early lesions, then decrease over time with disease progression (10, 52). Treg
cells also inhibit endothelial cell activation, lymphocyte infiltration, foam cell formation, and inflammatory
macrophage differentiation (51, 53). Treg cell deficiency increases the atherosclerotic lesions in Ld/»-KO mice
(11). Moreover, transferring BM from Treg-depleted mice increases plasma cholesterol levels in Ldlr-KO
mice (9), indicating an atheroprotective role of Treg cells. In addition, intracellular cholesterol homeostasis
affects Treg cell development, and limiting cholesterol efflux by deleting ATP-binding cassette transporter
G1 increased Treg cell differentiation (54). In this study, we observed an increased frequency of splenic
Treg cells in chimeric mice on WD, likely in response to inflammation. The Pbx1d chimeric mice fed with
high fat showed, however, a lower frequency of Treg cells, and their expression of most Treg cell functional
markers was impaired. Similar results were observed in the aorta, which corresponded to a higher number
of CD4" T cell infiltrates in the surrounding myocardium. This indicated that Pbx1d affects both Treg cell
frequency and function in this model. In vitro, cholesterol impaired both Treg differentiation and suppressive
function. Taken together, our findings indicate again a gene/environment interaction between Pbx1d and
dyslipidemia that impaired Treg cells and consequently promoted both atherosclerosis and autoimmunity.

Innate cells also participate in the development of atherosclerosis. Dysregulation of macrophage
and monocyte phenotypes is a major driver of atherosclerosis, in which macrophages and monocytes are
exposed to inflammatory cytokines, oxidized lipids, and cholesterol crystals (55). We observed increased
frequency and number of splenic macrophages in the Pbx1d chimeric mice fed with a high-fat diet. In the
cardiovascular tissues, similar numbers of innate immune cells were observed in Pbx1d and B6 chimeric
mice fed with a high-fat diet. However, we observed that the combination of Pbx1d expression in T cells
and dyslipidemia expanded the population of MHC-II* macrophages, which have been described as car-
diac-resident macrophages that are uniquely proficient at processing dead cardiomyocytes (30). Future
studies are required to determine whether this phenotype is a mere consequence of increased tissue injury,
including necrotic cores, or whether Pbx1d-overexpressing T cells in a dyslipidemic milieu directly promote
the expansion of these cells, which in turn contribute to tissue injury. We did not find any difference in B
cell phenotypes, either in the spleen or in cardiovascular tissue. Overall, these results show that autoim-
mune CD4" T cells are a major contributor to lupus atherosclerosis, at least in the model we used.

In conclusion, we provide evidence for the first time to our knowledge that a lupus susceptibility allele,
Pbx1d, overexpressed in CD4" T cells enhances phenotypes associated with atherosclerosis severity and that
dyslipidemia enhances the autoimmune phenotypes this allele induces. Furthermore, we show that interaction
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between Pbx1d expression and dyslipidemia altered Treg cell differentiation and functions. These findings pro-
vide a genetic and functional link that may bridge autoimmune disease and CVD.

Methods

Mice. C57BL/6J (B6), B6.SJL-Prprc*Pepc®/BoyJ (B6.SJL), B6-Foxp3Y*Ce and B6.129S7-Ldlr™Her/J (Ldlr-
KO) mice were originally bought from the Jackson Laboratory. TC, B6.Sle/, and B6.S/e3 mice have been
previously described (12, 56). CD4-Pbx1d-Tg (Pbx1d-Tg) mice were generated at the University of Florida
(UF) transgenic core as previously described (25). Pbx1d-Tg mice were bred with B6.Foxp3Yf*“" mice to
generate the Treg cell reporter strain, Pbx1d-Tg.Foxp3Y™Ce. For in vitro Tth experiments, Pbx1d-Tg mice
were bred with B6.IL-21VF mice (57) to generate the IL-21 reporter strain, Pbx1d-Tg.IL-21VFF,

BM chimeras. Briefly, BM cells were isolated from 2-month-old donor mice. After T cells were depleted
with anti-CD5 microbeads (Miltenyi Biotec), BM cells were i.v. injected into 3-month-old Ld/»-KO recip-
ient mice that were irradiated with 2 doses of 4.25-4.50 Gy, 4 hours apart, before they received 107 BM
cells from either donor. After BM transfer, Ldl-KO mice were treated with antibiotics (Baytril, Bayer) for
10 days. After 6 or 16 weeks of reconstitution, chimeric Ldl»-KO mice were fed a WD (Envigo TD.88137,
42% calories from fat) or ND (Envigo 7912) for another 8 weeks before sacrifice. Mice were fasted for 4
hours before serum was collected after the diet change every other week. Each Vanderbilt University (VU)
and UF BM chimera experiment was performed on 2 independent cohorts. In the VU experiment, all mice
were fed a WD. The UF experiment was performed with 4 groups: Pbx1d-Tg.Foxp3Y™¢ WD or ND and
B6.Foxp3YF*¢ WD or ND, according to the BM donor strain of origin and the diet.

Histology. The presence of IgG2a/C3 immune complex in the glomeruli was detected in frozen kidney sec-
tions with fluorescently tagged anti-IgG2a and anti-C3 Abs, as previously reported (58), and quantitated with
ImageJ (NIH). Atherosclerosis in the aortic sinus was quantified as previously described (7). Briefly, 6 consec-
utive 10-um sections were stained for 4 hours at room temperature with ORO. Lipid staining area and necrotic
cores were quantified with Aperio (Leica Biosystems). CD4" T cells were quantified in aortic sinus by staining
5-um sections serial sections with biotin-conjugated rat anti-CD4 mAb (clone RM4-5, BD Biosciences) and
Texas red—conjugated streptavidin (Vector Laboratories). Numbers of CD4* T cells and total cells in lesions
were counted. Data were expressed as CD4" T cells as a percentage of total cells in lesions. Pathology was
scored semiquantitatively on a 0-3 scale for 4 parameters on H&E sections: aortic valve histiocytic inflamma-
tion, perivalvular chronic inflammation, apoptotic cells, and perivalvular fibrosis, which were totaled to obtain
a single score per study subject. All histology assessments were performed in a blinded fashion.

ELISA. Anti-heart IgG was detected on Immulon 2 HB plates (Thermo Fisher Scientific) precoated
with 1 pg/mL rat heart lysate (Novus Biologicals) in PBS, washed, and blocked with 0.1% gelatin and
3% BSA in 3 mM EDTA. Serum was diluted at 1:50 in dilution buffer (0.1% gelatin, 2% BSA, 3 mM
EDTA, and 0.05% Tween-20) and incubated at 37°C for 1 hour. Goat anti-mouse IgG—alkaline phospha-
tase (AP308A, MilliporeSigma) was used as a secondary Ab at a 1:1000 dilution. Alkaline phosphatase
activity was detected with para-nitrophenyl phosphate substrate in 0.025 M bicarbonate buffer with 1 M
MgCl, as previously described (59). The same ELISA protocol was used with 1 pug/mL recombinant f3,
glycoprotein/ ApoH (R&D Systems, Bio-Techne) to detect anti-phospholipid (anti-ApoH) IgG, with 30 pg/
mL RNA isolated from mouse splenocytes to detect anti-RNA IgG and with 75 ng/mL cardiolipin (Milli-
poreSigma) in ethanol for anti-cardiolipin IgG ELISA as previously described (60). Anti-dssDNA IgG was
detected as previously described with sera diluted 1:100 (61). For ANA detection, serum was diluted 1:40
and used for indirect immunostaining of Hep-2 slides (Bio-Rad) with Alexa Fluor 488—conjugated goat
anti-mouse IgG (BD Biosciences). Slides were fixed with Fluoromount (MilliporeSigma), and fluorescence
intensity was quantified with the ImageJ software. For anti-oxLDL IgG ELISA, MaxiSorp plates (Nunc)
were coated with 10 uM oxLDL (MilliporeSigma) at 4°C overnight. Briefly, plates were washed in PBS
containing 0.05% Tween, then blocked in 1% BSA/PBS (Thermo Fisher Scientific) at room temperature
for 2 hours. Plates were then washed in PBS-Tween, and serum samples diluted in 1% BSA/PBS were
incubated for 2 hours at room temperature. Anti-mouse IgG-HRP or IgM-HRP (1:5000) (Promega) was
added to the wells and incubated overnight at 4°C. Plates were washed and OptEIA TMB substrate (BD
Biosciences) was added. Plates were developed for 10 minutes prior to quenching with 2 M HCl and read
at 450 nM as previously described (62). Triglycerides and cholesterol were measured using a commercially
available kit (Raichem), and LDL and HDL were measured by HDL and LDL/VLDL Quantitation Kit
(MilliporeSigma). All the protocols followed manufacturers’ instructions.
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Flow cytometry. Single-cell suspensions were prepared using standard procedures from spleens. Cells were
stained in FACS staining buffer (2.5% FBS, 0.05% sodium azide in PBS). Fluorochrome-conjugated Abs are as
follows: B220 (RA3-6B2), Bcl-6 (K112-91), CD3e (145-2C11), CD45.1 (A-20), CD62L (MEL-14), CD95 (Jo2),
CXCRS5 (2G8), IgD (217-170), and Ly6C (AL-21) were purchased from BD Biosciences. CD4 (RM4-5), CD138
(281-2), CTLA-4 (UC10-4B9), and IFN-y (XMG1.2) were purchased from BioLegend. CD4 (GK1.5), CD44
(IM7), CD25 (PC61.5), CD69 (H1.2F3), Foxp3 (FJK-16S), GL-7 (GL-7), GITR (DTA-1), p-AKT (SDRNR),
PD-1 (RMP1-30), and PDCA-1 (eBi0927) were purchased from eBioscience, Thermo Fisher Scientific. CD11b
(M1/70) and CD11c¢ (HL3) were purchased from STEMCELL Technologies. F4/80 (BMS8) was purchased from
Santa Cruz Biotechnology. MHCII (M5/114.15.2) was purchased from Miltenyi Biotec. Follicular T cells were
stained in a 3-step process using purified anti-CXCR5 mAb (2G8), followed with biotinylated anti-rat IgG (112-
065-167, Jackson ImmunoResearch) and PerCP-Cy5.5 streptavidin (551419, BD Biosciences) in FACS on ice. All
dead cells were excluded with fixable viability dye (eFluor780; Thermo Fisher Scientific). Intracellular staining
was performed with a fixation/permeabilization kit (eBioscience, Thermo Fisher Scientific). For cytokine detec-
tion, splenocytes were stimulated with Leukocyte Activation Cocktail (BD Biosciences) for 4 hours. Aortas were
processed for FACS analysis as previously described with modifications (63). Briefly, after heart perfusion, the
whole aorta and bottom half of the heart (the upper half being used for histology) were cut into small pieces with
fine scissors in 1 mL digestion buffer containing collagenase A (1 mg/mL), collagenase B (1 mg/mL) and DNase
1100 pg/mL (all from MilliporeSigma) in RPMI 1640 supplemented with 5% FBS. Samples were incubated at
37°C under continuous rotation for 30 minutes. The digestion was stopped by adding 5 times the volume of cold
RPMI with 5% FBS, and then samples were filtered through a 40-um strainer. Cells were washed and resuspend-
ed in FACS staining buffer for counting and staining. All samples were acquired on an LSRFortessa flow cytome-
ter (BD Biosciences) and analyzed with FlowJo software (Tree Star) as previously described (64).

Treg cell suppression assay. CD45.1" CD4"CD25- Teff cells were isolated with the CD4*CD25* T cell
isolation kit (Miltenyi Biotec) from B6.SJL congenic mice and labeled with Cell Trace Violet (CTV)
(Life Technologies, Thermo Fisher Scientific). DCs were isolated from B6 mice with anti-CD1l1c
microbeads. CD4*CD25* Treg cells were isolated from B6.Foxp3Yf ¢ and Pbx1d-Tg.Foxp3Yf*c mice
and pretreated with PBS, 100 uM CD-CHO (MilliporeSigma), or 50 uM CS (MilliporeSigma) in com-
plete RPMI (cRPMI) medium for 4 hours. Treg cells were washed and incubated with Teff cells (6.6 X
10%) at a 1:1 to 1:4 ratio in the presence of DCs (10* cells) and soluble anti-CD3e Ab (1 ug/mL) for 3
days. The proliferation of CD45.1*CD4*CD25" Teff cells was determined by dilution of CTV, and the
proliferation index was calculated with FlowJo software.

Treg and Tfh cell differentiation. CD4*CD25™ T cells were isolated from B6.Foxp3Yf* and Pbx1d-Tg.
Foxp3YfCr mice. The ThO condition corresponds to a stimulation with precoated 2 ug/mL anti-CD3 (145-
2C11, BD Biosciences) and soluble 1 pg/mL anti-CD28 Ab (37.51, BD Biosciences). The Treg polarizing
conditions were as follows: 10° CD4*CD25- T cells were incubated in ThO condition in addition to 3 ng/
mL TGF-f (PeproTech), 50 ng/mL IL-2 (R&D Systems, Bio-Techne) and 10 pg/mL anti-IFN-y (XMG1.2,
Bio X Cell) and anti-IL-4 (11B11, Bio X Cell) Abs in cRPMI medium for 4 days (64). For Tth cell differen-
tiation, 1 x 10° CD4* T cells isolated from B6.IL-21VF and Pbx1d-Tg.IL-21V"" mice incubated in ThO con-
dition plus 100 ng/mL IL-6 (BioLegend); 50 ng/mL IL-21 (PeproTech); 10 ng/mL anti-IL-2 (JES6-1A12,
BioLegend), anti-IFN-y, and anti-IL-4; and 5 png/mL anti-TGF-p (1D11, R&D Systems, Bio-Techne) Abs
in cRPMI medium for 3 days (65). In some samples for all 3 conditions, 100 pM CD-CHO or 50 uM CS
was added to the polarizing media.

Statistics. Statistical analyses were performed with GraphPad Prism 8.0 software. Differences between
groups were evaluated by 1-way/2-way ANOVA with Tukey’s multiple-comparisons tests, or unpaired or
paired ¢ tests, as indicated in the text. All tests were 2 tailed. The results are expressed as means + SEM. The
levels of statistical significance were set at *P < 0.05, **P < 0.01, and ***P < 0.001.

Study approval. All experiments were conducted according to protocols approved by VU and UF Insti-
tutional Animal Care and Use Committees.
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