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CHAPTER 1 

Introduction 

Portions of this chapter were adapted from the following manuscript published in 

Current Opinion in Rheumatology and used with permission: 

Appleton BD, Major AS. The latest in systemic lupus erythematosus-accelerated 

atherosclerosis: related mechanisms inform assessment and therapy. Current Opinion 

in Rheumatology. 2021;33(2):211–218. 

 

Atherosclerosis as an Inflammatory Disease 

Cardiovascular disease (CVD) is the leading cause of death in the United States, 

accounting for approximately one million fatalities annually according to the American 

Heart Association1. Moreover, the most recent available data from the World Health 

Organization identified clinical manifestations of CVD, ischemic heart disease and 

stroke, as the top two causes of mortality worldwide2. Atherosclerosis, one of the most 

common forms of CVD, is characterized by thickening of the artery walls and is a 

precursor to these clinical events. Therefore, the need for a better understanding of the 

mechanisms contributing to atherosclerosis is great. 

It is known that hyperlipidemia is a critical driver of atherosclerosis development. 

The concentrations of cholesterol-transporting low-density lipoproteins (LDL) and 

triglyceride-rich lipoproteins far exceed what is physiologically necessary in most 

modern humans, and both their concentration and duration of exposure are positively 

correlated with disease development3–8. Patients with familial hypercholesterolemia 

have chronically elevated LDL and develop premature atherosclerosis9,10. Conversely, 
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individuals with loss-of-function nonsense mutations in proprotein convertase 

subtilisin/kexin type 9 (PCSK9), a protein that increases LDL titers by causing 

degradation of LDL receptor, have less circulating LDL and significantly reduced 

frequency of cardiovascular events11. However. LDL directly contributes to the disease 

process as retention within the intima has been identified as an initiating step in 

atherosclerosis12 (Figure 1.1). Therefore, the relationship between lipid levels and 

atherosclerosis is not just correlative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the significant role lipids and lipoproteins play in the development of 

atherosclerosis, multiple lines of evidence indicate the immune system is a critical 

 
Figure 1.1. Initiation of atherosclerotic inflammation. LDL retention and oxidation 
within the intima drives monocyte recruitment leading to macrophage differentiation 
and foam cell formation after lipid loading. From (370). Copyright © Gisterå and 
Hansson. Nature Reviews Nephrology. Volume 13. 2017. Used with permission.      
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mediator as well. In the 1980s, the inflammation-responsive pentraxin C-reactive protein 

was shown to be elevated in the plasma of myocardial infarction patients compared to 

subjects with exercise-induced angina13, and was later identified as an independent risk 

factor for atherosclerosis14,15. Additionally, immune cells are present at sites of likely 

plaque development (e.g., aortic intima and fatty streaks) in children and young adults16, 

indicating these cells are involved even in early stages of the disease process before 

formation of a mature plaque. Furthermore, many of the well-known risk factors for 

atherosclerosis like hypertension and type II diabetes involve activation of immune 

pathways17–19. Interestingly, accelerated atherosclerosis is a common co-morbidity of 

many autoimmune diseases like systemic lupus erythematosus (SLE), rheumatoid 

arthritis (RA), and type I diabetes20(reviewed in 21). In fact, it is estimated that women 

with SLE between the ages of 35 and 44 have a 50-fold increased risk of myocardial 

infarction compared with age- and gender-matched controls22. Even excluding pre-

menopausal women who are typically protected from CVD23, post-menopausal women 

with SLE are still five times more likely to develop atherosclerosis than healthy, age-

matched controls24. Statin therapy, which significantly reduces LDL cholesterol levels25, 

has been shown to provide less cardiovascular protection in SLE patients compared to 

the general population26, suggesting that SLE-accelerated atherosclerosis is not entirely 

lipid dependent and has a significant immune component. Reflecting this, work from our 

lab has shown that atherosclerosis-susceptible mice have worsened disease with 

hematopoietic cells derived from a mouse model of SLE, even in the absence of high fat 

diet27,28. Collectively, these studies show atherosclerosis is truly a chronic disease of 

sterile inflammation. 
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Atherosclerosis Disease Progression 

Initiation of atherosclerosis is generally thought to involve the retention of LDL in 

the intima where it becomes oxidized (oxLDL) through interaction with myeloperoxidase, 

lipoxygenase, and reactive oxygen species (ROS) present in the subendothelial 

space12,29. This modified lipoprotein induces the expression of adhesion molecules on 

endothelial cells causing recruitment of monocytes into the intima30–32. Monocytes then 

differentiate into macrophages that bind and internalize oxLDL through scavenger 

receptors31,33. Due to the high concentration of oxLDL in the environment, these 

macrophages become lipid-laden foam cells which tend to be stationary and are the 

basis of early fatty streaks that later develop into full lesions33,34 (Figure 1.1). These 

plaque-resident macrophages proliferate, creating a positive feedback loop of increased 

foam cell accumulation and additional inflammatory cell recruitment35.   

 As plaque progress, smooth muscle cells (SMCs) invade the lesion, secreting 

extracellular matrix (ECM) proteins that begin to form a fibrous cap on the plaque as 

well as ingesting lipid and contributing to the foam cell population36,37. Dendritic cells 

(DCs) activated in the lesion take up plaque-derived antigens and migrate to aorta 

draining lymph nodes (adLNs), or sometimes tertiary lymphoid organs that develop in 

the adventitia, where they activate naive T cells38–41. Activated T cells may migrate to 

the lesion to contribute directly to the inflammatory microenvironment42,43 or provide 

help to B cells that will produce antibodies against plaque-specific epitopes like 

oxLDL44–47(Figure 1.2).  The presence of high oxLDL-specific IgM titers also suggests a 

T cell-independent B cell response48.  
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In advanced stages, atherosclerotic plaques will consist of a necrotic core made 

up of dead foam cells and SMCs that were unable to be cleared by efferocytosis49,50. 

Stable plaques will have a thick fibrous cap containing mature collagen51 and may begin 

to significantly encroach on the vessel lumen, thereby limiting blood flow and increasing 

the risk of ischemia. However, vulnerable plaques are generally characterized by a 

thinner cap, large necrotic cores, and increased inflammation52. The rupture of 

vulnerable plaques leads to thrombi and resulting myocardial infarction or stroke. 

Overall, plaque ruptures account for about 70% of acute coronary events53. 

Interestingly, plaques in patients with SLE tend to be smaller than those in without SLE, 

but they are more prone for rupture which may contribute to those patients’ accelerated 

disease. Therefore, plaque stability may be even more critical than lesion size in terms 

to overall health outcome. 

 

 

 

Macrophages in Atherosclerosis  

Macrophages are known to be critical to the development of atherosclerosis with 

early studies demonstrating that mice lacking macrophage colony stimulating factor are 

protected from disease54. Inflammatory macrophages derived from monocytes are one 

of the main populations involved in atherogenesis and are not found in non-diseased 

vessels. These cells are characterized by increased expression of major 

 
Figure 1.2. Progression of atherosclerotic inflammation. Antigen presenting cells 
(APCs) present plaque-derived antigens to activate T and B cells in aorta draining 
lymph nodes or tertiary lymphoid structures. From (373). Copyright © Gisterå and 
Hansson. Nature Reviews Nephrology. Volume 13. 2017. Used with permission.      
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histocompatibility complex (MHC) class II molecules, activating Fc gamma receptor 

(FcgR) I, co-stimulatory molecules CD80 and CD86, nitric oxide synthase 2, and 

proinflammatory cytokines interleukin (IL)-6, tumor necrosis factor (TNF), and IL-1b55,56. 

Another proinflammatory, atherosclerosis-specific subset known as type I interferon-

inducible macrophages also arise from monocytes and have, as the name suggests, 

increased expression of interferon-inducible genes55,57–59. Together these 

proinflammatory populations aid plaque progression. The lipid-filled foam cells which 

accumulate in the developing lesions can be defined by triggering receptor expressed 

on myeloid cells 2 (TREM2)55. Counter to some earlier hypotheses about these foam 

cells, TREM2+ macrophages have low expression of inflammatory genes and appear to 

have an inflammation resolving function59,60. These data were mostly obtained using 

mouse models, however, transcriptomic studies from human carotid endarterectomy 

samples suggest similar macrophage populations are present in atherosclerosis 

patients61. 

 

Dendritic Cells in Atherosclerosis  

There are many different populations of DCs that contribute to atherosclerosis 

development primarily through modulation of T cell responses. DCs are found in the 

intimal layer of healthy vessels and under those conditions are thought to induce T cell 

tolerance by presenting self-antigen without co-stimulation62,63. However, during disease 

progression DC numbers are greatly increased, they are activated by the local 

atherosclerotic antigens via Toll-like receptors (TLRs) and have altered phenotypes that 

promote T cell activation and proinflammatory changes63–66. The CD11c+ CD11b+ CD8a- 
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CCL17- subset is unique to atherosclerotic lesions and is thought to promote 

inflammation by inhibiting regulatory T cell (Treg) development66. C-type lectin domain 

family 9 member A (CLEC9A)+ CD8a+ DCs promote atherosclerosis through reduced 

IL-10 production67, while CD11b- CD103+ IRF8hi DCs derived from a CLEC9A+ 

precursor directly drive proinflammatory T cell activation68. However, not all DC subsets 

are proatherogenic. Some CD103+ DCs have been shown to be atheroprotective 

through their promotion of Tregs63. In addition to conventional DC (cDC) populations, 

plasmacytoid DCs (pDCs) have also been detected in mouse and human arteries, 

though in low numbers (reviewed in 69). The role of pDCs in the lesion is unclear with 

some reports claiming they promote atherosclerosis by enhancing inflammatory T cell 

responses70, and others reporting they induce Tregs through the production of 

indoleamine 2,3-dioxygenase71,72. Overall, DCs are important modulators of 

atherosclerosis, but their role in the disease is nuanced.   

 

Additional Innate Immunity in Atherosclerosis  

Other innate populations that make up a small proportion of the lesion infiltrate 

include mast cells, neutrophils, natural killer (NK) cells, and natural killer T (NKT) cells. 

Mast cells secrete ECM-degrading cytokines and are regularly found at the site of 

plaque rupture73, suggesting they contribute to plaque instability. Evidence from mouse 

models suggests that neutrophils populate the lesion early in development but are 

missing from later stages of disease74. Antibody depletion and adoptive transfer 

experiments indicate NK cells are atherogenic, but these findings have not been 

supported by more precise genetic knock out models making their ultimate impact 
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unclear75–77. Studies indicate that the effect of NKT cells is dependent upon the 

cytokines that they produce78,79. Findings from our lab have shown a major 

subpopulation of NKT cells, termed invariant NKT cells, become intrinsically 

dysfunctional during atherosclerosis-associated dyslipidemia80. Little work has been 

done to characterize the role of innate lymphoid cells (ILCs) in atherosclerosis. Due to 

the transcriptional and cytokine overlap with CD4+ T helper subsets, ILCs have been 

difficult to interrogate with specificity. However, a recent study showed Type-2 ILCs are 

atheroprotective through their production of IL-5 and IL-1381. Collectively, innate 

immune cells are critical modulators of atherosclerosis. 

 

B Cells in Atherosclerosis  

The overall contribution of the adaptive immune system seems to be atherogenic 

as atherosclerosis-susceptible Apoe-/- mice lacking mature T and B cells have reduced 

disease compared to controls82, however, the effect of individual adaptive subsets is 

more complex. B cells are a rarer population in plaques, but they still play a role in 

atherosclerosis. They are generally divided into two distinct subtypes: B1 B cells which 

are fetal derived, long-lived, producers of natural antibodies, and B2 B cells that make 

up the majority of B cells and are activated in secondary lymphoid organs to produce 

class-switched antibodies (reviewed in 83). B cells were initially thought to be 

protective84,85, but later work demonstrated some B2 B cells and IgG antibodies are 

proatherogenic86–88. Work from our lab and others have shown oxLDL-specific IgG 

antibodies form immune complexes with antigen (oxLDL-ICs) and induce 

proinflammatory changes in macrophages and DCs89–91. Given this, it is likely the 
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protective effects from B cells are mediated by B1 B cells producing natural, germline-

encoded antibodies as well as IgM isotypes produced prior to B cell class switching48,92. 

More recently, a proatherogenic role for IgE has been described in patients, likely due to 

IgE-dependent activation of mast cells and macrophages93. However, B cell effector 

functions in atherosclerosis are not mediated entirely through antibody production. B 

cells have also been shown to directly modulate IL-17 and IFN-g production from T cells, 

T follicular helper cell (TFH) activation, and DC maturation85,86,94–96. The antigenic targets 

of B cells and antibodies in atherosclerosis appear to be largely apolipoprotein B 

(ApoB)-100 derived but also contain epitopes for oxidized phospholipids and other 

oxidation-specific sites97–100. Overall, the impact of adaptive immunity on atherosclerosis 

largely depends on the cell type and antigen specificity in question. 

 

T Cells in Atherosclerosis  

Though T cell populations are altered during atherosclerosis development, the 

cells can be detected even in the adventitia of control mice101. CD8+ T cells are 

prevalent early in the disease process, but their relative proportion is reduced during 

progression102. Evidence suggests CD8+ T cells are proatherogenic due to their 

production of inflammatory mediators like interferon-g (IFN-g), perforin, and granzyme B, 

stimulation of cell death, and promotion of monopoiesis103–105. However, CD4+ T cells 

are thought to contribute more strongly to disease outcome102,106,107. CD4+ T cells can 

directly influence the lesion microenvironment through the production of cytokines or 

can indirectly modulate disease outcome by providing help to B cells (reviewed in 108). 

The antigen specificities of CD4+ T cells in atherosclerosis have not yet been completely 
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identified, but some known epitopes include ApoB978-993 and ApoB3501-3516 in mice109–111 

and APOB3036-3050 in humans112. Specific CD4+ T cell subsets and their impact on 

atherosclerosis will be introduced with greater detail in Chapter 2. 

 

Research Goal and Overview 

 Given the wealth of immune cells within the unique, hyperlipidemic 

microenvironment of the plaque, the goal of this work was to determine how oxLDL 

reshapes innate and adaptive cells. In Chapter 2, I address the gap in knowledge 

regarding what causes Treg dysfunction in atherosclerosis, and show that oxidized 

phospholipids (oxPL) within oxLDL, namely oxidized 1-palmitoyl-2-arachidonoyl-sn-

glycero-3-phosphocholine (oxPAPC), alters Treg differentiation and inhibits their 

atheroprotective function. This oxPAPC-driven effect is partially IFN-g signaling 

dependent, prompting an investigation of the role of Treg IFN-g receptor (IFNgR) 

signaling in a mouse model of atherosclerosis in Chapter 3. This builds on previous 

work that has shown sex-dependent outcomes for IFN-g inhibition in atherosclerosis 

mouse models. In Chapter 4, I demonstrate oxLDL-ICs trigger long-term changes in 

DCs that are distinct from alterations caused by oxLDL alone, better characterizing how 

this prevalent atherosclerotic antigen might contribute to chronic inflammation. The 

summary of these chapters and potential future directions of this work is the focus of 

Chapter 5. Ultimately, these studies add to our understanding of how oxidized lipids in 

atherosclerosis modulate the immune responses that are critical to driving or resolving 

disease.  
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CHAPTER 2 

OxPAPC Alters Treg Differentiation and Decreases their Protective Function in 

Atherosclerosis 

Most of this work is under review at Arteriosclerosis, Thrombosis, and Vascular Biology. 

Used with permission. 

 

Introduction 

Atherosclerosis, the underlying cause of many forms of CVD, is characterized by 

the accumulation of oxidized lipids in the artery wall which can drive immune cell 

recruitment to the intima. Although macrophages are important in atherogenesis and 

comprise a large portion of the immune cells in plaques, recent single-cell RNA 

sequencing of patient carotid plaques demonstrated that T cells make up at least 50% 

of infiltrating immune cells113,114. The importance of T cells to disease progression in 

animal models has been previously demonstrated by our group115 and others (reviewed 

in 108), but less is known about how T cells are impacted by the oxidized lipid-rich 

environment of the aorta.  

Multiple CD4+ T cell populations have been shown to influence the progression of 

atherosclerosis (reviewed in 108). IFN-g-producing T helper 1 (Th1) cells are generally 

considered atherogenic due to their ability to stimulate inflammatory cell recruitment to 

the intima, activate DCs, and promote foam cell formation116–119. However, while IFN-g 

deficiency is protective in male apolipoprotein E deficient (Apoe-/-) mice, female mice 

are not protected120, suggesting the role of Th1 cells and IFN-g in atherosclerosis may 

be more complex. Effects of T helper 17 (Th17) cells in atherosclerosis are even less 
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concrete with several groups reporting either atherogenic or atheroprotective effects 

depending on the mouse models used or the disease stage studied121–124.      

 Ample evidence suggests Tregs are protective in atherosclerosis both through 

direct interactions with coinhibitory receptors such as CTLA-4 and PD-1, and production 

of anti-inflammatory cytokines125,126. Depletion of Tregs from atherosclerosis susceptible 

mice significantly increases plaque size and progression125,127. Additionally, Tregs are 

increased in multiple mouse models of regressing plaques and are required for 

regression to take place128.  

Studies in both mice and humans have demonstrated reduced Treg numbers as 

atherosclerosis progresses129–131. This loss may be in part due to an increase in Treg 

apoptosis131,132. Tregs in atherosclerosis lose stability and convert to exTregs, adopting the 

phenotype and function of other T helper subtypes like Th1 cells, which are largely 

thought to be atherogenic116–119, or TFH cells that have been shown to be both pro- and 

anti-atherogenic96,133,134. Each of these models provides a hypothesis for the overall 

reduction of Tregs during atherosclerosis, but mechanisms underpinning Treg death and 

loss of stability in the plaque microenvironment remain unknown. Collectively, these 

findings highlight that Tregs are critical mediators for controlling and reversing 

atherosclerosis.  

OxLDL, one of the main oxidized lipoproteins associated with atherosclerosis, is 

highly abundant in the lesion environment and has been shown to both inhibit Treg 

differentiation and promote apoptosis in vitro132,133,135,136. OxLDL is a complex particle 

made up of the central protein, apoB-100, and a variety of oxidized lipids, including the 

phospholipid, oxPAPC137. Interestingly, several studies have demonstrated that oxPAPC 
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is the bioactive component of oxLDL, eliciting many of the same effects in innate 

immune cells as oxLDL despite its reduced molecular size and complexity138–140. 

OxPAPC is also increased in the membrane of apoptotic cells which are abundant in 

atherosclerotic plaques141. However, the effects of oxPAPC have mostly been studied in 

innate immune cells and its direct impact on T cells is unknown.  

 In this study we sought to determine if oxPAPC affects T cell differentiation and 

function to promote atherosclerosis. We report that oxPAPC modulates Treg polarization, 

inducing surviving Tregs to develop a Th1-like phenotype, expressing T-bet and 

producing IFN-g. These effects were specific to Tregs, as other T helper subtypes were 

unaffected. OxPAPC-treated Tregs had reduced suppressive activity in vitro and, when 

adoptively transferred into hyperlipidemic low-density lipoprotein receptor deficient (Ldlr-

/-) mice, oxPAPC-treated Tregs did not inhibit plaque progression compared to control 

Tregs. Overall, our findings demonstrate that oxPAPC inhibits stable Treg polarization and 

results in a Th1-like Treg phenotype that makes them less protective against plaque 

progression. Therefore, exposure of differentiating Tregs to oxPAPC may be an important 

mechanism for their dysfunction during atherosclerosis.  

 

Materials and Methods 

All sequencing data have been made publicly available at NCBI GEO with accession 

numbers GSE236226 and GSM7520079-GMS7520086 

Mice. C57BL/6J (B6; Stock # 000664), B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II; Stock # 

004194), B6.129S7-Ldlrtm1Her/J (Ldlr-/-; Stock # 002207), B6.129S7-Ifngr1tm1Agt/J (Ifngr1-/-

; Stock # 003288), B6.Cg-Foxp3tm2Tch/J (B6-FoxP3GFP; Stock # 006772), and B6.PL-
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Thy1a/CyJ (Thy1.1; Stock # 000406) mice were originally obtained from the Jackson 

Laboratory (Bar Harbor, ME). B6-FoxP3GFP and Thy1.1 animals were crossed to 

generate B6-Thy1.1- FoxP3GFP mice. Animals were maintained and housed at 

Vanderbilt University. All mice used in these studies were on the C57BL/6J background. 

Procedures were approved by the Vanderbilt University Institutional Animal Care and 

Use Committee. Both male and female mice were used for studies as specified. 

T Cell Polarization. Spleens from four- to six-week-old mice were processed to single 

cell suspensions and CD4+ T cells were enriched using mouse CD4 (L3T4) Microbeads 

kit (Miltenyi Biotec Cat # 130-117-043) according to manufacturer instructions. 

Experiments were performed using both male and female mice. For Treg polarization, 

CD4+ T cells were cultured in a-CD3 (coating concentration was 2µg/ml; Tonbo Cat # 

40-0031) coated flat-bottom 96-well plates at a final concentration of 2x106 cells/ml in T 

Cell Media (TCM; RPMI-1640, 10% fetal bovine serum [FBS],  L-glutamine-penicillin-

streptomycin [2mM, 100 units, 100µg/ml, respectively], 2mM b-mercaptoethanol, and 1x 

non-essential amino acids) with 2µg/ml a-CD28 (Tonbo Cat # 70-0281), 50U/ml IL-2 

(Tonbo Cat # 21-8021 and Peprotech Cat # 212-12), 10ng/ml TGF-b (Peprotech Cat # 

100-21), 2µg/ml a-IFN-g (Tonbo Cat # 40-7311), and 500ng/ml a-IL-4 (Tonbo Cat # 70-

7041) for three days. If culture was continued to day 5, Tregs were split, replated, and fed 

with TCM containing final concentrations of 50U/ml IL-2, 10ng/ml TGF-b, 2µg/ml a-IFN-

g, and 500ng/ml a-IL-4. Media was replaced on day 4 and cells were harvest on day 5. 

Tregs were cultured with or without 5µg/ml oxPAPC (Invivogen Cat # tlrl-oxp1) for the first 

three days of culture unless otherwise stated. For Th1 polarization, CD4+ T cells were 

cultured in a-CD3 coated flat-bottom 96-well plates at a final concentration of 2x106 
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cells/ml in TCM with 2µg/ml a-CD28, 10ng/ml IL-12 (Peprotech Cat # 210-12), and 

1µg/ml a-IL-4 for three days. On day 3, cells were split, replated, and fed with TCM 

containing final concentrations of 20U/ml IL-2, 10ng/ml IL-12, and 1µg/ml a-IL-4. 

Feeding was repeated on day 4 and cells were harvested on day 5. For Th17 

polarization, CD4+ T cells were cultured in a-CD3 coated flat-bottom 96-well plates at a 

final concentration of 1x106 cells/ml in TCM with 2µg/ml a-CD28, 25ng/ml IL-6 

(Peprotech Cat # 216-16), 5ng/ml TGF-b, 2µg/ml a-IFN-g, and 500ng/ml a-IL-4 for three 

days. Th1 and Th17 cells were cultured with or without 5µg/ml oxPAPC for the duration 

of the culture.   

 For antigen-specific Treg polarization experiments, bone marrow-derived dendritic 

cells (BMDCs) were generated as previously described142. On day 10 of BMDC culture, 

cells were harvested and irradiated (15 Gy). 1x104 irradiated BMDCs were co-cultured 

in a round-bottom 96-well plate with 1x105 OT-II CD4+ T cells enriched as above, the 

same concentrations of IL-2, TGF-b, a-IFN-g, and a-IL-4 used in non-antigen-specific 

Treg conditions, and 50µg/ml OVA323-339 peptide (Invivogen Cat # vac-isq) in activated 

conditions. Co-cultures were incubated for three days with or without 5µg/ml oxPAPC.   

Flow Cytometry. Flow cytometry was performed on cells obtained ex vivo and following 

in vitro cell culture. Cells requiring a viability dye were stained with Viobility Fixable Dye 

(Miltenyi Biotec) or Ghost DyesÔ (Tonbo) according to the manufacturer protocols. For 

surface staining, cells were washed in HBSS containing, 1% BSA, 4.17mM sodium 

bicarbonate, and 3.08mM sodium azide (FACS buffer), followed by a 10-minute room 

temperature incubation in 1µg/ml Fc block (a-CD16/32; Tonbo Cat # 40-0161) diluted in 

FACS buffer. Cells were then stained for 30 minutes at 4°C protected from light with the 
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following antibodies diluted in FACS buffer: a-B220-APCCy7 (Tonbo Cat # 25-0452), a-

CD4-PECy7 (Tonbo Cat # 60-0042), a-CD4-PerCp-Cy5.5 (Tonbo Cat # 65-0042), a-

CD4-SB600 (eBioscience Cat # 63-0041-82), a-CD8a-APCCy7 (Tonbo Cat # 25-0081), 

a-CD11b-APCCy7 (BD Biosciences Cat # 557657), a-CD25-FITC (Tonbo Cat # 35-

0251), a-CD45.2-PerCp-Cy5.5 (Tonbo Cat # 65-0454), a-CXCR3-APC (BD Biosciences 

Cat # 562266), a-GITR-FITC (Tonbo Cat # 35-5874), a-ICOS-FITC (eBioscience Cat # 

11-9949-82), a-Thy1.1-V450 (BD Biosciences Cat # 561406). Samples not requiring 

intracellular staining were then washed in FACS buffer and fixed in 2% 

paraformaldehyde (PFA). Samples with intracellular stains were washed then 

permeabilized and stained with the following intracellular antibodies according to the 

FoxP3/Transcription Factor Staining Buffer Set manufacturer protocol (eBioscience Cat 

# 00-5523-00): a-FoxP3-PECy7 (eBioscience Cat # 25-5773-82), a-IFN-g-APC (Tonbo 

Cat # 20-7311), a-IL-4-FITC (eBioscience Cat # 11-7042-82), a-IL-17-PE (BD 

Biosciences Cat # 559502), a-T-bet-PE (Biolegend Cat # 644810), a-ROR-gt-PerCp-

Cy5.5 (eBioscience Cat # 12-6988-82). Isotype controls were used to confirm FoxP3, 

IFN-g, and T-bet staining (Rat IgG2a kappa isotype-PECy7 eBioscience Cat # 25-4321-

82, Rat IgG1 isotype-APC Tonbo Cat # 20-4301, and Mouse IgG1 kappa isotype-PE 

Biolegend Cat # 400114, respectively). All samples were washed and resuspended in 

2% PFA before analysis. Cells that were stimulated with phorbol myristate acetate 

(PMA; Sigma Cat # P1585) and ionomycin (Sigma Cat # I9657) prior to staining were 

treated with either 20ng/ml PMA, 1µg/ml ionomycin, and 1.3µg/ml Golgi Stop (BD 

Biosciences Cat # 554724) or 500ng/ml PMA, 500ng/ml ionomycin, and 110µg/ml Golgi 

Plug (BD Biosciences Cat # 555029) in TCM or complete RPMI (cRPMI; RPMI-1640, 
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10% fetal bovine serum [FBS], L-glutamine-penicillin-streptomycin [2mM, 100 units, 

100µg/ml, respectively], and 2mM b-mercaptoethanol) for four-six hours. Apoptosis 

staining was done using the Annexin V Apoptosis Detection kit (Tonbo Cat # 20-6410) 

and performed according to manufacturer instruction. Sample acquisition was 

performed on a MacsQuant Analyzer (Miltenyi Biotec) and data were analyzed using 

FlowJo Single Cell Analysis software. 

RNA Sequencing (RNAseq). 4.5x106 – 7.3x106 live control or oxPAPC-treated Tregs 

were harvested on day 3 of culture and RNA was isolated using Rneasy Plus Mini Kit 

(Qiagen Cat #: 74134) according to manufacturer instruction. RNA was sent to 

Vanderbilt Technologies for Advanced Genomics (VANTAGE) core. Libraries were 

prepared using 200-500ng of total RNA using NEBNextÒ Poly(A) selection kit and 

sequenced at Paired-End 150bp on the Illumina NovaSeq 6000 targeting an average of 

50M reads per sample. Additional analysis using the resulting demultiplexed FASTQ 

files containing pass-filter (PF) reads was performed by Vanderbilt Technologies for 

Advanced Genomics Analysis and Research Design (VANGARD). Sequencing reads 

were aligned against the mouse GENCODE GRCm38.p6 using STAR software v2.7.8a. 

Mapped reads were assigned to gene features and quantified using featureCounts 

v2.0.2. Normalization and differential expression were performed using DESeq2  

v1.30.1. Significantly differentially expressed genes (fold change ³2 and false discovery 

rate (FDR) £0.05) were used for subsequent Gene Set Enrichment Analysis v4.2.2. 

Diet Comparison Studies. Eight-week-old male and female Ldlr-/- mice were 

maintained on normal chow or placed on Western diet (21% saturated fat and 0.15% 

cholesterol; Envigo Cat #: TD.88137) for 16 weeks. After which animals were sacrificed, 



18 

and aorta and spleen were collected for flow cytometry analysis. Animals were included 

in this study based on age, sex, and genotype, and were excluded or removed from the 

study if they experienced weight loss or a notable physical ailment. Cages were 

randomly assigned diet treatment.  

Tissue Collection. Aortas were processed as previously described143. Briefly, aortas 

were perfused with PBS, cleaned of fat, minced, and digested with 450U/ml 

Collagenase Type I (Worthington Biochemicals Cat # LS004194), 125U/ml Collagenase 

Type XI (Sigma Cat # C-7657), 60U/ml Hyaluronidase Type I (Sigma Cat # H-3506), 

and 60U/ml Dnase I (Millipore Sigma Cat # 69182) in PBS at 37°C for 30-45 minutes. 

Digested aortas were passed through 70µm cell strainers, and leukocytes washed 

before use in flow cytometry.  

Livers were processed as previously described144. Briefly, livers were perfused 

with PBS, minced, and then digested with 1mg/ml Collagenase Type II (Gibco Cat # 

17101-015) in HBSS with calcium and magnesium at 37°C for 30 minutes. Liver tissue 

was passed through 70µm cell strainers and allowed to settle for 45 minutes on ice. 

Supernatants were pelleted and resuspended in cold 40% Percoll (Cytiva Cat # 17-

0891-01) with a 60% Percoll underlay. Gradients were centrifuged at 2000rpm at 10°C 

for 20 minutes with no break. Leukocytes were collected from the gradient interface.  

Treg Suppression Assay. Tregs were skewed as described above. On day 5 of culture, 

Tregs were harvested and an equal number of live cells from each group were replated in 

cRPMI in flat-bottom 96-well plates at ratios of 3:1, 2:1, 1:1, 1:2, 1:4, and 1:8 with CD8+ 

T cells enriched using mouse CD8 (Ly-2) Microbeads kit (Miltenyi Biotec Cat # 130-117-

044) and labeled with CellTrace Violet (CTV; Invitrogen Cat # C34557), both according 
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to the manufacturer protocols. Also included in the co-culture, were 2x105 irradiated 

(30Gy) feeder splenocytes per well and 1µg/ml a-CD3. After 72 hours, Treg suppression 

was determined by measuring CTV dilution in CD8+ responder cells (Tres) via flow 

cytometry. Percent inhibition was calculated as [100%-((proliferation of given Treg:Tres 

ratio/proliferation of 0:1 Treg:Tres group)x100)]. 

Adoptive Transfers. Adoptive transfer protocol was adapted from Li et al.145. 15-week-

old female Ldlr-/- mice were placed on Western diet for 9-11 weeks after which mice 

were retro-orbitally injected with saline, or 1x106 live day 5 control or oxPAPC-treated 

Tregs. The injections were repeated 4-6 weeks later, and animals were sacrificed 2 

weeks after the final injection. Aortas, adLNs, livers, blood, and spleens were collected 

for flow analysis. Atherosclerosis severity was quantified in the proximal aorta. Animals 

were included in this study based on age, sex, and genotype, and were excluded or 

removed from the study if they experienced weight loss or a notable physical ailment. 

Animals were assigned to treatment groups based on their weight at the time of the first 

adoptive transfer so that each group had the same average weight.  

Atherosclerotic Plaque Analysis. Plaque analysis was performed on cryosections 

obtained from OCT embedded hearts. Sectioning started at the aortic sinus and 

proceeded for about 300µm before sample collection began. Sample sections were 

collected in alternating 10µm and 5µm sizes. Oil-red-O staining of 10µm cryosections 

was performed as previously described146. Trichrome staining (abcam Cat # ab150686) 

was performed using 10µm cryosections fixed in 10% formalin for 30 minutes according 

to manufacturer instructions. Immunohistochemistry was performed using 5µm 

cryosections. Sections were fixed in cold acetone for 10 minutes and blocked at room 
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temperature in 2% BSA/PBS for 30 minutes. Slides were treated with avidin/biotin block 

(Vector Cat # SP-2001) for 15 minutes each, and peroxidase activity block (9:1 

methanol:30% H2O2) for 10 minutes. Macrophages or SMCs were stained using a 1:25 

dilution of rat-anti mouse macrophage (Biorad Cat # MCA519G) or 1:2000 dilution of 

rabbit anti-a-actin (Millipore Sigma Cat # ABT1487), respectively, in 2% BSA/PBS at 

4°C overnight. Secondary biotinylated goat anti-rat Ig (BD Bioscience Cat # 554014) 

was used at 1:200 in 2% BSA/PBS for macrophage staining or biotinylated goat anti-

rabbit IgG (BD Biosciences Cat # 550338) was used at 1:30 in 2% BSA/PBS for SMC 

staining and incubated at 37°C for 30 minutes. Streptavidin peroxidase (Biogenex Cat # 

HK330) was applied for 20 minutes followed by AEC substrate (Biogenex Cat # HK139-

06k) for 1.5 or 1 minutes for macrophage or SMC staining, respectively. Hematoxylin 

counterstain was applied for 2 minutes and slides were imaged using an Olympus BX41 

Phase Contrast & Darkfield microscope and the Olympus cellSens Standard program. 

Quantification of total lesion area, Oil-red-O and immunohistochemistry staining, and 

necrotic core area was performed using ImageJ.  

Cholesterol and Triglyceride Assays. Mice were fasted for four hours, and blood was 

collected from the retroorbital sinus and centrifuged to obtain serum. Cholesterol 

(Millipore Sigma Cat # MAK436-1KT) and triglycerides (Millipore Sigma Cat # MAK266-

1KT) were measured using commercially available kits according to the manufacturer 

instructions.  

ELISAs. Cell supernatants were collected following three days in culture and IFN-g (BD 

Biosciences Cat # 551866) was measured by ELISA according to the manufacturer 

instructions. Anti-oxLDL ELISAs were performed as previously described144. Briefly, 
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Nunc Maxisorp 96-well plates (Invitrogen Cat # 44-2404-21) were coated in 1µg/ml 

oxLDL overnight at 4°C. After washing with 0.05% Tween in PBS and blocking with 3% 

BSA/PBS, serum samples were applied, and the plate was again incubated overnight. 

Biotinylated a-IgG (eBioscience Cat # 13-4013-85), a-IgG1 (Southern Biotech Cat # 

1070-08), a-IgG2c (Southern Biotech Cat # 1080-08), or a-IgM (Southern Biotech Cat # 

1020-08) were incubated for one hour at room temperature, followed by streptavidin-

peroxidase (Southern Biotech Cat # 7200-05) for 30 minutes at room temperature. 

Plates were washed and OptEIA TMB substrate (BD Biosciences Cat # 555214) was 

applied for 8, 10, 15, and 5 minutes, respectively, before reaction was quenched with 

2M HCl. Results were read at 450nm. 

Statistical Analyses. All experiments were performed using biological replicates. 

Normal distribution of data was determined using the Shapiro-Wilk test as described 

previously147. In experiments with two groups, homogenous variance was assessed 

using an F test. For experiments with three or more groups, homogenous variance was 

measured using Brown-Forsythe test (< five samples per group) or Bartlett’s test (five or 

more samples per group). Normally distributed data with homogenous variance were 

analyzed using Student’s t tests (for two groups) or one-way ANOVAs with Bonferroni 

post-test (for three or more groups). Non-parametric data were analyzed using Mann-

Whitney tests (for two groups). For experiments with two independent variables, two-

way ANOVAs with a Tukey’s multiple comparison post-test or Šídák’s multiple 

comparisons post-test (for repeated measures) were used. All statistical tests were 

performed using GraphPad Prism. 
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Results 

OxPAPC alters Treg differentiation but does not impact Th1 or Th17 polarization. 

Tregs are known to be atheroprotective but are reduced by cell death or loss of stability in 

atherosclerosis, presumably due to the plaque microenvironment125,131,133,134. OxPLs are 

an abundant component of the lesion environment and can impact the functioning of 

immune cells140,148. To determine whether the oxPLs associated with atherosclerotic 

lesions, such as oxPAPC, contribute to Treg dysregulation, we performed in vitro CD4+ T 

cell polarization experiments with or without oxPAPC. Skewing Tregs in the presence of 

oxPAPC significantly reduced their viability at day 3 in culture by increasing apoptosis 

(Figure 2.1A, Figure 2.2A, and Figure 2.3A-E). The proportion of live cells that were 

FoxP3+ was not affected by oxPAPC (Figure 2.1A, middle panels), but there was an 

increased proportion of T-bet+ FoxP3+ cells in oxPAPC-treated cultures (Figure 2.1A, 

bottom panels, and Figure 2.2A). Interestingly, FoxP3 expression preceded the most 

significant drop in cell viability and T-bet expression increase observed in oxPAPC-

treated Tregs (Figure 2.3F). Both cell death and dysregulated transcription factor 

expression were specific to Treg skewing conditions as oxPAPC treatment had no effect 

on Th1 or Th17 viability or polarization (Figure 2.1B-C and Figure 2.2B-C).  
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Figure 2.1: OxPAPC specifically alters Treg phenotype. CD4+ T cells were enriched 
from the spleens of four- to six-week-old B6 mice and skewed to the indicated 
phenotype for three (A and C) or five (B and D) days with or without 5μg/ml oxPAPC. 
T cell phenotype was assessed by flow cytometry directly after harvest (A,D) or after a 
four-hour stimulation with PMA, ionomycin, and Golgi inhibitor (B,C). (A-C) Shown is 
one representative of at least three experiments. ** and **** denote significance p<0.01 
and p<0.0001, respectively, by Student’s t test. (D) Treg phenotype was assessed by 
flow cytometry directly after harvest on day five of culture. *, **, and *** denote 
significance p<0.05, p<0.01, and p<0.001, respectively, by one-way ANOVA and 
Tukey’s multiple comparison. Data points represent individual mice and error bars 
show SEM. 
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Figure 2.2: Gating strategy for characterization of skewed Tregs, Th1, and Th17 
cells. (A) Skewed Tregs were analyzed by flow cytometry, gating on FSC/SSC, single 
cells, viability, exclusion of non-CD4+ markers, and then assessed for transcription 
factors. (B,C) Polarized Th1 and Th17 cells were incubated with PMA, ionomycin, and 
Golgi inhibitor for four hours after which cells were analyzed by flow cytometry, gating 
on FSC/SSC, single cells, viability, exclusion of non-CD4+ markers, and then assessed 
for transcription factors and cytokine production.  
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Treg cultures were extended to five days under resting conditions and oxPAPC 

was found to be required during differentiation as addition of the phospholipid after day 

3, when FoxP3 levels are established, had no effect on cell viability or T-bet expression 

(Figure 2.1D). To ensure the observed changes in Treg phenotype were not an artifact of 

the experimental system, Tregs were polarized in an antigen-specific manner using OT-II 

CD4+ T cells co-cultured with OVA323-339 peptide and irradiated BMDCs. Under these 

conditions, oxPAPC still significantly reduced Treg viability, did not alter FoxP3 

proportion of live cells, and increased T-bet+ FoxP3+ cells, though the relative 

differences were not as dramatic as in the non-antigen-specific conditions (Figure 2.4A-

 
Figure 2.3: OxPAPC induces apoptosis in Tregs. CD4+ T cells were enriched from the 
spleens of four- to six-week-old B6-Thy1.1-FoxP3GFP mice and skewed to a Treg 
phenotype for three days with or without 5μg/ml oxPAPC. Viability was assessed by 
flow cytometry. (A) Representative flow results. (B) Cells in early apoptosis were 
defined as Annexin V+ 7-AAD-. (C) Apoptosed cells were Annexin V+ 7-AAD+.  (D) Non-
apoptotic cell death was defined as Annexin V- 7-AAD+. (E) Live cells were Annexin V- 
7-AAD-. Data points are individual mice and error bars show SEM. *, **, ***, and **** 
denote significance p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, by Student’s 
t test. (F) CD4+ T cells were skewed to a Treg phenotype as above and harvested at 24-
hour intervals for assessment by flow cytometry. Error bars show SEM representing at 
least three biological replicates. *, **, ***, and **** denote significance p<0.05, p<0.01, 
p<0.001, and p<0.0001, respectively, by repeated measures two-way ANOVA and 
Šídák’s multiple comparisons test. 
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C). Collectively, these data support oxPL-mediated dysregulation of CD4+ T cell 

differentiation in a Treg-specific manner. 

 

 

 

 

 

 

 

 

 

 

 

Though surviving oxPAPC-treated Tregs had the same overall proportion of 

FoxP3+ cells as control Tregs, the level of FoxP3 expression was altered. When oxPAPC-

treated Tregs were analyzed on day 3, just following activation and differentiation, FoxP3 

expression was significantly higher than in control Tregs, and a greater proportion of the 

cells were FoxP3hi (Figure 2.5A-B). However, on day 5, after resting, oxPAPC-treated 

Tregs did not increase FoxP3 expression as controls did and a greater proportion of 

oxPAPC-induced Tregs were FoxP3lo (Figure 2.5A-B). Treg functional markers (CD25, 

GITR, and ICOS) were most highly expressed in the FoxP3hi group and Th1-like 

markers (T-bet, IFN-g, CXCR3) were observed at the greatest levels in the FoxP3lo 

 
 
Figure 2.4: OxPAPC-induced changes in Tregs are reproduced in an antigen-
specific model of polarization. (A-C) CD4+ T cells were enriched from the spleens of 
four- to six-week-old OT-II mice and co-cultured with irradiated BMDCs, 50μg/ml OVA 
peptide, and Treg promoting cytokines for three days with or without 5μg/ml oxPAPC. 
Co-cultures without OVA peptide served as non-activated controls. T cell phenotype 
was assessed by flow cytometry directly after harvest. (A) *** and **** denote 
significance p<0.001 and p<0.0001 respectively, by two-way ANOVA and Tukey’s 
multiple comparison. (B-C) Polarization results of groups including OVA peptide. * 
denotes significance of p<0.05 by one-tailed t test. Data points represent individual 
mice and error bars show SEM. 
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population (Figure 2.5C). These data suggest that skewing Tregs in the presence of 

oxPAPC may decrease FoxP3 stability resulting in increased T effector function. 
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Figure 2.5: FoxP3 expression is altered in oxPAPC-treated Tregs and the resulting 
subpopulations have distinct phenotypic profiles. CD4+ T cells were enriched from the spleens 
of four- to six-week-old B6 mice and skewed to a Treg phenotype for three or five days with or without 
5μg/ml oxPAPC. (A) Level of FoxP3 expression was assessed by flow cytometry. **** denotes 
significance p<0.0001 by repeated measures two-way ANOVA and Šídák’s multiple comparisons 
test. (B) Proportion of FoxP3hi vs FoxP3lo cells as determined by flow cytometry. *, **, *** and **** 
denote significance p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, by Student’s t test. (C) 
Tregs were polarized as in (A) for three days and Treg and Th1-like markers in FoxP3 subpopulations 
were assessed by flow cytometry. *, **, ***, and **** denote significance p<0.05, p<0.01, p<0.001, 
and p<0.0001, respectively, by two-way ANOVA and Tukey’s multiple comparison. Data points are 
individual mice and error bars show SEM. 
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OxPAPC-treated Tregs have an IFN-g enriched genetic signature. Bulk RNAseq was 

performed on Tregs after three days in culture in the presence or absence of oxPAPC. 

Distinct transcriptional profiles were observed between the two groups (Figure 2.6A) 

and differential expression analysis identified Ifng as the second highest increased gene 

(Figure 2.6B). Furthermore, gene set enrichment analysis (GSEA) revealed increased 

expression of genes in the IFN-g response pathway (Figure 2.6C) as well as the 

inflammatory response pathway (Figure 2.6D) in oxPAPC-treated Tregs. Together these 

results indicate oxPAPC treatment induces widespread inflammatory changes in the Treg 

transcriptome identifying response to IFN-g as a potential mechanism. 
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OxPAPC induces a Th1-like phenotype in surviving Tregs. Given the IFN-g signature 

identified in oxPAPC-treated Tregs, we sought to investigate the expression of the 

 
Figure 2.6: OxPAPC-treated Tregs increase expression of inflammatory and IFN-g 
response genes. CD4+ T cells were enriched from the spleens of four- to six-week-old 
B6 mice and skewed to a Treg phenotype for three days with or without 5μg/ml oxPAPC 
before being harvested for bulk RNAseq. N=4 mice per group. Shown is one of two 
independent experiments. (A) Principal component analysis comparing control and 
oxPAPC-treated Tregs. (B) Volcano plot showing differentially expressed genes in 
oxPAPC-treated Tregs (significantly enriched = red and right, significantly reduced = red 
and left). (C) GSEA results and heatmap for significantly altered genes in IFN-
g response pathway (red=high, blue= low). (D) GSEA results and heatmap for 
significantly altered genes in inflammatory response pathway (red=high, blue= low).  
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cytokine and other Th1-associated markers in our oxPAPC treated Treg cultures. 

Consistent with RNAseq, the proportion of IFN-g+ FoxP3+ cells and CXCR3+ FoxP3+ 

cells were significantly increased in the surviving population of oxPAPC treated cultures 

(Figure 2.7A), and the concentration of IFN-g was elevated in the supernatants from 

oxPAPC treated conditions (Figure 2.7B). The in vitro Treg phenotype induced by 

oxPAPC was consistent with in vivo Tregs in atherosclerotic mice. We compared Tregs 

from male Ldlr-/- mice fed a high fat Western diet (WD) or normal chow (NC) (Figure 

2.8A). Consistent with previous studies134,145 and our in vitro results, WD-fed animals 

had an increased proportion of IFN-g expressing Tregs in the aorta (Figures 2.8B and 

2.9A), while the proportion of IFN-g+ Tregs in the spleen of these mice remained 

unchanged (Figures 2.8C and 2.9B). Similar results were observed for NC- and WD-fed 

female Ldlr-/- mice (data not shown). Collectively, these data support a role for oxPLs in 

dysregulation of Tregs during differentiation in atherosclerosis. 
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Figure 2.7: OxPAPC treatment increases Treg IFN-g production through an 
IFNgR1-dependent mechanism. (A) CD4+ T cells were enriched from the spleens of 
four- to six-week-old B6 mice and skewed to a Treg phenotype for five days with or 
without 5μg/ml oxPAPC. Th1 associated cytokines and markers were assessed by flow 
cytometry after a four-hour stimulation with PMA, ionomycin, and Golgi inhibitor (top) or 
directly after harvest (bottom). (B) Tregs were polarized as in (A) for three days. IFN-
g was measured in supernatants by ELISA. * and **** denote significance p<0.05 and 
p<0.0001, respectively, by Student’s t test. (C-E) CD4+ T cells were enriched from the 
spleens of four- to six-week-old B6 or Ifngr1-/- mice and skewed to a Treg phenotype for 
three (C-D) or five (E) days with or without 5μg/ml oxPAPC. Treg phenotype was 
assessed by flow cytometry directly at harvest (C-D) or after a four-hour stimulation 
with PMA, ionomycin, and Golgi inhibitor (E). Shown is one representative of at least 
three experiments. Data points are individual mice and error bars show SEM. *, **, and 
*** denote significance p<0.05, p<0.01, and p<0.001, respectively, by two-way ANOVA 
and Tukey’s multiple comparison test.  
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Figure 2.8: IFN-g+ Tregs are increased in oxPL rich atherosclerotic environment. 
(A) Study design (image generated with Biorender). Samples were collected from male 
Ldlr-/- mice maintained as depicted. (B) Aortas were enzymatically digested, processed 
through 70μm strainers, and analyzed by flow cytometry. (C) Spleens were processed 
through 40μm strainers, red blood cells were lysed, and splenocytes were analyzed by 
flow cytometry. N=4-6 mice per group. Data points represent individual mice and error 
bars show SEM. ** and **** denote significance p<0.01 and p<0.0001, respectively, by 
Student’s t test.  
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Figure 2.9: Diet comparison gating strategies. Male Ldlr-/- mice were maintained on 
NC or WD for 16 weeks. (A) Aortas were enzymatically digested, processed through 
70μm strainers, and analyzed by flow cytometry. Cells were gated on size, CD45+, 
single cells, viability, CD4+, FoxP3+, and then IFN-g+. Shown is a concatenation of all 
NC samples. (B) Spleens were processed through 40μm strainers, red blood cells were 
lysed, and splenocytes were analyzed by flow cytometry. Cells were gated on 
FSC/SSC, single cells, viability, CD4+, FoxP3+, and then IFN-g+.  
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IFN-g signaling and CD36 are required for the Th1-like phenotype of oxPAPC-

treated Tregs. Due to the elevated production of IFN-g by surviving oxPAPC-treated Tregs 

and the known autocrine effects of the cytokine, we tested the contribution of IFN-g 

signaling to oxPAPC-mediated Treg phenotypes. To do this, naïve CD4+ T cells were 

purified from spleens of Ifngr1-/- mice and skewed to Tregs in the presence or absence of 

oxPAPC. Interestingly, the Th1-like phenotype characterized by increased T-bet+ IFN-g 

producing FoxP3+ cells, did not develop in surviving IFNgR1-deficient oxPAPC-treated 

Tregs (Figure 2.7C-E). However, IFNgR1 deficiency did not affect the oxPAPC-induced 

reduction in viability (Figure 2.7D), suggesting cell death is mediated by a separate 

mechanism. 

To try to determine the mechanism facilitating oxPAPC-induced cell death, we 

tested the role of known oxPAPC receptors, CD36 and TLR-4149,150. To do this, naïve 

CD4+ T cells were purified from spleens of Cd36-/- or Tlr4-/- mice and skewed to Tregs in 

the presence or absence of oxPAPC. Like IFNgR1, CD36 deficiency inhibited the 

development of Th1-like phenotypes in Tregs following oxPAPC treatment but did not 

affect oxPAPC-driven cell death (Figure 2.10A-C). However, TLR-4 deficiency did not 

alter any oxPAPC-induced Treg phenotypes (Figure 2.11A-B). These data suggest 

oxPAPC needs multiple receptors to mediate its Th1-like alterations, but that an 

independent mechanism still exists to reduce Treg viability. 
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Figure 2.10: CD36 mediates oxPAPC-induced Th1-like phenotypes but does not 
affect Treg viability. (A-C) CD4+ T cells were enriched from the spleens of four- to six-
week-old B6 or Cd36-/- mice and skewed to a Treg phenotype for three days with or 
without 5μg/ml oxPAPC. (A-B) Treg phenotype was assessed by flow cytometry directly 
at harvest. (C) IFN-g concentration was measured in culture supernatants by ELISA. 
Shown is one representative of at least three experiments. Data points are individual 
mice and error bars show SEM. *, **, ***, and **** denote significance p<0.05, p<0.01, 
p<0.001, and p<0.0001, respectively, by two-way ANOVA and Tukey’s multiple 
comparison test. 
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Tregs require optimal cytokine concentrations for appropriate polarization and 

survival151,152, so Treg skews with and without oxPAPC were performed while titrating 

Treg promoting cytokines IL-2 and transforming growth factor b (TGF-b). Titration of IL-2 

or TGF-b did not have an effect on the oxPAPC-mediated alterations to Treg 

differentiation (Figure 2.12A-F) indicating that increasing either cytokine could not 

rescue the oxPAPC-induced viability deficit or Th1-like phenotype. 

 

 

 

 
Figure 2.11: TLR-4 is not required for oxPAPC-induced changes in Tregs. (A-B) 
CD4+ T cells were enriched from the spleens of four- to six-week-old B6 or Tlr4-/- mice 
and skewed to a Treg phenotype for three days with or without 5μg/ml oxPAPC. Treg 
phenotype was assessed by flow cytometry directly at harvest. Shown is one 
representative of at least two experiments. Data points are individual mice and error 
bars show SEM. **, ***, and **** denote significance p<0.01, p<0.001, and p<0.0001, 
respectively, by two-way ANOVA and Tukey’s multiple comparison test.  
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OxPAPC reduces Treg suppressive capacity in vitro and in vivo. Because Tregs have 

been shown to be impaired in the oxidized lipid-rich microenvironment during 

 
Figure 2.12: Neither IL-2 nor TGF-b titration rescue oxPAPC-induced phenotypes. 
(A-F) CD4+ T cells were enriched from the spleens of four- to six-week-old B6 mice and 
skewed to a Treg phenotype for three days with or without 5μg/ml oxPAPC. IL-2 (A-C) 
or TGF-b (D-F) concentrations were titrated as indicated for the duration of the culture. 
Treg phenotype was assessed by flow cytometry directly at harvest. Error bars show 
SEM representing at least three biological replicates. **, ***, and **** denote 
significance p<0.01, p<0.001, and p<0.0001, respectively, for area under the curve by 
Student’s t test.  
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atherosclerosis131–134, we hypothesized oxPAPC treatment would make Tregs less 

suppressive. Interestingly, surviving oxPAPC-treated Tregs expressed higher levels of 

functional Treg markers at day 3 in culture, but by day 5 these were significantly reduced, 

in some cases to below control levels (Figure 2.13A). In agreement with these 

observations, when Tregs were cultured for five days and then used for an in vitro 

suppression assay, oxPAPC-treated Tregs were less able to suppress CD8+ T cell 

proliferation than control Tregs (Figure 2.13B). This was not simply due to the viability 

deficit observed in oxPAPC-treated Tregs, as suppression assays were conducted using 

equivalent numbers of live cells. Therefore, results indicate oxPAPC treatment impairs 

Treg function in surviving cells as well as stable differentiation. These data suggest that 

presence of oxPL during induction of Tregs might affect their suppressive function during 

atherosclerosis.   
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To assess the function of oxPAPC-induced Tregs in atherosclerosis, Tregs were 

skewed from Thy1.1+ mice in the presence or absence of oxPAPC and equivalent 

numbers of resulting live Tregs were adoptively transferred into Ldlr-/- mice with 

established lesions (Figure 2.14A). Saline injected Ldlr-/- mice served as the control. 

Compared to the saline injected group, mice given control Tregs had significantly less 

atherosclerosis in the proximal aorta. In contrast, oxPAPC-treated Tregs were unable to 

inhibit atherosclerosis progression (Figure 2.14B-C), demonstrating oxPAPC-induced 

Th1-like Tregs are not protective in vivo. Adoptive transfer of Tregs did not significantly 

alter the collagen deposition, necrotic area, or SMC or macrophage content in the 

 
Figure 2.13: OxPAPC-treated Tregs are less suppressive. (A) CD4+ T cells were 
enriched from the spleens of four- to six-week-old B6 mice and skewed to a Treg 
phenotype for the indicated time with or without 5μg/ml oxPAPC. Treg markers were 
assessed by flow cytometry. Error bars show SEM. ** and **** denote significance 
p<0.01 and p<0.0001, respectively, by repeated measures two-way ANOVA and 
Šídák’s multiple comparisons test. (B) CD4+ T cells were enriched from the spleens of 
four- to six-week-old B6-Thy1.1-FoxP3GFP mice and skewed to a Treg phenotype for five 
days with or without 5μg/ml oxPAPC. Equal numbers of live Tregs were then co-cultured 
with cell trace violet-labeled CD8+ T cells for three days. Percent inhibition of CD8+ T 
cell proliferation was assessed by flow cytometry. Shown are the 3:1 Treg:Tres ratio 
results from one representative of at least three experiments. Error bars show SEM. * 
denote significance p<0.05 by Student’s t test.   
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lesions (Figure 2.15A-C), indicating adopted Tregs were not remodeling the total plaque 

structure, but slowing progression when functional. Serum cholesterol and triglycerides 

(Figure 2.16A) were also unchanged in recipient mice, suggesting the changes 

observed in the plaque were immune mediated rather than a consequence of improved 

dyslipidemia. OxLDL-specific antibody titers were similar among all groups (Figure 

2.16B).  
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Figure 2.14: OxPAPC-treated Tregs are unable to inhibit atherosclerosis progression. (A) 
Study design (image generated with Biorender). Adoptively transferred Tregs were skewed from 
CD4+ T cells enriched from the spleens of four- to six-week-old B6-Thy1.1-FoxP3GFP mice for five 
days with or without 5μg/ml oxPAPC. Ldlr-/- mice were injected as shown with saline or equal 
numbers of live control Tregs or oxPAPC-treated Tregs.  (B) Representative Oil-Red-O (ORO) stained 
atherosclerotic lesions from the aortic root (scale bar represents 500μm). (C) Quantification of 
ORO stained lesions by total lesion area, ORO staining area, and percentage of ORO staining in 
recipient Ldlr-/- mice. N=8-9 mice per group, 4 independent experiments. *, **, ***, and **** denote 
significance p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, by one-way ANOVA and 
Tukey’s multiple comparison test. (D) Indicated tissues were processed and analyzed by flow 
cytometry. The average Thy1.1+ signal in saline injected controls was treated as background and 
subtracted from samples. * and *** denote significance p<0.05 and p<0.001, respectively, by Mann-
Whitney test. (E) Adoptively transferred Tregs in the indicated tissues were analyzed by flow 
cytometry. Histogram shows representative samples. *, **, ***, and **** denote significance p<0.05, 
p<0.01, p<0.001, and p<0.0001, respectively, by Student’s t test. N=8-9 mice per group, 4 
independent experiments. Data points represent individual mice and error bars show SEM. 
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Figure 2.15: Adoptive transfer of in vitro-derived Tregs does not cause significant 
plaque remodeling. Adoptively transferred Tregs were skewed from CD4+ T cells 
enriched from the spleens of four- to six-week-old B6-Thy1.1-FoxP3GFP mice for five 
days with or without 5μg/ml oxPAPC. Ldlr-/- mice were injected with saline or equal 
numbers of live control Tregs or oxPAPC-treated Tregs. (A) Representative trichrome 
stained atherosclerotic lesions from the aortic root. Quantification of fraction of collagen 
(blue) staining area of total lesion area (left graph) and fraction of necrotic core area of 
total lesion area (right graph) in recipient Ldlr-/- mice. (B) Representative sections of 
SMC immunohistochemistry as measured by a-actin in atherosclerotic lesions from the 
aortic root. Quantification of fraction of a-actin (red) staining area of total lesion area in 
recipient Ldlr-/- mice. (C) Representative sections of macrophage 
immunohistochemistry as measured by MOMA staining in atherosclerotic lesions from 
the aortic root. Quantification of fraction of MOMA (red) staining area of total lesion 
area in recipient Ldlr-/- mice. Scale bar represents 500μm. N=5-7 mice per group, 2 
independent experiments.  
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Thy1.1+ cells were detected in every tissue tested in recipient mice (Figure 2.14D 

and Figure 2.17A-C). All recipients had similar proportions of transferred Thy1.1+ Tregs in 

the adLNs, yet mice injected with oxPAPC-treated Tregs had a larger proportion of 

transferred cells in the aorta, liver, and spleen, but a significant reduction circulating in 

the blood compared to control Treg recipients (Figure 2.14D). Both control and oxPAPC-

treated Tregs had reduced FoxP3 expression relative to when they were first injected, but 

adoptively transferred oxPAPC-induced Tregs in the liver, spleen and adLNs expressed 

significantly less FoxP3 than control Tregs by the end of the study (Figure 2.14E). 

Interestingly, this relative reduction in FoxP3 was not observed in transferred cells found 

 
Figure 2.16: Adoptive transfer of control or oxPAPC-treated Tregs does not 
significantly alter serum lipids, a-oxLDL antibodies, or lesion CD4+ T cell 
content. Adoptively transferred Tregs were skewed from CD4+ T cells enriched from the 
spleens of four- to six-week-old B6-Thy1.1-FoxP3GFP mice for five days with or without 
5μg/ml oxPAPC. Cells or saline were then injected into hyperlipidemic Ldlr-/- mice. (A) 
Serum cholesterol and triglycerides were determined by commercially available kits. 
(B) Serum a-oxLDL Total IgG, IgG1, IgG2c, and IgM were determined by ELISA at a 
1:500, 1:250, 1:250, and 1:8000 dilution, respectively. N=6-9 mice per group, 4 
independent experiments. *, **, ***, and **** denote significance p<0.05, p<0.01, 
p<0.001, and p<0.0001 by one-way ANOVA and Tukey’s multiple comparison test. 
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in the blood (Figure 2.14E). Overall, these data indicate that oxPAPC not only alters Treg 

differentiation, but also compromises the atheroprotective function of the cells that 

survive, possibly by reducing Treg stability and changing migration in vivo.   
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Figure 2.17: Adoptive transfer gating strategies. Female Ldlr-/- mice were 
maintained WD for 15-19 weeks and received two injections of saline, control Tregs, or 
oxPAPC-treated Tregs. (A) Aortas were enzymatically digested, processed through 
70μm strainers, and analyzed by flow cytometry. Cells were gated on size, CD45+, 
single cells, viability, and then Thy1.1+. Shown is a concatenation of oxPAPC Treg 
injected samples. (B) Aorta draining lymph nodes were processed through 40μm 
strainers and analyzed by flow cytometry. Cells were gated on CD45+, FSC/SSC, 
single cells, viability, and then Thy1.1+. The same gating scheme was used for livers 
and blood samples. (C) Spleens were processed through 40μm strainers, red blood 
cells were lysed, and splenocytes were analyzed by flow cytometry. Cells were gated 
on FSC/SSC, single cells, viability, and then Thy1.1+.  
 
 
 
 

AortaA.

SS
C-
A

FSC-A

SS
C-
A

CD45

SS
C-
A

SSC-H

SS
C-
A

Live/Dead

Th
y1
.1

CD4

Spleen

B.

SS
C-
A

FSC-A

SS
C-
A

SSC-H

SS
C-
A

Live/Dead

Th
y1
.1

CD4

adLN/Liver/Blood

C.

SS
C-
A

CD45

SS
C-
A

FSC-A

SS
C-
A

SSC-H

SS
C-
A

Live/Dead

Th
y1
.1

CD4



47 

Discussion 

The current study demonstrates that oxPAPC alters Treg differentiation and elicits 

a Th1-like phenotype in those that survive, compromising their function in vitro and in 

vivo. Previous work has shown Tregs are reduced in number in atherosclerotic mice and 

are less suppressive after treatment with oxLDL126,136, in agreement with our own 

findings with oxPAPC. However, these prior studies utilized fully differentiated Tregs for 

their experiments meaning they were not able to address what role oxLDL might play 

during Treg polarization. Gaddis et al. skewed naïve Apoe-/- CD4+ T cells in vitro with 

TGF-b and reported the inclusion of oxLDL in these cultures inhibited Treg 

differentiation133. However, oxLDL is a rather large, heterogeneous molecule, so this 

work does not specifically address the role of oxPL in Treg dysregulation. Therefore, our 

study fills a gap in knowledge regarding how oxPLs, as represented by oxPAPC, impact 

the differentiation and function of Tregs. 

It is known that adoptive transfer of Tregs into atherogenic mouse models inhibits 

plaque progression115,125,126,153. This is consistent with our current findings which 

showed transfer of control Tregs into WD-fed Ldlr-/- mice significantly delayed disease 

development. However, the adoptive transfer of an equivalent number of live oxPAPC-

treated Tregs did not result in reduced atherosclerosis suggesting exposure to oxPLs 

decrease the suppressive capacity of Tregs in vivo (Figure 2.14). Transferred Tregs also 

demonstrated differential migration in hyperlipidemic mice. While both control and 

oxPAPC-treated Tregs were found in similar proportions in the adLNs of recipient mice, 

oxPAPC-treated cells were elevated in other tissues (aorta, liver, spleen), whereas the 

control Tregs were enriched in the blood (Figure 2.14). These findings are consistent with 
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work from Amersfoort et al. showing Tregs from dyslipidemic mice homed to 

atherosclerotic lesions and sites of inflammation more than Tregs from animals 

maintained on normal chow154. One limitation of our study, however, is the relatively 

small population of transferred Tregs that remained detectable by flow cytometry at the 

time of harvest (Figure 2.17). Though our altered disease burdens demonstrate that 

functional adopted Tregs played a biologically relevant role in our system, too few 

transferred cells persisted by the conclusion of the study to fully characterize phenotypic 

changes. In future studies, recipients may need to be injected with more cells from the 

start or be sacrificed at an earlier time point to enrich the transferred Thy1.1+ population. 

Collectively, these results indicate oxPLs directly promote functional and migratory 

changes in Tregs that ultimately undermine their regulatory function and allow for disease 

progression. 

Treg instability is one major hypothesis for Treg loss in atherosclerosis with exTregs 

developing Th1- or TFH-like phenotypes133,134. Here, we demonstrate that oxPAPC 

treatment leads to a decrease of FoxP3 expression in surviving cells over time in 

culture. Consistent with potential Treg instability, Th1-like markers (T-bet, IFN-g, CXCR3) 

were most increased in FoxP3lo Tregs, a population that proportionally increased with 

oxPAPC treatment, while receptors related to Treg function (CD25, GITR, ICOS) were 

more associated with FoxP3hi cells (Figure 2.5). Additionally, oxPAPC-treated Tregs had 

reduced expression of FoxP3 compared to control Tregs following adoptive transfer into 

hyperlipidemic Ldlr-/- mice (Figure 2.14). This suggests oxPLs, like oxPAPC, may be 

partly responsible for Treg instability in the plaque. This conclusion is consistent with the 

findings of Wolf et al.109 and Kimura et al.155  which show Tregs specific for the apoB core 
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of oxLDL have increased expression of T effector-associated markers in mice and 

humans with atherosclerosis. However, our study does not leverage Treg lineage tracing 

mouse models, so additional work in these systems will be required in the future to truly 

determine how oxPLs impact development of exTregs. 

The potential for oxPL-induced Treg instability also has implications for 

atherosclerosis regression. In Sharma et al. Tregs in progressing atherosclerotic plaques 

are mostly thymic-derived. However, regressing plaques, in mice where lipid levels were 

normalized, have a larger Treg population in part due to inducible peripheral Tregs128. 

These findings suggest the normalization of oxPLs in circulation allows for altered 

recruitment, efficient polarization, and/or survival of peripherally induced Treg populations 

in the plaque. This, in combination with our own findings, suggests a model in which 

oxPLs modulate Treg differentiation in peripherally derived Tregs. Thus one may 

hypothesize that peripherally induced Tregs differentiating in situ or migrating to the 

plaque during disease progression cannot persist as functional Tregs due to increased 

presence of oxPLs.  

In addition to Treg instability, Treg numbers are also reduced during atherosclerosis 

as a result of increased apoptosis131,132. Magnato-García et al. proposed that the 

increase in Treg death is due to the altered microenvironment of the plaque131 and others 

have shown that oxLDL is capable of inducing apoptosis in Tregs132,136. Our results 

demonstrating oxPAPC-treated Tregs undergo significantly increased levels of apoptosis 

compared to control Tregs (Figure 2.1 and Figure 2.3), are consistent with these findings 

and indicate oxPLs are at least one specific component of the lesion microenvironment 

that may induce Treg apoptosis. Interestingly, there is some conflicting information 
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regarding Treg numbers in patients with CVD. As stated above, some groups have 

shown Treg loss with disease progression132,156, others have found no correlation 

between Treg number and disease severity157, and still others have actually measured 

an increase in apoB-specific Tregs in patients109. In all these cases, Treg frequencies were 

measured in peripheral blood, which unfortunately does not precisely reflect the oxPL 

microenvironment of the lesion.  

OxPAPC-induced Treg apoptosis was not mediated by IFNgR1 signaling or CD36 

unlike the Th1-like phenotypes (Figure 2.7 and Figure 2.10), suggesting the two effects 

are decoupled and that IFN-g signaling and CD36 are only part of the mechanism by 

which oxPAPC alters Tregs. Modulation of TLR-4, IL-2 concentration, and TGF-b levels 

additionally did not rescue oxPAPC-induced cell death or Th1-like phenotypes (Figure 

2.11 and Figure 2.12). Treg death was also not due to an overall toxicity of oxPAPC as 

neither Th1 nor Th17 cells polarized with oxPAPC had reduced viability (Figure 2.1). 

Interestingly, the majority of oxPAPC-induced cell death did not occur until after FoxP3 

expression was established (Figure 2.3F), suggesting the transcription factor itself may 

be promoting the apoptosis. This would be consistent with the work of Tai et al. which 

demonstrates FoxP3 expression is proapoptotic during differentiation in the thymus 

unless countered by additional pro-survival signals151.  

Th1-like Tregs such as those we describe here, are not specific to atherosclerosis 

and have been identified in the literature in various inflammatory conditions. 

Interestingly, in atherosclerosis, cancer, and vitiligo these cells are described as 

proinflammatory134,145,158,159, while in graft-versus-host disease, diabetes, and infection 

they are anti-inflammatory160–163. Therefore, our findings may suggest the ultimate 
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impact of these Th1-like Tregs is disease dependent and perhaps in niches characterized 

by high levels of oxPL, like atherosclerotic plaques and tumors, Th1-like Tregs are 

dysfunctional. This is consistent with Li et al. proposed importance for unidentified 

“atherosclerosis antigens” to the development of a proinflammatory Th1-like Treg 

phenotype145.   

In conclusion, our study shows oxPAPC specifically alters Treg differentiation and 

elicits a Th1-like phenotype in the cells that survive, compromising their suppressive 

function. Development of the Th1-like Treg phenotype is partially dependent on CD36 

and IFN-g signaling, but a yet to be identified pathway exists to mediate oxPAPC-

induced Treg apoptosis. Overall, our findings demonstrate that oxPLs, such as oxPAPC, 

can directly alter Treg polarization and phenotype and may be relevant to their 

decreased presence and function in atherosclerosis.  
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CHAPTER 3 

Treg IFNgR Signaling Modulates Atherosclerosis in a Sex-Dependent Manner 

Introduction 

 OxPLs like oxPAPC are highly prevalent in the atherosclerotic plaque as 

components of oxLDL particles and from apoptotic cells138,141. As demonstrated in 

Chapter 2, Treg exposure to oxPAPC during differentiation promotes the development of 

Th1-like T-bet+ IFN-g+ Tregs through an IFNgR-dependent mechanism. While in vitro-

derived oxPAPC-treated Tregs are dysfunctional and incapable of controlling 

atherosclerosis progression when adoptively transferred (Chapter 2), it is less clear how 

oxPAPC might impact the development and function of Tregs in vivo. 

 Functional Tregs are known to be protective in atherosclerosis and genetic 

deficiency or depletion of Tregs significantly enhances plaque development125,127. 

However, Tregs are inhibited during disease progression via enhanced cell death and 

loss of stability131–134. The dysregulation induced in Tregs in the atherosclerotic 

microenvironment has been well described (reviewed in 164), but no published studies 

interrogate the Treg-intrinsic signals that mediate the dysfunctional phenotypes in 

atherosclerosis in vivo. Therefore, there is a great need to define what specific Treg 

pathways are being disrupted in vivo to induce dysfunction. 

In tumor immunology, IFN-g has been shown to act directly on Tregs promoting 

“fragile” phenotypes in which FoxP3 expression is maintained but function is not165. The 

cytokine has also been described to limit Treg population development165–168 and 

promote Th1-like Treg phenotypes, though whether those altered cells are pro- or anti-

inflammatory appears to be dependent on the disease context in which they are 
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found169,170 (Chapter 2). IFN-g is generally considered a proatherogenic cytokine due to 

its role in inflammatory immune cell recruitment, DC activation, foam cell differentiation, 

and SMC collagen inhibition116–119,171. However, Whitman et al. have reported that, while 

full body IFN-g deficiency in Apoe-/- mice is atheroprotective in males, it exerts no 

change in females120. Thus, IFN-g-mediated regulation of atherosclerosis may be more 

complex than is generally appreciated.  

 Using bone marrow chimeras, I show IFNgR1 deficiency specifically on Tregs 

significantly alters atherosclerosis severity in Ldlr-/- mice. Surprisingly, whether the 

receptor deficiency was protective or atherogenic was dependent on sex, with Ifngr1fl/fl-

Foxp3Cre+ males developing smaller lesions while females of the same genotype 

established larger lesions than sex-matched controls.  

 

Materials and Methods 

Mice. B6.129S7-Ldlrtm1Her/J (Ldlr-/-; Stock # 002207), C57BL/6N-Ifngr1tm1.1Rds/J (Ifngr1fl/fl; 

Stock # 025394), and B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J (Foxp3Cre+; Stock # 016959) mice 

were originally obtained from the Jackson Laboratory (Bar Harbor, ME). Ifngr1fl/fl and 

FoxP3Cre+ animals were crossed to generate Ifngr1WT/WT-FoxP3Cre+ and Ifngr1fl/fl-

FoxP3Cre+ littermates. Animals were maintained and housed at Vanderbilt University. All 

mice used in these studies were on the C57BL/6J background. Procedures were 

approved by the Vanderbilt University Institutional Animal Care and Use Committee. 

Both male and female mice were used for studies as specified. 

Bone Marrow Transplants. Eight- to nine-week-old male and female Ldlr-/- mice were 

lethally irradiated with 900 rad from a 137Cs source. At least four hours after irradiation, 
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transplant recipients were retro-orbitally injected with 1.6x106 - 2.6x106 live bone 

marrow cells from four- to eight-week-old sex-matched Ifngr1WT/WT-FoxP3Cre+ or 

Ifngr1fl/fl-FoxP3Cre+ littermate donors. Recipients were co-housed and maintained on NC 

during a four-week reconstitution period. Following this, mice were placed on WD for 

eight weeks after which animals were sacrificed, and aorta, adLN, and spleen were 

collected for flow cytometry analysis. Animals were included in this study based on age, 

sex, and genotype, and were excluded or removed from the study if they experienced 

weight loss or a notable physical ailment.  

Tissue Collection. Aortas were processed as previously described143. Briefly, aortas 

were perfused with PBS, cleaned of fat, minced, and digested with 450U/ml 

Collagenase Type I (Worthington Biochemicals Cat # LS004194), 125U/ml Collagenase 

Type XI (Sigma Cat # C-7657), 60U/ml Hyaluronidase Type I (Sigma Cat # H-3506), 

and 60U/ml Dnase I (Millipore Sigma Cat # 69182) in PBS at 37°C for 30-45 minutes. 

Digested aortas were passed through 70µm cell strainers, and leukocytes washed 

before use in flow cytometry.  

Flow Cytometry. Flow cytometry was performed on cells obtained ex vivo. Cells 

requiring a viability dye were stained with Ghost DyesÔ (Tonbo) according to the 

manufacturer protocol. For surface staining, cells were washed in HBSS containing 1% 

BSA, 4.17mM sodium bicarbonate, and 3.08mM sodium azide (FACS buffer), followed 

by a 10-minute room temperature incubation in 1µg/ml Fc block (a-CD16/32; Tonbo Cat 

# 40-0161) diluted in FACS buffer. Cells were then stained for 30 minutes at 4°C 

protected from light with the following antibodies diluted in FACS buffer: a-CD4-

APCCy7 (Tonbo Cat # 25-0041), a-CD11b-Pe (Tonbo Cat # 50-0112), a-CD86-PeCy7 
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(Tonbo Cat # 60-0862), a-F4/80-APCCy7 (Tonbo Cat # 25-4801), a-IFNgR1-SB600 (BD 

Biosciences Cat # 745111). Samples not requiring intracellular staining were then 

washed in FACS buffer and fixed in 2% paraformaldehyde (PFA). Samples with 

intracellular stains were washed then permeabilized and stained with the following 

intracellular antibodies according to the FoxP3/Transcription Factor Staining Buffer Set 

manufacturer protocol (eBioscience Cat # 00-5523-00): a-FoxP3-PECy7 (eBioscience 

Cat # 25-5773-82), a-IFN-g-APC (Tonbo Cat # 20-7311). All samples were washed and 

resuspended in 2% PFA before analysis. Sample acquisition was performed on a 

MacsQuant Analyzer (Miltenyi Biotec) and data were analyzed using FlowJo Single Cell 

Analysis software. 

Atherosclerotic Plaque Analysis. Plaque analysis was performed on cryosections 

obtained from OCT embedded hearts. Sectioning started at the aortic sinus and 

proceeded for about 300µm before sample collection began. Sample sections were 

collected in alternating 10µm and 5µm sizes. Oil-red-O staining of 10µm cryosections 

was performed as previously described146. Slides were imaged using an Olympus BX41 

Phase Contrast & Darkfield microscope and the Olympus cellSens Standard program. 

Quantification of total lesion area and Oil-red-O staining was performed using ImageJ.  

ELISAs. Anti-oxLDL ELISAs were performed as previously described144. Briefly, Nunc 

Maxisorp 96-well plates (Invitrogen Cat # 44-2404-21) were coated in 1µg/ml oxLDL 

overnight at 4°C. After washing with 0.05% Tween in PBS and blocking with 3% 

BSA/PBS, serum samples were applied, and the plate was again incubated overnight. 

Biotinylated a-IgG (eBioscience Cat # 13-4013-85), a-IgG1 (Southern Biotech Cat # 

1070-08), a-IgG2c (Southern Biotech Cat # 1080-08), or a-IgM (Southern Biotech Cat # 
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1020-08) were incubated for one hour at room temperature, followed by streptavidin-

peroxidase (Southern Biotech Cat # 7200-05) for 30 minutes at room temperature. 

Plates were washed and OptEIA TMB substrate (BD Biosciences Cat # 555214) was 

applied for 8, 10, 15, and 5 minutes, respectively, before reaction was quenched with 

2M HCl. Results were read at 450nm. 

Statistical Analyses. All experiments were performed using biological replicates. 

Normally distributed data were analyzed using Student’s t tests. All statistical tests were 

performed using GraphPad Prism. 

 

Results 

IFN-g signaling in Tregs modulates atherosclerosis severity in a sex-dependent 

manner. Since IFN-g is critical for oxPAPC-mediated Treg alterations in vitro (Chapter 2), 

I wanted to test whether IFN-g signaling in Tregs affects atherosclerosis severity in vivo. I 

produced bone marrow chimeras with Ldlr-/- recipients and either Ifngr1WT/WT-Foxp3Cre+ 

or Ifngr1fl/fl-Foxp3Cre+ littermate donors. Following sufficient time for reconstitution, 

transplanted mice were fed WD for eight weeks (Figure 3.1A). Consistent with 

previously published studies165, IFNgR1 expression was reduced by ~50% in Ifngr1fl/fl-

Foxp3Cre+ recipients compared to Ifngr1WT/WT-Foxp3Cre+ mice (Figure 3.1B). Recipient 

weight gain and spleen size were unaffected by donor genotype in both sexes (Figure 

3.2A-F). Atherosclerosis severity was quantified by total lesion area in the aortic root 

and Oil-red-O area staining. Consistent with my prediction that IFN-g signaling in Tregs is 

atherogenic, Treg IFNgR1 deficiency significantly reduced atherosclerosis lesion size in 
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males (Figure 3.1C). Surprisingly however, inhibiting Treg IFN-g signaling was 

atherogenic in female recipients (Figure 3.1C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1: Reducing Treg IFN-g signaling is atheroprotective in male Ldlr-/- mice, 
but atherogenic in females. (A) Study design. Bone marrow from 
Ifngr1WT/WTFoxp3Cre+ and Ifngr1fl/flFoxp3Cre+ was transplanted into lethally irradiated 
male and female Ldlr-/- mice. After four weeks of reconstitution, during which mice are 
maintained on normal chow, recipients were switched to WD for eight weeks and then 
harvested. (B) Quantification of IFNgR1 expression on Tregs in aorta draining lymph 
nodes from male mice. N=5-6 mice per group. (C) Representative Oil-Red-O (ORO) 
stained atherosclerotic lesions from the aortic root (scale bar represents 500μm) 
quantified by total lesion area, ORO staining area, and percentage of ORO staining in 
male and female recipients. N=7-11 mice per group, 2 independent experiments per 
sex. Data points represent individual mice and error bars show SEM. *, ** and **** 
denote significance p<0.05, p<0.01, and p<0.0001, respectively, by Student’s t test. 
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Males with Treg-specific IFNgR1 deficiency have increased signs of systemic IFN-g-

mediated inflammation. Though Treg IFNgR1 deficiency significantly reduced 

atherosclerosis in male Ifngr1fl/fl-Foxp3Cre+ recipients compared to male controls (Figure 

3.1C), there were not any changes in the proportions of total Tregs, IFN-g+ Tregs, or IFN-g+ 

CD4+ T cells in the aorta or adLN of these mice (Figure 3.3A and data not shown). 

There was, however, an increase in IFN-g+ Tregs as well as IFN-g+ CD4+ T cells in the 

spleen of male Ifngr1fl/fl-Foxp3Cre+ recipients (Figure 3.3B). There was also higher 

expression of IFNgR1 on non-Treg CD4+ cells in the adLN of male Ifngr1fl/fl-Foxp3Cre+ 

recipients compared to controls (Figure 3.4), possibly indicating more IFN-g in the 

environment. B cell responses provided an additional sign of increased systemic IFN-g. 

 
Figure 3.2: Treg-specific IFNgR deficiency does not alter body weight, spleen 
weight, or lymphocyte counts in male or female recipients. Ldlr-/- mice were 
irradiated and transplanted with Ifngr1WT/WTFoxP3Cre+ or Ifngr1fl/flFoxP3Cre+ bone 
marrow as described in Figure 3.1. (A and D) Weight gain over the eight weeks of WD 
feeding expressed as percent gain since the start of diet. (B and E) Spleen weight 
normalized to body weight. (C and F) Spleen cell count. N=12-16 mice per group, 2-3 
independent experiments per sex. Data points represent individual mice and error bars 
show SEM.  
 
 
 
 

M
al
e

Fe
m
al
e

0 2 4 6 8 10
0

10

20

30

40

Weeks on Diet

%
 W

ei
gh

t G
ai

n
Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0 2 4 6 8 10
0

10

20

30

40

Weeks on Diet

%
 W

ei
gh

t G
ai

n

Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0

50

100

150

200

S
pl

ee
n 

C
ou

nt
 (x

10
6 ) Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0 2 4 6 8 10
0

10

20

30

Weeks on Diet

%
 W

ei
gh

t G
ai

n

Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0

50

100

150

200

S
pl

ee
n 

C
ou

nt
 (x

10
6 ) Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0.000

0.002

0.004

0.006

0.008

0.010

Sp
le

en
 W

ei
gh

t/B
W

Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

0.000

0.002

0.004

0.006

0.008

0.010

Sp
le

en
 W

ei
gh

t/B
W

Ifngr1WT/WTFoxp3Cre+

Ifngr1fl/flFoxp3Cre+

A

D

B C

E F



59 

In comparison to sex-matched controls, male Ifngr1fl/fl-Foxp3Cre+ mice had significantly 

elevated titers of anti-oxLDL IgG2c antibodies (Figure 3.5A), an isotype induced by IFN-

g-mediated B cell class switching. Therefore, while male Ifngr1fl/fl-Foxp3Cre+ recipients 

had reduced disease compared to Ifngr1WT/WT-Fox3Cre+ male mice, cellular and humoral 

changes indicated higher levels of IFN-g in circulation.  
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Figure 3.3: Treg-specific IFNgR1 deficiency differentially alters IFN-g+ CD4+ T cell 
populations in male and female mice. Ldlr-/- mice were irradiated and transplanted 
with Ifngr1WT/WTFoxP3Cre+ or Ifngr1fl/flFoxP3Cre+ bone marrow as described in Figure 3.1. 
(A) Proportion of Tregs (left), IFN-g+ Tregs (middle), and IFN-g+ CD4+ T cells (right) in 
aorta from male and female mice. (B) Proportion of Tregs (left), IFN-g+ Tregs (middle), and 
IFN-g+ CD4+ T cells (right) in spleen from male and female mice. N=6-12 mice per 
group, 2 independent experiments per sex. Data points represent individual mice and 
error bars show SEM. * denotes significance p<0.05 by Student’s t test. 
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Figure 3.5: Treg-specific IFNgR1 deficient mice have sex dependent increases in 
circulating a-oxLDL antibodies. Ldlr-/- mice were irradiated and transplanted with 
Ifngr1WT/WTFoxP3Cre+ or Ifngr1fl/flFoxP3Cre+ bone marrow as described in Figure 3.1. (A-
B) Serum a-oxLDL IgM, Total IgG, IgG1, and IgG2c were determined by ELISA at a 
1:8000, 1:500, 1:250, and 1:250, respectively. N=6-12 mice per group, 2 independent 
experiments per sex. Data points represent individual mice and error bars show SEM. * 
and ** denote significance p<0.05 and p<0.01, respectively, by Student’s t test. 
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Figure 3.4: Despite reduced atherosclerosis severity, male Treg-specific IFNgR1 
deficient mice have increased expression of IFNgR1 on non-Treg CD4+ cells. Ldlr-/- 

mice were irradiated and transplanted with Ifngr1WT/WTFoxP3Cre+ or Ifngr1fl/flFoxP3Cre+ 
bone marrow as described in Figure 3.1. Quantification of IFNgR1 expression on non-
Treg CD4+ cells in aorta draining lymph nodes from male mice. N=5-6 mice per group. 
Data points represent individual mice and error bars show SEM. *** and **** denote 
significance p<0.001 and p<0.0001, respectively, by Student’s t test. 
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Females with Treg-specific IFNgR1 deficiency have increased atherosclerosis, but 

reduced IFN-g producing CD4+ T cell populations. Like male Ifngr1fl/fl-Foxp3Cre+ 

recipients, females of the same genotype did not have an altered proportion of total Tregs 

in the aorta compared to sex-matched controls (Figure 3.3A). However, contrary to 

males, female Ifngr1fl/fl-Foxp3Cre+ mice had significantly decreased proportions of IFN-g+ 

Tregs and IFN-g+ CD4+ cells in the aorta despite greater plaque burden (Figure 3.3A). 

There were again no observed differences in these populations in adLN (data not 

shown). Interestingly, the reduction in IFN-g+ Tregs and IFN-g+ CD4+ proportion was also 

not observed in the spleen (Figure 3.3B). In addition to cellular changes, female 

Ifngr1fl/fl-Foxp3Cre+ recipients had significantly increased titers of anti-oxLDL IgG1 

(Figure 3.5B), an isotype that has been suggested to be protective in mouse models of 

atherosclerosis172. Overall, though plaque size was increased in female Ifngr1fl/fl-

Foxp3Cre+ recipients compared to sex-matched controls, cellular and humoral changes 

were more indicative of an atheroprotective state. Together with the data from the 

males, this suggests IFNgR1 signaling in Tregs mediates changes in atherosclerosis via 

an indirect mechanism.  

Macrophages in males with Treg-specific IFNgR1 have reduced expression of 

costimulatory molecule, CD86. Prior work has shown that Tregs facilitate 

atherosclerosis regression by remodeling plaque macrophages to more anti-

inflammatory, wound healing phenotypes which help shrink the lesion128. To determine 

whether Tregs may be working through macrophages to alter atherosclerosis here, I 

analyzed CD11b+ F4/80+ macrophages by flow cytometry in the adLN of male 

recipients. While there was no change in the proportion of CD11b+ F4/80+ macrophages 
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present in the adLN (Figure 3.6A), CD86 expression on these macrophages in Ifngr1fl/fl-

Foxp3Cre+ recipients was significantly decreased compared to controls (Figure 3.6B). 

Reduced expression of CD86 on CD11b+ F4/80+ macrophages in male Ifngr1fl/fl-

Foxp3Cre+ mice is consistent with their less severe disease as CD86 is an important 

costimulatory molecule sometimes used to define inflammatory macrophages in 

atherosclerosis55. Additional work will be needed to more robustly phenotype the 

macrophages in this model and to gather the corresponding data from female 

recipients, but these results suggest Tregs lacking IFNgR may be altering macrophage 

phenotype to ultimately modulate disease burden.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6: Male Treg-specific IFNgR1 deficient mice may have less inflammatory 
macrophages. Ldlr-/- mice were irradiated and transplanted with Ifngr1WT/WTFoxP3Cre+ 
or Ifngr1fl/flFoxP3Cre+ bone marrow as described in Figure 3.1. (A) Quantification of 
CD11b+ F4/80+ macrophages in aorta draining lymph nodes from male mice. (B) Mean 
fluorescent intensity of CD86 on CD11b+ F4/80+ macrophages. N=5-6 mice per group. 
Data points represent individual mice and error bars show SEM. ** denotes 
significance p<0.01 by Student’s t test. 
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Discussion 

Based on the understanding that IFN-g signaling is critical to oxPAPC-induced 

Th1-like Treg phenotypes in vitro (Chapter 2), I hypothesized that a Treg-specific inhibition 

of IFNgR1 would be atheroprotective in a Ldlr-/- bone marrow transplant model of 

atherosclerosis. Consistently, there were smaller lesions in male Ifngr1fl/fl-Foxp3Cre+ 

recipients compared to sex-matched Ifngr1WT/WT-Foxp3Cre+ controls (Figure 3.1). 

However, when Treg IFN-g signaling was reduced in female mice, lesion size was 

increased relative to sex-matched controls (Figure 3.1). This is contrary to my initial 

hypothesis but suggests that sex may be a biological variable in our model system. Our 

lab and others have previously documented significant sex-driven differences in models 

of atherosclerosis and in patients144,173,174. In fact, some work has even suggested sex-

dependent changes in IFN-g signaling in atherosclerosis117,119,120,175, but there is no 

current consensus in this regard.  

Consistent with the findings of this study, Whitman et al. showed whole-animal 

Ifng-/- is atheroprotective in male Apoe-/- mice but elicits no change in females120. A 

similar result was described in T-bet-/- Ldlr-/- mice which have significantly reduced 

production of IFN-g116. Yet, Buono et al. demonstrated both male and female Ifng-/- Ldlr-/- 

mice are protected from atherosclerosis compared to Ldlr-/- controls117. Gupta et al. 

showed female Apoe-/- Ifngr-/- mice develop less atherosclerosis than Apoe-/- controls, 

but males were not tested119. Using a bone marrow chimera model in which 

hematopoietic cells lacked IFN-g, Niwa et al. demonstrated that IFN-g deficiency was 

atherogenic in male mice early in the development of disease, contrary to previous 

findings175. Variability in the body of work may be partially due to the different genetic 
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backgrounds and deficiency models used, each of which with their own potentially 

confounding effects (Table 1). However, a great deal of future work will be required to 

develop a consensus regarding the sex-dependent nature of IFN-g signaling in 

atherosclerosis. 

Table 1. Sex-specific summary of results from IFN-g studies in atherosclerosis 
mouse models. * indicates the results from this work. 

Deficiency Model Strain 
Background 

Affect in Males Affect in Females Ref. 

Whole body Ifng-/- Apoe-/- Atheroprotective  No Change 120 
Whole body T-bet-/- Ldlr-/- Atheroprotective  No Change 116 

Whole body Ifng-/- Ldlr-/- Atheroprotective  Atheroprotective 117 
Whole body Ifngr-/- Apoe-/- Not Tested  Atheroprotective 119 
Ifng-/- Bone Marrow 
Chimera 

Ldlr-/- Atherogenic Not Tested  175 

*Treg-specific Ifngr1-/- 
Bone Marrow 
Chimera 

Ldlr-/- Atheroprotective  Atherogenic - 

 
In addition to observing sex-specific alterations in disease burden in the 

presence of Treg IFNgR1 deficiency, there were also shifts in immune populations and 

circulating anti-oxLDL antibody titers. Male Ifngr1fl/fl-Foxp3Cre+ recipients had elevated 

proportions of IFN-g+ CD4+ Th1 cells and IFN-g+ Tregs in the spleen compared to sex-

matched controls, but there were no observed changes in these populations in the aorta 

or adLN (Figure 3.3 and data not shown). Surprisingly, female Ifngr1fl/fl-Foxp3Cre+ mice 

had significantly reduced proportions of Th1 cells and IFN-g+ Tregs in the aorta compared 

to female controls, but no differences in these populations in the adLN or spleen (Figure 

3.3 and data not shown). These results were again counter to my initial hypothesis that 

IFN-g+ Tregs would be dysfunctional and not protective. This hypothesis was based on 

our oxPAPC work (Chapter 2) as well as that of others describing Th1-like Tregs as 

atherogenic134,145. However, the conclusions of this prior work were drawn using 
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adoptive transfer of ex vivo and in vitro-derived Th1-like Tregs. Therefore, the differing 

results from this study may indicate that the impact of Th1-like Tregs differ depending on 

their source (exogenous addition or endogenous manipulation).  

Accompanying changes in Th1 cells and Tregs, male Ifngr1fl/fl-Foxp3Cre+ mice had 

significantly increased IFNgR1 expression on non-Treg CD4+ cells and higher circulating 

anti-oxLDL IgG2c than male controls (Figure 3.4 and Figure 3.5), indicating elevated 

levels of systemic IFN-g despite their reduced disease burden. Furthermore, female 

Ifngr1fl/fl-Foxp3Cre+ recipients, which had larger lesions compared to female controls, did 

not have these indications of increased systemic IFN-g. In fact, female Ifngr1fl/fl-

Foxp3Cre+ mice had significantly more anti-oxLDL IgG1 (Figure 3.5) which has been 

suggested to be atheroprotective172. IFN-g is regularly described as an atherogenic 

cytokine116–119,171, but this work suggests its role may be context dependent in 

atherosclerosis.  

As the modulation of atherosclerosis severity in Treg-specific IFNgR1 deficient 

mice did not appear to be directly mediated by T cells, I investigated the macrophage 

phenotype in male recipients. Prior findings from Sharma et al. showed Tregs are 

required for the enrichment and function of atheroprotective M2-macrophages in 

regressing plaques128, highlighting a direct connection between the two cell types in 

atherosclerosis. While the proportion of CD11b+ F4/80+ macrophages was unchanged in 

Ifngr1fl/fl-Foxp3Cre+ male mice, macrophage expression of CD86 was significantly 

reduced compared to male controls (Figure 3.6). CD86 is a co-stimulatory molecule 

required on antigen presenting cells for T cell activation and is generally elevated on 

inflammatory macrophages55,176. Therefore, reduced CD86 expression on macrophages 
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may suggest IFNgR1 deficient Tregs are remodeling them to a less atherogenic state. 

This, in turn, could result in reduced disease in male Ifngr1fl/fl-Foxp3Cre+ recipients. 

However, a more in-depth analysis of this macrophage phenotype will be required in the 

future as well as investigation of the corresponding population in female recipients.  

In conclusion, this study demonstrates that Treg IFN-g signaling plays a critical, 

but sex-dependent role in atherosclerosis development. The induced changes in 

disease severity do not appear to be directly T cell mediated. Rather, I hypothesize Treg 

IFNgR expression is required for reshaping macrophages that ultimately modulate 

plaque size. Overall, these results reveal a nuance to IFN-g signaling in atherosclerosis 

that can sometimes be overlooked but will be critical to understand for the development 

of better therapeutics. 
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CHAPTER 4 

OxLDL Immune Complexes Induce Long-Term Alterations in Dendritic Cell 

Population 

Introduction 

During the development of atherosclerosis, LDL in the vessel wall becomes 

oxidized and causes local tissue damage and recruitment of immune cells which 

produce antibodies specific to oxLDL101,177. Studies show that approximately 95% of 

circulating oxLDL is bound to antibody forming oxLDL-ICs178. OxLDL-specific antibodies 

and immune complexes are present in mouse models of atherosclerosis89,179,180, there 

is a positive correlation between titers of oxLDL-ICs and atherosclerosis disease 

severity178-181, and titers are increased in patients that have autoimmune diseases 

associated with accelerated disease like SLE, diabetes, and RA182,183. This suggests 

oxLDL-ICs are not only a biomarker of disease, but actively promote inflammation. 

Prior work from our laboratory shows oxLDL-ICs cooperatively signal through 

FcgRs, CD36, and TLR-4 in BMDCs to prime the Nlrp3 inflammasome causing 

increased secretion of IL-1b compared to BMDCs stimulated with oxLDL89. This 

demonstrates that oxLDL-ICs are distinct from free oxLDL and elicit unique biological 

effects. It is significant that oxLDL-ICs are capable of modulating DCs as these cells are 

critical mediators shaping the vessel microenvironment by activating other immune 

cells63–66. As atherosclerosis is a chronic disease of sterile inflammation, it is critical to 

understand what, if any, long-term changes oxLDL-ICs might induce in DCs.  

Though classic immunological dogma states that innate immune cells are 

efficient, broad responders to danger signals while adaptive immunity is antigen-specific 
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and has lasting memory, work from the last decade has demonstrated that some 

pathogens can impart long-lasting changes on innate immune cells, altering their 

response upon subsequent activation (reviewed in 184). This is a concept called trained 

immunity and it is mediated by ligand binding to pattern recognition receptors which 

triggers metabolic and epigenetic changes (reviewed in 184). Fungal pathogen Candida 

albicans (C. albicans) and its cell wall component, b-glucan, are some of the most well 

studied triggers of trained immunity185–187. Interestingly, the inflammatory pathway 

utilized by oxLDL-ICs closely mimics that of fungal signaling through Dectin1 and TLRs 

to activate the Syk-dependent NF-kB pathway89,188. Free oxLDL has also been shown to 

induce trained immunity in monocytes and macrophages189 and WD feeding of Ldlr-/- 

mice induces immune training in macrophage precursors in the bone marrow through 

an Nlrp3 inflammasome-dependent mechanism190. Altogether, these data suggest 

oxLDL-ICs may be capable of immune training. 

Prior to the start of my work on this project, the rabbit a-ApoB-100 polyclonal 

antibody we had used for the formation of oxLDL-ICs in the past89 was discontinued 

with no viable direct replacement. Therefore, in this study, I developed a new method of 

oxLDL-IC treatment in BMDCs in which oxLDL-IC conditions are achieved by incubating 

cells with free oxLDL and heat-aggregated IgG immune complexes (haIC) 

simultaneously to recapitulate the signaling of antigen-specific oxLDL-ICs. Using this 

system, I demonstrate oxLDL-ICs induce trained immunity in BMDCs in vitro, both 

augmenting their cytokine response upon secondary, non-specific stimulation and 

shifting them towards a more glycolytic metabolism. Additionally, WD feeding of Ldlr-/- 

mice significantly increased the proportion of DC precursor populations in vivo and 
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BMDCs derived from differentially fed mice had altered responses to stimuli. Overall, 

these findings demonstrate that oxLDL-ICs can induce long-term changes in DCs and 

may, therefore, be a driving force in the chronic inflammation observed in 

atherosclerosis.   

 

Materials and Methods 

Mice. C57BL/6J (B6; Stock # 000664) and B6.129S7-Ldlrtm1Her/J (Ldlr-/-; Stock # 

002207), mice were originally obtained from the Jackson Laboratory (Bar Harbor, ME). 

Animals were maintained and housed at Vanderbilt University. All mice used in these 

studies were on the C57BL/6J background. Procedures were approved by the 

Vanderbilt University Institutional Animal Care and Use Committee.  

Bone Marrow-derived Dendritic Cells. BMDCs were generated as previously 

described142. Briefly, bone marrow was flushed from hind legs with BMDC media (RPMI 

1640, 10% FBS, 10mM HEPES, and L-glutamine-penicillin-streptomycin [2mM, 100 

units, and 100µg, respectively]). Cells were plated at 2´105 cells/ml in 10ml of the above 

media with 20ng/ml recombinant granulocyte-macrophage colony-stimulating factor 

(rGM-CSF; Peprotech Cat # 315-03) in 100mm2 petri dishes. 10ml of media was added 

on day 3 then removed and replaced on day 6, and cells were harvested days 8-10.  

oxLDL and haICs. LDL oxidation methods were adapted from those previously 

described89,191. OxLDL was made by dialyzing 250µg/ml human LDL (Kalen Biomedical 

Cat # 770200) for 36 hours against sterile 0.9M NaCl at 4°C. This was followed by 

dialysis against sterile 0.9M NaCl containing 20µM freshly prepared sterile CuSO4 for 6 

hours at 37°C. Oxidation was terminated by dialysis against sterile 0.9M NaCl 
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containing 1mM EDTA for 18 hours at 4°C. Extent of oxidation was determined by 

TBARS assay (Bioassay Systems Cat # DTBA-100) with the target range of 9-14nmol 

MDA/mg LDL. HaICs were generated as described previously192. Briefly, 250µg/ml 

sterile mouse IgG (Innovative Research Cat # IR-MS-GF-ED) was incubated at 63°C for 

12 minutes. Following heating, aggregated antibody was centrifuged at 10,000xg for five 

minutes and supernatant containing soluble haICs was collected and diluted to 1mg/ml 

for use in assays. 

Inflammasome Assay. Inflammasome assay was adapted from those previously 

described89. Briefly, BMDCs (1´105 cells/well in a 96-well round bottom plate) were 

primed with 10µg/ml oxLDL or 10µg/ml oxPAPC, 40µg/ml haIC, a combination of 

10µg/ml of the appropriate oxidized lipid and 40µg/ml haICs (oxLDL-IC or oxPAPC-IC), 

or BMDC media alone for three hours. The primed BMDCs were then activated with 

5mM adenosine triphosphate (ATP; Sigma Cat # A6419) for two more hours. 

Supernatants were collected and used for IL-1b ELISAs (eBioscience Cat # 88-7013-88 

or Biolegend Cat # 432601) performed according to the manufacturer instructions. 

RNA Sequencing (RNAseq). BMDCs were treated with 25µg/ml oxLDL or a 

combination of 25µg/ml oxLDL and 100µg/ml haIC (oxLDL-ICs) for two hours before 

harvest and RNA was isolated using Rneasy Plus Mini Kit (Qiagen Cat #: 74134) 

according to manufacturer instruction. RNA was sent to Vanderbilt Technologies for 

Advanced Genomics (VANTAGE) core. Libraries were prepared using 200-500ng of 

total RNA using NEBNextÒ Poly(A) selection kit and sequenced at Paired-End 150bp 

on the Illumina NovaSeq 6000 targeting an average of 50M reads per sample. 

Additional analysis using the resulting demultiplexed FASTQ files containing PF reads 
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was performed by Vanderbilt Technologies for Advanced Genomics Analysis and 

Research Design (VANGARD). Sequencing reads were aligned against the mouse 

GENCODE GRCm38.p6 using STAR software v2.7.8a. Mapped reads were assigned to 

gene features and quantified using featureCounts v2.0.2. Normalization and differential 

expression were performed using DESeq2 v1.30.1. Significantly differentially expressed 

genes (fold change ³2 and FDR £0.05) were used for subsequent Gene Set Enrichment 

Analysis v4.2.2. 

BMDC Training. Trained immunity assays were adapted from those previously 

described189. BMDCs (1´105 cells/well in a 96-well flat bottom plate) were treated with a 

primary stimulus of 20ng/ml lipopolysaccharide (LPS), 50µg/ml oxLDL, 200µg/ml haICs, 

a combination of 50µg/ml oxLDL and 200µg/ml haICs (oxLDL-IC), or BMDC media 

alone for 24 hours. All treatment groups also included 20ng/ml rGM-CSF. Following 

primary stimulation, BMDCs were washed and cells were rested in fresh BMDC media 

supplemented with 20ng/ml rGM-CSF for four days. After which, media was replaced 

with a secondary stimulus of 20ng/ml LPS or BMDC media alone (without rGM-CSF) 

before incubating for 24 hours. IL-1b, IL-6 (BD Biosciences Cat # 555240), and TNF-a 

(BD Biosciences Cat # 558534) were measured in culture supernatants by ELISA 

according to the manufacturer’s instruction.  

Flow Cytometry. Flow cytometry was performed on cells obtained ex vivo and following 

in vitro cell culture. Cells requiring a viability dye were stained with Viobility Fixable Dye 

(Miltenyi Biotec) according to the manufacturer protocols. For surface staining, cells 

were washed in HBSS containing, 1% BSA, 4.17mM sodium bicarbonate, and 3.08mM 

sodium azide (FACS buffer), followed by a 10-minute room temperature incubation in 
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1µg/ml Fc block (a-CD16/32; Tonbo Cat # 40-0161) diluted in FACS buffer. Fc block 

was omitted for DC precursor staining in the bone marrow. Cells were then stained for 

30 minutes at 4°C protected from light with the following antibodies diluted in FACS 

buffer: a-B220-Pe (BD Biosciences Cat # 553089), a-CD2-Pe (Tonbo Cat # 50-0021), 

a-CD3e-Pe (invitrogen Cat # 12-0031), a-CD4-Pe (Tonbo Cat # 50-0042), a-CD8a-Pe 

(BD Biosciences Cat # 553033), a-CD11b-APCCy7 (BD Biosciences Cat # 557657), a-

CD11b-Vioblue (Tonbo Cat # 75-0112), a-CD11c-PeCy7 (Tonbo Cat # 60-0114), a-

CD11c-Viogreen (Biolegend Cat # 117337), a-CD16/32-SB600 (Invitrogen Cat # 63-

0161-80), a-CD19-Pe (BD Biosciences Cat # 557399), a-CD34-APC (BD Biosciences 

Cat # 560233), a-CD45.2-APCCy7 (Tonbo Cat # 25-0454), a-CD80-APC (Tonbo Cat # 

20-0801), a-CD86-PeCy7 (Tonbo Cat # 60-0862), a-c-kit-Vioblue (Invitrogen Cat # 48-

1171-80), a-CX3CR1-FITC (Biolegend Cat # 149019), a-F4/80-APCCy7 (Tonbo Cat # 

25-4801), a-Ly6C-FITC (Biolegend Cat # 128005), a-Ly6G-Pe (Tonbo Cat # 50-5931), 

a-MHC Class II I-Ab-PerCp-Cy5.5 (Invitrogen Cat # 46-5320-82), a-Sca-1-PerCp 

(Invitrogen Cat # 15-5981-81), a-TER-119/Ly76-Pe (Invitrogen Cat # 12-5921-81). 

Samples were then washed in FACS buffer and fixed in 2% paraformaldehyde (PFA). 

Sample acquisition was performed on a MacsQuant Analyzer (Miltenyi Biotec) and data 

were analyzed using FlowJo Single Cell Analysis software. 

Glycolysis Stress Test. Seahorse XF Glycolysis Stress Test (Agilent Cat # 103020-

100) was performed according to manufacturer instructions. Seahorse plate was coated 

with Cell-Tak solution (Corning Cat # 354240) for 30 minutes at room temperature 

before seeding 2´105 BMDCs/well with a minimum of five technical replicates per 
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sample. Plated cells were treated with BMDC media alone, 20ng/ml LPS, 25µg/ml 

oxLDL, 100µg/ml haIC, or a combination of 25µg/ml oxLDL and 100µg/ml haICs 

(oxLDL-ICs) for 24 hours. Final counts of each well were acquired by bright field 

imaging using a BioTek Cytation5 imager for data normalization. The glycolysis stress 

test was performed using 10mM glucose, 1.5µM oligomycin A, and 50mM 2-deoxy-D-

glucose (2-DG) final concentrations. Analysis was performed with the Agilent Seahorse 

XFe96 Analyzer.  

Diet Comparison Studies. 9-12-week-old male Ldlr-/- mice were maintained on NC or 

placed on WD (21% saturated fat and 0.15% cholesterol; Envigo Cat # TD.88137) for 4 

weeks. After which animals were sacrificed and bone marrow, blood, and spleen were 

collected for further analyses. 

Quantitative Polymerase Chain Reaction (qPCR). BMDCs were treated with media 

alone or 20ng/ml LPS for two hours and total RNA was isolated from cells using Norgen 

Total RNA Purification Kits (Norgen Biotek Cat # 37500). RNA concentrations were 

normalized to the least concentrated sample and RNA was reverse transcribed using a 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems Cat # 4368814). 

mRNA expression was measured with the following TaqManä probes: Il1b (Thermo 

Fisher Scientific Cat # Mm00434228), Il12a (Thermo Fisher Scientific Cat # 

Mm00434169), Il12b (Thermo Fisher Scientific Cat # Mm01288989), and Il23a (Thermo 

Fisher Scientific Cat # Mm00518984). Quantitative real-time PCR was performed using 

the Thermo Fisher Scientific QuantStudio 6 Flex Real-Time PCR System. The cycling 

threshold (CT) value for each gene was normalized to the housekeeping gene Ppia 
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(Thermo Fisher Scientific Cat # Mm02342430) and relative expression was calculated 

by the change in CT method (DDCT). 

Statistical Analyses. Normally distributed data was analyzed using Student’s t tests 

(for two groups) or one-way ANOVAs with Bonferroni post-test (for three or more 

groups). All statistical tests were performed using GraphPad Prism. 

 

Results  

Combination treatment of oxLDL and haICs elicits similar effects in BMDCs as 

antigen-specific oxLDL-ICs. Prior work from our laboratory has shown that oxLDL-ICs 

prime the Nlrp3 inflammasome and result in increased production of IL-1b from BMDCs 

compared to free oxLDL89. The oxLDL-ICs used for these studies were formed by 

incubating oxLDL and a-ApoB100 polyclonal antibody together before removing 

unbound antibody from formed immune complexes via size exclusion centrifugation 

(Figure 4.1)89. Due to the polyclonal nature of the antibody, antigen-specific oxLDL-ICs 

are likely composed of multiple a-ApoB100 antibodies bound to individual oxLDL 

particles, and possibly are amassed clusters of multiple antibodies and particles 

together. This is important as it would allow for the cooperative signaling through FcgRs, 

CD36, and TLR-4 that is required for oxLDL-IC priming of the inflammasome89. 

However, the a-ApoB100 polyclonal antibody was discontinued prior to this work so I 

hypothesized that an alternative non-specific immune complex could trigger 

inflammasome activation in BMDCs providing there was coordinated signaling through 

FcgRs, CD36, and TLR-4. 
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To test this, haICs were formed from purified mouse IgG as in Gamberale et 

al.192 and BMDCs were primed with free oxLDL, haICs alone, or a combination of oxLDL 

and haICs in an in vitro inflammasome assay (Figures 4.1 and 4.2A-B). Consistent with 

Rhoads et al. free oxLDL alone did not elicit IL-1b release from BMDCs above the 

control level89. Some IL-1b was produced from BMDCs treated with haICs alone, 

however, the IL-1b concentration was highest in supernatants from BMDCs given 

oxLDL and haICs together, suggesting the combination treatment primed the 

inflammasome as effectively as antigen-specific oxLDL-ICs89. The concentration of IL-

1b produced following treatment with oxLDL and haICs together (herein referred to as 

 
Figure 4.1. Comparison of antigen-specific and heat-aggregated oxLDL-IC 
formation. Antigen-specific oxLDL-ICs are prepared by incubating oxLDL and a-
ApoB100 polyclonal antibody together before removing unbound antibody from formed 
immune complexes via size exclusion centrifugation. With this method, antibody is 
directly bound to the oxLDL particle. OxLDL-ICs produced with the haIC method use 
dual treatment of oxLDL and haICs to mimic the signaling of antigen-specific 
complexes. 
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oxLDL-ICs) was greater than the sum of IL-1b concentrations from free oxLDL and haIC 

groups alone suggesting the observed increase in IL-1b from oxLDL-IC-treated BMDCs 

was not simply an additive effect, but bona fide cooperative signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Leveraging this combination haIC and oxLDL method allowed for testing of other 

types of immune complexes. As discussed in Chapter 2, oxPAPC is a mixture of 

oxidized phospholipid species that is present in the oxLDL particle as well as cell 

membranes141,193. As oxPAPC has been shown to be the bioactive component of 

 
Figure 4.2. Combined treatment of oxidized lipid and haICs induce inflammasome 
activation similar to antigen-specific immune complexes. (A) Inflammasome assay 
design. BMDCs were treated with 10μg/ml oxidized lipid, 40μg/ml haICs or a 
combination of 10μg/ml oxidized lipid and 40μg/ml haICs (ox-IC) for three hours after 
which 5mM ATP was added for two additional hours. IL-1b was measured in 
supernatant by ELISA. (B) IL-1b concentrations following inflammasome assay using 
oxLDL. (C) IL-1b concentrations following inflammasome assay using oxPAPC. Shown 
is one representative of at least three experiments. Data points are technical replicates 
and error bars show SD. *** and **** denote significance p<0.001 and p<0.0001, 
respectively, by one-way ANOVA and Tukey’s multiple comparison test.  
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oxLDL138–140, I hypothesized oxPAPC-ICs would prime the inflammasome in much the 

same way as oxLDL-ICs. Consistent with this, free oxPAPC did not trigger IL-

1b concentrations above no treatment, but BMDCs primed with oxPAPC and haICs 

together (oxPAPC-ICs) produced significantly more IL-1b (Figure 4.2C). Again, the level 

of IL-1b released from oxPAPC-IC-treated BMDCs was not simply the sum of the IL-1b 

elicited by oxPAPC and haICs alone, suggesting oxPAPC-ICs can prime the 

inflammasome just as oxLDL-ICs can. Overall, these results suggest combined 

treatment of haICs and oxLDL are a sufficient alternative to antigen-specific oxLDL-ICs 

in BMDCs, and they will be the primary form of oxLDL-IC used throughout the 

remainder of this chapter.  

OxLDL-ICs trigger long-term immune training in BMDCs. Bulk RNAseq was 

performed on BMDCs treated with free oxLDL or oxLDL-ICs for two hours to further 

characterize changes induced by oxLDL-IC treatment and distinct transcriptional profiles 

were observed between the two groups (Figure 4.3A). Additionally, of the top 10 KEGG 

pathways as determined by number of gene changes, three pathways (shown in red) 

were consistent with the known mechanism for oxLDL-IC signaling in BMDCs (Figure 

4.3B)89. Interestingly, “C-type Lectin Receptor Signaling Pathway” was also one of the 

top 10 KEGG pathways identified (Figure 4.3B) which was significant as it is one that is 

required for the induction of trained immunity by fungal pathogens like C. albicans188. 

OxLDL-IC signaling has other mechanistic similarities with C. albicans in that it is TLR, 

Syk, and NF-kB mediated89,188. This, combined with the fact that oxLDL can also cause 

immune training189, suggested that oxLDL-ICs may be novel triggers of trained 

immunity.  
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To investigate the training potential of oxLDL-ICs in vitro, BMDCs were exposed to a 

primary stimulus for 24 hours before being washed and rested in media supplemented 

with granulocyte-macrophage colony-stimulating factor (GM-CSF) for four days. 

Afterwards, BMDCs were restimulated with LPS for 24 hours and then cells and culture 

supernatants were collected for analysis (Figure 4.4A). BMDC viability was unaffected 

by the different primary stimuli (Figure 4.4B), but BMDCs initially treated with oxLDL-ICs 

produced more IL-1b upon secondary, non-specific stimulation than even those 

receiving oxLDL for a primary stimulus (Figure 4.4C). Of the cytokines tested, oxLDL-IC 

training only enhanced the production of IL-1b as IL-6 and TNF-a levels were 

unchanged in response (Figure 4.4C). TNF-a production was significantly reduced by 

 
Figure 4.3. OxLDL-IC-treated BMDCs are transcriptionally distinct from oxLDL-
treated BMDCs. BMDCs were treated with 25μg/ml oxLDL or oxLDL-ICs (100μg/ml 
haIC + 25μg/ml oxLDL) for 2hrs before being harvested for bulk RNAseq. N=3 mice per 
group. (A) Volcano plot showing differentially expressed genes in oxLDL-IC-treated 
BMDCs relative to oxLDL-treated BMDCs (significantly enriched = red, significantly 
reduced green). (B) Top 10 most altered KEGG pathways in oxLDL-IC-treated BMDCs 
based on the number of differentially expressed genes in the pathway. Red bars 
indicate pathways that align with the oxLDL-IC signaling mechanism. 
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primary treatment with LPS, but this is consistent with prior work showing high levels of 

LPS can tolerize cells to further exposure (Figure 4.4C)194. Overall, these results 

support the hypothesis that oxLDL-ICs can induce trained immunity in BMDCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OxLDL-IC immune training is associated with increased glycolytic metabolism. 

Immune training is mediated by metabolic shifts in the cell which ultimately lead to 

epigenetic alterations186. To investigate whether the metabolism of oxLDL-IC-treated 

BMDCs was changed, the cells were subjected to extracellular flux analyses after 

 
Figure 4.4. OxLDL-ICs induce trained immunity in BMDCs. (A) Trained immunity 
assay design. Primary stimuli included media alone (NT), 20ng/ml LPS, 50μg/ml 
oxLDL, 200μg/ml haIC, or a combination of 50μg/ml oxLDL and 200μg/ml haIC (oxLDL-
IC). Secondary stimuli were media alone or 20ng/ml LPS. (B-C) BMDCs were trained 
as described in (A). Cell viability was assessed by flow cytometry (B) and supernatant 
cytokines were measured by ELISA (C). Data points are individual mice and error bars 
show SEM. *, **, and *** denote significance p<0.05, p<0.01, and p<0.001, 
respectively, by one-way ANOVA and Tukey’s multiple comparison test.  
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primary stimulation. BMDC training with both free oxLDL and oxLDL-ICs significantly 

increased extracellular acidification rate (ECAR) following exposure to glucose and 

oligomycin, suggesting increased glycolysis and glycolytic capacity, respectively (Figure 

4.5A-C). Interestingly, BMDCs receiving a primary stimulus of oxLDL-ICs were even 

more glycolytic than those treated with oxLDL alone (Figure 4.5A-C), indicating that the 

training induced by oxLDL-ICs may be distinct from that which was previously described 

for oxLDL189. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Feeding an atherogenic diet to susceptible mice alters DC populations in vivo. To 

begin to determine whether atherogenic conditions might induce long-term changes in 

DCs in vivo like oxLDL-ICs in vitro, male Ldlr-/- were maintained on NC or WD for four 

 
Figure 4.5. OxLDL-ICs enhance glycolytic metabolism. BMDCs were treated with 
media alone, 20ng/ml LPS, 25μg/ml oxLDL,100μg/ml haIC, or a combination of 
25μg/ml oxLDL and 100μg/ml haIC (oxLDL-IC) for 24hrs before extracellular 
acidification rate (ECAR) was measured with Seahorse XF Glycolysis Stress Test (A). 
Level of glycolysis (B) and glycolytic capacity (C) were determined by calculating 
ECAR rate change after addition of glucose or oligomycin, respectively. Shown is one 
representative of at least three experiments. Data points are technical replicates and 
error bars show SD. **, ***, and **** denote significance p<0.01, p<0.001, and 
p<0.0001, respectively, by one-way ANOVA and Tukey’s multiple comparison test.  
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weeks before various tissues were harvested for analysis (Figure 4.6A). In this system, 

WD feeding significantly reduced cell number in the bone marrow compared to mice on 

NC (Figure 4.6B). WD significantly increased the proportion of hematopoietic stem cells 

(HSCs) in the bone marrow, consistent with what has been previously 

described190,195,196. However, these past studies did not analyze the full DC 

developmental lineage. Results indicated WD feeding significantly elevated the 

frequency of the pre-DC population, the last DC precursor population before the cell 

leaves the bone marrow (Figure 4.6C). WD feeding also shifted the proportions of 

mature DC populations including pDCs that secrete high levels of type I interferons197, 

CD8a+ cDCs which can cross-present exogenous antigen on MHC class I molecules 

(reviewed in 198), CD11b+ cDCs that are migratory and present antigen to CD4+ T cells 

(reviewed in 199), and merocytic DCs (mcDCs) which have been shown to break 

immune tolerance200. However, these alterations were tissue dependent with different 

patterns emerging in the bone marrow, blood, and spleen (Figure 4.7A-C).  Collectively, 

these results suggest WD reshapes DC population frequencies. 
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Figure 4.6. Western diet feeding of atherosclerosis-susceptible mice reduces 
bone marrow compartment and enhances select pre-dendritic cell populations. 
(A) Study design (image generated with Biorender). Bone marrow was collected from 
male Ldlr-/- mice fed as depicted, counted (B), and analyzed by flow cytometry (C). 
HSC= Lin- c-kit+ Sca-1+ CD34+, CMP= Lin- c-kit+ Sca-1- CD16/32low CD34+, GMP= Lin- 
c-kit+ Sca-1- CD16/32hi CD34+, MDP= Lin- c-kit+ Sca-1- CD16/32hi CX3CR1+ CD11b-, 
CDP= Lin- c-kitint Sca-1- CD16/32lo CX3CR1+ CD11b-, and Pre-DC= Lin- c-kit- CD16/32- 

CX3CR1+ CD11cint CD11b+. N=6-8 mice per group, 2 independent experiments. Data 
points represent individual mice and error bars show SEM. *, **, and **** denote 
significance p<0.05, p<0.01, and p<0.0001, respectively, by Student’s t test. 
 

Level of Stemness

%
 S

in
gl

e 
C

el
ls

HSC CMP GMP MDP CDP Pre-DC

A B

C

0

10

20

30

40

Bone Marrow Count (All LDLr-/-)

B
on

e 
M

ar
ro

w
 C

ou
nt

 (x
10

6 )

NC

WD
✱✱✱✱

0.0

0.1

0.2

0.3

0.4

0.5

H
SC

 (%
 o

f S
in

gl
e 

C
el

ls
)

Combined (LDLr-/- Only) % HSC

NC

WD

✱✱

0.0

0.2

0.4

0.6

0.8

C
M

P 
(%

 o
f S

in
gl

e 
C

el
ls

)

Combined (LDLr-/- Only) % CMP

NC

WD

0.0

0.1

0.2

0.3

0.4

0.5

G
M

P 
(%

 o
f S

in
gl

e 
C

el
ls

)

Combined (LDLr-/- Only) % GMP

NC

WD

0.00

0.02

0.04

0.06

0.08

0.10

M
D

P 
(%

 o
f S

in
gl

e 
C

el
ls

)

Combined (LDLr-/- Only) % MDP

NC

WD

0.0763

0.000

0.005

0.010

0.015

0.020

C
D

P 
(%

 o
f S

in
gl

e 
C

el
ls

)

Combined (LDLr-/- Only) % CDP

NC

WD

0.0

0.1

0.2

0.3

Pr
e-

D
C

 (%
 o

f S
in

gl
e 

C
el

ls
)

Combined (LDLr-/- Only) % Pre-DC

NC

WD

✱



84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WD-induced alterations in the bone marrow lead to long-term changes after DC 

development. Given the trained phenotype observed in vitro, I sought to determine 

whether the altered frequencies of DC precursor populations in the bone marrow would 

translate to lasting functional changes in DCs. To evaluate this, I collected bone marrow 

from differentially fed mice and cultured the cells for nine days in the presence of GM-

 
Figure 4.7. Western diet feeding of atherosclerosis-susceptible mice alters 
mature dendritic cell populations. Male Ldlr-/- mice fed were maintained on NC or 
WD for four weeks before bone marrow (A), blood (B), and spleen (C) were harvested 
and analyzed by flow cytometry to assess various DC populations. pDC= CD11c+ 
PDCA1+ B220+, cDC= CD11c+ PDCA1- B220-, CD8a cDC= CD8a+ CD11b- cDC, 
CD11b+ cDC= CD8a- CD11b+ cDC, mcDC= CD8a- CD11b- cDC. N=3 mice per group. 
Data points represent individual mice and error bars show SEM. * and ** denote 
significance p<0.05 and p<0.01, respectively, by Student’s t test. 
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CSF to obtain BMDCs (Figure 4.8A). There was no significant difference in cell yield 

between the two groups (Figure 4.8B). Following differentiation, BMDCs were 

stimulated with LPS, harvested for RNA, and gene expression was analyzed by qPCR. 

Interestingly, BMDCs from WD-fed mice had reduced expression of Il1b, Il12a, and 

Il12b upon stimulation compared to NC-fed cells (Figure 4.8C). Additionally, when 

BMDC metabolism was investigated, cells from WD-fed animals trended towards 

elevated glycolysis and glycolytic capacity compared to those from NC-fed mice (Figure 

4.8D-F), consistent with the metabolic changes observed in response to oxLDL-IC 

treatment in vitro. Overall, the data from these diet comparison studies suggest WD, 

which promotes the development of oxLDL-ICs in vivo, induces long-term changes in 

DCs. 
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Figure 4.8. BMDCs generated from alternatively fed mice respond differently to 
stimuli. (A) Study design (image generated with Biorender). Bone marrow was 
collected from male Ldlr-/- mice fed as depicted and differentiated to BMDCs. (B) 
BMDCs were counted and average number per plate calculated. N=7-8 mice per 
group, 2 independent experiments. (C) BMDCs were stimulated with media alone (NT) 
or 20ng/ml LPS for 2hrs before RNA was purified and used for qPCR analysis. N=3-4 
mice per group. Data points represent individual mice and error bars show SEM. *, **, 
and **** denote significance p<0.05, p<0.01, and p<0.0001, respectively, by two-way 
ANOVA and Tukey’s multiple comparison test. (D) Extracellular acidification rate 
(ECAR) was measured with Seahorse XF Glycolysis Stress Test. Level of glycolysis 
(E) and glycolytic capacity (F) were determined by calculating ECAR rate change after 
addition of glucose or oligomycin, respectively. N=7-8 mice per group, 2 independent 
experiments. Data points represent individual mice and error bars show SEM. 
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Discussion  

The current study indicates oxLDL-ICs are a novel inducer of trained immunity in 

BMDCs. I show that cells treated with oxLDL-ICs produce significantly more IL-1b upon 

secondary stimulation with LPS (Figure 4.4). Additionally, these BMDCs shift their 

metabolism towards glycolysis following the primary stimulation (Figure 4.5). This is 

consistent with findings from previous groups which have shown glycolysis is increased 

and required for innate immune training186,201. Metabolic alteration is thought to be 

directly tied to the epigenetic modifications in trained cells as glycolysis leads to a high 

NAD+:NADH ratio that in turn reduces expression of sirtuin 1 histone deacetylases186. 

However, future work will be required to characterize the potential epigenic 

modifications induced by oxLDL-IC treatment in BMDCs. 

At this point, most trained immunity studies have been focused on monocytes 

and macrophages. I used BMDCs for this work, providing more information about 

immune training in a less studied cell type, but with the important caveat that BMDCs 

are known to be heterogenous and sometimes monocyte-like202. Interestingly, prior 

work characterizing immune training in DCs did not observe robust cytokine production 

in response to secondary stimulation with an unrelated antigen203, contrary to the results 

of the present study. The experiment in Hole et al. is not a perfect comparison as it uses 

ex vivo sorted DCs restimulated with a variety of antigens following training by in vivo 

exposure to modified Candida neoformans. However, the fact that our BMDCs 

significantly increased cytokine output in response to non-specific secondary stimulation 

may suggest oxLDL-ICs have some unique properties in immune training.  
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Prior work from Christ et al. has shown that WD feeding of Ldlr-/- mice induced 

inflammatory changes in monocytic precursors and mature macrophages that persisted 

even when normal lipid levels were restored190. This, in combination with the in vitro 

findings that WD-associated oxLDL-ICs can train BMDCs, prompted the study of DC 

precursors in vivo following feeding with NC or WD. Some of these results were 

consistent with what has been previously described including a significant increase in 

HSCs190,195,196, while changes in the pre-DC population have not been studied before 

(Figure 4.6). Interestingly, I observed an overall reduction in bone marrow cell number 

in WD-fed animals (Figure 4.6). This was somewhat surprising given a prior study in B6 

mice fed a high-fat diet showed an increase in bone marrow cell numbers204. This 

discrepancy could be due to mouse strain or diet differences and would require more 

follow-up studies.  

In addition to looking at DC precursor populations, I also examined mature DC 

populations in the bone marrow, blood, and spleen (Figure 4.7). The most notable 

changes were in pDCs, which have been described as both pro- and 

antiatherogenic70,72, and CD8a+ cDCs that have been suggested to be atherogenic68. In 

response to WD feeding pDCs were significantly diminished in the blood and trended 

towards reduction in the bone marrow. This could indicate a general shrinking of the 

population or a migration of these cells to the plaque and draining lymph nodes. 

Similarly, CD8a+ cDCs are thought to seed tissues directly from the bone marrow198 so 

their proportional decrease in the marrow with WD feeding could mean loss of the cell 

type or increased emigration out of the bone marrow. It is difficult to draw conclusions 

from these data about the impact of the observed population changes on 
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atherosclerosis as the tissues studied are not necessarily representative of the plaque. 

Future studies should directly sample the aorta and adLN to assess DC changes in the 

microenvironments most important to disease development.  

 To assess whether WD-induced changes in the DC precursor population had 

long-lasting functional significance, I generated BMDCs from the marrow of differentially 

fed mice using GM-CSF (Figure 4.8). There was precedence to suggest that trained 

phenotypes could persist even through cytokine directed differentiation of the bone 

marrow as Edgar et al. had shown bone marrow-derived macrophages (BMDMs) 

produced from hyperglycemic mice had increased cytokine production upon 

restimulation after seven days in culture compared to BMDMs from normoglycemic 

mice205. In the current study, BMDCs generated from WD-fed animals trended towards 

a more glycolytic metabolic signature compared to cells from NC-fed mice (Figure 4.8). 

This was exciting as it mirrored the enhanced glycolysis observed with oxLDL-IC 

treatment in vitro. However, the metabolic differences from the in vivo experiment were 

much less dramatic than in the in vitro assays, but that is understandable given the 

increased complexity of the whole animal system. A somewhat surprising finding was 

the decreased expression of inflammatory cytokine transcripts, Il1b, Il12a, and Il12b, 

from WD-derived BMDCs restimulated with LPS (Figure 4.8). Given the data obtained in 

vitro, the prediction was that there would at least be an increase in Il-1b levels. One 

important caveat is that this is gene expression data whereas protein changes were 

measured in vitro, so this discrepancy could be due to differing RNA and protein 

kinetics. However, if the reduced cytokine expression was supported by additional 

assays, it could potentially be consistent with the body of work showing increased 
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susceptibility to infection in patients with obesity (reviewed in 206). Additional 

experiments will be required to better characterize the long-term changes induced in 

DCs by WD.  

 The results of this study agree with work from others which suggest trained 

immunity is an important player in the progression of atherosclerosis. Interestingly, the 

modification of LDL appears to be critical for making it an antigen capable of immune 

training. OxLDL and acetylated LDL both train human primary monocytes in vitro, but 

native LDL does not189. Additionally, van der Valk et al. have shown lipoprotein(a) 

induces trained immunity in human monocytes via its oxPLs207. Furthermore, when 

tested in vitro statins, drugs commonly used for the treatment of atherosclerosis, 

prevented training in monocytes by b-glucan or oxLDL208. However, three months of 

statin treatment in atherosclerosis patients did not reduce elevated cytokine production 

from monocytes nor H3K4me3 marks observed on the TNF promoter209, suggesting the 

modulation of trained immunity in vivo is more complex. To effectively counter the 

inflammatory effects of trained immunity in atherosclerosis, treatments need to be 

developed that can reverse the epigenetic alterations once they have been established. 

It is not enough to rely on inhibitors of the initial training event, especially in the context 

of chronic diseases like atherosclerosis. This may be especially important for other 

chronic conditions like SLE that accelerate atherosclerosis, but do not robustly respond 

to lipid lowering treatments26.  

 In conclusion, this study identifies oxLDL-ICs as a new trigger of trained immunity 

in BMDCs. Training with oxLDL-ICs results in increased release of IL-1b upon 

secondary stimulation and enhances the glycolytic metabolism of the cell, which may 
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potentially lead to downstream epigenetic remodeling. This effect is distinct from that 

triggered by oxLDL, which is known to induce trained immunity. Translating these 

findings in vivo, atherogenic mice on WD have altered proportions of precursor and 

mature DCs compared to NC-fed controls. Finally, BMDCs derived from these 

differentially fed mice have altered responses to inflammatory and metabolic stimuli, 

indicating WD can induce long-term changes in DCs. Overall, these findings suggest 

oxLDL-ICs are not only involved in acute events in atherosclerosis but may also 

contribute to the chronic inflammation that is characteristic of the disease.  
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Chapter 5 

Conclusions and Future Directions 

 

 Together, the data presented in this dissertation demonstrate how critical 

oxidized lipids are to modulating the immune response in atherosclerosis. The 

accumulation of LDL in the artery wall is an initiating event in the disease where it is 

oxidized through enzymatic modification, free ROS, or metal ions in the 

environment12,29. OxLDL and its oxidized phospholipid components are capable of 

directly modulating immune cells 44,89,136,148 and studying these responses is necessary 

for complete understanding of atherosclerosis pathogenesis. 

 

The Mechanism and Impact of oxPAPC-Induced Th1-like Tregs 

 In Chapter 2, I showed the oxidized phospholipid, oxPAPC, alters Treg 

differentiation, significantly reducing Treg viability and promoting a Th1-like phenotype 

with T-bet and IFN-g expression. This was specific to Treg polarization, as Th1 and Th17 

differentiation are unaffected by the inclusion of oxPAPC. I showed oxPAPC-treated 

Tregs have a reduced suppressive capacity in vitro and that they cannot inhibit 

atherosclerosis progression when adoptively transferred into hyperlipidemic Ldlr-/- mice. 

Overall, the results of Chapter 2 demonstrate that oxPAPC induces dysfunction in Tregs 

that make them less protective in the atherosclerotic environment and could thereby be 

one of the factors inhibiting Treg function in atherosclerosis.  

 A major future direction of this work will be to determine the full mechanism by 

which oxPAPC is altering Treg differentiation. In Chapter 2, I showed development of T-
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bet and IFN-g expression in oxPAPC-treated Tregs is dependent on CD36 and IFN-g 

signaling but is independent of TLR-4, IL-2 concentration, and TFG-b levels in the 

culture media. However, none of these modulations significantly altered the oxPAPC-

induced loss of Treg viability, suggesting cell death is mediated by a separate 

mechanism. Preliminary findings from another member of the lab indicate oxPAPC may 

be acting in an ATP citrate lyase (ACLY)-dependent manner to impact both Th1-like 

phenotypes as well as viability. ACLY is an enzyme responsible for converting cytosolic 

citrate to acetyl-coenzyme A for use in fatty acid synthesis and histone acetylation, and 

its enzymatic activity has been shown to be reduced during Treg differentiation210. Given 

its ties to epigenetic modifications, an ACLY-dependent mechanism could also provide 

an explanation for the lasting impact oxPAPC has on Tregs. As demonstrated in Chapter 

2, Tregs differentiated in the presence of oxPAPC for only the first three days of culture 

remain phenotypically altered on day 5 and are less suppressive when placed in co-

culture even though oxPAPC is no longer present in those conditions. Additionally, 

dysfunction seems to persist for much longer as adoptive transfer of oxPAPC-treated 

Tregs does not reduce plaque burden like adoptive transfer of control Tregs.   

 Another mechanistic future direction is to determine whether FoxP3 is acting in a 

proapoptotic manner in oxPAPC-treated Tregs. As shown in Chapter 2, the time of 

oxPAPC-induced cell death coincides with the expression of FoxP3, suggesting they 

could be connected. Tai et al. has previously shown that FoxP3 expression is apoptotic 

during Treg differentiation in the thymus unless counterbalanced by the appropriate pro-

survival signals151. This apoptosis occurs because of FoxP3 increasing the expression 

of the proapoptotic protein Puma, enhancing the activity of the proapoptotic protein Bim 
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by directly downregulating dual-specificity phosphatase 6 (DUSP6) and therefore 

increasing the activity of Bim-phosphorylating jun N-terminal kinase, and by reducing 

the expression of the prosurvival protein B-cell lymphoma 2 (Bcl-2) 151. To test whether 

FoxP3 is promoting apoptosis in oxPAPC-treated Tregs, an initial experiment would be to 

perform chromatin immunoprecipitation assays with sequencing (CHIP-Seq) in control 

and oxPAPC-treated Tregs to evaluate the binding sites of FoxP3 in each condition. If 

FoxP3 is causing oxPAPC-linked apoptosis, I would expect CHIP-Seq results to indicate 

FoxP3 enhancing activity at the Puma promoter and downregulating activity at the 

DUSP6 and Bcl-2 promoters. To test if compromising the function of FoxP3 improved 

oxPAPC-induced cell death, Tregs could be polarized from B6 or heterozygous B6xSurfy 

mice each with a FoxP3-driven Thy1.1 reporter transgene in the presence or absence of 

oxPAPC. Heterozygous B6xScurfy mice have unstable FoxP3 protein151, so if FoxP3 

activity is directly mediating the cell death caused by oxPAPC treatment, I would expect 

the B6xSurfy Tregs to have improved viability. If FoxP3 is indeed promoting cell death in 

oxPAPC-treated Tregs, the next line of investigation will be to determine how oxPAPC is 

making treated cells vulnerable to this effect when control cells are not.  

 In addition to interrogating the mechanism behind oxPAPC-induced alterations, 

another important future direction will be to determine whether the Th1-like phenotypes 

developed with oxPAPC treatment directly cause Treg dysfunction. OxPAPC reduces 

Treg viability and leads to the development of Th1-like phenotypes but through separate 

mechanisms. Though these oxPAPC-treated Tregs are dysfunctional, it has not yet 

determined if this is dependent of the development of Th1-like phenotypes. To test this, 

Tregs deficient for receptors I have already shown to be required for the development of 
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Th1-like phenotypes, such as CD36 and IFNgR1, will be used in in vitro suppression 

assays and in vivo adoptive transfer experiments like those in Chapter 2. These studies 

will be distinct from those shown in Chapter 3 in that they will evaluate the impact 

inhibition of these pathways has on functional changes induced only by oxPAPC. The 

bone marrow chimera experiments test the consequences of Treg IFN-g signaling 

inhibition in the whole atherosclerotic microenvironment of which oxPAPC is a part. 

Studies have shown Th1-like Tregs have compromised function in atherosclerosis134,145, 

therefore, I predict the Th1-like phenotype induced by oxPAPC treatment is directly 

responsible for Treg dysfunction observed in Chapter 2 and is not just correlative. In 

accordance with this, I anticipate Cd36-/- and Ifngr1-/- Tregs will be more functional in vitro 

and in vivo. Understanding the specifics of the mechanism behind oxPAPC-induced 

dysfunction is critical for developing therapeutics that might counter these effects in vivo 

to promote atheroprotective Tregs.  

 

The Complex Role of Treg Intrinsic IFN-g Signaling 

In Chapter 3, I built on findings from Chapter 2 which showed IFN-g signaling was 

required for the development of oxPAPC-induced Th1-like phenotypes. To investigate 

the effect of Treg IFN-g signaling in a mouse model of atherosclerosis, I performed bone 

marrow transplants into male and female Ldlr-/- mice using sex-matched donors that had 

a Treg-specific deficiency for IFNgR1 (Ifngr1fl/fl-Foxp3Cre+) or were wild-type for the 

receptor (Ifngr1WT/WT-Foxp3Cre+). Treg IFNgR1 deficiency impacted atherosclerosis 

severity in a sex-dependent manner, with disease improving in Treg IFNgR1 deficient 

males compared to sex-matched controls, and it worsening in Treg IFNgR1 deficient 
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females compared to sex-matched controls. Interestingly, the systemic immunological 

changes observed appear to be inconsistent with the disease outcome. Ifngr1fl/fl-

Foxp3Cre+ male recipients had significantly increased Th1 and IFN-g+ Treg proportions in 

the spleen as well as elevated anti-oxLDL IgG2c titers. Inversely, Ifngr1fl/fl-Foxp3Cre+ 

female recipients had a lower proportion of Th1 cells and IFN-g+ Tregs in the aorta and 

increased circulating anti-oxLDL IgG1. Consistent with their reduced disease, 

macrophages in the adLN of male Ifngr1fl/fl-Foxp3Cre+ mice appeared less activated than 

in sex-matched controls. Overall, the results of this study show IFN-g signaling in Tregs 

significantly impacts atherosclerosis development but does so in a sex-dependent 

manner, highlighting that the role of IFN-g is not as straightforward as is sometimes 

described. To my knowledge, this is the first investigation of a Treg-specific deficiency in 

a mouse model of atherosclerosis and its nuanced results suggest the need for more 

moving forward. 

One future direction of this work is to determine if macrophages are in fact 

directly modulating atherosclerosis levels in Ifngr1fl/fl-Foxp3Cre+ recipients. To start, this 

aim will require a much more sophisticated analysis of the macrophage population than 

that done in Chapter 3. Using flow cytometry and immunohistochemistry M1- and M2-

associated markers (Table 2) will be quantified in male and female Ifngr1fl/fl-Foxp3Cre+ 

and Ifngr1WT/WT-Foxp3Cre+ recipients. M1-like macrophages are more inflammatory and 

atherogenic while M2-like macrophages promote tissue repair and inflammation 

resolution (reviewed in 211). If IFNgR deficient Tregs are reshaping macrophage 

phenotypes as hypothesized, I would expect to see increased expression of M1-

associated markers in female Ifngr1fl/fl-Foxp3Cre+ mice and elevated expression of M2-
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associated markers in male Ifngr1fl/fl-Foxp3Cre+ recipients compared to sex-matched 

controls based on the observed changes in lesion size. If changes in M1 or M2 marker 

expression were observed, the direct effect of these macrophages could then be 

assessed in our bone marrow chimeras using neutralizing antibodies or 

pharmacological inhibitors of the functional M1 or M2 receptors, as has been shown 

previously212,213. 

Table 2. M1/M2 macrophage phenotyping markers. 
Macrophage 
Phenotype 

Marker Function Ref. 

M1 CD86 Costimulatory molecule 55 
Inducible nitric oxide 
synthase 

Produces nitric oxide 214 

CXCL9/10/11 Chemokines 215 
M2 Arginase 1 Hydrolyzes l-arginine  128 

G-protein receptor 18 Specialized proresolving mediator 
receptor  

128,212 

Formyl peptide receptor 2 Specialized proresolving mediator 
receptor 

128 

Chemokine-like receptor 1 Specialized proresolving mediator 
receptor 

128 

Mannose receptor 1 Endocytosis and phagocytosis  128 
 

On a broader scale, another future direction of this work will be to determine how 

biological sex drives differential responses to Treg IFNgR signaling. In humans, 

premenopausal females are protected from atherosclerosis compared to age-matched 

males 216. However, the atherosclerosis risk in post-menopausal females is equal to and 

eventually surpasses that of age-matched males216, suggesting an important role for 

sex hormones in modulating disease. Many observational and preclinical studies have 

demonstrated atheroprotective effects of estrogen 23,217, though some post-menopausal 

hormone replacement therapy (HRT) randomized trials have demonstrated that 

treatment with estrogen is only protective if initiated before the development of 
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advanced atherosclerosis218–220. If introduced too late, HRT may even lead to adverse 

outcomes due to estrogen’s prothrombotic effects221,222. In male mice, testosterone has 

also been shown to be atheroprotective early in disease due to its conversion to 

estradiol, a form of estrogen, by aromatase223. There is also a low, but biologically 

relevant level of estrogen that circulates in males and deficiency of this estrogen 

increases testosterone levels224. 

Sex hormones also have a role in promoting Treg function. Estrogen signaling 

through estrogen receptor (ER)-b on Tregs has been shown to promote Treg differentiation 

and function in mouse models of pneumonia and chronic intestinal inflammation225,226. 

Estrogen has also been shown to significantly increase IFN-g production from mouse 

splenocytes227 and treatment of ovariectomized mice with exogenous estrogen 

increased Th1 differentiation in vivo228. Together, these results demonstrate that while 

estrogen does promote functional Tregs it also enhances IFN-g production in non-Treg 

CD4+ cells. Along the same lines, work from Fijak et al. suggests testosterone treatment 

expands Tregs and promotes their protective function in vitro and in vivo229 and Gandhi et 

al. demonstrates androgen receptor signaling promotes Treg function in a model of 

allergic airway inflammation230. Testosterone and other androgens have also been 

shown to reduce Th1 cell differentiation, thereby exerting the opposite effect of estrogen 

on non-Treg CD4+ cells231. 

Given all this information and the phenotypes observed in my bone marrow 

chimera experiments, I hypothesize that Treg IFNgR1 deficiency is leading to a 

significant reduction of estrogen in both male and female mice. Normal ER activity is 

required by both sexes for cardiovascular homeostasis224,232–234. Loss of estrogen in 
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female recipients would be consistent with the observed increase in plaque size in 

Ifngr1fl/fl-Foxp3Cre+ recipients as estrogen has been shown to be atheroprotective 23,217, 

and it could also explain the reduced proportion of IFN-g+ T cells since the hormone is 

known to promote such responses 227,228. On the other hand, limiting endogenous 

estrogens in males has been shown to significantly increase testosterone level 224, 

which is protective in atherosclerosis due to its conversion to estradiol 223. The reduced 

plaque size observed in male Ifngr1fl/fl-Foxp3Cre+ recipients would be consistent with this, 

while the elevated percentage of IFN-g+ T cells could be the result of increased 

testosterone-derived estradiol as well. The first step to testing this would be quantifying 

estrogen levels in circulation in the bone marrow chimera recipients. If my hypothesis 

holds true, a critical aim will be to determine how IFNgR1 expression specifically on Tregs 

is influencing estrogen levels. There is a great deal of work published studying how 

estrogen influences Treg responses 225,226,235,236, but nothing regarding how Tregs impact 

estrogen yet these results suggest it is an important avenue of future investigation. 

 

The Future of ICs in the Pathogenesis of Atherosclerosis 

In Chapter 4, I demonstrate that oxLDL-ICs induce trained immunity in BMDCs in 

vitro, increasing their pro-inflammatory cytokine response upon restimulation and 

promoting a more glycolytic metabolism. Free oxLDL was previously shown to train 

monocytes189, but the alterations triggered by oxLDL-IC treatment were significantly 

different from those caused by oxLDL alone. To my knowledge, this is the first evidence 

of oxLDL-ICs inducing trained immunity. I additionally show that WD feeding of Ldlr-/- 

mice increased the proportion of DC precursor populations in the bone marrow. BMDCs 
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generated from WD-fed marrow also had altered responses to stimuli compared to NC-

fed BMDCs, suggesting the atherogenic diet induced long-term changes in DCs in vivo 

as oxLDL-ICs did in vitro. 

 One important avenue of future investigation will be determining if the long-term 

changes observed in the DC population with WD feeding are a direct result of ICs. Prior 

work from our lab has shown oxLDL-ICs signal through TLR-4, CD36, and FcgRs on 

BMDCs to prime the inflammasome, with FcgRs binding the antibody portion while TLR-

4 and CD36 couple to the oxLDL within the complex 89. This work additionally 

hypothesized FcgR1 and FcgRIV were the primary FcgRs mediating oxLDL-IC signaling 

based on their expression levels on BMDCs89. Therefore, to study the effect of inhibition 

of IC signaling on DC phenotypes in atherogenic models, bone marrow chimeras using 

CD11c-specific FcgR1 or FcgRIV deficient donors could be generated as in Marvin et 

al.144 and maintained on NC or WD as in Chapter 4. Inversely, to study the effect of 

amplification of IC signaling on DC phenotypes, a diet comparison study like that in 

Chapter 4 could be used with animals on each diet being treated with or without 

exogenous oxLDL-ICs. If oxLDL-ICs directly contribute to WD-induced DC alterations, I 

would expect the phenotypes (increased proportions of pre-DCs in the bone marrow 

and altered response to stimuli in resulting BMDCs) to be reduced in the FcgR deficient 

bone marrow chimeras and elevated in mice supplemented with additional exogenous 

oxLDL-ICs.  

 An additional future direction of this work will be to determine whether other types 

of ICs are capable of immune training. Previously, ICs formed from bovine milk IgG and 

the respiratory syncytial virus preF protein were shown to induce immune training in 
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human monocytes237. Additionally, autoantibodies and IgG ICs from RA patients have 

been shown to cause training in human monocytes, enhancing their production of TNF-

a238,239. ICs are involved in the pathogenesis of multiple autoimmune diseases including 

SLE, RA, Type 1 diabetes, systemic sclerosis, and multiple sclerosis (reviewed in 240). 

In SLE, ICs contain nucleic acid and nucleoprotein antigens, and have been shown to 

signal through TLR- or FcgR-dependent mechanisms241,242, similar to oxLDL-ICs. 

However, the TLRs mediating SLE IC signaling are intracellular which could be 

significant if immune training like that observed in Chapter 4 requires the cooperative 

signaling that has previously been described with oxLDL-ICs89. Nonetheless, SLE 

patients display some signs of trained immunity, like the biasing of bone marrow 

precursor cells to myeloid lineages243, suggesting SLE ICs may be capable of immune 

training. Overall, trained immunity could be playing a significant role in many chronic 

immune diseases and investigation of immune complexes as triggers of training 

warrants further investigation.  

 

Implications for Treatment 

While preventing the oxidation of LDL would seemingly alleviate most of the 

pathological processes described in this dissertation, it may not be a feasible 

therapeutic goal as oxidation of lipids is an early event in atherosclerosis that occurs 

long before the manifestation of clinical symptoms 12,29. In accordance with this, clinical 

trials testing the use of antioxidants to treat atherosclerosis have not had great success, 

though variations in timing, dose, and antioxidant type are still under consideration 

(reviewed in 244). Treatments capable of inhibiting the downstream inflammatory 
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responses to oxidized lipids, such as those studied here, are likely more realistic 

targets, but this too comes with challenges. 

  IFN-g has long been considered an atherogenic cytokine because of its ability to 

activate and recruit other inflammatory immune cells 116–119,171. For this reason, 

pentoxifylline, a phosphodiesterase inhibitor approved for use as a vasodilator, is 

currently being tested in a phase II clinical trial for treatment of atherosclerosis based on 

its Th1 inhibitory effects245,246. While the work developed in Chapter 2 of this dissertation 

might agree with the therapeutic benefit of such a treatment, the results of Chapter 3 

indicate that IFN-g inhibition may not be entirely atheroprotective. Based on my findings 

the success of this treatment will likely depend on the cell types most effected by the 

drug and the biological sex of the patient. 

 Canakinumab, a monoclonal antibody targeting IL-1b, is currently under study in 

a phase III clinical trial, and results so far indicate that it significantly reduces 

atherosclerosis but also increases the risk of fatal infection 246,247. Treatment with 

canakinumab would seemingly counter the inflammation induced by oxLDL-ICs due to 

their demonstrated ability to prime the inflammasome89 and induce training which leads 

to elevated levels of IL-1b when stimulated in the long term. However, in targeting IL-1b, 

canakinumab is treating the result of oxLDL-IC induced inflammation, not the process. 

Given my findings that oxLDL-ICs induce trained immunity in DCs, it would be 

interesting to pursue inhibitors of training in the future, possibly in combination with 

treatments like canakinumab to try to maximize benefit while eliminating adverse side 

effects. Though my work did not define the mechanism of oxLDL-IC immune training, it 

is typically mediated through epigenetic alterations and the observed shift to a more 
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glycolytic metabolism with oxLDL-IC treatment supports this 186. Epigenetic inhibitors are 

already widely used in cancer treatment and preclinical studies with the FDA-approved 

histone deacetylase inhibitor, suberoylanilide hydroxamic acid, have demonstrated a 

beneficial effect in atherosclerosis models248–250. Therefore, this seems like it could be a 

promising treatment strategy in atherosclerosis patients. 

The findings in this dissertation do not necessarily indicate a new druggable 

target for future investigation. However, as described above, there is much more 

mechanism to be investigated in the future. Additionally, all of this work was studied in 

the context of atherosclerosis progression, and it is equally as important to determine 

how oxidized lipids might modulate immune cells during regression. It is known that Tregs 

are critical for regression and that they remodel other immune cells in the process128. 

Therefore, it would be particularly interesting to investigate Treg intrinsic signals, as in 

Chapter 3, in the context of disease regression.       

Overall, the work presented in this dissertation highlights the integral role played 

by oxidized lipid species in the modulation of immune-mediated effects on 

atherosclerosis. I show that oxPAPC directly and specifically dysregulates Tregs, 

promoting the loss of function that is typically observed in these cells in atherosclerosis. 

I also demonstrate that the deficiency of IFNgR1, a receptor required for oxPAPC-

induced Treg phenotypes in vitro, specifically in Tregs modulates atherosclerosis severity 

in vivo but does so in a sex dependent manner. Finally, I describe a novel immune 

training capability of oxLDL-ICs. These findings not only progress our understanding of 

the immune dysregulation by oxidized lipids in atherosclerosis, but also have 
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implications for other inflammatory conditions in which such lipids are enriched, like 

obesity, cancer, RA, and SLE.  
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APPENDIX A 

MicroRNA-22-3p Promotes Treg Dysfunction and Enhances Kidney Disease 

Associated with Systemic Lupus Erythematosus 

This appendix includes work that was performed prior to my start in the laboratory and 

therefore was not facilitated directly by me. A pre-print of the original study without my 

contributions can be found on bioRxiv251. Here, I have added the data I generated for 

this project (highlighted in figures with an *) and reshaped the narrative accordingly.  

 

Introduction 

SLE is characterized by loss of tolerance to self, which leads to increased 

circulating antibodies and activation of lymphocytes252. The disease can affect nearly 

any organ, but nephritis is a major cause of morbidity and mortality in SLE patients253. 

MicroRNAs (miRNAs) are small endogenous post-transcriptional regulators of gene 

expression that repress protein coding gene (mRNA) translation by binding to their 

target 3’ untranslated region (UTR). Critical genes in lymphocyte biology have been 

shown to be modulated by miRNAs and studies have reported that altered miRNA 

activity contributes to T cell and B cell dysregulation in SLE254–256. For example, miR-

146a was found to repress T cell pro-inflammatory AP-1 transcription factor activity and 

therefore IL-2 production following T cell receptor engagement257, but this miRNA is 

reduced in blood lymphocytes from SLE patients258. MiR-24 was reported to directly 

target FOXP3, a master transcription factor for Tregs259, a critical anti-inflammatory T cell 

population. Studies by Xiao et al. demonstrated that miRNAs in the miR-17-92 cluster 

promoted autoimmunity in mice through inhibition of activation-induced cell death in T 
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cells260. A follow up study by Jiang et al. expanded on these findings and reported that 

the miR-17-92 cluster also supported inflammatory IFN-g+ CD4+ Th1 responses and 

antagonized Treg differentiation261, promoting conditions like those observed in SLE. 

Many immune cell-associated miRNAs were also found to be altered in serum/plasma 

of SLE subjects and have been postulated as potential biomarkers for autoimmune 

disorders, including miR-223-3p, miR-92a-3p, and miR-20a-5p262,263. These studies 

clearly demonstrate a role for miRNAs in SLE pathogenesis, but this topic needs further 

exploration to better understand disease mechanism.  

Here, small RNA sequencing (sRNAseq) was used to quantify miRNA changes in 

plasma from human SLE subjects, and miR-22-3p was identified as one of the most 

highly abundant and differentially altered species in the samples. MiR-22-3p was also 

found to be enriched in multiple immune cell types in a mouse model of SLE. When 

miR-22-3p was inhibited in B6.SLE mice using locked-nucleic acids targeting the 

miRNA (LNA-22), it significantly decreased T cell activation and early anti-double-

stranded DNA (dsDNA) autoantibody titers compared to scramble (LNA-Scr) treated 

control mice. Inhibition of miR-22-3p in vivo ultimately reduced lupus nephritis severity. 

Though LNA-22 treatments decreased the frequency of Th1 cells in the spleen and Th1 

signaling in the kidney, in vitro polarization experiments showed miR-22-3p did not 

directly impact Th1 differentiation. However, both LNA-22 treatment and in vitro 

modulation of miR-22-3p levels regulated Treg IL-10 expression, and Tregs deficient for 

miR-22-3p were better suppressors of cytokine production in co-culture. Collectively, 

these data suggest that miR-22-3p is pathogenic in SLE by inhibiting of Treg function, 

thereby indirectly driving inflammatory T cell responses which promote lupus nephritis.  
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Materials and Methods 

Subjects. Clinical data and stored plasma from SLE (n=12) and healthy (n=12) subjects 

matched for age, race and sex were used for this study (Table 3). These subjects 

represent a subset of participants from two prior studies which were concurrently 

enrolled; study procedures were previously reported264,265. Studies were conducted 

under approved Vanderbilt IRB protocols and written informed consent was obtained 

from all subjects. Disease activity was measured in SLE subjects using the Systemic 

Lupus Erythematosus Disease Activity Index (SLEDAI), as modified for the SELENA 

trial266. Disease damage was assessed by the Systemic Lupus International 

Collaborating Clinics/American College of Rheumatology damage index (SLICC)267. 
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Table 3. Subject characteristics.  

 SLE (N=12) Control (N=12) P 

Age, years 48 ± 11 49 ±11 0.77 

Race, #Caucasian 12 (100) 12 (100) 0.99 

Sex, #female 7 (58) 7 (58) 0.99 

Creatinine, mg/dl 1.0 ±0.33 0.9 ±0.3 0.46 

SLEDAI score, units 4 [0, 6] - - 

SLICC score, units 1 [0, 3] - - 

Lupus nephritis (ever), # 1 (8) - - 

Hydroxychloroquine, # 7 (58) - - 

Methotrexate, # 1 (8) - - 

Mycophenolate mofetil, # 1 (8) - - 

Azathioprine, # 2 (17) - - 

Prednisone, # 6 (50) - - 

miR-22-3p, Ct 27.0 ± 2.0 30.7 ± 1.4 0.0003 

miR-22-3p, pM (3- spike) 0.33 ± 0.29 0.015±0.012 0.0003 

Continuous data are presented as mean ± standard deviation. Categorical data are 

presented as number (percentage). Difference was determined by Mann Whitney U for 

continuous and Chi square for categorical data. Medications are listed as current use. 

 

sRNAseq. To quantify miRNAs in human plasma, high-throughput sRNA-seq was 

performed268,269. Briefly, total RNA was isolated from ethylenediaminetetraacetic acid 

(EDTA)-collected plasma using Total RNA Purification Kits (Norgen Biotek Cat # 
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37500). Small RNA (cDNA) sequencing libraries were generated by TruSeq Small RNA 

Library Preparation Kits (Illumina). Libraries were size-selected using a Pippin Prep 

(Sage Science) and sequenced using the NextSeq500 platform (Illumina) at the 

Vanderbilt Technologies for Advanced Genomics (VANTAGE) DNA sequencing core 

facility. sRNA-seq data were analyzed using the TIGER (Tools for Integrative Genome 

Analysis of Extracellular sRNAs) pipeline269. MiRNA aligned read counts were 

normalized to the total number of high-quality reads per sample and reported as Reads 

Per Million total reads (RPM). Differential expression analysis for miRNAs was 

performed by DESeq2 with adjustment for batch effects270.  

qPCR. Plasma miR-22-3p concentrations were validated in each sample by qPCR. For 

normalization of RNA extraction efficiency, plasma RNA samples were spiked with a 

standard of three exogenous single-stranded miRNA oligonucleotides (cel-miR-39, cel-

miR-54, and cel-miR238; Qiagen) after the initial lysis step. A qScript microRNA cDNA 

synthesis kit (Quantabio) was used to prepare plasma cDNA and a miR-22-3p PCR 

assay (Quantabio) and PerfeCTa SYBR green supermix for iQ (Quantabio) were used 

for qPCR. Plasma miR-22-3p concentrations were derived from a standard dilution 

series of a known concentration of a DNA mimetic of the target miRNA sequence and 

normalized to the spike-in standards. For cellular miRNA and mRNA analyses, 

individual immune populations were enriched from spleen using CD4+ T Cell Isolation 

Kit mouse (Miltenyi Cat # 130-104-454), B Cell Isolation Kit mouse (Miltenyi Cat # 130-

090-862), CD11c Microbeads Ultrapure mouse (Miltenyi Cat # 130-125-835), or CD4+ 

CD25+ Regulatory T Cell Isolation Kit mouse (Miltenyi Cat # 130-091-041) according to 

manufacturer instructions. Total RNA was isolated from cells using Total RNA 
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Purification Kits. RNA samples to be used for miRNA quantification were diluted to 

5ng/µl. All others were normalized to the least concentrated sample. RNA was reverse 

transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems 

Cat # 4368814) with miR-22-3p (Thermo Fisher Scientific Cat # 000398) and U6 

(Thermo Fisher Scientific Cat # 001973)-specific primers utilized for miRNA samples. 

mRNA or miRNA expression was measured with the following TaqManä probes: Cxcr3 

(Thermo Fisher Scientific Cat # Mm00438259), miR-22-3p (Thermo Fisher Scientific Cat 

# 000398), Il10 (Thermo Fisher Scientific Cat # Mm01288386), Il21 (Thermo Fisher 

Scientific Cat # Mm00517640), and Ptpn1 (Thermo Fisher Scientific Cat # 

Mm00448427).  Quantitative real-time PCR was performed using the Thermo Fisher 

Scientific QuantStudio 6 Flex Real-Time PCR System. The cycling threshold (CT) value 

for each mRNA gene was normalized to the housekeeping gene Ppia (Thermo Fisher 

Scientific Cat # Mm02342430) and each miRNA to U6 (Thermo Fisher Scientific Cat # 

001973). Relative expression was calculated by the change in CT method (DDCT). 

Mice. B6.Cg-Foxp3tm2Tch/J mice (B6.FoxP3GFP; Stock # 006772) were bred to 

B6.SLE1.2.3 mice originally obtained from Ward Wakeland (UTSW, Dallas, TX) and 

maintained in our colony. These were used for LNA injection studies and are here after 

referred to as B6 and B6.SLE, respectively. Additional strains use for in vitro 

experiments include C57BL/6J (B6; Stock # 000664) and B6J.129S7(Cg)-Mir22tm1.1Arod/J 

(mir-22-3p-/-; Stock # 027992). Animals were maintained and housed at Vanderbilt 

University. All mice used in these studies were on the C57BL/6J background. 

Procedures were approved by the Vanderbilt University Institutional Animal Care and 
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Use Committee. Due to the female sex bias observed with SLE, only females were used 

in experiments.  

LNA Injection Study. Female B6.SLE mice were retro-orbitally injected with 10 mg/kg 

of LNA-miR-22-3p (LNA-22; Qiagen Cat # 339204 YCI0202012-FZA) or scrambled 

control (LNA-Scr; Qiagen Cat # 339204 YCI0202015-FZA) beginning at 10-12 weeks of 

age, before the onset of disease. Animals were treated every two weeks for 10 weeks 

and were euthanized one week after the final injection. Age-matched B6 mice 

functioned as untreated wild-type controls. Blood was collected before the start of the 

study, at the midpoint, and at the time of sacrifice for autoantibody measurement. 

Additionally, spleen, lymph nodes, and kidneys were harvested for analyses. 

Flow Cytometry. Flow cytometry was performed on cells obtained ex vivo and following 

in vitro cell culture. Cells requiring a viability dye were stained with Viobility Fixable Dye 

(Miltenyi Biotec) according to the manufacturer protocols. For surface staining, cells 

were washed in HBSS containing, 1% BSA, 4.17mM sodium bicarbonate, and 3.08mM 

sodium azide (FACS buffer), followed by a 10-minute room temperature incubation in 

1µg/ml Fc block (a-CD16/32; Tonbo Cat # 40-0161) diluted in FACS buffer. Cells were 

then stained for 30 minutes at 4°C protected from light with the following antibodies 

diluted in FACS buffer: a-B220-APCCy7 (Tonbo Cat # 25-0452), a-CD4-APC (Tonbo 

Cat # 20-0042), a-CD4-PECy7 (Tonbo Cat # 60-0042), a-CD4-PerCp-Cy5.5 (Tonbo Cat 

# 65-0042), a-CD8a-APCCy7 (Tonbo Cat # 25-0081), a-CD11b-APCCy7 (BD 

Biosciences Cat # 557657), a-CD25-APC (Tonbo Cat # 20-0251), a-CD44-APCCy7 

(Tonbo Cat # 25-0441), a-CD62L-Pe (BD Biosciences Cat # 553151), a-CD69-Vioblue 

(BD Biosciences Cat # 560690), a-CD138-PeCy7 (Biolegend Cat # 560690), a-CXCR5-
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PeCy7 (BD Biosciences Cat # 560617), a-GL7-Vioblue (Biolegend Cat # 144613), a-

IgD-FITC (BD Biosciences Cat # 553439), a-PD-1-Pe (Tonbo Cat # 50-9985), a-TCR-b-

PerCp-Cy5.5 (Tonbo Cat # 65-5961), a-TCR-b-Vioblue (Tonbo Cat # 75-5961). 

Samples not requiring intracellular staining were then washed in FACS buffer and fixed 

in 2% paraformaldehyde (PFA). Samples with intracellular stains were washed then 

permeabilized and stained with the following intracellular antibodies according to the 

FoxP3/Transcription Factor Staining Buffer Set manufacturer protocol (eBioscience Cat 

# 00-5523-00): a-IFN-g-APC (Tonbo Cat # 20-7311), a-IL-4-Pe (Tonbo Cat # 50-7041), 

a-IL-10-Vioblue (BD Biosciences Cat # 561429), a-IL-17-PE (BD Biosciences Cat # 

559502), a-T-bet-PE (Biolegend Cat # 644810). All samples were washed and 

resuspended in 2% PFA before analysis. Sample acquisition was performed on a 

MacsQuant Analyzer (Miltenyi Biotec) and data were analyzed using FlowJo Single Cell 

Analysis software. 

ELISA. Anti-dsDNA IgG in mouse serum was measured as previously described28,271. 

Nunc Maxisorp 96-well plates (Invitrogen Cat # 44-2404-21) were pre-coated with 

100µg/ml methylated BSA (Sigma Cat # A1009) diluted in 1x PBS for 30 minutes at 

37°C. Plates were then washed twice with 1x PBS and coated with 50 µg/ml Calf 

Thymus dsDNA (Sigma Cat #D476-4) in 1x PBS for 30 minutes at 37°C. Plates were 

washed twice with 1x PBS and blocked overnight at 4°C in blocking buffer (3% BSA, 

3mM EDTA, 0.1% gelatin in 1x PBS). After washing twice with 1x PBS, serum samples 

were applied diluted 1:1000 in serum diluent (2% BSA, 3mM EDTA, 0.05% Tween, and 

0.1% gelatin in 1x PBS) and incubated for two hours at room temperature on an orbital 

shaker. Plates were washed twice with PBS-Tween (PBS-T; 0.05% Tween in PBS) 
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followed by two washes with 1x PBS. IgG HRP (Promega Cat # W4021) diluted 1:5000 

in secondary diluent (1% BSA and 0.05% Tween in 1x PBS) was applied to plates and 

incubated overnight at 4°C. Plates were washed twice with PBS-T and twice with 1x 

PBS before being developed with OptEIA TMB Substrate (BD Biosciences Cat # 

555214). Reaction was quenched with 2N hydrochloric acid and plates were read at 

450nm. IFN-g ELISAs were performed according to manufacturer’s instructions (BD 

Biosciences Cat # 551866). 

Kidney Pathology Assessment. Severity of glomerulonephritis was assessed using 

hematoxylin and eosin (H&E) stained, paraffin embedded kidney sections. Scoring was 

determined by an independent blinded pathologist at the Vanderbilt Translational 

Pathology Shared Resource core. A score of 0 indicated no pathology, 1 represented a 

mild increase in basement membrane thickness and mild hypercellularity, 2 signified 

moderate basement membrane and capillary loop thickening and moderate 

hypercellularity, 3 indicated marked thickening of the basement membrane and capillary 

loops, marked hypercellularity, and necrosis, and 4 signified severe basement 

membrane thickening and capillary loop thickening, severe hypercellularity and 

inflammation, and obsolescence. For fluorescent immunohistochemistry staining, 5µm 

cryosections were incubated with goat-anti-Ig, anti-IgG1, or anti-IgG2c diluted 1:50 in 

5% normal goat serum for 1 hour at 37ºC. Sections were washed and incubated with 

biotinylated rabbit anti-goat-Ig for 30 minutes (diluted 1:100) at 37ºC. Sections were 

washed and incubated with either avidin-FITC or avidin-Texas Red and visualized by 

fluorescent microscopy. 
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Western Blotting. Whole kidney lysates were made by homogenizing tissue in RIPA 

buffer. 50µg of total protein was loaded on a 4-12% SDS-polyacrylamide gel under 

denaturing and reducing conditions. Proteins were transferred to nitrocellulose and 

subjected to Western blotting using rabbit anti-STAT1 antibodies (Cell Signaling) 

recognizing STAT1 (polyclonal) or pSTAT1Tyr701 (clone 58D6). Membranes were 

incubated with anti-rabbit IgG-IRDye 700nm (LiCor) and bands were visualized using 

the Odyssey system. Semi-quantitative analysis of Western Blots was conducted using 

the free software Image Studio Lite. 

T Cell Polarization. Spleens from four- to six-week-old mice were processed to single 

cell suspensions and CD4+ T cells were enriched using mouse CD4 (L3T4) Microbeads 

kit (Miltenyi Biotec Cat # 130-117-043) according to manufacturer instructions. For Th1 

polarization, CD4+ T cells were cultured in a-CD3 (coating concentration was 2µg/ml; 

Tonbo Cat # 40-0031) coated flat-bottom 96-well plates at a final concentration of 2x106 

cells/ml in TCM with 2µg/ml a-CD28 (Tonbo Cat # 70-0281), 10ng/ml IL-12 (Peprotech 

Cat # 210-12), and 1µg/ml a-IL-4 (Tonbo Cat # 70-7041) for three days. On day 3, cells 

were split, replated, and fed with TCM containing final concentrations of 20U/ml IL-2 

(Tonbo Cat # 21-8021 and Peprotech Cat # 212-12), 10ng/ml IL-12, and 1µg/ml a-IL-4. 

Feeding was repeated on day 4 and cells were harvested on day 5. For Treg 

polarization, CD4+ T cells were cultured in a-CD3 coated flat-bottom 96-well plates at a 

final concentration of 2x106 cells/ml in TCM with 2µg/ml a-CD28, 50U/ml IL-2, 10ng/ml 

TGF-b (Peprotech Cat # 100-21), 2µg/ml a-IFN-g (Tonbo Cat # 40-7311), and 500ng/ml 

a-IL-4 for three days. On day 3, Tregs were split, replated, and fed with TCM containing 

final concentrations of 50U/ml IL-2, 10ng/ml TGF-b, 2µg/ml a-IFN-g, and 500ng/ml a-IL-
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4. Media was replaced on day 4 and cells were harvested on day 5. For Th17 

polarization, CD4+ T cells were cultured in a-CD3 coated flat-bottom 96-well plates at a 

final concentration of 1x106 cells/ml in TCM with 2µg/ml a-CD28, 25ng/ml IL-6 

(Peprotech Cat # 216-16), 5ng/ml TGF-b, 2µg/ml a-IFN-g, and 500ng/ml a-IL-4 for three 

days. During miR-22-3p overexpression experiments, 500nM miR-22-3p mimic 

(Dharmacon Cat # C-310516-05-0002) or negative control (Dharmacon Cat # CN-

002000-01-05) was transfected on days 1 and 4 (Th1 and Treg) or day 2 (Th17) of 

culture via electroporation using the Neon Transfection System (Invitrogen Cat # 

MPK10096) as previously described272. Mock transfected controls underwent 

electroporation without any miRNA present. 

Treg Suppression Assay. Tregs were skewed as described above. On day 5 of culture, 

Tregs were harvested and an equal number of live cells from each group were replated in 

cRPMI in flat-bottom 96-well plates at ratios of 3:1, 2:1, 1:1, 1:2, 1:4, and 1:8 with CD8+ 

T cells enriched using mouse CD8 (Ly-2) Microbeads kit (Miltenyi Biotec Cat # 130-117-

044) and labeled with CTV (Invitrogen Cat # C34557), both according to the 

manufacturer protocols. Also included in the co-culture, were 2x105 irradiated (30Gy) 

feeder splenocytes per well and 1µg/ml a-CD3. After 72 hours, Treg suppression was 

determined by measuring CTV dilution in CD8+ Tres via flow cytometry and by measuring 

IFN-g concentration in the co-culture supernatant by ELISA. Percent inhibition was 

calculated as [100%-((proliferation of given Treg:Tres ratio/proliferation of 0:1 Treg:Tres 

group)x100)]. 

Statistical Analyses. Normally distributed data were analyzed using Student’s t tests 

(for two groups), one-sample t test (for comparing a single group to a known value), or 
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one-way ANOVAs with Bonferroni post-test (for three or more groups). For non-

parametric data, a Mann-Whitney non-parametric test was used for comparison. All 

statistical tests were performed using GraphPad Prism. 

 

Results 

MiR-22-3p levels are increased in plasma from SLE subjects. To quantify changes 

in plasma miRNAs associated with SLE in human subjects, sRNAseq was performed 

with RNA isolated from plasma collected from human SLE patients (n=12) and age- and 

sex-matched healthy control subjects (n=12). Remarkably, we found that total plasma 

miRNAs were elevated in SLE compared to control subjects, as 182 miRNAs were 

significantly increased and only 4 miRNAs were significantly decreased in SLE plasma 

compared to control plasma (Figure A1.1A and Table 4). From the list of significantly 

increased miRNAs in SLE plasma, miR-22-3p was one of the most abundant. To 

validate these sRNAseq results, qPCR was used to quantify miR-22-3p concentration in 

plasma from SLE and control subjects, and we confirmed that miR-22-3p was 

significantly increased in SLE plasma (Figure A1.1B). This was consistent with prior 

findings which identified miR-22-3p as one of three miRNAs that were increased in 

circulating B cells isolated from SLE patients273. To determine whether miR-22-3p was 

also increased in immune cells from a mouse model of SLE, CD4+ T cells, CD19+ B 

cells, and CD11c+ DCs were isolated from age-matched B6 and B6.SLE mice. MiR-22-

3p levels were determined by qPCR and were elevated in B6.SLE immune cells 

compared to B6 in all cell types tested (Figure A1.1C-E*). Together, these results 

suggest miR-22-3p may play a role in SLE pathogenesis. 
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Table 4. Significant differentially abundant plasma miRNAs in SLE. 

miRNA 
Fold 

Change 
p-value 

(SLE_vs_Control) 
baseMean 

(SLE_vs_Control) 
hsa-miR-24-3p 12.61 6.60E-12 217.50 
hsa-miR-1307-3p 10.93 1.23E-10 117.68 
hsa-miR-210-3p 9.44 9.05E-08 33.16 
hsa-miR-6852-5p 9.00 1.72E-07 78.69 
hsa-miR-625-5p 8.66 7.24E-07 72.37 

 
Figure A1.1. MiR-22-3p levels are increased in plasma from human SLE subjects 
and in immune cells from B6.SLE mice. (A) Significant differentially abundant 
miRNAs in plasma  from SLE and healthy control subjects. Volcano plot. Red, 
significantly increased; blue, significantly decreased miRNAs. (B) qPCR of miR-22-3p 
levels in plasma from SLE and healthy control subjects. N=12. Data points represent 
individual subjects and error bars show SEM. *** denotes significance p<0.001 by 
Mann-Whitney non-parametric test. CD4+ T cells (C), CD19+ B cells (D), and CD11c+ 
DCs (E) were enriched from the spleens of 11-16-week-old B6 or B6.SLE mice. MiR-
22-3p levels were determined by qPCR and fold change was determined relative to 
age-matched B6 control. N=3-7 per group. Data points represents individual mice and 
error bars show SEM. * denotes significance p<0.05 by Student’s t test. 
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hsa-miR-411-5p 8.11 7.17E-06 212.52 
hsa-miR-425-3p 7.86 4.33E-05 58.18 
hsa-miR-181c-3p 7.81 3.69E-06 66.90 
hsa-miR-500a-3p 7.78 1.13E-09 55.92 
hsa-miR-454-5p 7.46 2.63E-06 44.29 
hsa-miR-221-5p 7.46 2.15E-04 59.24 
hsa-miR-431-5p 7.20 7.37E-06 154.89 
hsa-miR-185-3p 7.10 5.97E-05 12.83 
hsa-miR-146a-5p 7.10 4.58E-07 6344.84 
hsa-miR-30e-5p 6.70 9.59E-09 11482.47 
hsa-miR-134-5p 6.62 1.32E-05 154.71 
hsa-miR-22-3p 6.53 4.77E-08 97046.53 
hsa-miR-21-3p 6.42 4.20E-07 443.21 
hsa-miR-345-5p 6.29 6.12E-07 206.29 
hsa-miR-143-3p 6.18 1.14E-07 1910.62 
hsa-miR-146b-5p 6.15 6.68E-05 980.16 
hsa-miR-301b-3p 5.90 4.03E-04 53.45 
hsa-miR-140-3p 5.87 4.40E-07 1818.36 
hsa-miR-136-3p 5.70 1.43E-04 241.67 
hsa-miR-199a-5p 5.56 5.43E-06 258.53 
hsa-miR-760 5.56 1.15E-03 10.26 
hsa-miR-199b-5p 5.54 1.70E-04 16.63 
hsa-miR-493-5p 5.46 1.59E-04 42.80 
hsa-miR-191-3p 5.33 1.29E-04 47.29 
hsa-miR-181d-5p 5.29 4.94E-05 101.56 
hsa-miR-548k 5.19 1.64E-05 56.52 
hsa-miR-381-3p 5.14 9.29E-04 152.93 
hsa-miR-98-5p 5.09 2.50E-05 431.54 
hsa-miR-221-3p 5.08 4.58E-08 2498.37 
hsa-miR-671-3p 5.04 4.66E-06 98.39 
hsa-miR-485-5p 4.98 1.41E-03 90.16 
hsa-miR-191-5p 4.92 1.74E-06 22914.91 
hsa-miR-654-3p 4.74 3.38E-04 387.04 
hsa-miR-30e-3p 4.72 1.24E-05 370.34 
hsa-miR-125b-2-3p 4.71 5.32E-04 33.17 
hsa-miR-744-5p 4.65 7.66E-06 925.24 
hsa-miR-301a-3p 4.58 4.00E-05 438.77 
hsa-miR-409-3p 4.45 1.45E-04 1197.08 
hsa-miR-28-5p 4.37 3.12E-05 314.80 
hsa-let-7i-5p 4.34 4.07E-06 6739.94 
hsa-miR-222-3p 4.30 2.81E-05 2345.46 
hsa-miR-1468-5p 4.28 1.55E-03 26.15 
hsa-miR-625-3p 4.19 4.46E-04 71.83 
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hsa-let-7d-5p 4.14 1.43E-05 1500.35 
hsa-miR-223-3p 4.11 2.42E-04 1143.97 
hsa-miR-769-5p 4.11 3.00E-05 93.60 
hsa-miR-3143 4.08 9.90E-03 5.40 
hsa-miR-30d-5p 4.06 8.37E-06 16256.23 
hsa-miR-628-3p 4.06 1.11E-03 65.98 
hsa-miR-26a-5p 4.05 1.61E-05 47499.08 
hsa-miR-5189-5p 4.02 5.84E-03 10.80 
hsa-miR-223-5p 4.02 5.45E-04 124.55 
hsa-miR-151a-3p 3.98 8.04E-06 7600.43 
hsa-miR-29c-3p 3.96 4.38E-05 246.28 
hsa-miR-99b-3p 3.91 2.81E-03 17.09 
hsa-miR-181c-5p 3.90 5.74E-05 235.64 
hsa-miR-148a-5p 3.83 4.59E-04 69.55 
hsa-miR-93-5p 3.83 1.40E-05 1338.34 
hsa-miR-340-3p 3.83 2.33E-03 64.43 
hsa-miR-106b-3p 3.82 2.00E-06 195.15 
hsa-miR-454-3p 3.75 1.85E-03 67.26 
hsa-miR-15b-5p 3.75 1.11E-04 374.52 
hsa-miR-130b-5p 3.75 1.07E-03 91.62 
hsa-miR-941 3.68 1.08E-03 138.74 
hsa-miR-17-5p 3.65 1.99E-04 512.34 
hsa-miR-502-3p 3.64 1.33E-03 19.79 
hsa-miR-7706 3.63 5.30E-03 19.00 
hsa-miR-493-3p 3.63 3.98E-02 49.26 
hsa-miR-494-3p 3.61 2.55E-02 37.97 
hsa-miR-27b-3p 3.61 7.23E-06 11086.46 
hsa-miR-589-5p 3.59 7.04E-06 163.93 
hsa-miR-130a-3p 3.58 1.61E-05 2671.06 
hsa-miR-26b-5p 3.58 5.19E-04 3806.41 
hsa-miR-103a-3p 3.57 7.05E-06 4336.64 
hsa-miR-339-3p 3.56 2.67E-05 188.01 
hsa-miR-140-5p 3.55 2.38E-02 11.27 
hsa-miR-423-3p 3.53 8.64E-05 7796.96 
hsa-miR-17-3p 3.52 2.11E-04 21.77 
hsa-miR-1273h-3p 3.48 6.56E-04 69.02 
hsa-miR-151a-5p 3.48 4.00E-05 3948.58 
hsa-miR-487b-3p 3.46 6.40E-03 81.57 
hsa-miR-374b-5p 3.46 4.53E-03 36.06 
hsa-miR-3615 3.45 6.31E-04 329.10 
hsa-miR-424-3p 3.44 2.97E-04 39.11 
hsa-miR-28-3p 3.38 8.28E-05 4939.38 
hsa-miR-361-3p 3.34 7.30E-04 101.54 
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hsa-miR-30b-5p 3.33 2.86E-03 689.15 
hsa-miR-18a-5p 3.31 7.17E-03 35.41 
hsa-miR-369-5p 3.31 1.96E-02 29.60 
hsa-miR-148b-3p 3.30 8.64E-05 2332.29 
hsa-miR-224-5p 3.30 6.94E-03 122.79 
hsa-miR-145-5p 3.26 7.36E-03 31.86 
hsa-miR-25-3p 3.25 3.59E-04 5197.71 
hsa-miR-197-3p 3.24 6.22E-03 43.39 
hsa-miR-24-2-5p 3.23 1.20E-02 48.29 
hsa-miR-29a-3p 3.17 9.96E-04 738.88 
hsa-miR-122-5p 3.11 7.26E-03 68.14 
hsa-miR-1260b 3.11 5.08E-03 84.13 
hsa-miR-130b-3p 3.10 5.21E-05 721.22 
hsa-miR-652-3p 3.03 4.52E-05 170.97 
hsa-let-7b-5p 3.02 1.51E-03 1037.95 
hsa-miR-330-3p 3.01 1.64E-02 64.15 
hsa-miR-942-5p 3.01 4.38E-03 49.22 
hsa-miR-16-5p 2.96 6.18E-04 26559.23 
hsa-miR-548e-3p 2.94 1.50E-02 36.36 
hsa-miR-107 2.94 4.51E-04 1139.21 
hsa-miR-548e-5p 2.94 8.83E-03 17.81 
hsa-miR-196b-5p 2.93 4.94E-02 26.76 
hsa-miR-19b-3p 2.93 4.32E-03 380.48 
hsa-miR-142-5p 2.92 2.59E-03 8555.94 
hsa-miR-335-3p 2.92 2.84E-02 72.40 
hsa-miR-361-5p 2.91 1.59E-03 235.74 
hsa-miR-128-3p 2.91 6.76E-04 1044.76 
hsa-miR-374a-5p 2.91 1.02E-02 40.48 
hsa-miR-27a-3p 2.90 1.30E-03 1790.96 
hsa-miR-425-5p 2.88 9.33E-04 897.79 
hsa-miR-26b-3p 2.86 8.34E-03 88.17 
hsa-miR-146b-3p 2.82 2.77E-02 24.92 
hsa-miR-23a-3p 2.79 1.08E-03 915.75 
hsa-miR-30d-3p 2.77 1.91E-03 86.41 
hsa-miR-543 2.77 3.91E-02 39.13 
hsa-miR-126-5p 2.74 1.42E-03 22661.52 
hsa-miR-195-5p 2.66 1.15E-02 19.75 
hsa-miR-142-3p 2.65 9.59E-03 518.50 
hsa-miR-128-1-5p 2.63 2.02E-02 11.91 
hsa-miR-1260a 2.63 1.45E-02 37.85 
hsa-miR-574-3p 2.62 1.45E-02 74.41 
hsa-miR-148b-5p 2.62 1.60E-02 87.57 
hsa-miR-15b-3p 2.60 1.93E-02 30.94 
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hsa-miR-4433b-5p 2.59 2.61E-02 581.06 
hsa-miR-181a-2-3p 2.59 1.22E-02 114.38 
hsa-miR-30c-5p 2.59 1.10E-02 3236.63 
hsa-miR-505-3p 2.56 2.77E-02 47.25 
hsa-miR-3928-3p 2.56 4.82E-02 16.18 
hsa-miR-133a-3p 2.55 2.53E-02 195.37 
hsa-miR-331-5p 2.53 4.55E-02 8.30 
hsa-miR-155-5p 2.50 4.02E-03 187.44 
hsa-miR-152-3p 2.47 1.04E-02 99.45 
hsa-miR-19a-3p 2.47 1.96E-02 155.68 
hsa-miR-148a-3p 2.43 1.97E-03 11205.29 
hsa-miR-181a-3p 2.41 1.53E-02 70.31 
hsa-miR-106b-5p 2.40 1.06E-02 208.42 
hsa-miR-126-3p 2.38 8.51E-03 3424.87 
hsa-miR-192-5p 2.36 4.68E-02 3466.23 
hsa-miR-92a-3p 2.35 4.82E-03 90706.57 
hsa-miR-410-3p 2.34 2.07E-02 810.35 
hsa-miR-20a-5p 2.33 3.17E-02 328.43 
hsa-miR-199a-3p 2.32 9.43E-03 6588.09 
hsa-miR-23b-3p 2.32 2.09E-03 196.55 
hsa-miR-186-5p 2.32 4.37E-03 3992.83 
hsa-miR-532-5p 2.31 1.69E-02 111.09 
hsa-miR-21-5p 2.30 3.95E-03 28450.51 
hsa-miR-584-5p 2.29 3.25E-03 3359.22 
hsa-let-7e-5p 2.27 1.99E-02 1222.96 
hsa-miR-16-2-3p 2.25 6.51E-03 554.01 
hsa-miR-1304-3p 2.25 3.65E-02 128.04 
hsa-miR-4446-3p 2.23 2.34E-02 133.40 
hsa-miR-151b 2.20 1.41E-02 59.87 
hsa-miR-484 2.16 1.33E-02 1467.47 
hsa-miR-183-5p 2.16 4.34E-02 40.83 
hsa-miR-421 2.15 1.21E-02 552.44 
hsa-miR-320b 2.15 8.57E-03 660.56 
hsa-miR-99b-5p 2.14 1.18E-02 877.68 
hsa-miR-363-3p 2.12 1.12E-02 680.15 
hsa-miR-92b-3p 2.10 1.64E-02 988.09 
hsa-miR-326 2.09 2.85E-02 85.81 
hsa-let-7f-5p 2.08 1.46E-02 33309.49 
hsa-miR-451a 2.06 4.76E-02 8025.97 
hsa-miR-501-3p 2.06 4.79E-02 56.41 
hsa-miR-139-5p 2.05 4.20E-02 34.99 
hsa-miR-497-5p 2.05 4.86E-02 59.75 
hsa-miR-5010-5p 2.04 4.38E-02 47.91 
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hsa-miR-1307-5p 1.99 4.21E-02 316.03 
hsa-miR-328-3p 1.99 2.12E-02 335.65 
hsa-miR-181a-5p 1.86 1.62E-02 19018.25 
hsa-miR-15a-5p 1.77 3.19E-02 4837.08 
hsa-miR-320a 1.70 3.94E-02 5539.67 
hsa-miR-150-5p 0.50 4.67E-02 4540.85 
hsa-miR-10b-5p 0.43 2.00E-02 31913.03 
hsa-miR-205-5p 0.39 3.27E-02 90.49 
hsa-miR-204-5p 0.31 5.29E-03 44.42 

 

MiR-22-3p inhibition reduces splenomegaly and lymphadenopathy in B6.SLE 

mice.  To test the role of miR-22-3p in B6.SLE mice, we used LNA inhibitors against 

miR-22-3p (LNA-22) or scrambled control (LNA-Scr) which were injected intravenously 

(i.v.) into animals starting before disease onset. Animals were treated with 10mg/kg 

LNA-22 or LNA-Scr control every 2 weeks for 10 weeks, and then sacrificed 1 week 

after the last injection (Figure A1.2A). Cellular levels of miR-22-3p were significantly 

reduced in both splenic CD4+ T cells and CD19+ B cells following treatment with LNA-22 

compared to LNA-Scr controls (Figure A1.2B-C), thus demonstrating LNA-22 effectively 

suppressed cellular miR-22-3p levels. To demonstrate that LNA-22 also altered miR-22-

3p activity in lymphocytes, qPCR was used to quantify the mRNA levels of an 

experimentally validated miR-22-3p target gene, phosphatase and tensin homolog 

(Pten)274,275. Accordingly, Pten levels were significantly increased in splenic CD4+ T 

cells and CD19+ B cells from LNA-22 treated animals compared to LNA-Scr treated 

B6.SLE mice (Figure A1.2D-E).  
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To assess the impact of miR-22-3p inhibition on gross SLE-induced pathology, 

secondary lymphoid organs were examined in LNA-Scr and LNA-22 treated B6.SLE 

 
Figure A1.2. Inhibition of miR-22-3p reduces splenomegaly in SLE mice. (A) 
Schematic of experimental design for LNA injections. SLE mice were i.v. injected at the 
retro-orbital site with 10 mg/kg of either LNA-22 or LNA-Scr once every 2 weeks for 10 
weeks, and mice were euthanized (SAC) 1 week following last injection. (B-E) Results 
from qPCR studies in splenic CD4+ T cells and CD19+ B cells. Fold change was 
determined relative to LNA-Scr treated control. MiR-22-3p levels in CD4+ T cells (B) 
and CD19+ B cells (C). Pten mRNA levels in CD4+ T cells (D) and CD19+ B cells (E). 
Representative spleens and lymph nodes from SLE mice treated with either LNA-22 or 
LNA-Scr (F). Spleen weights (G) and total spleen cell numbers (H) for SLE mice 
treated with LNA-22 or LNA-Scr. N=6-8. Data points represents individual mice and 
error bars show SEM. * and ** denote significance p<0.05 and p<0.01, respectively, by 
unpaired Student's t-tests. 
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mice. Strikingly, LNA-22 dramatically reduced the splenomegaly and lymphadenopathy 

normally associated with disease271 as compared to LNA-Scr treatments (Figure A1.2F). 

In response to miR-22-3p inhibition, spleen weights and cell numbers were also 

reduced compared to LNA-Scr controls (Figure A1.2G-H). There was not a significant 

difference in total body weight between LNA-22 and LNA-Scr-treated mice (data not 

shown). Collectively, these data suggest that miR-22-3p promotes splenomegaly and 

lymphadenopathy in B6.SLE mice, and inhibition of miR-22-3p may be a viable strategy 

to limit the effects of SLE on the spleen and lymph nodes. 

Inhibition of miR-22-3p lessens CD4+ T cell activation in B6.SLE mice. CD4+ T cells 

in SLE can be hyperactive and proinflammatory115,276, driving disease pathogenesis. 

Interestingly, when B6.SLE mice were treated with LNA-22 they had a significant 

increase in the percent of un-activated, naive CD4+ T cells (CD44loCD62Lhi) in the 

spleen compared to those treated with LNA-Scr (Figure A1.3A-B). Moreover, LNA-22 

treated B6.SLE mice had a significantly reduced proportion of CD4+ TEM cells 

(CD44hiCD62Llo) and a significantly elevated percentage of CD4+ TCM cells 

(CD44hiCD62Lhi) compared to LNA-Scr treated controls (Figure A1.3A and Figure 

A1.3C-D).  
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Figure A1.3. Inhibition of miR-22-3p diminishes signs of T cell activation in SLE 
mice. (A-D) Splenic CD4+ T cells from SLE mice treated with LNA-22 or LNA-Scr as 
described in Figure A1.2 were analyzed for activation phenotypes via expression of 
CD44 and CD62L by flow cytometry. (A) Representative flow plots of results. (B-D) 
Percent CD4+ T cells expressing CD44 and CD62L levels indicative of (B) naïve T cells 
(CD44lo CD62Lhi), (C) TEM (CD44hi CD62Llo), or (D) TCM (CD44hi CD62Lhi). (E) Ratio of 
TFR to TFH in the spleen. TFR= CD4+ PD-1+ CXCR5+ FoxP3+ and TFH= CD4+ PD-1+ 
CXCR5+ FoxP3-. (F) Il21 expression in enriched CD4+ T cells as measured by qPCR. 
Fold change was determined relative to LNA-Scr treated control. N=5-8. Data points 
represents individual mice and error bars show SEM. * and ** denote significance 
p<0.05 and p<0.01, respectively, by unpaired Student's t-tests. 
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TFH cells and the IL-21 they produce are critical for germinal center formation, the 

site of high-affinity autoantibody production by B cells277,278. They been shown to 

correlate with disease severity and autoantibody titer in SLE patients and are expanded 

in mouse models of the disease279,280. A subset of Tregs known as follicular regulatory T 

cells (TFR), restrain autoantibody production by inhibiting TFH and B cell interaction in the 

germinal center281. Here, the ratio of protective TFR to pathogenic TFH was significantly 

increased in LNA-22 treated B6.SLE mice, suggesting reduced TFH activation in these 

animals as well (Figure A1.3E). This was supported by a significant reduction in Il21 

expression in CD4+ T cells from LNA-22 treated mice compared to LNA-Scr control 

animals (Figure A1.3F). Together these data indicate LNA-22 treatment reduces CD4+ T 

cell activation in B6.SLE mice. 

Inhibition of miR-22-3p delays dsDNA autoantibody development. Titers of 

autoantibodies targeting dsDNA are a central biomarker for lupus activity282. Therefore, 

serum antibodies against dsDNA were measured in B6.SLE mice treated with LNA-22 

or LNA-Scr control at baseline when the animals were 10-12 weeks old, at the study 

mid-point (5 weeks post first injection) when animals were 15-17 weeks old, and at the 

conclusion of the study (11 weeks post first injection) when mice were 21-23 weeks old 

(Figure A1.2A). Anti-dsDNA antibody titers were similar between groups at baseline 

(Figure A1.4A) and were relatively low as the animals had not yet broken tolerance. 

Interestingly, after 5 weeks of treatment, the LNA-22-treated mice had significantly 

lower anti-dsDNA antibody titers compared to mice treated with LNA-Scr control (Figure 

A1.4B), consistent with the reduced germinal center activity suggested by the observed 

greater TFR to TFH ratio (Figure A1.3E). However, this difference was not maintained at 
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the end of the study when mice were 21-23 weeks of age (Figure A1.4C). Consistent 

with this, there was no difference in the proportions of plasma cells or germinal center B 

cells at time of sacrifice (Figure A1.5A-D). Therefore, we conclude that although LNA-22 

treatments can delay the onset of SLE as defined by anti-dsDNA antibody production, it 

does not completely prevent the break in B cell tolerance in our mouse model of SLE. 
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Figure A1.4. MiR-22-3p promotes lupus nephritis in SLE mice. SLE mice were 
treated with LNA-22 or LNA-Scr as described in Figure A1.2. (A-C) Circulating levels of 
a-dsDNA autoantibodies were measured by ELISA at baseline (A), five weeks after the 
first treatment (B), and at the end of the study (C). N=5-8. (D) Representative H&E 
staining of paraffin embedded kidney from LNA-Scr or LNA-22 treated SLE mice. (E) 
Glomerulonephritis scores as determined by an independent, blinded pathologist.  (F) 
Total IgG, IgG1, and IgG2c deposition in kidney from LNA-Scr and LNA-22 treated SLE 
mice as measured by fluorescent immunohistochemistry. Data points represents 
individual mice and error bars show SEM. * denotes significance p<0.05 by unpaired 
Student's t-tests. 
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MiR-22-3p inhibition reduces SLE-associated kidney disease. Renal damage 

associated with lupus nephritis is one of the most detrimental co-morbidities of SLE283. 

To determine if miR-22-3p contributes to SLE-associated kidney disease, kidneys were 

collected from B6.SLE mice treated with LNA-22 or LNA-Scr. Inhibition of miR-22-3p 

dramatically reduced glomerulonephritis severity in B6.SLE mice compared to controls, 

as determined by H&E staining and scoring by a blinded pathologist (Figure A1.4D-E). 

In LNA-Scr treated mice, almost all glomeruli were diffusely affected, showing increased 

cellularity, increased eosinophilic hyaline material expanding the glomerular tuft, 

thickening of capillary loops, and occasional presence of single cell death (Figure 

 
Figure A1.5. Inhibition of miR-22-3p does not alter B cell subset proportions in 
SLE mice. SLE mice were treated with LNA-22 or LNA-Scr as described in Figure 
A1.2. (A) Representative flow plots defining splenic plasma B cells (B220lo CD138+). 
(B) Quantification plasma cells as proportion of total splenocytes. (C) Representative 
flow plots of splenic germinal center B cells (GL7+ IgDint). (D) Quantification of germinal 
center B cell a percentage of total splenocytes. N=6-7. Data points represents 
individual mice and error bars show SEM.  
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A1.4D). Kidneys from LNA-22-treated B6.SLE mice showed significantly decreased 

disease severity (mean score of 1.5 indicating mild glomerulonephritis) with the few 

glomeruli that were affected having a mild segmental increase in eosinophilic hyaline 

material in the glomerular tuft (Figure A1.4D). To determine if the observed reduction in 

glomerulonephritis severity was linked to reduced antibody deposition in the kidney, 

fluorescence-immunohistochemistry was used to assess IgG in the glomeruli. Strikingly, 

we found that total IgG, as well as IgG1 and IgG2c isotypes, were decreased in 

glomeruli of LNA-22-treated B6.SLE mice compared to age-matched LNA-Scr-treated 

mice (Figure A1.4F). Collectively, these data demonstrate that inhibition of miR-22-3p in 

vivo significantly decreased kidney pathology, specifically glomerulonephritis, in a 

mouse model of SLE.  

Inhibition of miR-22-3p in B6.SLE mice decreases Th1-associated inflammation. 

To determine what cellular changes were underlying the observed improvement in lupus 

nephritis in LNA-22 treated B6.SLE mice, we assessed the Th1 cell population in our 

cohort. Th1 cells are important for SLE pathogenesis284 and they have additionally been 

shown to infiltrate the glomeruli in lupus nephritis285. To determine the impact of miR-22-

3p inhibition on Th1 cells, CD4+ T cells from LNA-Scr and LNA-22 treated B6.SLE mice 

were cultured under stimulating conditions for three days before the cells were used for 

intracellular flow cytometry and the supernatants for ELISA. Stimulated CD4+ T cells 

from LNA-22 treated mice had a significantly smaller proportion of IFN-g+ cells and 

produced significantly less IFN-g in culture compared to cells from LNA-Scr treated mice 

(Figure A1.6A-C). Of note, we did not observe differences in IL-17 and IL-4 production 

by CD4+ T cells (data not shown). Additionally, CD4+ cells from LNA-22 treated animals 
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had significantly reduced expression of Cxcr3 (Figure A1.6D), a Th1-associated gene 

important for migration to inflamed tissue286. Together, these results indicate inhibition 

of miR-22-3p reduces Th1 inflammation in the spleen.  
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Figure A1.6. Inhibition of miR-22-3p decreases Th1-mediated inflammation in SLE mice, but 
modulation of miR-22-3p in vitro does not directly alter Th1 polarization. (A-G) SLE mice 
were treated with LNA-22 or LNA-Scr as described in Figure A1.2. N=5-8. (A-C) Enriched CD4+ 
cells from treated mice were cultured for three days with or without 2μg/ml a-CD3 and a-CD28 
stimulation. (A) Representative flow plots of results. (B) Proportion of CD4+ T cells producing IFN-
g as measured by flow cytometry. (C) IFN-g was measured in culture supernatants by ELISA. (D) 
Cxcr3 expression in splenic CD4+ cells from treated mice as measured by qPCR and fold change 
was determined relative LNA-Scr treated control. (E) Western blotting of STAT1 phosphorylation 
(pSTATTYR701) in whole kidney lysates from treated mice. (F) Ratio of pSTATTYR701 to STAT1. * and 
*** denote significance p<0.05 and p<0.001, respectively, by unpaired Student's t-tests. (G) 
Correlation between IFN-g production by CD4+ T cells in the spleen and pSTAT1 levels in the 
kidney of treated mice. Significance determined by Pearson correlation coefficients and two-tailed 
t test. (H) CD4+ T cells were enriched by the spleens of four- to six-week-old B6 or mir-22-3p-/- 

mice and skewed to a Th1 phenotype for five days. Th1 phenotype as determined by IFN-g 
production was assessed by flow cytometry after a four-hour stimulation with PMA, ionomycin, and 
Golgi inhibitor. (I) Th1 cells were polarized from B6 mice and assessed as described in (H). On 
days 1 and 4 of culture, T cells were transfected via electroporation with 500nM miR-22-3p mimic, 
negative control, or mock treatment. N=3. Data points represents individual mice and error bars 
show SEM.  
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Given the decrease in Th1 activity in spleens and that IFN-g signaling is involved 

in lupus-associated kidney pathology287, IFN-g signaling was assessed in the kidneys of 

LNA-Scr or LNA-22 treated B6.SLE mice. To do this, STAT1 activation was assessed 

by immuno-blotting phosphorylated STAT1 (pSTAT1) in whole kidney lysates. 

Consistent with the Th1 changes observed in the spleen, pSTAT1 levels were found to 

be significantly decreased in kidneys of LNA-22 treated B6.SLE mice compared to LNA-

Scr control when normalized to total STAT1 protein levels (Figure A1.6E-F). 

Furthermore, the levels of pSTAT1 positively correlated to IFN-g secretion in splenic T 

cells (Figure A1.6G). These data suggest that miR-22-3p is important for modulating 

pathogenic Th1 responses in SLE. 

MiR-22-3p does not directly alter Th1 differentiation. Based on these data, one 

potential hypothesis was that miR-22-3p was directly promoting Th1 polarization. To 

test the effect of miR-22-3p deficiency on Th1 differentiation, we performed in vitro Th1 

skewing experiments using naïve B6 or mir-22-3p-/- CD4+ T cells and observed no 

difference in the resulting IFN-g+ Th1 population (Figure A1.6H* and Figure A1.7A*). In 

vitro Th1 polarization experiments were also performed under miR-22-3p 

overexpression conditions. On day 1 and day 4 of Th1 skewing culture, B6 CD4+ T cells 

were transfected with a miR-22-3p mimic, negative control, or a mock treatment. 

Results again showed no change in the proportion of IFN-g+ Th1 cells from culture 

(Figure A1.6I* and Figure A1.7D*). These data suggest that although inhibition of miR-

22-3p modulates Th1 responses in B6.SLE mice, it does not directly alter Th1 

polarization and thereby must be acting through an indirect mechanism. 
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Figure A1.7. Efficacy of miR-22-3p genetic knock out and mimic overexpression. 
(A-C) CD4+ T cells were enriched from spleens of four- to six-week-old B6 or mir-22-
3p-/- mice and skewed to the indicated phenotype. MiR-22-3p level was determined by 
qPCR and fold change was determined relative to a B6 non-skewed control. (D-F) B6 
CD4+ T cells were collected and skewed as in (A). On days 1 (Th1 and Treg), 2 (Th17), 
and 4 (Th1 and Treg) of culture, T cells were transfected with 500nM miR-22-3p mimic, 
negative control, or mock treatment. (A-F) MiR-22-3p level was determined by qPCR 
and fold change was determined relative to mock transfected control.  N=3-4. Data 
points represents individual mice and error bars show SEM. * denotes significance 
p<0.05 by unpaired Student's t-tests (A-C). *** and **** denote significance p<0.001 
and p<0.0001, respectively, by one-way ANOVA and Tukey’s multiple comparison test 
(D-F). 
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MiR-22-3p inhibits Treg function. As Tregs can regulate Th1 responses, we sought to 

determine whether miR-22-3p might be exerting its effects through them. To first 

establish whether miR-22-3p was increased in Tregs in our mouse model, CD4+ CD25+ 

cells were isolated from age-matched B6 and B6.SLE mice. MiR-22-3p levels were 

measured by qPCR and were significantly elevated in B6.SLE Tregs compared to B6 

Tregs (Figure A1.8A*). When miR-22-3p was inhibited in B6.SLE mice, the number of 

splenic Tregs and proportion of activated Tregs were unchanged (Figure A1.8B-C), but 

interestingly the proportion of Tregs expressing IL-10 was significantly increased (Figure 

A1.8D).Consistent with this, inhibition or overexpression of miR-22-3p in vitro during Treg 

polarization did not alter differentiation (Figure A1.8E-F*, Figure A1.7B*, and Figure 

A1.7E*), but overexpression of miR-22-3p significantly reduced Il10 transcript in skewed 

Tregs. These results suggest that while miR-22-3p is not directly influencing the 

polarization of Tregs it may be impacting their function by negatively regulating cytokine 

production.  
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Figure A1.8. MiR-22-3p does not alter Treg polarization but does inhibit function. (A) CD25+ 
CD4+ FoxP3+ Tregs were enriched from the spleens of 11-16-week-old B6 or B6.SLE mice. MiR-22-
3p levels were determined by qPCR and fold change was determined relative to age-matched B6 
control. N=3-5 per group. Significance determined by one-sample t test. (B-D) SLE mice were 
treated with LNA-22 or LNA-Scr as described in Figure A1.2 and splenocytes were analyzed by flow 
cytometry. N=5-8. (B) Number of CD4+ FoxP3+ Tregs. (C) Proportion of activated CD25+ CD4+ 
FoxP3+ Tregs. (D) Proportion of IL-10 producing CD4+ FoxP3+ Tregs. * denotes significance p<0.05 by 
unpaired Student's t-test. (E) CD4+ T cells were enriched by the spleens of four- to six-week-old B6 
or mir-22-3p-/- mice and skewed to a Treg phenotype for five days. Treg phenotype as determined by 
FoxP3 expression was assessed by flow cytometry at harvest. (F) Tregs were polarized from B6 mice 
and assessed as described in (E). On days 1 and 4 of culture, T cells were transfected via 
electroporation with 500nM miR-22-3p mimic, negative control, or mock treatment. (G) Il10 
expression as measured by qPCR following Treg polarization described in (F) and fold change was 
determined relative mock transfected control. N=3-4. * denotes significance p<0.05 by one-way 
ANOVA and Tukey’s multiple comparison test. (H-I) Tregs were skewed as described in (E). Equal 
numbers of live Tregs were then co-cultured with cell trace violet-labeled CD8+ T cells for three days. 
(H) Percent inhibition of CD8+ T cell proliferation was assessed by flow cytometry. Shown are the 
3:1 Treg:Tres ratio results. (I) IFN-g concentration in co-culture supernatants was determined by 
ELISA. Shown are the 2:1 Treg:Tres ratio results. N=3. Significance determined by unpaired Student’s 
t test. Data points represents individual mice and error bars show SEM.  
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 Another known T cell source of IL-10 is non-pathogenic Th17 cells288 so we 

became interested in whether miR-22-3p expression might regulate this population as 

well. When non-pathogenic Th17 cells were skewed from miR-22-3p deficient CD4+ T 

cells, there was a slight increase in the proportion of the differentiated population, as 

measured by IL-17 expression, compared to controls (Figure A1.9A* and Figure 

A1.7C*). Conversely, when non-pathogenic Th17 cells were polarized with miR-22-3p 

overexpression, there was a significant reduction in the population size with miR-22-3p 

mimic treatment compared to mock and negative controls (Figure A1.9B* and Figure 

A1.7F*). These findings suggest miR-22-3p may be enhancing systemic inflammation 

by reducing cellular sources of IL-10.  

 

 

 

 

 

 

 

 

 

 

 

IL-10 is considered anti-inflammatory in the context of many different 

autoimmune diseases, but studies have shown both proinflammatory and anti-

 
Figure A1.9. Overexpression of miR-22-3p in vitro reduces Th17 polarization. (A) 
CD4+ T cells were enriched by the spleens of four- to six-week-old B6 or mir-22-3p-/- 

mice and skewed to a Th17 phenotype for three days. Th17 phenotype as determined 
by IL-17 production was assessed by flow cytometry after a four-hour stimulation with 
PMA, ionomycin, and Golgi inhibitor. (B) Th17 cells were polarized from B6 mice and 
assessed as described in (A). On day 2 of culture, T cells were transfected via 
electroporation with 500nM miR-22-3p mimic, negative control, or mock treatment. *** 
and **** denote significance p<0.001 and p<0.0001, respectively, by one-way ANOVA 
and Tukey’s multiple comparison test. N=4. Data points represents individual mice and 
error bars show SEM.  
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inflammatory roles for IL-10 in SLE 286,289–293. To determine whether miR-22-3p-induced 

modulation of IL-10 expression altered Treg function, control and miR-22-3p deficient 

Tregs were compared in an in vitro suppression assay. B6 and mir-22-3p-/- in vitro-

derived Tregs were co-cultured for three days with CTV-labeled CD8+ T cells. After co-

culturing, CD8+ T cells from the two conditions had similarly proliferated (Figure A1.8H). 

However, supernatants from co-cultures with mir-22-3p-/- Tregs had a significantly 

reduced concentration of IFN-g compared to control Treg co-cultures (Figure A1.8I). 

These results suggest miR-22-3p overexpression inhibits Treg control of Teff cytokine 

production. Taken together, our data indicate increased miR-22-3p compromises Treg 

function, leading to enhanced Th1 responses and greater disease severity in the 

context of SLE.  

 

Discussion   

Mir-22-3p has previously been associated with SLE273,294,295, but results from this 

study demonstrate enrichment of miR-22-3p directly enhances disease pathogenesis 

and lupus nephritis. We report that inhibition of miR-22-3p in vivo reduces characteristic 

SLE pathologies including splenomegaly and lymphadenopathy, anti-dsDNA 

autoantibody titers, glomerulonephritis, and T cell hyperactivation. Typically, alteration 

of a single miRNA produces milder phenotypic changes than those we observe 

suggesting a potentially novel quality of miR-22-3p296,297. 

Anti-dsDNA antibody titers are a hallmark for SLE disease activity, and, 

excitingly, miR-22-3p inhibition significantly decreased anti-dsDNA antibody titers at the 

study midpoint compared to the LNA-Scr control treatments (Figure A1.4). However, at 
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the terminal time point, no significant differences in anti-dsDNA titers were found 

between the treatments (Figure A1.4). These results suggest that miR-22-3p inhibition 

delays the onset of SLE but does not fully prevent the break in B cell tolerance. This is 

consistent with the activity of other miRNAs in SLE. For example, inhibition of miR-21 

dramatically reduced splenomegaly and lymphocyte proliferation but failed to affect anti-

dsDNA titers after 12 weeks of LNA-21 treatments298. Furthermore, increased miR-326 

was found to enhance B cell autoantibody production as soon as 1 week after lentiviral 

overexpression in vivo299. These results suggest that miR-22-3p, along with other 

miRNAs, contribute to early titer production, but do not completely regulate 

autoantibody production. 

Lupus nephritis is one of the most common and severe complications in SLE and 

is a critically important predictor of morbidity and mortality. The condition is 

characterized by an increase in Th1 signaling and deposition of immune complexes in 

the kidneys300. In our study, blinded pathological scoring was used to assess renal 

pathology and LNA-22 treatments were found to significantly reduce glomerulonephritis 

severity (Figure A1.4). This was also accompanied by a lower level of IgG in the kidneys 

(Figure A1.4) which suggests a possible reduction in immune complex deposition in the 

tissue. Limiting immune complex deposit in the kidneys is vital to preventing and 

treating lupus nephritis, as localization of immune complexes within the glomeruli can 

lead to complement activation and complement-mediated damage301. Moreover, 

immune complex deposition in the kidney promotes recruitment and activation of 

neutrophils and myeloid cells via their Fc-receptors302,303. Activated immune cells 

secrete chemokines and cytokines which recruit additional immune cells that further 
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exacerbate glomerular damage and lead to a pro-inflammatory environment in the 

kidney. Contrary to these reduced antibody levels, B cell populations were not altered 

by miR-22-3p inhibition when they were analyzed at the conclusion of the study (Figure 

A1.5). It is possible that B cell subtypes differed earlier during treatment, similar to the 

anti-dsDNA antibody titers, but future experiments will need to confirm that. Additionally, 

changes in antibody deposition may have been indirectly modulated by T cells altering 

B cell activity as LNA-22 treated mice had an increased ratio of TFR to TFH cells (Figure 

A1.3), suggesting greater control of germinal center formation. Overall, these results 

demonstrate miR-22-3p promotes lupus nephritis and indicates transient regulation of B 

cell activity. 

During SLE, T cells can become hyperactive115,280 and adopt TEM phenotypes, 

which allow them to migrate to inflamed tissues and rapidly produce cytokines 304,305. 

Our results show inhibition of miR-22-3p increased the naïve T cell population (Figure 

A1.3), suggesting lessened T cell activation. Additionally, the proportion of CD4+ TEM 

cells was significantly reduced following LNA-22 treatment in B6.SLE mice (Figure 

A1.3). In contrast, TCM cells, which have only a small cytokine-secreting capacity305, 

were elevated following LNA-22 treatment (Figure A1.3). These findings are consistent 

with human data showing SLE patients have more TEM cells and less TCM cells in 

circulation compared to healthy controls305. Together, these results suggest miR-22-3p 

promotes long-lasting T cell-mediated inflammation in SLE, providing another possible 

avenue by which miR-22-3p drives pathogenesis. 

In addition to altering CD4+ memory populations and generally limiting T cell 

activation, inhibition of miR-22-3p also reduced Th1 responses in the spleens of our 
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SLE mouse model (Figure A1.6). In agreement with this, we showed significantly less 

pSTAT1 in kidneys from LNA-22 treated B6.SLE mice (Figure A1.6). Phosphorylation of 

STAT1 increases its transcriptional activity and leads to the upregulation of IFN-

inducible genes306. For instance, pSTAT1 has been shown to transactivate T-bet, the 

canonical transcription factor for Th1 cells that drives IFN-g production307,308. Therefore, 

these results suggest miR-22-3p-enhanced glomerulonephritis is associated with Th1 

activation in the kidneys of B6.SLE mice. IFN-g producing Th1 cells are known to be 

major proinflammatory effectors in SLE284,309 and have been shown to infiltrate the 

kidneys in lupus nephritis285. Elevated IFN-g is observed in several lupus mouse 

models, particularly in the MRL-Faslpr strain, and is associated with immune complex 

deposition in kidneys310. Several other miRNAs have previously been shown to regulate 

Th1 and IFN-g signaling, including the miR-17-92 cluster261, miR-125b311, and miR-

29312. However, in this study, we present a novel relationship between miR-22-3p and 

the Th1 population during SLE and lupus nephritis. Interestingly, in vitro Th1 

polarization experiments testing miR-22-3p deficiency and overexpression suggest 

varying levels miR-22-3p does not directly affect Th1 differentiation, leading to the 

hypothesis that the observed alterations in the Th1 population in vivo are the result of 

indirect miR-22-3p control.  

Due to their role in regulating the rest of the immune system, we hypothesized 

miR-22-3p might be modulating Tregs and thereby indirectly altering inflammatory 

responses of other T cells. In SLE patients, Tregs have been reported to be decreased in 

number and function compared to healthy controls313–315. Additionally, Tregs from lupus 

mice have an altered functional phenotype compared to B6 controls, however, the 
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degree to which that is Treg intrinsic or mediated by lupus T effector (Teff) cell resistance 

to suppression is unclear115,316–318. MiR-22-3p has previously been shown to be 

increased in Tregs compared to conventional CD4+ cells319 and in Tregs from relapsing-

remitting multiple sclerosis patients320, and we found miR-22-3p was significantly 

increased in Tregs from B6.SLE mice compared to those from controls (Figure A1.8). 

Interestingly, neither Treg number nor Treg activation was altered by LNA-22 treatment in 

B6.SLE mice, but the proportion of IL-10+ Tregs was significantly increased relative to 

LNA-Scr treated controls (Figure A1.8). Mirroring this, the differentiation of Tregs in vitro, 

as defined by proportion of FoxP3 expression, was unaffected by miR-22-3p deficiency 

or overexpression, but Tregs treated with a miR-22-3p mimic had reduced levels of Il10 

mRNA (Figure A1.8). IL-10 is considered anti-inflammatory in many different 

autoimmune diseases but has been ascribed both proinflammatory and anti-

inflammatory roles in SLE 286,289–293 where the ultimate impact of the cytokine seems 

dependent on the cellular source. To evaluate whether miR-22-3p deficient Tregs had 

altered suppressive function, B6 and mir-22-3p-/- in vitro-derived Tregs were co-cultured 

with CTV-labeled CD8+ T cells. MiR-22-3p sufficient and deficient Tregs suppressed 

CD8+ T cell proliferation to a similar degree, but miR-22-3p-/- co-cultures had 

significantly less IFN-g in the supernatants (Figure A1.8). These results indicate 

inhibition of miR-22-3p improves Treg function and suggests the corresponding increase 

in IL-10 production is directly protective. 

While investigating the effect of miR-22-3p deficiency and overexpression on Th1 

and Treg polarization, we also tested these variables under Th17 skewing conditions. 

Interestingly, miR-22-3p overexpression significantly reduced Th17 differentiation, while 
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deficiency resulted in a trending increase in Th17 polarization (Figure A1.9). These 

results were somewhat surprising given Th17 populations were not changed by LNA-22 

treatment in B6.SLE mice (data not shown). MiR-22-3p has been previously described 

in relation to Th17 differentiation and function, with some sources suggesting it 

promotes Th17 responses while others suggest it inhibits321–324. Work in recent years 

have divided the Th17 population into pathogenic and non-pathogenic subtypes. 

Pathogenic Th17 cells are characterized by the expression of IL-17, IL-21, IL-22, and 

GM-CSF and are thought to be induced by IL-6, IL1-b, and IL-23, whereas non-

pathogenic Th17 populations producing IL-17 and IL-10 and are promoted by TFG-b 

and IL-6288,325–327. Therefore, the described heterogeneity in the role of miR-22-3p in 

Th17 cells may be at least partially due to the population’s variability. Of note, the Th17 

polarizing conditions used in this study promote the formation of non-pathogenic Th17. 

Thus, our Th17 results could be consistent with the Treg findings described above, 

suggesting elevation of miR-22-3p promotes inflammation by reducing IL-10 and 

potential sources thereof. 

One limitation of this work is the lack of a defined miR-22-3p target gene or 

genes that is leading to the observed functional changes in Tregs. Given the inverse 

correlation between miR-22-3p and Il10 expression (Figure A1.8), one might 

hypothesize that the former directly inhibits the latter. However, there is no predicted 

miR-22-3p binding site in the 3’ UTR of the Il10 gene328,329. Work from Shrestha et al. 

has shown Tregs deficient for the known miR-22-3p target gene, Pten274,275, lose stability 

and allow for the expansion for Th1 and TFH cells330. This is not entirely consistent with 

our own findings as we do not see any alteration in the proportion of Tregs when miR-22-
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3p is inhibited, but still warrants further investigation. Interestingly, there is a predicted 

binding site in Krab1328,329, which encodes Krüppel-associated box (KRAB), a zinc finger 

binding protein that acts as a scaffold for KRAB-associated protein 1 (KAP1)331. KAP1 is 

an important FoxP3 cofactor and Tregs deficient for the protein have been shown to be 

less suppressive with reduced IL-10 production332, mirroring our own results following 

miR-22-3p modulation. Therefore, future work should investigate Krab1 as a promising 

candidate target gene in Tregs hypothesizing that miR-22-3p would induce dysfunction 

through inhibition of important Treg cofactors. 

In conclusion, results from this study show miR-22-3p is significantly elevated in 

both in SLE patients and B6.SLE mice, compared to controls. Inhibition of miR-22-3p in 

vivo reduced splenomegaly and lymphadenopathy, delayed the development of anti-

dsDNA autoantibody titers, and limited antibody deposition in the kidneys. Perhaps 

most strikingly, treatment with LNA-22 significantly decreased glomerulonephritis 

severity in B6.SLE mice. This reduced pathology was associated with lessened T cell 

activation and decreased systemic Th1 responses, but modulation of miR-22-3p in vitro 

did not directly alter Th1 differentiation. Instead, miR-22-3p acted in Tregs to reduce IL-10 

expression, and deficiency of miR-22-3p improved Treg suppression in vitro. Collectively, 

we demonstrate miR-22-3p plays a pathogenic role in SLE and could have great 

potential as a novel drug target to reduce glomerulonephritis and SLE pathophysiology. 
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