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Abstract

Recent work from our laboratory has shown that hyperlipidemia promotes accelerated rejection of 

vascularized cardiac allografts in mice by inducing anti-donor Th17 reactivity and production of 

IL-17. Here, we show that hyperlipidemia also affects FoxP3+ regulatory T cells (Tregs). 

Hyperlipidemia promotes the development of Tregs that express low levels of CD25. 

Hyperlipidemia also promotes a decrease in central Tregs and an increase in effector Tregs that 

appears to account for the increase in the frequency of CD25low Tregs. Alterations in Treg subsets 

also appear to lead to alterations in Treg function. The ability of FoxP3+, CD25high
, CD4+ Tregs 

from hyperlipidemic mice to inhibit proliferation of effector T cells stimulated with anti-CD3 and 

CD28 was reduced when compared with Tregs from control mice. Regulatory T cells isolated 

from hyperlipidemic recipients exhibit increased activation of Akt, and a reduction in Bim levels 

that permits the expansion of FoxP3+CD25lowCD4+ T cells. Hyperlipidemic mice were also 

resistant to tolerance induction using costimulatory molecule blockade consisting of anti-CD154 

and CTLA4Ig, a strategy that requires Tregs. Together, our data suggest that hyperlipidemia 

profoundly affects Treg subsets and function as well as the ability to induce tolerance.

Introduction

Approaches to prevent rejection have been based on an understanding that has been formed 

over many years based on animal models of rejection. These studies have led to the 
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canonical understanding that T cell–mediated rejection results from recognition of donor 

antigen through the direct and indirect pathways of antigen recognition and is mediated by 

alloreactive T-helper type 1 (Th1) CD4 and CD8 T cells (1–5). Rejection is balanced by 

peripheral tolerance mechanisms involving regulatory T cells (Tregs). Based on this 

paradigm, a considerable amount of effort has been placed on inhibiting activation of 

alloreactive T cells while increasing the activity of Tregs through the use of approaches such 

as costimulatory blockade that requires regulatory T cells (6–10) in order to promote long-

term allograft survival. These efforts along with modern immunosuppression regimens have 

led to increases in the first year of transplant survival (11,12). However, mortality rates 

beyond the first year of heart transplantation have not significantly improved in the last 2 

decades (13). Moreover, approaches such as costimulatory molecule blockade while 

successful in mice have not exhibited successful tolerance induction in the clinic (14–19), 

and improving long-term outcomes remains a major problem. These startling facts 

underscore the need to better our understanding of transplant rejection and the factors that 

contribute to graft loss.

We hypothesized that the inability to improve long-term transplant survival might be due to 

limitations in our understanding of transplant rejection and acceptance that result from the 

use of animal models that do not capture health conditions present in the human transplant 

population. A major recipient characteristic associated with cardiac allograft rejection after 

the first year is a history of ischemic heart disease resulting from coronary artery disease 

caused by hyperlipidemia (13). Hyperlipidemia, increased cholesterol and triglycerides, 

leads to atherosclerosis primarily as a result of increased serum cholesterol levels; however, 

it also now known to cause systemic inflammation that contributes to disease progression in 

atherosclerosis and has the potential to contribute to other disease processes (20–29). 

Hyperlipidemic humans and mice exhibit increased levels of inflammatory cytokines in their 

serum, and exhibit increased inflammatory T cell responses (21,27–46). Hyperlipidemia is a 

comorbidity that is highly relevant in transplantation, causing end-stage heart disease in 

approximately 40% of all patients requiring a heart transplant (13). Hyperlipidemia also 

develops in 50% of heart transplant patients after the first year of transplant, and 95% of 

patients within 5 years. In spite of treatment, two-thirds of patients remain dyslipidemic and 

a significant number are statin intolerant (47,48). A major recipient characteristic associated 

with cardiac allograft rejection after the first year is a history of ischemic heart disease 

resulting from coronary artery disease caused by hyperlipidemia (13).

Limited reports have suggested that increased cholesterol contributes to neointimal 

proliferation in artery grafts (49), and atherosclerosis in cardiac allografts (50). However, 

little is known about how hyperlipidemia affects rejection and an effect of hyperlipidemia on 

anti-donor adaptive immune responses has not been described. We hypothesized that the 

ability of hyperlipidemia to promote inflammation may alter anti-donor responses or their 

regulation and thereby influence transplant outcome. In an accompanying manuscript, we 

describe that hyperlipidemia profoundly alters rejection of cardiac allografts (51). Cardiac 

allografts that normally undergo chronic rejection are acutely rejected when transplanted 

into hyperlipidemic recipients. Accelerated rejection involved the induction of a strong anti-

donor Th17 response; this is not observed in mice with normal lipid levels. While production 

of IL-17 is clearly involved in driving accelerated rejection, IL-17 deficiency was not 
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sufficient to overcome the changes in rejection observed in hyperlipidemic mice. We, 

therefore, hypothesized that hyperlipidemia results in additional changes that alter anti-

donor responses and promote strong rejection responses. Our data indicate that in addition to 

altering the effector T cell subsets involved in rejection, hyperlipidemia results in alterations 

in regulatory T cells (Tregs) and the ability to induce tolerance.

Materials and Methods

Mice

Apoe<tm1Unc>/J (ApoE−/−) mice, B6.C-H2-Ab1bm12/KhEg (bm12), BALB/cJ and C57BL/6 

controls were obtained from Jackson Laboratories (Bar Harbor, ME). FoxP3hCD2 knock-in 

mice (52) were kindly provided by Dr. Shohei Hori (RIKEN Research Center for Allergy 

and Immunology, Yokohama, Kanagawa, Japan). Mice were maintained on either high-fat 

diet, Western Diet, Teklad—21% fat, or normal chow LabDiet, JL mouse breeder/auto, 12% 

fat obtained from Harlan Laboratories (Indianapolis, IN). Our Institutional Animal Care and 

Use Committee (IACUC) approved all procedures in accordance with NIH guidelines for the 

care and use of animals.

Heterotopic heart transplantation

Vascularized heterotopic cardiac transplants were performed into the abdomen as previously 

described (53). Hearts were considered rejected when a heartbeat was no longer detectable 

by palpation. Rejection was verified by autopsy and visual inspection. Transplants that 

stopped beating within 48 h were assumed to be technical failures and eliminated from 

further analysis. All transplant recipients were 10–14 weeks of age.

Flow cytometry

Cell surface staining was performed using standard methods with the following antibodies: 

anti-CD4 (GK1.5, Biolegend, San Diego, CA), anti-CD8 (53-6.7, BD Pharmingen, San Jose, 

CA), anti-B220 (RA3-6B2, BD Pharmingen), anti-CD11b (M1/70, BD Pharmingen), anti-

CD11c HL3, (BD Pharmingen) and CD25 (PC61, BD Pharmingen). Staining for FoxP3 was 

performed using the FoxP3 buffer set (eBioscience, San Diego, CA) according to the 

manufacturers instructions, anti-FoxP3 antibody (FJK16A, eBioscience), anti-Bim antibody 

(C34C5, Cell Signaling Technologies, Beverly, MA) and anti-AKT pS473 (M89-61, BD 

Pharmingen). Central (cTregs) and effector Tregs (eTregs) were analyzed as described in 

reference (54). All flow cytometry were performed on a FacsCanto II cytometer (BD 

Biosciences, San Jose, CA), and data were analyzed using FlowJo v X 10.0.7 software (Tree 

Star, Inc., Ashland, OR).

Costimulatory molecule blockade

Costimulatory molecule blockade was performed as described in reference (55). Briefly, 0.5 

mg of anti-CD154L mAb (MR1, BioXcell, West Lebanon, NH) and CTLA4Ig were 

administered intraperitoneally on the day of transplant. An additional 0.25 mg of each was 

administered 2, 4 and 6 days after transplantation. CTLA4Ig was the kind gift of Dr. 

Mohamed Sayegh.
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Regulatory T cell function

CD4 T cells were purified using the Dynabeads FlowComp mouse CD4 kit (Life 

Technologies, Carlsbad, CA). Cells were then stained for CD25 expression (BD 

Pharmingen) and sorted by the Tufts Flow Cytometry Core. In indicated experiments, anti-

human CD2 (RPA-2.10, BD Pharmingen) was used as a pseudomarker for FoxP3 

expression. Isolated cells were counted and cultured with CD4+ T cells from naïve ApoE−/− 

mice on high-fat diet, or control C57BL/6 mice on normal chow labeled with CFSE. Cells 

were stimulated with 1 mg/mL anti-CD3 and anti-CD28 for 72 h and proliferation was 

assessed by CFSE dilution detected by flow cytometry and expressed as the Division Index 

for responding cells. Division Index is the average number of cell divisions that a cell in the 

original population has undergone and includes for cells that never divided (i.e. includes the 

undivided peak). Thus, it is a measure of proliferation that accurately accounts for cells that 

fail to divide.

Statistical analysis

The Kaplan and Meier method with a 95% confidence interval was used for the calculation 

of survival curves. Survival curves were compared using the log rank test. p-Values <0.05 

using Student’s t-test were considered statistically significant.

Results

Hyperlipidemia leads to alterations in FoxP3+ T cell populations

Hearts from bm12 mice transplanted into H-2b mice normally undergo chronic rejection 

(56). However, recent data from our laboratory have shown that in hyperlipidemic recipients, 

bm12 hearts are acutely rejected suggesting that hyperlipidemia alters anti-donor rejection 

responses (51). This accelerated rejection response involves the induction of anti-donor 

Th17 alloreactivity that is not observed in mice with normal lipid levels. However, we noted 

that although IL-17 production is clearly involved in driving accelerated rejection in 

hyperlipidemic mice, ablation of IL-17 is not sufficient to fully prevent accelerated rejection. 

Since Tregs play a dominant role in preventing rejection of bm12 hearts (14), we 

hypothesized that hyperlipidemia may also result in defects in Tregs.

We examined Treg populations in apolipoprotein E (ApoE)-deficient and C57BL/6 mice 

made hyperlipidemic by feeding them a high-fat diet. We chose to use ApoE-deficient mice 

because the degree of hyperlipidemia can be manipulated in these mice by feeding them a 

high-fat diet. ApoE−/− mice fed a high-fat diet become profoundly hyperlipidemic, but 

maintain ratios and levels of plasma cholesterol, LDLs, VLDL, HDL, and triglycerides that 

are observed in patients (21,57–59). ApoE−/− mice maintained on normal chow also become 

hyperlipidemic, although to a lesser extent then mice fed a high-fat diet, and exhibit lipid 

levels similar to humans with hyperlipidemia (60). In either case, hyperlipidemia does not 

lead to elevated plasma glucose levels or obesity in ApoE−/− mice even when they are fed a 

high-fat diet (60,61). This eliminates the confounding factors of diabetes and obesity, which 

are known to have independent effects on immunity. Similarly, it is possible to induce 

hyperlipidemia in C57BL/6 mice, although to lesser levels than in ApoE−/− mice. The use of 
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C57BL/6 mice eliminates the possibility that ApoE deficiency could explain any effects 

observed.

Feeding ApoE−/− mice a high-fat diet resulted in an increase in the frequency of FoxP3+, 

CD4+ cells in the spleen when compared with age-matched mice with normal lipid levels 

(Figure 1A, Figure S1). This increase was also apparent in C57BL/6 mice fed a high-fat diet 

when examined after 10 weeks when compared with age-matched controls fed normal chow 

(Figure 1A, Figure S1). ApoE−/− mice fed normal chow also had an increased frequency of 

FoxP3+, CD4+ cells compared to age-matched controls (Figure 1A). There was no 

significant difference in total splenocyte number, or in the frequency of CD4 T cells in 

hyperlipidemic mice (51). We also analyzed FoxP3+ CD4 T cells in the blood of 

hyperlipidemic mice in order to follow changes prospectively. Feeding ApoE−/− mice a high-

fat diet for 5 weeks resulted in a significant increase in the frequency of FoxP3+, CD4+ cells 

in the blood compared with levels prior to initiation of high-fat diet (Figure 1B). This change 

was not apparent in the blood of C57BL/6 mice fed normal chow (Figure 1B). In addition, 

ApoE−/− mice fed a high-fat diet for 5 weeks contained a higher frequency of FoxP3+, CD4+ 

cells than age-matched ApoE−/− controls (Figure 1C), indicating that the rise in FoxP3+, 

CD4+ cells was attributable to lipid levels. The frequency of FoxP3+, CD4+ cells in the 

blood of C57BL/6 mice fed a high-fat diet for 5 weeks tended to be greater than in age-

matched C57BL/6 controls fed normal chow, although the difference did not reach statistical 

significance at this time point. Age-matched ApoE−/− mice fed normal chow contained a 

significantly higher frequency of FoxP3+, CD4+ cells than C57BL/6 controls, consistent 

with their elevated lipid levels. Thus, hyperlipidemic mice experience a progressive increase 

in the frequency of FoxP3+ cells consistent with their degree of hyperlipidemia.

Further analysis revealed that in both ApoE−/− and C57BL/6 mice fed a high-fat diet, the 

frequency of FoxP3+, CD25high, CD4+ cells remained constant over time when compared to 

age-matched controls (Figure 1D). In contrast, in both ApoE−/− and C57BL/6 mice fed a 

high-fat diet, the frequency of FoxP3+, CD25low/− CD4+ cells increased over time (Figure 

1D–F). Together, these data suggest that the increase in total FoxP3+ cells observed in 

hyper-lipidemic mice resulted from an increase in the frequency of FoxP3+, CD25low/−
, 

CD4+ cells and did not reflect an increase in the FoxP3+, CD25high
,CD4+ population that is 

known to contain functional Tregs (62).

Hyperlipidemia leads to alterations in central and effector Tregs

Tregs can be divided into cTregs and eTregs based on expression of FoxP3, CD62L, and 

CD44 (54,63,64). FoxP3+ cTregs are surface CD44low and CD62Lhigh. These cells 

recirculate through lymphoid tissue and are able to inhibit T cell priming in mice and 

humans (63–65). FoxP3+ eTreg are surface CD44high and CD62Llow, do not recirculate 

efficiently and comprise the major Treg population in non-lymphoid tissue. In ApoE−/− mice 

fed a high-fat diet, we observed a reduction in the frequency of cTregs compared to ApoE−/− 

controls fed normal chow (Figure 2A and B). Similarly, we observed a reduction in the 

frequency of cTregs in C57BL/6 mice fed a high-fat diet compared to controls (Figure 2A 

and B). The frequency of cTregs in C57BL/6 controls tended to be higher than that observed 

in ApoE−/− controls (Figure 2B). Although this difference did not reach statistical 
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significance, it appears that the reduction in the frequency of cTregs observed tends to be 

proportionate to the degree of hyperlipidemia.

In ApoE−/− mice fed a high-fat diet, we observed an increase in the frequency of eTregs 

compared to ApoE−/− controls fed normal chow (Figure 2A). Similarly, we observed a trend 

toward an increase in the frequency of eTregs in C57BL/6 mice fed a high-fat diet compared 

to controls (Figure 2A and C). We observed that eTregs expressed lower levels of CD25 than 

cTregs, consistent with other reports (54). Thus, while cTregs were decreased in 

hyperlipidemic mice, frequencies of eTregs were increased. Thus, it appears that the increase 

in FoxP3+, CD4+ T cells observed in hyperlipidemic mice is due at least in part to an 

increase in eTregs.

Hyperlipidemia alters Treg function

Alterations in Treg subsets prompted us to examine whether hyperlipidemia resulted in 

functional changes in Tregs. We initially observed that on a per cell basis, CD25high, CD4+ 

cells from hyperlipidemic mice, a population known to contain functional Tregs (62), 

inhibited proliferation of CD25− CD4+ T cells stimulated with anti-CD3 and CD28 less 

effectively than CD25high, CD4+ T cells purified from control mice (Figure 3A and B). To 

determine whether this defect was the result of alterations in bona fide Tregs, we examined 

the ability of FoxP3+, CD25high, CD4+ T cells from hyperlipidemic mice to inhibit 

proliferation. To this end, we made use of FoxP3hCD2 knock-in mice in which Foxp3+ T 

cells express a GPI-anchored human CD2-CD52 fusion protein on their surface that serves 

as a surrogate for Foxp3 expression allowing detection and purification of Foxp3+ and 

Foxp3− T cells based on hCD2 expression (52). hCD2(FoxP3)+, CD25high, CD4+ T cells 

purified from mice fed a high-fat diet showed a reduced ability to inhibit proliferation of T 

cells stimulated with anti-CD3 and CD28 on a per cell basis when compared to the same 

population isolated from control mice resulting in an increased division index when 

compared with Tregs from control mice (Figure 3C). Taken together, these data strongly 

suggest that hyperlipidemia leads to alterations in Treg function.

Hyperlipidemia increase Akt activation in Tregs

In order to examine possible mechanisms that may promote reduced Treg function in 

hyperlipidemic mice, we examined signaling pathways that control Treg development and 

function. Akt signaling negatively regulates Treg development and function (66–69). 

Analysis of hCD2+ Tregs from control mice and mice fed a high-fat diet revealed that Tregs 

from hyperlipidemic mice contain increased levels of phosphorylated Akt (Ser473, Figure 

4). Increased levels of phosphorylated Akt were observed in both ApoE−/− mice fed a high-

fat diet (Figure 4A) and C57BL/6 mice fed a high-fat diet when compared to controls 

(Figure 4B and C). Given that increased levels of Akt phosphorylation are observed in mice 

that have not been challenged with antigen suggests that hyperlipidemia is sufficient to drive 

this change in Tregs.

We next analyzed expression of potential targets of Akt that might affect Treg function, and 

the expansion of FoxP3+, CD25low/−, CD4+ cells. Akt has been previously reported to be 

able to phosphorylate BCL-2 protein family member Bim leading to its degradation (70). 
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Downregulation of the BCL-2 protein family member Bim has also been reported to lead to 

expansion of FoxP3+, CD25 low/−, CD4+ cells that do not exert Treg function or exhibit 

reduced regulatory ability (71–75). We observed reduced levels of Bim in FoxP3+, 

CD25high, CD4+ Tregs from hyperlipidemic mice when compared to cells from controls 

(Figure 4D). Bim was expressed at low levels in FoxP3+, CD25 low/−, CD4+ cells from both 

hyperlipidemic and control mice (Figure 4D). We suggest that increased activation of Akt in 

Tregs from hyperlipidemic mice leads to defects in Treg function and leads to a reduction in 

Bim levels that may permit the expansion of FoxP3+, CD25low/−, CD4+ cells.

Hyperlipidemia prevents tolerance induction through costimulatory molecule blockade

To further assess defects in Treg function, we examined the ability to induce tolerance in 

hyperlipidemic mice. The ability to induce tolerance using costimulatory molecule blockade 

is dependent on Tregs (6–10). We, therefore, examined the ability to induce tolerance to 

fully allogeneic hearts in hyperlipidemic mice using costimulatory molecule blockade in 

order to examine the impact of hyperlipidemia on Treg function in vivo. Hyperlipidemic 

mice were transplanted with a fully mismatched allogeneic BALB/c heart and treated with 

anti-CD154 (MR1) and CTLA4-Ig to block costimulation though CD28 and CD40. This 

protocol routinely leads to long-term survival of fully allogeneic heart transplants (76). 

Control C57BL/6 mice treated with anti-CD154 (MR1) and CTLA4-Ig accepted fully 

allogeneic BALB/c hearts long-term (Figure 5). In contrast, hyperlipidemic mice treated 

with MR1 and CTLA4-Ig rejected fully allogeneic heart transplants (Figure 5D). Although 

transplant survival was prolonged relative to controls, costimulatory molecule blockade was 

not sufficient to induce operational tolerance in hyperlipidemic mice (Figure 5D). We have 

also analyzed the effect of hyperlipidemia on resistance to costimulatory molecule blockade 

induced tolerance in C57BL/6 mice fed a high-fat diet. These mice, like ApoE−/− mice fed a 

high-fat diet, also exhibit resistance to tolerance induction using MR1 and CTLA4-Ig 

rejecting fully allogeneic BALB/c hearts between day 41 and 56 (n = 4). These results 

support our data in Figure 5 showing that hyperlipidemia leads to resistance to tolerance 

induction. Thus, hyperlipidemia prevents tolerance induction using approaches that require 

Treg activity such as costimulatory molecule blockade.

Discussion

Our data suggest that the common condition of hyperlipidemia can powerfully accelerate the 

rejection of cardiac allografts (51). Here, we show that hyperlipidemia mediates these effects 

on rejection at least in part by promoting changes in Tregs that reduce their function. These 

alterations, together with changes in the T cell subsets that mediated rejection, appear to 

promote resistance to tolerance induction using costimulatory molecule blockade. Thus, 

hyperlipidemia fundamentally alters anti-donor effector and regulatory responses. Our data, 

therefore, reveal a previously unappreciated effect of hyperlipidemia on rejection, its 

regulation and the ability to induce tolerance.

In an apparent contradiction to the observation that hyperlipidemic mice contain an 

increased frequency of alloreactive T cells, anti-donor Th17 responses and exhibit 

accelerated rejection (51), we observed that hyperlipidemia leads to an increase in total 
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FoxP3+ CD4 T cells. These observations were consistent with another study showing that 

the total number of FoxP3+ CD4 T cells is increased in hyperlipidemic low-density 

lipoprotein null mice (77). Further examination revealed that the increase in the frequency of 

FoxP3+ cells was primarily the result of an increase in FoxP3+ CD4 T cells expressing low 

levels of CD25 rather than CD25high Tregs. We also observed that hyperlipidemia leads to 

alterations in Treg subsets, promoting a decrease in the frequency of cTregs and an increase 

in eTregs. Since eTregs express lower levels of CD25 (54), we suggest that the increase in 

FoxP3+ cells is the result of an increase this population. Based on the inverse relationship 

between changes in cTregs and eTreg numbers in hyperlipidemic mice, it is tempting to 

suggest that hyperlipidemia promotes the conversion of cTregs to eTregs. Alternatively, 

hyperlipidemia may alter the ability of naïve CD4 T cells to be induced to become cTregs 

favoring commitment to an eTreg phenotype, or allow for increased expansion of eTregs. We 

are currently examining these issues.

Since cTregs are able to inhibit T cell priming in mice and humans (63–65), we hypothesize 

that a decrease in this population would be likely to lead to an overall decrease in Treg 

function. Indeed, we found that the ability of CD4+ CD25+ and CD4+FoxP3+CD25high 

Tregs from hyperlipidemic C57BL/6 mice to suppress proliferation of CD4 T cells was 

reduced compared to cells from controls. Thus, our data demonstrate that hyperlipidemia is 

sufficient to mediate the changes we observed in Tregs. We are unaware of any previous 

reports demonstrating that induction of hyperlipidemia is sufficient lead to alterations in 

Treg subsets or function.

Analysis of signaling pathways that control Treg development and function revealed that 

Tregs from hyperlipidemic mice contain higher levels of activated Akt. Given that Akt 

signaling negatively regulates Treg development and function (66–69), we suggest that 

alterations in Akt play a role in altering the regulatory function of Tregs in hyperlipidemic 

mice. Akt has been previously reported to be able to phosphorylate BCL-2 protein family 

member Bim leading to its degradation (70). We observed reduced Bim levels in FoxP3+ 

CD25high CD4 Tregs from hyperlipidemic ApoE−/− mice, as well as C57BL/6 mice (data not 

shown). Reduced Bim levels have been shown to lead to an increase in FoxP3+ CD25low/− 

CD4 T cells (71–75). Our data suggest that reduced Bim levels in CD25high FoxP3+ CD4 T 

cells may promote the expansion of CD25low/−, FoxP3+ cells, a possibility we are currently 

examining. Together, these data suggest that altering the balance between activating signals 

mediated through Akt and cell-death via Bim affects Treg homeostasis leading to a reduction 

in Treg function and expansion of FoxP3+ CD25low/− CD4+ cells.

A key issue is whether the alterations observed in Tregs resulting from hyperlipidemia have 

in vivo consequences. Given the importance of Tregs in tolerance induction, we reasoned 

that alterations in Tregs in hyperlipidemic mice might affect the ability to induce tolerance 

for approaches that require Tregs, such as costimulatory molecule blockade (8,9,78–80). 

Costimulatory molecule blockade using CTLA4-Ig and anti-CD154 failed to induce 

tolerance to fully allogeneic cardiac transplants in hyperlipidemic ApoE−/− mice. These data 

support the notion that hyperlipidemia alters Treg function, although the alterations we 

observed in T cell subsets observed in hyperlipidemic mice (51) may also play a role in 

tolerance resistance. Like transplant patients, ApoE−/− mice develop hyperlipidemia, and 
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elevated levels of low-density lipoprotein as a result of alterations in lipid metabolism, rather 

than as a result of dietary changes resulting in obesity and elevated blood glucose. Thus, 

these data suggest that hyperlipidemia in transplant patients may similarly be impeded by 

hyperlipidemia. Similar results were observed in hyperlipidemic C57BL/6 mice that 

received a bm12 cardiac allograft (not shown). Given that survival of bm12 hearts 

transplanted into C57BL/6 mice is strictly controlled by Tregs (14), accelerated rejection of 

bm12 hearts in hyperlipidemic mice also supports the idea that hyperlipidemia alters Tregs. 

Given that the majority of transplant patients become hyperlipidemic, we hypothesize that 

hyperlipidemia represents a barrier to costimulatory molecule blockade induced tolerance 

through effects on Tregs.

Several studies have suggested that ApoE-deficient mice have changes in immune responses 

(81). However, it is not clear whether these changes are due to the effect of lipid levels on 

cells of the immune system, or some undefined role for ApoE in immunity. We demonstrate 

that ApoE−/− mice exhibit changed Treg frequency and phenotype when compared with 

ApoE−/− controls fed normal diet. Thus, the effect observed is increased in mice fed a high-

fat diet and proportional to the degree of hyperlipidemia. Furthermore, we observed that in 

wild-type C57BL/6 mice, raising lipid levels through feeding a high-fat diet results in 

changes to Tregs. These data suggest that the observed effects are, therefore, a direct result 

of increased lipid levels and are dependent on the degree of recipient hyperlipidemia. 

Indeed, we wish to point out that unlike the LdL receptor, ApoE is a component of the lipid 

transport system and is not expressed on T cells, or other components of the immune system. 

This together with the fact that ApoE mice do not become obese of hyperglycemic after 

inducing hyperlipidemia suggest that the effects observed are directly related to increase 

lipid levels.

The data presented here demonstrate that hyperlipidemia by diet profoundly changes the 

host’s ability to regulate immune responses by affecting Tregs. These studies provide the 

proof-of-principle for examining whether similar changes are observed in humans with 

hyperlipidemia. If hyperlipidemia leads to similar alterations in humans, it may be possible 

to improve transplant outcomes by developing therapies that allow for maintenance of full 

Treg function. Indeed, it is possible that the inability to induce tolerance or long-term 

allograft survival in humans using costimulatory molecule blockade may be due, at least in 

part, to the effects of hyperlipidemia on anti-donor responses and the ability to regulate 

them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ApoE apolipoproteinE

CFSE carboxyfluorescein succinimidyl ester

cTregs central regulatory T cell

eTregs effector regulatory T cell

FoxP3 forkhead box P3

HDL high density lipoprotein

IFN-γ interferon gamma

Ig immunoglobulin

IL interleukin

LDL low density lipoprotein

MST median survival time

PMA phorbol myristate acetate

TC total cholesterol

Th1 T-helper type 1

Th17 T-helper type 17

Treg regulatory T cell

VLDL very low density lipoprotein
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Figure 1. Hyperlipidemia promotes changes in FoxP3+ T cell populations
(A) Hyperlipidemia results in an increase in the frequency of CD4 T cells expressing FoxP3. 

Top panel, analysis of CD4 and FoxP3 in splenocytes from ApoE−/− mice fed a high-fat diet 

(HFD, total cholesterol [TC] 1821±321 mg/dL) for 6 weeks and age-matched C57BL/6 

controls fed normal chow (TC 60±20 mg/dL). Bottom panel, CD4 and FoxP3 on C57BL/6 

mice fed a high-fat diet for 10 weeks (TC 132±18 mg/dL) and age-matched C57BL/6 and 

ApoE−/− controls fed normal chow (494±95 mg/dL). Total cholesterol values are provided 

from (51) for reference. (B) Frequencies of FoxP3+, CD4+ lymphocytes increase over time 

after induction of hyperlipidemia, but not in mice with normal lipid levels. Frequencies of 

FoxP3+, CD4+ lymphocytes in the blood of ApoE−/− mice were examined prior to 

(diamonds), and after being fed a high-fat diet for 5 weeks (closed circles) as well as in the 

blood of 4-week-old C57BL/6 mice prior to (open circles), and after being fed a normal 
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chow for 5 weeks (triangles). (C) Frequencies of FoxP3+, CD4+ lymphocytes in the blood of 

age-matched (9-week-old) C57BL/6 mice fed normal chow, C57BL/6 mice fed a high-fat 

diet for 5 weeks, starting at 4 weeks of age, aged-matched ApoE−/− mice fed normal chow 

(9 weeks old) and ApoE−/− mice fed a high-fat diet for 5 weeks, starting at 4 weeks of age. 

(D) ApoE−/− and C57BL/6 mice were fed high-fat diet (HFD) for 3 or 12 weeks. Animals 

were sacrificed and CD25 expression in CD4+ FoxP3+ cells was examined by intracellular 

staining followed by flow cytometry. Age-matched ApoE−/− and C57BL/6 mice fed a 

normal diet are shown as controls. Representative flow cytometry images are shown. (E) The 

percentage of CD4+ FoxP3+ cells expressing low levels of CD25 in ApoE−/− mice fed high-

fat diet for four weeks (circles), together with age-matched C57BL/6 controls (squares). 

Combined results of three experiments are shown (p = 0.0003 between groups). (F) The 

percentage of CD4+ FoxP3+ cells expressing low levels of CD25 in C57BL/6 mice fed high-

fat diet for 12 weeks (inverted triangles), together with age-matched C57BL/6 controls 

(triangles). Combined results of three experiments are shown (p = 0.004 between groups). 

ApoE, apolipoproteinE.

Bagley et al. Page 16

Am J Transplant. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Hyperlipidemia leads to a decrease in cTregs and an increase in eTregs
(A) Expression of CD44 and CD62L on FoxP3+, CD4+ T cells from ApoE−/− controls, 

ApoE−/− fed a high-fat diet (HFD) for 4 weeks, C57BL/6 controls and C57BL/6 mice fed a 

high-fat diet. Numbers shown represent the frequency after gating on FoxP3+ CD4+ T 

lymphocytes. Data are representative of at least two experiments containing three to six mice 

per group. (B) Frequencies of cTregs for mice in each group after gating on FoxP3+, CD4+ 

lymphocytes. (C) Frequencies of eTregs for mice in each group after gating on FoxP3+, 
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CD4+ lymphocytes. ApoE, apolipoproteinE; CFSE, carboxyfluorescein succinimidyl ester; 

FoxP3, forkhead box P3; Treg, regulatory T cell.
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Figure 3. Decreased regulatory T cell function in hyperlipidemic mice
(A) Shown is the ability of CD4+CD25+ T cells from ApoE−/− mice fed a high-fat diet for 4 

weeks (blue line) or C57BL/6 controls fed normal chow (red line) to inhibit the proliferation 

of CD4+ cells based on CFSE dilution following stimulation with anti-CD3 and CD28. (B) 

CD4+CD25+ cells were isolated from ApoE−/− mice fed a high-fat diet for 4 weeks or 

C57BL/6 controls fed normal chow and tested for the ability to inhibit proliferation of CD4+ 

cells stimulated with anti-CD3 and CD28 based on CFSE dilution. Division index is 

reported. Asterisk indicates p < 0.05. (C) FoxP3+CD4+CD25high cells were isolated from 

hCD2-FoxP3 mice on a C57BL/6 background that were fed a high-fat diet or normal chow 

and tested for the ability to inhibit proliferation of CD4+ cells stimulated with anti-CD3 and 

CD28 based on CFSE dilution. For panels B and C, division index is reported. Asterisk 

indicates p < 0.05. Shown is one representative experiment of three, with standard error. 

ApoE, apolipoproteinE; CFSE, carboxyfluorescein succinimidyl ester; FoxP3, forkhead box 

P3; HFD, high-fat diet; TC, total cholesterol; Treg, regulatory T cell.

Bagley et al. Page 19

Am J Transplant. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Hyperlipidemia leads to Akt activation
(A) Phospho-Akt levels in ApoE−/− controls fed normal chow and ApoE−/− mice fed a high-

fat diet. ApoE−/− mice were fed either high-fat diet or normal chow for 10 weeks. 

Splenocytes were examined for expression of CD4, FoxP3 and phospho-AKT directly ex 
vivo. Shown gated on CD4+FoxP3+ lymphocytes. (B) Phospho-Akt levels in C57BL/6 

controls fed normal chow and C57BL/6 mice fed a high-fat diet. C57BL/6 mice were fed 

either high-fat diet or normal chow for 10 weeks. Splenocytes were examined for expression 

of CD4, hCD2 and phospho-AKT directly ex vivo. Shown gated on CD4+CD2+ 
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lymphocytes. (C) Median fluorescent intensity (MFI) of phospho-Akt levels in C57BL/6 

controls fed normal chow and C57BL/6 mice fed a high-fat diet. (D) Expression of Bim in 

CD4+FoxP3+ cells expressing high levels (CD25hi) or low levels (CD25lo) of CD25 in 

ApoE−/− mice fed a high-fat diet for 4 weeks (black bars) or age-matched C57BL/6 mice fed 

normal chow (white bars) are shown. Combined results of three experiments are shown. 

Asterisk indicates p < 0.05. ApoE, apolipoproteinE; CFSE, carboxyfluorescein succinimidyl 

ester; FoxP3, forkhead box P3.
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Figure 5. Hyperlipidemia prevents the induction of operational tolerance through costimulatory 
blockade
ApoE−/− mice were fed a high-fat diet and transplanted with fully mismatched BALB/c 

cardiac grafts. Mice were treated with a combination of CTLA-4Ig, and MR1 (triangles), or 

received no treatment (inverted triangles). Prolongation of BALB/c heart grafts in control 

C57BL/6 recipients fed normal chow and treated with CTLA-4Ig and MR1 (squares). ApoE, 

apolipoproteinE.

Bagley et al. Page 22

Am J Transplant. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mice
	Heterotopic heart transplantation
	Flow cytometry
	Costimulatory molecule blockade
	Regulatory T cell function
	Statistical analysis

	Results
	Hyperlipidemia leads to alterations in FoxP3+ T cell populations
	Hyperlipidemia leads to alterations in central and effector Tregs
	Hyperlipidemia alters Treg function
	Hyperlipidemia increase Akt activation in Tregs
	Hyperlipidemia prevents tolerance induction through costimulatory molecule blockade

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

