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Abstract

Hyperlipidemia induces accelerated rejection of cardiac allografts and resistance to tolerance 

induction using costimulatory molecule blockade in mice due in part to anti-donor Th17 

responses and reduced regulatory T cell function. Accelerated rejection in hyperlipidemic mice 

is also associated with increased serum levels of IL-6. Here, we examined the role of IL-6 in 

hyperlipidemia-induced accelerated rejection and resistance to tolerance. Genetic ablation of IL-6 

prevented hyperlipidemia-induced accelerated cardiac allograft rejection. Using Th17-lineage fate 

tracking mice, we observed that IL-6 is required to promote the development of anti-donor Th17 

lineage cells independently of antigen challenge. In contrast, the frequency of alloreactive T cells 

producing IL-2 or IFN-γ remained increased in hyperlipidemic IL-6-deficient mice. Ablation 

of IL-6 overcame hyperlipidemia-induced changes in Tregs, but was not sufficient to overcome 

resistance to costimulatory molecule blockade induced tolerance. We suggest that accelerated 

rejection in hyperlipidemic mice results from IL-6 driven anti-donor Th17 responses. While 

alterations in Tregs were overcome by ablation of IL-6, the reversal of hyperlipidemia-induced 

changes in Tregs was not sufficient to overcome increased Th1-type anti-donor T cell responses, 

suggesting that hyperlipidemia induced IL-6-independent effects on recipient immunity prevent 

tolerance induction.

Introduction

The canonical understanding of solid organ transplant rejection holds that transplant 

rejection is mediated by anti-donor T helper type 1 (Th1) CD4 and CD8 cytotoxic T 

cells (1–3). Operational tolerance to the transplant is thought to be mediated by host 

regulatory T cells (4, 5). However, this understanding has been gained largely through 
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transplanting organs between young, healthy, animals. There has been relatively little work 

examining how co-morbidities present in the human transplant patient population affect 

the immunological response of patients to the transplanted organ. This is a clinically 

relevant issue because transplant patients frequently suffer from immunologically relevant 

co-morbidities like obesity, diabetes, or hyperlipidemia that lead to immune system 

dysfunction and systemic inflammation and can lead to disease associated metabolic 

disorders (6, 7). How these comorbidities affect the immunological response or the ability to 

induce operational tolerance to transplanted organs is not fully understood.

A major recipient characteristic associated with cardiac allograft rejection is a history 

of ischemic heart disease which can result from hyperlipidemia. Hyperlipidemia is a 

common co-morbidity among the heart transplant patient population, with nearly 90% of 

heart transplant patients becoming hyperlipidemic by 5 years after transplant (8), many 

of whom are resistant to clinically acceptable doses of cholesterol-lowering statin drugs 

(9). Hyperlipidemia leads to systemic inflammation (10). Hyperlipidemic humans and 

mice exhibit increased levels of inflammatory cytokines in their serum and increased 

inflammatory T cell responses (11–15). Given the systemic effects of hyperlipidemia that 

promote inflammation, we examined how hyperlipidemia affects transplant outcome. We 

have shown that hyperlipidemia promotes accelerated rejection of vascularized cardiac 

allografts (16–18). Hyperlipidemia-induced accelerated rejection is associated with an 

increase in anti-donor Th1 and Th17 responses as well as changes in Tregs and increases in 

serum concentrations of inflammatory cytokines (16).

Systemic changes induced by hyperlipidemia include increased serum levels of IL-6 (19–

21). We observed that serum levels of IL-6 are increased in hyperlipidemic mice receiving 

cardiac allografts (16). IL-6 is a pleiotropic cytokine that has effects on many cell types 

(22), and is known to promote pro-inflammatory responses. IL-6 plays a critical role in 

the generation of Th17 cells, while IL-23 serves to maintain these cells (23–25). IL-6 

also negatively regulates the TGF-β mediated generation of regulatory T cells, further 

increasing its pro-inflammatory effects (26). It has been previously shown that high lipid 

levels can stimulate macrophages to produce large amounts of IL-6 (27) and recognition 

of oxidized LDL by macrophages induces IL-6 secretion (28). Therefore, the connection 

between lipid levels and pro-inflammatory IL-6 production is clear and clinically relevant, 

yet the downstream effects of IL-6 on transplanted organs in hyperlipidemic recipients are 

not fully understood.

Here we show that IL-6 plays a central role in promoting Th17 cell mediated accelerated 

rejection in hyperlipidemic mice. Ablation of IL-6 prevented Th17 cell mediated accelerated 

rejection, and was sufficient to overcome alterations in Tregs observed in hyperlipidemic 

mice. In contrast, ablation of IL-6 had no effect on the ability of hyperlipidemia to 

induce an increase in the frequency of donor reactive T cells producing typical Th1-type 

cytokines. While ablation of IL-6 overcame accelerated rejection and alterations in Tregs in 

hyperlipidemic mice, these changes were not sufficient to overcome resistance to tolerance 

induced using CTLA4-Ig and anti-CD154. We suggest that hyperlipidemia alters rejection 

through IL-6 dependent mechanisms involving anti-donor Th17 responses and alterations in 

Tregs and IL-6 independent mechanisms that affect tolerance.
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Materials and Methods

Mice.

IL-6−/−, ApoE−/−, Ai9 mice (29), B6(C)-H2-Ab1bm12/KhEgJ mice (bm12) and BALB/cJ 

(BALB/c) mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice 

expressing cre under the control of the IL-17 promoter were the generous gift of Dr. Brigitta 

Stockinger. All procedures involving mice were approved by our Institutional Animal Care 

and Use Committee in accordance with NIH guidelines.

Heterotopic heart transplantation.

Heterotopic cardiac transplants were performed and function assessed as previously 

described (30). All transplant recipients were between 10 and 17 weeks of age.

Costimulatory molecule blockade.

Co-stimulatory molecule blockade with anti-CD154 and CTLA-4Ig was performed as 

previously described (18, 31). In brief, mice were treated with 500 micrograms each 

CTLA-4Ig and MR1 (BioXcell, Lebanon NH) intraperitoneally (IP) on day zero relative 

to transplantation, followed by repeat injections consisting of 250 micrograms of each 

CTLA-4Ig and MR1 on days 2,4 and 6 relative to transplantation.

Flow Cytometry.

Cell surface staining was performed using standard methods. The following antibodies 

were used: Anti-CD4 (GK1.5, Biolegend, San Diego, CA), anti-CD3 (2C11, Biolegend), 

anti-CD8α (53–6.7, Biolegend), anti-FoxP3 antibody (FJK16A, eBioscience), anti-Akt 

pS473 (M89–61, BD Pharmingen), anti-human CD2 (hCD2- PE), anti-CD44 (IM7, 

Biolegend), anti-CD62L (MeL14, Biolegend), anti-Pten (BD Pharmingen), anti-PD1 (J43, 

BD Pharmingen).

ELISPOT.

ELISpot assays were performed as previously described (32). Capture antibodies were: IL-2 

(JES6–1A12), IL-4 (11B11), IFNγ (AN-18), and IL-17A (TC11–18H10.1). Biotinylated 

detection antibodies were: IL-2 (JES6–5H4), IL-4 (BVD6–24G2), IFNγ (R4–6A2), and 

IL-17A (TC11–8H4).

Serum lipid measurement.

Serum was analyzed for lipid levels using a cholesterol quantitation kit (Millipore Sigma).

Histology.

Hearts were fixed in 10% Buffered Formalin, embedded in paraffin and sections stained with 

H&E or Masson’s Trichrome.

Immunohistochemistry for CD4.

Formalin-fixed paraffin embedded sections underwent heat induced epitope retrieval. Rat 

anti mouse CD4 (4SM95, ThermoFisher) was used as a primary antibody followed by 
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biotinylated goat anti-rat (Vector, Burlingame, CA) and ABC-HRP. Staining was developed 

using DAB/peroxide solution (ThermoFisher). Slides were counterstained with 50% Gill’s 

hematoxylin diluted in with water and then cleared. For quantification, 4 sections from 

each graft were obtained, at 100 μm intervals. FIJI color deconvolution and thresholding 

techniques were used to isolate DAB signal, and FIJI particle analysis was used to quantitate 

CD4 cells.

Statistics.

For survival curves, significance was determined using log-rank (Mantel-Cox) tests. For 

pathologic analysis and ELISPOT experiments, significance was determined using nested 

t-Tests. For all other analysis, significance was determined by Student’s unpaired parametric 

t test. Error bars represent standard deviation. For experiments determining if ablation of 

IL-6 abrogates effects observed in IL-6 sufficient mice, we performed power calculations 

using https://clincalc.com/stats/Power.aspx to ensure all experiments were powered >80%.

Results

Accelerated rejection in hyperlipidemic mice is IL-6 dependent.

To examine the role of IL-6 in hyperlipidemia-induced accelerated rejection, we utilized 

apolipoprotein E knockout mice (ApoE−/− mice) (33). ApoE−/− mice are perhaps the best-

characterized model used study the effects of hyperlipidemia on immunity (34). Serum 

cholesterol, LDL, VLDL, and triglyceride levels are elevated in ApoE−/− mice and can 

be further increased by feeding a high-fat diet (HFD). While ApoE−/− mice become 

hyperlipidemic they do not rapidly become obese or hyperglycemic when fed a high-fat 

diet allowing us to eliminate these comorbidities as confounding factors. C57BL/6 mice fed 

a high-fat diet also become hyperlipidemic, although less degree than ApoE−/− mice and 

humans. However, C57BL/6 mice maintained on a high-fat diet also become hyperglycemic 

and rapidly become obese.

We bred ApoE−/− and IL-6−/− mice to generate ApoE−/−IL-6−/− double knockout mice. 

Groups of ApoE−/−IL-6−/− mice and IL-6 sufficient controls (ApoE−/−IL-6+/+) were fed 

normal chow or a high-fat diet for a minimum of four weeks. IL-6 deficiency had no effect 

on serum lipid levels in either ApoE−/− or ApoE+/+ controls maintained on normal chow. 

The degree of hyperlipidemia induced in ApoE−/− mice fed a high-fat diet was the same 

in the presence or absence of IL-6 (Fig. S1). Mice in each group then received MHC class 

II mismatched C57BL/6.C-H2bm12 (bm12) heterotopic cardiac transplants. As expected, 

bm12 hearts survived longer than 100 days when transplanted into normolipidemic C57BL/6 

controls (Fig. 1, MST > 100 days). As previously shown (16, 18), allogeneic bm12 hearts 

transplanted into ApoE−/−IL-6+/+ mice fed a high-fat diet were rapidly rejected (Fig. 1, MST 

= 48 days, P = 0.01 relative to ApoE+/+IL-6+/+ controls fed normal chow). In contrast, bm12 

hearts survived long-term when transplanted into IL-6 deficient ApoE−/−IL-6−/− mice fed a 

high-fat diet (Fig. 1, MST > 100 days, P = 0.0039 vs ApoE−/−IL-6+/+ mice fed a high-fat 

diet). Thus, hyperlipidemia-induced accelerated rejection is IL-6 dependent.
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IL-6 independent tissue destruction in cardiac allografts in hyperlipidemic mice.

Chronic rejection of bm12 cardiac allografts in normolipidemic C57BL/6 mice is 

characterized by neointimal proliferation and occlusion of donor blood vessels that leads 

to graft loss at greater than 100 days. Perivascular lymphocytic infiltration may be 

apparent, but cardiac muscle is largely spared (35, 36). In contrast, rejection of bm12 

hearts transplanted into hyperlipidemic ApoE−/− recipients is characterized by significant 

lymphocytic infiltration and extensive destruction of graft tissue (16). As expected, 

bm12 hearts rejected by ApoE−/−IL-6+/+ mice fed a high-fat diet were characterized 

by significant lymphocytic infiltrate and large areas of necrosis and fibrosis throughout 

the transplanted heart (Fig. 2A). Bm12 hearts transplanted into ApoE sufficient controls 

maintained on normal chow showed areas of significant neointimal proliferation and 

vasculopathy consistent with chronic rejection (Fig. 2B), again consistent with previous 

reports. Bm12 heart transplants harvested from normolipidemic ApoE+/+IL-6−/− recipients 

maintained on normal chow also showed tissue damage consistent with chronic rejection 

including neointimal proliferation, vasculopathy and largely undamaged cardiac muscle 

(Fig. 2C). In contrast, bm12 hearts transplanted into ApoE−/−IL-6−/− mice fed a high-fat diet 

showed significant areas of lymphocytic infiltrate and tissue destruction (Fig. 2D). Thus, 

hyperlipidemia promotes greater apparent tissue damage in rejecting hearts in the absence of 

IL-6.

We next quantitated the frequency of occluded vessels in rejecting hearts at 100 

days after transplant. Occluded vessels in normolipidemic recipients showed significant 

neointimal proliferation without inclusion of lipids or cholesterol clefts (Fig. 2E) while 

in hyperlipidemic recipients, vessel occlusion included lipid deposits and cholesterol 

clefts (Fig. 2F). The frequency of occluded vessels in bm12 hearts harvested from 

hyperlipidemic ApoE−/−IL-6−/− mice fed normal chow was significantly increased compared 

to the frequency of occluded vessels in bm12 hearts harvested from normolipidemic 

ApoE+/+IL-6−/− mice fed normal chow (Fig. 2G). This frequency was further increased 

in ApoE−/−IL-6−/− mice fed a high-fat diet.

Rejection of bm12 hearts by C57BL/6 mice is CD4 T cell dependent (37). We therefore 

quantified graft infiltrating CD4 T cells to assess cell-mediated rejection. Allogeneic bm12 

hearts transplanted into ApoE−/−IL-6−/− mice fed a high-fat diet were harvested after 100 

days and tissue sections obtained were stained with anti-CD4 antibodies. We observed that 

these sections had an increased number of graft-infiltrating CD4+ cells when compared to 

sections from bm12 grafts placed in ApoE+/+IL-6−/− mice maintained on normal chow also 

harvested at 100 days (Fig. 2H–J). Together, these data suggest that even though bm12 

grafts placed into IL-6-deficient hyperlipidemic animals survived longer than bm12 grafts 

placed into IL-6-replete hyperlipidemic recipients, hyperlipidemia is sufficient to induce 

IL-6-independent anti-donor responses that worsen rejection as observed by graft damage, 

vessel occlusion, and infiltrating CD4 cells.

IL-6 production is required for increases in Th17 cells in hyperlipidemic mice.

Hyperlipidemia promotes anti-donor Th17 responses based on an increased frequency of 

IL-17 producing anti-donor reactive CD4 T cells, and that IL-17 production plays a role in 
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accelerated rejection (16). IL-6 plays an important role in Th17 cell differentiation (38, 39). 

We therefore examined whether the effect of IL-6 on hyperlipidemia induced accelerated 

rejection was the result of Th17 lineage anti-donor responses. To this end, we used Th17 

lineage fate-mapping mice expressing cre recombinase under the control of the endogenous 

IL-17A promoter (40). These mice were bred to mice containing a loxP-flanked STOP 

sequence up-stream of the tdTomato gene which was knocked into the ROSA26 locus (Ai9 

mice (29)) to generate IL-17cre/tdTomato mice in which transcription of the il17a locus leads 

to expression of cre recombinase and permanent expression of tdTomato by cells that have 

expressed IL-17A at any point in their history, even if they are not producing IL-17A at the 

time of analysis (40). IL-17cre/tdTomato mice were bred to ApoE−/− mice and ApoE−/−IL-6−/− 

mice to generate ApoE−/−IL-17cre/tdTomatoIL-6−/− and ApoE−/−IL-17cre/tdTomatoIL-6+/+ mice. 

Groups of mice were fed a high fat diet or normal chow for four weeks, and then spleens 

were examined by flow cytometry. Representative flow plots showing the percentage 

of tdTomato+ cells among CD3+CD4+ Lymphocytes are shown in Fig. 3A. Gating 

strategy is shown in Fig. S2. The frequency and absolute number of all CD3+ T cells 

expressing tdTomato in the spleen of naïve ApoE−/−IL-17cre/tdTomatoIL-6+/+ mice fed a 

high fat diet was significantly increased when compared with the frequency and absolute 

number in ApoE+/+IL-17cre/tdTomatoIL-6+/+ controls fed normal chow (Fig. 3B and 3C). In 

contrast, ApoE−/−IL-17cre/tdTomatoIL-6−/− mice fed a high-fat diet contained significantly 

lower numbers of tdTomato expressing CD3+ T cells when compared to IL-6 sufficient 

controls (Fig. 3B and 3C, P = 0.04). When CD4 T cells were specifically examined, 

the frequency and number of tdTomato+CD3+CD4+ Th17 lineage cells in IL-6 sufficient 

ApoE−/−IL-17cre/tdTomato mice fed a high-fat diet was significantly higher than in controls 

and ApoE−/−IL-17cre/tdTomato IL-6−/− mice fed a normal chow diet (Fig. 3D and 3E). The 

frequency (Fig. 3D, P = 0.02) and absolute number (Fig. 3E, P = 0.005) of tdTomato+ Th17 

cells was significantly reduced in ApoE−/−IL-17cre/tdTomatoIL-6−/− mice fed a high-fat diet 

when compared with ApoE−/−IL-17cre/tdTomatoIL-6+/+ controls fed a high-fat diet. Very few 

tdTomato+ CD8 cells were observed in all groups and the frequency and absolute number 

was the same (Fig. S3A and B).

Hyperlipidemia induced alterations in regulatory T cells are dependent on IL-6.

Hyperlipidemia results in changes in Tregs that lead to reduced function including an 

increase in levels of phosphorylated Akt (18). More recently, we have observed that 

hyperlipidemia induced Akt phosphorylation independently decreases regulatory T cell 

function (JI personal observation). Therefore, we next examined the effect of IL-6 deficiency 

on Tregs from hyperlipidemic mice. Groups of IL-6−/− and ApoE−/−IL-6−/− mice were 

maintained on normal chow or fed a high-fat diet for four weeks prior to sacrifice. Tregs 

were then examined by flow cytometry to assess the extent to which hyperlipidemia-induced 

IL-6 production promoted alterations in Tregs. In contrast to our previous observations, the 

levels of p-Akt in Tregs from ApoE+/+IL-6−/− mice fed a high-fat diet were the same as 

observed in controls maintained on normal chow (Fig. 4A). The levels of p-Akt in Tregs 

derived from ApoE−/−IL-6−/− mice fed a high-fat diet were also the same as observed in 

controls maintained on normal chow, suggesting that the increase in Akt phosphorylation in 

Tregs from hyperlipidemic mice is IL-6 dependent.
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We observed that while the total frequency of Tregs expressing PD-1 on their surface was 

the same in hyperlipidemic and control mice, surface levels of PD-1 are reduced on eTregs 

from hyperlipidemic mice when compared with controls based on MFI (Fig. 4B). The 

decrease in surface expression of PD-1 correlated with levels of hyperlipidemia in that the 

reduction in surface PD-1 levels was greatest on Tregs from ApoE−/− mice fed a high-fat 

diet (Fig. 4B). In contrast, we did not observe a decrease in surface expression of PD-1 in 

ApoE+/+IL-6−/− mice fed a high-fat diet when compared with controls (Fig. 4C). Ligation 

of PD-1 on Tregs by its ligand PD-L1 results in the up-regulation of Pten, which negatively 

regulates PI3K and Akt. Tregs from ApoE+/+ mice fed a high-fat diet showed reduced levels 

of Pten when compared with controls maintained on normal chow, (Fig. 4D). Pten levels 

were further reduced in Tregs from ApoE−/− mice maintained on normal chow and greatest 

in ApoE−/− mice fed a high-fat diet (Fig. 4D). Similar results obtained by Western blot 

showed a trend toward a decrease in Pten levels in Tregs from hyperlipidemic mice (not 

shown). In the absence of IL-6, induction of hyperlipidemia had no effect of Pten levels (Fig. 

4E).

We have previously shown that hyperlipidemia leads to a reduction in the frequency of 

CD62LhighCD44low Tregs and an increase in CD62LlowCD44high Tregs (18). While IL-6 

deficiency was sufficient to overcome changes in Akt, PD1 and Pten, hyperlipidemia 

induced changes in CD62LhighCD44low and CD62LlowCD44high Treg frequencies remained 

apparent in hyperlipidemic IL-6 deficient mice. As observed previously in IL-6 sufficient 

mice, the frequency of CD62LhighCD44low Tregs in ApoE+/+IL-6−/− mice fed a high-fat diet 

was reduced when compared with controls maintained on normal chow (Fig. 4F). Similarly, 

the frequency of CD62LlowCD44high Tregs was increased in hyperlipidemic mice when 

compared with controls.

Increased T cell alloreactivity in hyperlipidemic mice is independent of IL-6 production.

Hyperlipidemia is sufficient to drive an increase in alloreactive T cells and does not require 

prior exposure to donor alloantigen (16). To determine the degree to which this increase 

is dependent on the production of IL-6, we quantitated the number of alloreactive CD4 T 

cells that respond to allogeneic splenocytes. Groups of ApoE+/+IL-6−/− and ApoE−/−IL-6−/− 

mice were fed either normal chow or a high-fat diet for four weeks. Mice were sacrificed, 

CD4 T cells were purified, and cytokine production after stimulation with fully allogeneic 

BALB/c splenocytes was examined by ELISpot assay. The frequency of both IL-2 and 

IFN-γ producing alloreactive CD4 T cells was significantly increased in hyperlipidemic 

IL-6−/− groups when compared to IL-6−/− controls with normal lipid levels (Fig. 5A). As 

expected from our previous result showing the effect of IL-6 deficiency on Th17 lineage 

cells, mice lacking IL-6 are deficient in IL-17 producing alloreactive cells (data not shown). 

The frequency of IL-17 producing alloreactive CD4 T cells was low and was not altered 

by lipid status in IL-6 deficient mice (Figure 5A). To further characterize the frequency 

of alloreactive cells in our model of MHC class II mismatched allograft rejection, we 

next tested the frequency of T cells responding to bm12 splenocytes, rather than fully 

allogeneic BALB/c splenocytes. The frequency of bm12 reactive IL-2 producing CD4 T 

cells increases in IL-6 deficient mice as they became hyperlipidemic (Figure 5B). The 

frequency of alloreactive CD4 cells that produced IFN-γ in response to bm12 target cells 
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also significantly increased in hyperlipidemic ApoE−/−IL-6−/− mice fed high fat diet or 

normal chow (Figure 5B). However, as expected, the frequency of IL-17A-producing bm12-

specific alloreactive CD4 T cells was significantly lower in all IL-6 deficient mice when 

compared with ApoE−/−IL-6+/+ mice fed a high fat diet (Fig. 5B).

IL-6 deficiency does not reverse resistance to costimulatory molecule-blockade induced 
tolerance.

Fully allogeneic BALB/c cardiac grafts are rapidly rejected when transplanted into wild-

type C57BL/6 recipients. However, it is possible to induce long-term acceptance of fully 

allogeneic hearts by treating recipients with CTLA-4Ig and anti-CD154 MR1 to block 

costimulation through CD28 and CD154 respectively (41–45). In ApoE−/− mice fed a high 

fat diet costimulatory molecule blockade prolongs survival of fully allogenic hearts but does 

not lead to long-term acceptance or operational tolerance (18). Insofar as IL-6 ablation 

was sufficient to overcome hyperlipidemia-induced accelerated rejection of bm12 hearts, we 

examined whether resistance to costimulatory molecule blockade induced tolerance was also 

IL-6 dependent. While normolipidemic control mice treated with CTLA-4Ig and anti-CD154 

accepted fully allogeneic hearts long term, ApoE−/−IL-6−/− mice fed a high-fat diet and 

treated with CTLA-4Ig and anti-CD154 rejected BALB/c hearts with the same kinetics as 

IL-6 sufficient ApoE−/− controls fed a high-fat diet (Fig. 6).

Discussion

The common co-morbidity of hyperlipidemia leads to accelerated rejection of cardiac 

allografts (16, 18). Hallmarks of hyperlipidemia-induced accelerated rejection include 

increases in the frequency of alloreactive T cells, effects on Tregs, and increases in anti-

donor Th17 responses. These hyperlipidemia-induced changes occur without the need for 

prior exposure to donor antigen, suggesting that hyperlipidemia is sufficient to drive these 

effects (16, 18). We noted that hyperlipidemia leads to increases in serum levels of the 

pro-inflammatory cytokine IL-6. The role of IL-6 in rejection is poorly understood in terms 

of its effect on adaptive immune responses, although a role for IL-6 in donor and recipient 

has been suggested (46–48). The role IL-6 plays in rejection in the context of recipient 

hyperlipidemia is unknown. Here we set out to determine the role of IL-6 in hyperlipidemia-

induced accelerated rejection.

Ablation of recipient IL-6 prevented hyperlipidemia-induced accelerated rejection of 

MHC class-II mismatched allogeneic heart transplants. Analysis of tissue sections from 

hearts transplanted into hyperlipidemic recipients revealed that the majority of pathology 

associated with accelerated rejection is dependent on recipient IL-6 production. We did 

not observe gross pathological changes in rejection due to IL-6 deficiency in the absence 

of hyperlipidemia. IL-6 was required to generate an increase in the frequency of anti-

donor reactive Th17 cells in hyperlipidemic mice. We previously observed that IL-17 

deficiency prolongs survival of allogenic hearts transplanted into hyperlipidemic recipients 

but does not prevent accelerated rejection (16). Using lineage tracking mice we show that 

hyperlipidemia-induced IL-6 production is required to generate anti-donor Th17 lineage 

cells and that in the absence of this effector population, accelerated rejection is prevented. 

Williams et al. Page 8

Am J Transplant. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Insofar as IL-17 ablation delayed but did not prevent acute rejection of hearts transplanted 

into hyperlipidemic mice (16), we suggest that in addition to effects on IL17 production, 

IL-6 has additional effects that drive accelerated rejection.

Recipient IL-6 deficiency did not alter the gross pathological appearance of chronic 

rejection in controls. IL-6 deficiency reduced the extent of tissue damage and lymphocytic 

infiltrate observed in hearts transplanted into hyperlipidemic mice, however the degree of 

damage observed remained greater than in IL-6 replete controls. Given that a role for 

donor-derived IL-6 has been postulated in the pathogenesis of chronic rejection, it remains 

to be determined if hyperlipidemia increases production of IL-6 by the graft, and if that 

production may lead to increased tissue destruction. While recipient IL-6 was required to 

generate Th17 cells, the frequency of IL-2 and IFN-γ producing alloreactive CD4 T cells 

was significantly increased in hyperlipidemic mice regardless of the presence or absence 

of IL-6. Thus, IL-6 deficiency did not lead to a global decrease in inflammatory cytokine 

production by alloreactive T cells, but specifically affected IL-17A producing cells. Thus, 

increases in alloreactive Th1-like cells producing IL-2 and IFN-γ are IL-6 independent.

We observed that several hyperlipidemia-induced changes in Tregs are IL-6 dependent 

including increases Akt activation in Tregs, and alterations in PD-1 and Pten expression 

levels. However, hyperlipidemia induced changes in the frequencies of CD62LhighCD44low 

and CD62LlowCD44high Tregs remained apparent in hyperlipidemic IL-6 deficient mice. 

These data suggest that hyperlipidemia induces IL-6 dependent as well as IL-6 independent 

effects on Tregs. Hyperlipidemia induced resistance to tolerance induction using CTLA-4Ig 

and anti-CD154 costimulatory molecule blockade (18). Hyperlipidemic IL-6 deficient mice 

treated with CTLA-4Ig and anti-CD154 rejected BALB/c hearts with the same kinetics as 

IL-6 sufficient controls. This was not related to an inability to induce tolerance in IL-6−/− 

mice (48). Thus, prevention of Th17 responses and restoration of Treg phenotype by IL-6 

ablation in hyperlipidemic mice, while sufficient to overcome accelerated rejection, is not 

sufficient to overcome resistance to costimulatory molecule blockade induced tolerance.

Hyperlipidemia-induced changes in the frequencies of CD62LhighCD44low and 

CD62LlowCD44high Tregs remained apparent in hyperlipidemic IL-6 deficient mice. It has 

previously been reported that there is a dramatic shift in the ratio of CD62LhighCD44low 

to CD62LlowCD44high Tregs in mice exposed to LPS leading to an increase in 

CD62LlowCD44high Tregs (49). In hyperlipidemic mice this change appears to be IL-6 

independent. Moreover, this alteration occurs in the absence of Th17 lineage cells. While 

the mechanisms leading to alterations in CD62LhighCD44low to CD62LlowCD44high ratios 

in hyperlipidemic mice remain unknown, based on published studies showing a role for 

LPS in altering these ratios it is tempting to speculate that hyperlipidemia may also lead to 

alterations in innate signaling perhaps through an TLR4 independent mechanism.

Insofar as IL-6 deficiency overcomes hyperlipidemia-induced anti-donor Th17 responses 

and defects in Tregs, it is interesting that in the absence of IL-6, resistance to tolerance 

induction persists. We suggest that resistance may reflect a significantly increased anti-donor 

Th1 like response combined with IL-6 independent defects in Tregs that contribute to the 

inability to induce tolerance. These data highlight the complexity of using costimulatory 

Williams et al. Page 9

Am J Transplant. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecule blockade to induce tolerance in individuals with hyperlipidemia and highlight the 

importance of considering how concomitant health conditions in transplant patients affect 

outcomes. Moreover, our data demonstrate that targeting IL-6 dependent and independent 

responses may be required to overcome rejection or resistance to tolerance induction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-6 deficiency prevents accelerated cardiac allograft rejection in hyperlipidemic 
recipients.
Groups of mice were fed either high fat diet (HFD) or normal chow (NC) for a minimum 

of four weeks prior to transplantation with allogeneic bm12 cardiac grafts. Shown is 

graft survival in ApoE−/−IL-6+/+ recipient mice fed HFD (squares, MST = 48 days, n 
= 9), ApoE+/+IL-6+/+ recipient mice fed NC (circles, MST > 100 days, n = 5), and 

ApoE−/−IL-6−/− recipient mice fed HFD (upright triangles, MST > 100 days, n = 8, P = 

0.004 vs ApoE−/− HFD recipients). Significance was determined by log-rank (Mantel-Cox) 

test.
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Figure 2. IL-6 independent tissue destruction in cardiac allografts in hyperlipidemic mice.
Age matched groups of mice were fed high fat diet (HFD) or normal chow (NC) 

for a minimum of four weeks prior to transplant with bm12 cardiac allografts. Grafts 

were harvested after 100 days, or at the time of rejection, and tissue sections were 

prepared. Shown are representative sections stained with hematoxylin and eosin (H&E). 

(A) ApoE−/−IL-6+/+ recipient mice fed HFD (B) ApoE+/+IL-6+/+ recipient mice fed NC 

(C) ApoE+/+IL-6−/− recipient mice fed NC (D) ApoE−/−IL-6−/− recipient mice fed HFD. 

Slides were scanned and individual pictures were captured at 15X magnification with 

CaseViewer software. A representative section showing Masson’s Trichrome staining of 

occluded vessels and unoccluded vessels in a section from a bm12 graft isolated from (E) 
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ApoE+/+IL-6−/− recipient mice fed NC and (F) ApoE−/−IL-6−/− recipient mice fed HFD. (G) 
Quantification of occluded vessels in bm12 grafts harvested from recipient animals after 

100 days. Tissue sections from 3–4 transplants were analyzed. Statistical significance was 

determined with a nested t-test. Representative immunohistochemical staining for CD4 in 

bm12 grafts harvested from (H) ApoE+/+IL-6−/− NC-fed recipient mice (I) ApoE−/−IL-6−/− 

HFD-fed recipient mice. (J) Quantitation of CD4 cells infiltrating grafts. Tissue sections 

from 3–4 transplants were analyzed. Error bars represent standard deviation. Statistical 

analysis was performed using a nested t-Test. **** = P < 0.0001,*** = P < 0.0005, ** = P < 

0.005, * = P < 0.05.
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Figure 3. IL-6 deficiency decreases Th17-lineage frequency and absolute numbers in 
hyperlipidemic mice.
Groups of age matched ApoE+/+IL-17cre/tdTomato IL-6+/+, ApoE−/−IL-17cre/tdTomato IL-6+/+ 

and ApoE−/−IL-17cre/tdTomato IL-6−/− mice were maintained on normal chow or high 

fat diet for a minimum of four weeks. Splenocytes were isolated and stained with 

antibodies specific for murine CD3 and CD4. Cells were examined for expression of 

CD3, CD4 and tdTomato by flow cytometry. (A) Representative flow plots gated on 

live CD3+CD4+ splenocytes showing the percentage of tdTomato+ cells. (B) Combined 

frequencies of all CD3+ splenocytes expressing tdTomato. (C) Absolute number of all CD3+ 

splenocytes expressing tdTomato. Shown is the combined mean. (D) Combined frequencies 

of CD3+CD4+ splenocytes expressing tdTomato. (E) Absolute number of CD3+CD4+ 

splenocytes expressing tdTomato. Shown is the combined mean of ≥5 mice per group. 

Significance was determined using unpaired Students t-Test. Error bars represent standard 

deviation. *** = P < 0.0005, ** = P < 0.005, * = P < 0.05.
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Figure 4. Effects of IL-6 deficiency on regulatory T cell phenotype.
Groups of mice were fed high fat diet (HFD) or normal chow for a minimum of four 

weeks. Animals were sacrificed, and splenic Tregs examined by flow cytometry to assess 

Akt phosphorylation (pAkt). (A) Representative flow plots gated on live CD4+FoxP3+ 

splenocytes. (B) MFI of PD-1 relative to C57BL/6 controls in CD4+CD44hiCD62LloFoxP3+ 

splenocytes for indicated IL-6 replete groups of mice. Shown are the combined results 

of three independent experiments. (C) MFI of PD-1 relative to C57BL/6 controls 

in CD4+CD44hiCD62LloFoxP3+ splenocytes for indicated IL-6 deficient groups of 

mice. Shown are the combined results of three independent experiments. (D) Pten in 

IL-6 replete groups of hyperlipidemic mice. Shown is the MFI of Pten relative to 

C57BL/6 controls in CD4+FoxP3+ splenocytes. Combined results of three independent 

experiments. (E) Pten in IL-6 deficient groups of hyperlipidemic mice. Shown is the 

MFI of Pten relative to C57BL/6 controls in CD4+FoxP3+ splenocytes. Combined 

results of two independent experiments. (F) Frequency of CD4+CD44loCD62LhiFoxP3+ 

and CD4+CD44hiCD62LloFoxP3+ Tregs in indicated groups of IL-6 replete mice. 

Shown is combined results of three independent experiments. (G) Frequency of 

CD4+CD44loCD62LhiFoxP3+ and CD4+CD44hiCD62LloFoxP3+ Tregs in indicated groups 
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of IL-6 deficient mice. Shown is combined results of three independent experiments. 

Statistical significance was determined by Student’s t-test. Asterisk indicates P < 0.05.
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Figure 5. Hyperlipidemia induces increases in the frequency of alloreactive cytokine-producing 
CD4 T cells in IL-6 deficient recipients.
Groups of age matched IL-6−/− mice and ApoE−/−IL-6−/− mice were fed either normal chow 

or high-fat diet for a minimum of 4 weeks. ELISpot assays were performed using splenic 

CD4+ T cells stimulated with (A) irradiated BALB/c splenocytes and assayed for production 

of IL-2 (left), IFN-γ (middle), and IL-17A (right) or (B) irradiated bm12 splenocytes 

and assayed for production of IL-2 (left), IFN-γ (middle) and IL-17A (right). Statistical 

significance was determined by nested t-Test * = P < 0.05, ** = P < 0.01, *** = P < 0.0005. 

Combined results of three or more independent experiments performed on pooled cells from 

2–3 mice in each group per experiment.
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Figure 6. Resistance to costimulatory molecule-blockade induced tolerance to cardiac allografts 
is not overcome by IL-6 deficiency.
Groups of age-matched mice were placed on high fat diet (HFD) or maintained on normal 

chow (NC) for a minimum of four weeks, and then transplanted with allogeneic BALB/c 

cardiac grafts. Recipients were treated with 500 micrograms CTLA-4Ig and MR1 IP on 

day 0, followed by 250 micrograms CTLA-4Ig and MR1 IP on day 2,4 and 6 relative to 

transplant to induce tolerance as described. Graft survival in ApoE+/+IL-6+/+ maintained on 

normal chow (circles, MST > 100 days, n = 3), ApoE−/−IL-6+/+ maintained on high fat diet 

(squares, MST = 28 days, n = 3), and ApoE−/−IL-6−/− mice maintained on high fat diet 

(triangles, MST = 30 days, n = 3, P = 0.02 vs ApoE+/+IL-6−/− NC P = 0.8 vs ApoE−/−IL-6+/+ 

HFD recipients).
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