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Abstract

Hyperlipidemia occurs in 95% of organ transplant recipients, however its effect on organ allograft
rejection has not been investigated. We found that induction of hyperlipidemia in mice caused a
significant acceleration of rejection of cardiac allografts. Accelerated rejection was associated with
an aggressive T cell infiltrate that mediated significant tissue damage as well as increased serum
levels of the proinflammatory cytokines IL-2, IL-6, and IL-17. Hyperlipidemic mice had an
increased number of Th17 cells in their periphery and rejecting allografts from hyperlipidemic
mice contained significant numbers of IL-17 producing T cells that were not detectable in
transplants harvested from controls. Neutralization or genetic ablation of IL-17 prolonged survival
of cardiac allografts transplanted into hyperlipidemic recipients, suggesting that IL-17 production
promotes accelerated rejection. Analysis of alloreactive T cell frequencies directly ex vivoin naive
mice revealed that the frequency of donor reactive IL-17 producing cells in hyperlipidemic was
increased prior to antigen exposure, suggesting that hyperlipidemia was sufficient to alter T cell
alloreactivity and promote anti-donor Th17 responses on first exposure to antigen. Together, our
data suggest that hyperlipidemia alters rejection by altering the types of T cell subsets that respond
to donor antigen by promoting Th17 biased anti-donor reactivity.

Introduction

The canonical understanding of T cell mediated rejection of organ allografts holds that
recognition of donor antigen together with costimulation leads to the activation of
alloreactive T-helper type 1 (Th1) CD4 T cells and CD8 T cells that destroy the transplant
(1-5). Based on this paradigm, a considerable amount of effort has been placed on inhibiting
the activation of alloreactive T cells, particularly Thl cells. However, most of our
understanding of transplantation immunology has been gained from transplanting tissues or
organs from one healthy animal into another of a different strain. There has been little
consideration of how health conditions prevalent in the transplant patient population pre or
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posttransplant may affect responses to donor antigen or the regulation of such responses.
Indeed, transplant patients typically suffer from preexisting health conditions that either
result from or lead to systemic inflammation. How these conditions may affect rejection
responses is not known.

Hyperlipidemia is a comorbidity that is highly relevant in transplantation. Hyperlipidemia,
increased serum cholesterol and triglycerides, leads to development of atherosclerosis.
Hyperlipidemia is known to cause atherosclerosis primarily as a result of increased serum
cholesterol levels, but also causes systemic inflammation that can contribute to disease
progression (6-14). Hyperlipidemic humans and mice exhibit increased levels of
inflammatory cytokines in their serum, and exhibit increased inflammatory T cell responses
(reviewed in [7]). 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 (15). Ischemic cardiomyopathy resulting from
hyperlipidemia is the cause of end-stage heart disease in approximately 40% of all patients
requiring a heart transplant (15). Hyperlipidemia develops in 50% of heart transplant
patients after the first year of transplant, and 95% of patients within 5 years
(www.nhlbi.nih.gov). In spite of treatment, two-thirds of patients remain dyslipidemic and a
significant number of heart transplant patients are statin intolerant (16,17). Thus alterations
in responses to allografts as a result of hyperlipidemia are highly relevant in a clinical
setting.

Limited reports have suggested that increased cholesterol contributes to neointimal
proliferation in artery grafts (18), and atherosclerosis in cardiac allografts (19). 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. To test our hypothesis, we analyzed
heart transplant rejection in hyperlipidemic mice. Mice that are deficient in the cholesterol
transport protein, apolipoprotein E, are one of the best-characterized models in which to
study the effects of hyperlipidemia. ApoE deficient mice display lipid abnormalities similar
those observed in transplant patients, including increased plasma cholesterol, increased LDL
and VLDL, reduced HDL, and elevated triglycerides and are therefore a physiologically
relevant model of hyperlipidemia (7,20-22). Importantly, plasma glucose levels in ApoE™~
mice are reduced (23), and ApoE ™'~ mice do not become obese as a result of high-fat diet
(24) eliminating the confounding factors of diabetes and obesity, which are known to have
independent effects on immunity.

Analysis of transplant rejection in ApoE ™~ mice revealed that hyperlipidemia fundamentally
alters transplant rejection through its ability to promote Th17 cell responses and anti-donor
Th17 cell reactivity. In hyperlipidemic mice, IL-17 production plays a key role in the
rejection response. These changes were also observed in C57BL/6 mice fed a high-fat diet.
Our data therefore reveal a previously unappreciated effect of hyperlipidemia on T cell
subsets that mediate transplant rejection.
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Materials and Methods

Mice

Apoe<tmiunc>/3 (ApoE~/") mice (20), B6.C-H2-Ab1PM12/KhEg (bm12), BALB/cJ, and
C57BL/6 controls were obtained from Jackson Laboratories (Bar Harbor, ME). Mice in
which the IL-17 gene is disrupted by the insertion of the cre gene were the kind gift of Dr.
Brigitta Stockinger. These mice were crossed with ApoE ™"~ mice in our facility to generate
mice in which IL-17 production is ablated. 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.

Serum lipid levels

Levels of serum cholesterol were measured using Cholesterol Rapid Liquid Reagent
(Cliniga, San Marcos, CA). Briefly, 10 pL serum was added into 1 mL reagent, and
incubated at 37°C for 5 min. The absorbance of samples was read at 500 nm with iMark
microplate absorbance reader (Bio-Rad, Hercules, CA). The cholesterol levels were
calculated according to manufacturer’s instruction.

Serum cytokine determination

Serum was taken from heart transplant recipients at the time of rejection, or at 100 days in
mice that did not reject. Serum from groups of 4-6 mice were pooled and assayed by
Multiplex Elisa by Quansys (Logan, UT). Samples were diluted at ratios of 1 to 2 (sample to
buffer) (50%), 1 to 20 (5%), and 1 to 200 (0.5%). Each dilution was loaded into three wells
and measured in triplicate, a total of nine wells per sample. The optimal dilution was
selected by finding the dilution where the pixel intensity values fall on the most linear
portion of the standard curve. Measured pixel intensity values were regressed to interpolate
concentrations in the standard curve.

Heterotopic heart transplantation

Histology

Mice in each group were maintained on a high-fat diet or normal chow throughout the
experiment as indicated. Vascularized heterotopic cardiac transplants were performed into
the abdomen as previously described (25). Graft function was assessed by daily palpation of
the abdomen. Hearts were considered rejected when a heartbeat was no longer detectable by
palpation. In all cases, rejection was verified by autopsy and visual inspection. Heart
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.

Transplants were harvested at the time of rejection, or when indicated, and transverse

sections prepared from formalin fixed or frozen tissue. Sections fixed in 10% buffered
formalin were stained with hematoxylin and eosin (H&E) or Masson Trichrome Stain
(Trichrome). Immunofluorescence staining was conducted as described (26) on frozen
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sections. Briefly, frozen graft sections were fixed in methanol, blocked with 1% bovine
serum albumin in PBS-T for 1 h at room temperature. The sections were then stained with
rat anti-mouse CD4, rat anti-mouse CD8a (BioLegend, San Diego, CA), goat anti-1L-17
(Santa Cruz Biotechnology, Dallas, TX) or isotype control antibodies overnight at 4°C. After
washing with PBS, the sections were stained with DyLight 488 goat anti-rat 1gG
(BioLegend) or Cy3-conjugated donkey anti-goat 1gG (Jackson ImmunoResearch
Laboratories, West Grove, PA), respectively at room temperature for 1 h. Lastly, the slides
were stained with DAPI (Thermo Scientific, Waltham, MA). Images were captured using
TE300 Nikon microscopy system. Three consecutive sections per graft were used for
analyzing the infiltration of CD4* and CD8* cells. Sections were taken from similar areas of
the graft for all groups. The positively stained cells in each randomly selected view of graft
were counted under 20x magnification, and the average of cell count per mm? from at least
15-25 nonoverlapping views was used to represent the number of CD4* or CD8" cells for
each graft. ImageJ (version 1.46r, NIH) was used for area measurement.

Flow cytometry

ELISpot

Cell surface staining was performed using standard methods. The following antibodies were
used: using anti-CD4 (GK1.5, Biolegend), anti-CD8 (53-6.7, BD Pharmingen San Jose,
CA), anti-B220 (RA3-6B2, BD Pharmingen), anti-CD11b (M1/70, BD Pharmingen), and
anti-CD11c HL3 (BD Pharmingen). Intracellular cytokine staining was performed on single
cell suspensions prepared from lymph node and spleen. Cells were re-stimulated for 4 h in
the presence of PMA (50 ng/mL)/ionomycin (1 mM, Sigma-Aldrich, St. Louis, MO), and
monensin (eBioscience, San Diego, CA). Cells were then prepared using the intracellular
fixation and permeabilization buffer set (eBioscience) according to the manufacturers
instructions. Cells were stained with anti-1L17A (TC11-18H10.1 Biolegend, 17B7
eBioscience), or anti-IFN-y (XMG1.2 Biolegend). All flow cytometry was performed on a
FacsCanto Il cytometer (BD Biosciences), and data were analyzed using FlowJo v X 10.0.7
software (Tree Star, Inc. Ashland, OR).

Age matched ApoE ™~ and C57BL/6 mice were fed a high-fat diet or normal chow for 4
weeks. Animals were sacrificed and single cell suspensions prepared from spleens. Cells
were stimulated with either irradiated allogeneic bm12 or syngeneic C57BL/6 splenocytes in
ELISpot assays performed as described (27). Plates were developed after 48 h, and read on a
CTL ImmunoSpot S5. Results were analyzed by subtraction of background response to
syngeneic splenocytes from the total number of spots in wells stimulated with allogeneic
splenocytes.

IL-17 neutralization

Neutralizing anti-1L-17 antibody (17F3 BioXcell, West Lebanon, NH) was administered
intraperitoneally at a dose of 100 pg daily on days 0-3, followed by every other day until
day 13 after transplantation. Neutralization of IL-17 was verified by serum ELISA assays.
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Statistical analysis

Results

All statistical calculations were preformed using GraphPad Prism 5.0b software (Graphpad
Software, San Diego, CA). 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.

Hyperlipidemia leads to accelerated rejection of cardiac allografts

To test the hypothesis that hyperlipidemia alters transplant outcome, we examined survival
of allogeneic hearts transplanted into hyperlipidemic recipients. To induce hyperlipidemia,
groups of C57BL/6 or ApoE ™~ mice (Apoe<tm1Unc>/j (ApoE~") C57BL/6 background)
were placed on a high-fat diet for 4-weeks. Control C57BL/6 and ApoE ™'~ mice were fed
normal chow. As expected, feeding ApoE~'~ and C57BL/6 mice a high-fat diet led to an
increase in serum cholesterol (Figure S1) and (20-22). The mice were then heterotopically
transplanted with hearts from MHC class |1 disparate C57BL/6.C-H2°™M12 mice (bm12).
bm12 hearts transplanted into control C57BL/6 mice fed normal chow survived long-term
(Figure 1A, MST>100 days) with histological evidence of chronic rejection as described
previously (28). In contrast, bm12 hearts transplanted into ApoE~~ mice fed a high-fat diet
were acutely rejected and stopped beating with a median survival time (MST) of 21.5 days
(Figure 1A, p = 0.0014 vs. C57BL/6). Syngeneic hearts transplanted into ApoE ™/~ recipients
fed a high-fat diet survived long-term (>100 days) demonstrating that loss of bm12
allografts resulted from alloreactivity (Figure 1B p = 0.008 vs. ApoE with high-fat diet).

Because ApoE deficient mice fed a high-fat diet have very high serum lipid levels, we also
analyzed transplant survival in ApoE~/~ mice fed normal chow that are known to have lipid
levels similar to humans with hyperlipidemia (23). Hearts from bm12 mice transplanted into
ApoE~~ mice fed normal chow were also acutely rejected (Figure 1A, MST = 61 days, p =
0.0027 compared with C57BL/6 controls), although rejection was slower than in ApoE~/~
mice fed a high-fat diet (p = 0.004). To assess whether acceleration of rejection was related
to the ApoE mutation, we also examined whether raising lipid levels in wild-type mice
would also affect rejection. bm12 hearts transplanted into C57BL/6 mice fed a high-fat diet
also exhibited accelerated rejection (MST = 51 days) when compared to bm12 hearts
transplanted into C57BL/6 controls fed normal chow (Figure 1C, p = 0.006 between
groups). Thus, accelerated rejection occurs independently of ApoE deficiency and in mice
with clinically relevant lipid levels.

Hyperlipidemia promotes an aggressive rejection response

To assess differences in rejection in mice fed a high-fat diet, when compared with mice fed
normal chow, we examined damage to rejected hearts in each group histologically. bm12
hearts transplanted into C57BL/6 controls exhibited signs of chronic rejection such as
vasculopathy and fibrosis but contained few infiltrating lymphocytes or damage to the
myocardium, consistent with other reports (Figures 2A and S2). Syngeneic hearts
transplanted into ApoE ™'~ mice fed a high-fat diet did not contain a lymphocytic infiltration,
and no tissue damage was apparent (Figures 2B and S2). In contrast, bm12 hearts rejected
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by ApoE~/~ mice fed a high-fat diet contained a significant lymphocytic infiltrate, exhibited
extensive damage to vessels and myocardium, and contained areas of necrosis and fibrosis
throughout the tissue consistent with acute rejection (Figures 2C and S2). Similar findings
were observed in bm12 hearts rejected by C57BL/6 mice fed a high-fat diet, although
damage was less severe than that observed ApoE ™~ mice with higher lipid levels (Figure
2D). We were also able to detect significantly higher numbers of CD4* and CD8* cells
infiltrating bm12 grafts recovered from ApoE ™" recipients fed a high-fat diet when
compared with bm12 grafts from C57BL/6 controls fed a normal diet (Figures 2E and F p <
0.005). Together, these data suggest that hyperlipidemia promotes aggressive rejection of
allogeneic heart transplants and that the effect on rejection is dependent on the degree of
recipient hyperlipidemia.

Hyperlipidemia promotes a Th17-biased rejection response

We next measured the levels of proinflammatory cytokines in the serum of mice that had
received cardiac grafts. ApoE~/~ and C57BL/6 mice fed a high-fat diet that rejected a bm12
heart transplant had higher levels of the proinflammatory cytokines IL-2, IL-6, and IL-17 in
their serum when compared with control C57BL/6 mice fed a normal diet that received a
bm12 heart transplant but did not reject their grafts for over 100 days (Figure 3A). Levels of
IL-1a, IFN-y, TNF-a or IL-12p70, and IL-4 were unchanged between groups indicating
that this was a specific effect rather than a general increase in cytokine production (Figure
S3). There were no significant differences in the frequencies of CD4 T cells, CD8 T cells,
B220* B cells or CD11b/c* antigen presenting cells in peripheral lymphoid tissue of mice
fed a high-fat diet when compared to controls (Figure S4). Increased I1L-17 production led us
to examine whether CD4 T cells from mice that had rejected bm12 heart grafts produced
IL-17. In lymph nodes from ApoE~~mice fed a high-fat diet that had received a bm12 heart
graft, the absolute number of CD4 T cells producing I1L-17 was greater than observed in
C57BL/6 controls fed normal chow that were sacrificed 100 days after transplantation
(Figure 3B). Similarly the number of IFN-y producing cells was increased (Figure 3B). We
also observed an increase in the frequency of IL-17 producing CD4 cells in the spleens of
recipients fed high-fat diet (Figure 3C).

Rejecting cardiac allografts from hyperlipidemic mice contain IL-17 producing T cells that
are not observed in mice with normal lipid levels

To examine a possible role for IL-17 producing T cells in the rejection process, we examined
intra-graft expression of IL-17. We did not detect IL-17 producing cells in bm12 hearts
transplanted into control C57BL/6 mice fed a normal diet (Figure 4A). In contrast, analysis
of tissue sections from bm12 hearts harvested at the time of rejection from ApoE ™~ mice fed
a high-fat diet revealed a significant number of graft infiltrating T cells producing IL-17
(Figure 4B). Similarly, while we were unable to detect IL-17 producing cells in fully
allogeneic BALB/c hearts that were rejected by C57BL/6 controls (Figure 4C), BALB/c
hearts rejected by ApoE ™'~ mice fed a high-fat diet contained a significant number of 1L-17
producing graft infiltrating T cells (Figure 4D). Thus, hyperlipidemia promotes an anti-
donor response that involves significant production of IL-17 in both MHC class Il as well as
fully mismatched cardiac allografts.
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IL-17 mediates cardiac graft rejection in hyperlipidemic recipients

We next examined whether production of IL-17 is involved in accelerated rejection of
cardiac allografts in hyperlipidemic recipients. Survival of bm12 hearts transplanted into
IL-17 deficient ApoE~'~ mice (C57BL6 background) fed a high-fat diet was prolonged when
compared to 1L-17 sufficient controls (Figure 5A, p = 0.009). To confirm that these results
were not due to the congenital lack of IL-17 in these mice, we also performed antibody
neutralization experiments. ApoE ™'~ mice that had been fed a high-fat diet for 4 weeks were
treated with neutralizing anti-1L-17 antibody for a period of 13 days. Survival of bm12 grafts
in these mice was prolonged when compared to controls (Figure 5B, p = 0.02). These data
demonstrate that IL-17 production in hyperlipidemic recipients plays a significant role in
promoting accelerated rejection of cardiac allografts.

Hyperlipidemia increases the frequency of alloreactive T cells and promotes Th17
responses prior to antigen challenge

Analysis of alloreactive T cell frequencies directly ex vivorevealed that the frequency of
bm12 reactive IL-17, IL-2, and IFN-y producing cells in ApoE~'~ mice fed a high-fat diet
was significantly higher than in ApoE~~ mice maintained on normal chow prior to exposure
to alloantigen (Figure 6A). C57BL/6 mice fed a high-fat diet also consistently contained a
higher frequency of bm12 reactive IL-17, and IL-2 producing cells when compared to
C57BL/6 mice fed normal chow although this difference did not reach statistical
significance (Figure 6A). The frequency of BALB/c reactive IL-17, IL-2, and IFN-y
producing cells was also higher in the spleens of ApoE~/~ mice fed high-fat diet when
compared to controls (Figure 6B), suggesting that an increase in alloreactive T cell
frequencies is not restricted to an anti-bm12 response. These data suggest that that induction
of hyperlipidemia is sufficient to lead to an increase in the frequency of T cells capable of
responding to alloantigen in the absence of prior to antigen exposure, and that
hyperlipidemia promotes Th17 alloreactivity.

Discussion

Modern immunosuppressive regimens have significantly improved cardiac transplant
survival in the first year after transplant, yet the mortality rate beyond the first year of heart
transplantation has not significantly improved in the last two decades (15). This startling fact
prompted us to examine how concomitant health conditions prevalent in the transplant
population may affect transplant outcome. Our data suggest that the common condition of
hyperlipidemia can powerfully accelerate the rejection of cardiac allografts. Mechanistically,
hyperlipidemia promotes a rejection response involving Th17 cells and requires production
of IL-17. An increased frequency of alloreactive T cells was observed in hyperlipidemic
mice upon antigen exposure, suggesting that hyperlipidemia is sufficient to drive these
alterations. Our data therefore reveal a previously unappreciated effect of hyperlipidemia on
transplant rejection and demonstrate that hyperlipidemia fundamentally alters the T cell
subsets that mediate rejection.

Th17 cells represent a unique CD4 T cell lineage derived from naive T cells stimulated in
the presence of TGF-f plus IL-6 or IL-21. There has been great interest in the potential role
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of IL-17 producing cells in rejection, the majority of studies which have suggested that Th17
cells play a role in rejection have relied on models with questionable physiological relevance
(29-43). Except perhaps for the case of Obliterative bronchiolitis in lung transplants (44), it
has been difficult to detect a role for IL-17 producing cells in wild-type mice and IL-17 is
not typically detected within rejecting grafts. In contrast, rejection in hyperlipidemic mice
was associated with an increase the frequency of CD4 T cells producing IL-17. While we
were unable to detect IL-17 producing T cells infiltrating hearts rejected by normal mice,
transplants rejected by hyperlipidemic mice contained a significant number of I1L-17
producing cells. To our knowledge, IL-17 is has not been observed in rejecting cardiac
transplants except in the case of mice not able to generate a Th1 response (29,30). Both
genetic ablation and neutralization of IL-17 significantly prolonged graft survival in
hyperlipidemic recipients demonstrating that hyperlipidemia promotes a rejection response
that involves a significant Th17 component in which IL-17 plays a mechanistic role in
mediating rejection. Together our data demonstrate that Th17 cells play a critical role in
rejection when examined in the context of physiologic conditions present in the transplant
patient population. This shifts the current paradigm by demonstrating that rejection must be
studied in the context of conditions such as hyperlipidemia that play a previously
undescribed role in altering rejection.

Induction of hyperlipidemia was sufficient to lead to an increase in the frequency of
alloreactive T cells in naive hyperlipidemic mice, a significant proportion of which produced
IL-17. While recent studies suggesting that proatherogenic conditions promote Th17
responses (26) and other studies have suggested that hyperlipidemia promotes production of
proinflammatory cytokines (reviewed in [7]), to our knowledge, there have not been
previous reports describing an effect of alloreactive T cells. Since hyperlipidemia is a
common health condition in patients both prior to and following cardiac transplant these
data demonstrate a need to fully understand how this condition may alter anti-donor
responses in order to improve outcomes.

As discussed above, ApoE deficient mice are a useful model to study the effects of
hyperlipidemia. Several studies have suggested that ApoE deficient mice have changes in
immune responses (45). 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 alternate role for ApoE. We
demonstrate that ApoE ™~ mice exhibit accelerated rejection of bm12 grafts when compared
with ApoE ™~ controls fed normal diet. The effect observed is increased in mice fed a high-
fat diet. Furthermore, we observed that in wild-type C57BL/6 mice, raising lipid levels
through feeding a high-fat diet results in accelerated rejection of bm12 allografts. Within the
group of C57BL/6 mice fed a high-fat diet, there was a trend towards mice with higher lipid
levels rejecting more quickly than mice with lower lipid levels. These data suggest that the
observed effect on rejection is therefore a direct result of increased lipid levels and is
dependent on the degree of recipient hyperlipidemia.

Transplant patients suffer from a variety of concomitant health conditions yet surprisingly
little is known about whether these conditions have an effect on rejection or the ability to
induce tolerance. Indeed, much of the current paradigm of transplant rejection is based on
work performed in animal models that do not capture conditions prevalent in the transplant
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patient population. Our data indicate that hyperlipidemia promotes an aggressive rejection
response that results in accelerated rejection of allogeneic hearts transplants. The majority of
transplant patients develop hyperlipidemia, and two-thirds remain dyslipidemic despite
treatment. Our data suggest in mice that hyperlipidemia induced as a result of diet
profoundly changes the host’s immune response to donor antigens. An important therapeutic
issue is determining whether the effects of hyperlipidemia in the immune system can be
reversed, by interventions that lower plasma lipid levels. This will depend in part on whether
hyperlipidemia induces a transient inflammatory state, or if exposure to high lipid levels
permanently alters T cell phenotype.

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 targeting T cell subsets that
contribute to rejection in hyperlipidemic hosts. While the effects of hyperlipidemia on
immune status in humans are poorly understood, it is becoming clear that hyperlipidemia
can promote IL-17 responses and inflammation (7,46). Improving control of hyperlipidemia
or developing new approaches that target novel effectors and promote regulation may allow
for the establishment of transplant tolerance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cardiac allogr aft rejection isaccelerated in hyperlipidemic recipients
(A) ApoE~"~ mice were fed high-fat diet (triangles, n = 6, p = 0.0014), or normal chow

(inverted triangles, n = 4, p = 0.0027) for 4 weeks, after which they received a bm12 heart
transplant. As a control, bm12 hearts were transplanted into C57BL/6 mice fed normal chow
(n = 5 squares). (B) ApoE~/~ mice were fed high-fat diet and received a syngeneic cardiac
graft (diamonds, n = 3 p = 0.008 compared to mice fed a high-fat diet that received a bm12
heart). (C) C57BL/6 mice were fed high-fat diet (circles, n = 7 p = 0.006) or normal chow (n
= 5 squares, shown as reference) for 4 weeks after which they received a bm12 cardiac graft.
Shown is the percentage of hearts surviving in each group. Data are the combined results of
multiple independent experiments. ApoE, apolipoproteinE.
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Figure 2. Hyperlipidemia promotes an aggressive re ection response
(A) H&E staining of tissue sections from a bm12 heart harvested after 100 days from

C57B/6 control mice fed normal chow; (B) a syngeneic heart harvested after 100 days from
an ApoE~/~ mouse fed a high-fat diet; (C) a bm12 heart harvested at the time of rejection
from an ApoE ™'~ mouse fed a high-fat diet (day 21); (D) a bm12 heart harvested at the time
of rejection from a C57BL/6 mouse fed a high-fat diet (day 60). 20x magnification is shown.
(E) Quantification of CD4* graft infiltrating cells in bm12 heart transplants from ApoE ™/~
mice fed a high-fat diet (HFD) at the time of rejection, or C57BL/6 mice fed normal chow at
4 or 8 weeks following transplant. (F) Quantification of CD8* graft infiltrating cells in bm12
heart transplants from ApoE~~mice fed a high-fat diet (HFD) at the time of rejection, or
C57BL/6 mice fed normal chow at 4 or 8 weeks following transplant. All data shown are
representative of at least three experiments containing groups of at least 3 mice. ApoE,
apolipoproteinE; H&E, hematoxylin and eosin.
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Figure 3. Hyperlipidemia promotesan |L-17 mediated rejection response

(A) Fold change in serum levels of proinflammatory cytokines were determined in C57BL/6
mice fed normal chow (white bars) or high-fat diet (black bars), ApoE~~ fed normal chow
(gray bars) or a high-fat diet (lined bars) for 4 weeks that received a bm12 heart transplant.
Serum was collected at the time of rejection, or at 100 days. Pooled serum from 4 to 6 mice
was analyzed by Multiplex Elisa. (B) Absolute number of CD4 cells producing IL-17 or
IFN-v in the lymph nodes of C57BL/6 fed normal chow (white bars) or ApoE ™~ mice fed a
high-fat diet (black bars) that received a bm12 heart transplant as determined by flow
cytometry. Untransplanted ApoE~~ mice on a high-fat diet (gray bars) were used as
controls. n = 3-6 mice per group. Asterisk indicates p < 0.05. (C) Fold change in the
frequency of CD4 T cells expressing IL-17 in the spleen was determined in ApoE~'~ mice
fed normal chow (gray bars) or a high-fat diet (black bars) and C57BL/6 mice fed normal
chow (horizontal lines) or high-fat diet (diagonal lines) at the time of rejection of bm12
cardiac grafts, or at 100 days. Splenocytes were restimulated with PMA/ionomycin, and
assayed for expression of 1L-17 by intracellular staining and flow cytometry. Frequencies in
naive C57BL/6 mice (white bar) were used as an inter-experimental control. Asterisk
indicates p value <0.05 relative to control. ApoE, apolipoproteinE; IFN-g, interferon
gamma; IL, interleukin; PMA, phorbol myristate acetate.
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Figure 4. Detection of IL-17 production in heart transplants by immunofluorescence
Shown is staining for IL-17 (red) in bm12 hearts transplanted into C57BL/6 controls (A);

bm12 hearts transplanted into ApoE~~ mice fed a high-fat diet (B); or BALB/c hearts
transplanted into C57BL/6 controls (C); and BALB/c hearts transplanted into ApoE~'~ mice
fed a high-fat diet (D). Representative data are shown. Nuclei are counterstained with DAPI
shown in blue. Magnification 20x. ApoE, apolipoproteinE; DAPI, 4’,6-diamidino-2-
phenylindole; IL, interleukin.
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Figure 5. Graft survival is prolonged in the absence of IL-17
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(A) IL-177~ ApoE™~ mice (n = 4, p = 0.009) were fed a high-fat diet for 4 weeks, and then
received a bm12 heart transplant (squares). (B) ApoE ™~ mice were fed a high-fat diet for 4
weeks and then received a bm12 heart transplant along with 1L-17 neutralizing antibody for
2 weeks (squares) as described (n =4, p = 0.02). Survival of bm12 hearts transplanted into
ApoE~~ mice fed a high-fat diet (circles) from Figure 1 are shown for reference in panels A

and B. ApoE, apolipoproteinE; IL, interleukin.
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Figure 6. Hyperlipidemia increases the frequency of alloreactive cells
(A) ApoE~~ mice and C57BL/6 mice were fed high-fat diet (HFD), or normal chow for 4

weeks. Splenocytes were then harvested and stimulated with irradiated bm12 or syngeneic
splenocytes and assayed for production of IL-17, IL-2, and IFN-y by ELISpot. (B) ApoE ™~
mice were fed a high-fat diet and C57BL/6 controls were fed normal chow for 4 weeks.
Splenocytes were then harvested and stimulated with irradiated BALB/c or syngeneic
splenocytes and assayed for production of IL-17, IL-2, and IFN-y by ELISpot. n =5 in all
groups. Asterisk indicates p < 0.05. ApoE, apolipoproteinE; IFN-g, interferon gamma; IL,

interleukin.
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