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Abstract

High-dose niacin therapy in humans reduces mortality from cardiovascular disease and may also
protect against death from other causes, with benefits apparent more than a decade beyond the
therapeutic period. Niacin therapy modulates circulating lipids, raising HDL and lowering LDL,
but has the unwanted side effect of inducing skin flushing in response to treatment. Skin flushing
results from niacin-induced activation of GPR109A and subsequent release of prostaglandins that
promote vasodilation. GPR109A may also mediate HDL elevation. Recent data suggest that high-
dose niacin may have benefits beyond improved lipid profiles, such as quelling inflammation,
suggesting a potential role in immune cell trafficking. To explore effects of niacin on immune cell
trafficking independently of its effects on lipid profiles, we took advantage of the fact that niacin
therapy does not raise HDL in wild-type or apoE ™/~ mouse strains. Wild-type and apoE -
C57BL/6 mice were fed standard chow or high-fat diets supplemented or not with 1% niacin.
Against our predictions, this treatment did not modulate monocyte recruitment to or retention
within atherosclerotic plaques. By contrast, stimulating the skin of niacin-treated mice with a
contact sensitizer revealed impaired dendritic cell accumulation in draining lymph nodes and
associated impaired adaptive immunity. Surprisingly, niacin-mediated impaired dendritic cell
mobilization could not be reversed by cyclooxygenase inhibitor treatment nor deletion of the
niacin receptor GPR109A, suggesting that the effects of niacin on modulating the migration of
dendritic cells are not directly linked to skin flushing. Overall, these data suggest the existence of
novel pathways triggered by niacin that, through suppression of dendritic cell migration, might
impact adaptive immune responses that participate in sustained therapeutic benefits independent of
niacin’s cardioprotective capabilities.
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Introduction

High dose niacin, or nicotinic acid, has been used as an athero-protective drug for more than
50 years (Carlson, 2005; Offermanns, 2006). When taken in pharmacological doses (>1
gram/day), the nicotinic acid form of niacin modulates plasma lipid profiles including
decreasing circulating total cholesterol, plasma LDL, triglycerides, and Lp(a), while
increasing plasma HDL (reviewed in (Carlson, 2005; Montecucco et al., 2010) and inhibits
lipolysis in adipose tissue (Carlson, 1963; Wahlberg and Walldius, 1993). Clinical trials
assessing the cardiovascular benefits of niacin therapy, either alone or in combination with
statins or fibrates, demonstrate that high-dose niacin treatment reduces nonfatal acute
myocardial infarction (Brown et al., 1990; 1975; Whitney et al., 2005), plaque progression
(Blankenhorn et al., 1991; Blankenhorn et al., 1987; Brown et al., 1990; Lee et al., 2009a;
Taylor et al., 2009), and overall mortality (Brown et al., 2001; Canner et al., 1986; Carlson
and Rosenhamer, 1988; Taylor et al., 2009; 1975; Whitney et al., 2005). Further, niacin
therapy can reverse plaque progression in patients with peripheral artery disease and in fact,
treatment induces regression in peripheral plaques (Lee et al., 2009b; Ost and Stenson,
1967).

Identification of an orphan G-protein coupled receptor designated GPR109A, or HM74A in
humans and PUMA-G in mice (Schaub et al., 2001), that specifically binds the nicotinic acid
form of niacin with high affinity (Soga et al., 2003; Tunaru et al., 2003; Wise et al., 2003;
Zhang et al., 2005), has shed light on possible mechanisms of niacin-mediated lipid
modification (Tunaru et al., 2003; Zhang et al., 2005). These discoveries have also spurred a
renewed interest in developing therapeutics that exploit the protection from cardiovascular
disease that niacin induces. Emergent questions are whether the protective nature of niacin is
solely due to its effects on raising plasma HDL and lowering LDL or whether it has other
beneficial properties. The identification of GPR109A as a receptor for nicotinic acid opens
up new approaches in addressing these questions.

Humans express two closely related genes, HM74 and HM74A; however, only HM74A
(GPR109A) binds niacin with high affinity (Wise et al., 2003; Zhang et al., 2005), and mice
express only the high affinity GPR109A protein (Offermanns, 2006). When niacin binds
GPR109A, expressed primarily on mononuclear phagocytes, neutrophils, and adipocytes
(Tunaru et al., 2003), an intense vasodilation in the skin, often called skin flushing, ensues
(Benyo et al., 2005; Tunaru et al., 2003). Skin flushing is the primary reason for
noncompliance and discontinuation during niacin therapy (Dunbar and Gelfand, 2010),
although there are a variety of symptoms that accompany the flush after ingestion of high-
dose niacin. This has lead some investigators to describe the ancillary effects of niacin
therapy as skin toxicity rather than skin flushing (Dunbar and Gelfand, 2010). A biphasic
model of niacin-induced skin flushing has been described (Hanson et al., 2010). The brief,
first phase is dependent on Langerhans cells and their expression of GPR109A,
cyclooxygenase (cox)-1 signaling, and prostaglandin D, (PGD,) release that in turn
promotes the vasodilation that characterizes the flush. A second, more sustained phase is
mediated by GPR109A expression on keratinocytes, cox-2 signaling, and PGE, release
(Hanson et al., 2010). Considering that PGD,, release in the skin can inhibit the mobilization
of antigen-presenting dendritic cells (DCs) to draining lymph nodes (Allan et al., 2006;
Angeli et al., 2001), we hypothesized that skin flushing may lead to impaired DC migration.
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We reasoned that if niacin did inhibit DC migration, in turn, downstream adaptive immunity
would likely be altered, and possibly in a way that confers clinical benefit, since
atherosclerosis is partly a T cell-driven disease (Robertson and Hansson, 2006). This
consideration would be important to address in order to evaluate whether targeted
pharmacological inhibition of skin flushing would simultaneously diminish any positive
effects of niacin therapy. We therefore set out to examine whether skin flushing mediated by
GPR109A altered DC trafficking from skin.

Another possible effect of niacin is in altering immune cell trafficking; as it has been
suggested that niacin therapy quells endothelial cell activation (Digby et al., 2010; Ganji et
al., 2009) and thereby suppresses inflammatory cell recruitment (Wu et al., 2010). However,
the impact of niacin on leukocyte trafficking to sites of inflammation has not been studied in
the context of diseases like atherosclerosis where such agonists confer at least partial
protection against disease. Monocyte recruitment to atherosclerotic plaques is well
established to drive atherosclerosis (Gautier et al., 2009; Glass and Witztum, 2001). Thus,
we also assessed how therapeutic levels of niacin affected monocyte recruitment to or egress
from atherosclerotic plagues of apoE '~ mice in order to better understand the mechanism of
niacin action in the treatment of atherosclerosis.

Materials and Methods

Animals

Animal experiments were conducted in accordance with approvals from the Institutional
Animal Care and Use Committee at Mount Sinai School of Medicine. Wild-type C57BI/6J
mice were from The Jackson Laboratory and apoE~/~ and apoE~~ PUMA-G~/~ (gift from
Merck)(Schaub et al., 2001) mice were bred and housed in a specifc pathogen-free
environment at Mount Sinai School of Medicine. Wild-type mice were maintained on
standard laboratory chow diet (Picolab Rodent Diet #5053, Lab Diet), or fed this same chow
diet milled with 1% niacin (wt/wt) for 2 to 4 weeks. Beginning at 5 weeks of age, some
apoE~'~ mice (where noted) were fed a high fat diet (HFD) (21% milk fat (wt/wt)
containing 0.2% cholesterol; TD.88137 Harlan Teklad). Cohorts of HFD-fed mice were
subsequently fed niacin-supplemented HFD (1% w/w in 0.2% cholesterol diet; TD.05181,
Harlan Teklad) for 2-4 weeks.

Immunofluorescence

Mice were perfused with PBS and the aortic arch and aortic sinus were excised and frozen in
OCT TissueTek. Then, 8 im-sections were collected along the entire aortic arch or through
the entire sinus and fixed with 4% paraformaldehyde. Immunofluorescence imaging was
performed using purified hamster anti-mouse ICAM (BD Biosciences) or rat anti-mouse
CD68 (Serotec) followed by secondary fluor-conjugated anti-hamster or anti-rat antibodies,
respectively (Jackson ImmunoResearch). Morphometric assessments and staining intensities
were quantified with ImageJ software.

Monocyte subset labeling; analysis of monocyte entry and egress from plaque

Bead labeling of monocyte subsets in male or female apoE~/~ mice was performed as
previously described (Tacke et al., 2007; Tacke et al., 2006) with the exception that 1-uM
beads were used to label each subset. Monocyte recruitment to plaques was determined by
bead-labeling classical or nonclassical monocyte subsets in separate experiments, sacrificing
the animals on day 2 or 5 after labeling, and quantifying the number of beads in plaque as
described (Tacke et al., 2007).
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Egress of monocyte-derived cells from plaques was determined by bead labeling classical or
nonclassical monocyte subsets in separate experiments. Animals were sacrificed at baseline
day 5 or treated with niacin or control chow and then sacrificed 15 days after these
treatments, on day 20 after monocyte labeling, and the number of beads in plagues was
quantified. We determined empirically that counting the number of beads per section in
every fifth section gave a reliable quantification of the average number of beads per section
over the entire length anatomical site being assessed. Egress was determined by a decrease
in the number of beads/section as compared to the number of beads present in baseline
animals sacrificed 5 days after labeling (Randolph, 2008).

Thioglycollate-induced peritonitis

C57BL/6J or apoE '~ mice were injected intraperitoneally with 1mL of a sterile 3%
thioglycollate solution (Sigma). Animals were sacrificed 1 day post-injection. Elicited cells
were recovered by injection of 4 mL of PBS supplemented with 2.5 mM EDTA. Cells were
counted and stained for flow cytometry. Data were acquired on a BD FACS Canto Flow
Cytometer or a BD LSR Il Flow Cytometer (BD Biosciences) and analyzed using FlowJo
software (Treestar).

“FITC painting” DC migration assay

DC migration assays were performed as previously described (Robbiani et al., 2000), with
the following modifications. One 25 uL application of fluorescein isothiocyanate (FITC)
(Sigma), 8 mg/mL dissolved in a 1:1 mixture of dibutyl phthalate and acetone, was applied
epicutaneously to the shaved back skin on each side in the scapular region of avertin (2-2-2
tribromoethanol)-anesthetized wild-type, apoE ™=, or apoE~/~ PUMA-G~/~ mice. 18 h after
FITC application, brachial and axillary lymph nodes were removed and pooled, keeping
lymph nodes from left and right sides of the mouse separated. Total lymph node cells were
counted and stained with mAbs to CD24, I-A/I-E (MHC II), CD11b, CD11c, and CD103
(all eBioscience). Data were acquired on a BD FACS Canto Flow Cytometer or a BD LSR |1
Flow Cytometer (BD Biosciences) and analyzed using FlowJo software (Treestar). For
cyclooxygenase inhibition experiments, 15 mg/kg naproxen, dissolved in PBS, was
administered intraperitoneally 30 minutes prior to FITC application to the back skin. To
assess whether the dosage of naproxen was effective, the same dosing protocol was used to
block ear swelling upon application of arachidonic acid (AA, 2 mg/10 pL in acetone)
(Langenbach et al., 1995). AA was applied to the left ears while acetone was applied to the
right ears of wild-type mice. Ear thickness was measured with an ABSOLUTE Digimatic
Caliper (Miyutoyo). DC migration results are displayed as the percentage and total number
of FITC™ cells within the total lymph node cell population. Statistical significance between
two groups was determined using unpaired T-tests.

Contact Hypersensitivity assay

Contact hypersensitivity was determined using the mouse ear swelling test (Garrigue et al.,
1994). Briefly, wild-type mice were fed control chow or 1% niacin-supplemented chow for
2 weeks. One application of fluorescein isothiocyanate (FITC), 8 mg/mL dissolved ina 1:1
mixture of dibutyl phthalate and acetone, was applied epicutaneously to the shaved back
skin on each side in the scapular region of avertin (2-2-2 tribromoethanol)-anesthetized
mice. One week later, the same mixture was applied to each side of the ears. Ear thickness
was measured using ABSOLUTE Digimatic Caliper (Miyutoyo) to quantify the magnitude
of the effector response.
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Lung DC migration assay

Results

Lung DC migration was assessed as described previously (Jakubzick et al., 2008). Briefly,
30 pL FITC-labeled ovalabumin (5 mg/mL, Invitrogen), spiked with 1 pug LPS (Sigma) was
delivered intranasally to avertin (2-2-2 tribromoethanol)-anesthetized wild-type mice, fed
control chow or 1% niacin-supplemented chow for 2 weeks prior to the assay. Mice were
sacrificed 24 hours later and the mediastinal lymph node excised and digested for flow
cytometric analysis. Total lymph node cells were counted and stained with mAbs to I-A/I-E
(MHC I1), CD11b, CD11c, and CD103 (all eBiosciences). Data were acquired on a BD
FACS Canto Flow Cytometer or a BD LSR Il Flow Cytometer (BD Biosciences) and
analyzed using FlowJo software (Treestar).

Niacin treatment does not alter monocyte subset migration into or out of atherosclerotic
plaques of apoE~/~ mice

Atherosclerosis is a prevalent inflammatory disease characterized by the accumulation of
monocyte-derived cells and modified lipoproteins beneath the inflamed endothelial lining of
arteries. Recently, Wu et al. reported that feeding rabbits for two weeks with high-dose
niacin decreases vascular inflammation, as measured by a reduction in ICAM-1 and
VCAM-1 on the endothelium that results in a subsequent decrease in neutrophil recruitment
24 hours after collar insertion at the carotid artery (Wu et al., 2010). Thus, we predicted that
monocyte migration into plaques would be decreased in niacin-treated mice as compared to
control-treated mice. However, we observed no changes in the expression of ICAM-1 in the
aortic arch or sinus near plaques (Fig. 1A-C,) at two or four weeks following niacin feeding
of apoE~/~ mice with advanced atherosclerotic lesions. Additionally, niacin feeding did not
induce any gross morphometric changes in plaque size or CD68+ macrophage area after four
weeks of treatment (Fig. 1D-F). To measure recruitment of classical or nonclassical blood
monocytes to atherosclerotic lesions, we utilized a technique previously employed in our
laboratory to intravenously label and track the two monocyte subsets, substituting 1-um
fluorescent latex spheres for the 0.5-um size used previously (Tacke et al., 2007; Tacke et
al., 2006). At 10 or 25 days prior to monocyte labeling, one cohort of apoE~/~ mice were
transitioned from HFD to 1% niacin-supplemented HFD, while the remaining mice were
maintained throughout the experiment on control HFD. Then monocytes were labeled in all
mice and animals were sacrificed 2 or 5 days later. The number of fluorescent tracer
particles carried by classical or nonclassical monocytes into lesions of the aortic arches (Fig.
1G) or sinuses (Fig. 1H) was unaffected by niacin feeding, suggesting that niacin treatment
did not alter the recruitment of either monocyte subset to plaques. To extend these studies to
other scenarios of inflammation, we quantified leukocyte recruitment to the inflamed
peritoneum 24 hours after intraperitoneal injection of thiogylcollate. Cohorts of wild-type or
apoE~'~ mice were transitioned to 1% niacin supplemented-chow or remained on control
diets for two weeks prior to initiation of the experiment. Here, as in our atherosclerosis
studies, we failed to observe an impact of niacin on the magnitude of leukocyte recruitment
to the inflamed peritoneum (Supplemental Fig. 1).

We also monitored the possibility that migratory egress of monocyte-derived cells from
plaques was induced after niacin feeding by tracking the persistence of the bead label in
plaques with or without niacin feeding for two weeks relative to a baseline value assessed
prior to niacin feeding. Egress from plaques in experimental models is associated with a loss
of beads from lesions, since phagocytes bearing beads can exit with beads in tow (Feig et al.,
2010; Llodra et al., 2004; Potteaux et al., 2011; Randolph, 2009). However, migratory
egress has so far only been demonstrated in a surgical model of plaque regression (Feig et
al., 2010; Llodra et al., 2004) and is not observed in apoE '~ mice in the absence of surgery,
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even under conditions of plaque regression and robust macrophage removal (Potteaux et al.,
2011). Accordingly, we did not observe induction of migratory egress in response to two-
week niacin treatment (Supplemental Fig. 2). Together, these data indicate that, at least in
the absence of raising HDL, niacin did not decrease monocyte recruitment into or retention
within mouse atherosclerotic plaques.

Niacin therapy inhibits skin DC accumulation in the draining lymph node

Given that niacin had no effect on monocyte trafficking in plaques, we wanted to confirm
that niacin delivered in chow or high fat diet was bio-available. As per the following
rationale, we hypothesized that niacin should have a negative effect on DC mobilization to
skin draining lymph nodes. At therapeutic doses, niacin causes acute flushing in the skin of
both mice and humans (Benyo et al., 2006; Benyo et al., 2005; Maciejewski-Lenoir et al.,
2006). This uncomfortable reaction is caused by vasodilation that is triggered by the ligation
of the niacin receptor GPR109A that in turn induces the release of prostaglandins, including
PGD, and PGE; from Langerhans cells and keratinocytes (Benyo et al., 2006; Benyo et al.,
2005; Hanson et al., 2010; Maciejewski-Lenoir et al., 2006). It is known that PGD, release
in the skin can inhibit DC mobilization from skin to skin-draining lymph nodes in a DP1-
dependent manner, thereby impeding presentation of antigen in draining lymph nodes that
drives T cell-mediated immunity (Allan et al., 2006; Angeli et al., 2001). Therefore, since
niacin causes PGD;, release in skin (Benyo et al., 2006; Benyo et al., 2005; Maciejewski-
Lenoir et al., 2006), we reasoned that the skin flushing reaction would subsequently inhibit
the migration of DCs to draining lymph nodes. To address this question, we carried out the
classical “FITC painting” assay, used to study DC migration from skin, in wild-type and
apoE '~ mice. We applied a fluorescent tracer dissolved in contact-sensitizing agents to the
shaved back skin of wild-type mice fed one of four diets for 2 weeks: (1) control chow, (2)
1% niacin-supplemented chow, (3) control HFD, or (4) 1% niacin-supplemented HFD.
Eighteen hours later, at the peak time of DC emigration to lymph nodes from skin (Robbiani
et al., 2000), we enumerated the number of FITC* DCs in the brachial and axillary lymph
nodes. Indeed, niacin feeding decreased the percentage and absolute number of DCs, by an
average of 44 percent, that accumulated in the skin-draining lymph nodes of wild-type mice
fed niacin-supplemented chow as compared to control chow fed animals (Fig. 2A).
Previously, we reported that DC migration is decreased in older (= 16 weeks of age)
apoE~'~ mice (Angeli et al., 2004). Here, we observed that feeding apoE '~ mice niacin-
supplemented chow (Fig. 2B) further reduced both the percentage and the absolute number
of FITC* DCs in skin-draining lymph nodes, by 54 and 58 percent respectively, in response
to FITC painting. That the proportion of FITC* DCs in lymph nodes was decreased by
niacin was especially remarkable considering that niacin feeding generally and reproducibly
reduced lymph node cellularity (Fig. 2C), by 35% in wild-type and 31% in apoE /" mice.
We observed similar results in wild-type and apoE "~ mice fed a niacin-supplemented HFD
(data not shown). These data demonstrate that niacin treatment negatively impacted DC
accumulation in skin-draining lymph nodes. Given the paradigm that the number of antigen-
presenting DCs is proportional to the magnitude of a T cell response (Martin-Fontecha et al.,
2003), decreased accumulation of antigen-bearing DCs in skin-draining lymph nodes after
treatment with niacin might be expected to negatively affect antigen presentation and
induction of adaptive immunity in these lymph nodes.

Niacin-mediated impairment of DC accumulation is restricted to the skin

Niacin feeding reduced the total cellularity in the brachial and axillary lymph nodes
measured in the FITC painting assay (Fig. 2C). To determine if this decrease was restricted
to immunized lymph nodes, we measured cellularity of the non-immunized inguinal lymph
node in apoE~/~ mice and the medial iliac lymph node, located at the aortic bifurcation, in
wild-type mice fed niacin or control chow for 2 weeks. In all cases, cellularity was similarly

Immunobiology. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ingersoll et al.

Page 7

decreased in the niacin-fed animals (Fig. 3A). These data suggest that niacin therapy broadly
affects lymph node cellularity. However, cellularity of the mediastinal lymph node was
unaffected by niacin treatment. Likewise, when we measured DC migration from inflamed
lungs to the mediastinal lymph node, using FITC-conjugated OVA (Jakubzick et al., 2008),
we observed no significant differences in the percentage or number of FITC* migrated DCs,
raising the possibility that niacin’s effect on DC mobilization is restricted to the skin (Fig.
3B).

Niacin-mediated impairment of DC migration decreases contact hypersensitivity
responses in skin

If the inhibition of DC accumulation in lymph nodes in response to niacin were functionally
meaningful, we would expect to observe a diminished adaptive immune response. Thus, we
evaluated contact hypersensitivity mediated by memory T cells and NK cells (Askenase,
2001; O’Leary et al., 2006; Paust et al., 2010). Wild-type mice were fed control or niacin-
supplemented chow for 2 weeks, and then skin contact sensitizer with fluorescent tracer was
applied to the shaved flank skin. One week later, the same contact sensitizer solution was
applied to the ears of the previously treated mice. Ear swelling in mice treated with niacin
was reduced by 61% at day 1 and 83% at day 2 post-sensitizer application (Fig. 4). Thus,
impairment of DC migration to the draining lymph nodes in response to niacin therapy was
correlated with impaired adaptive immunity.

Niacin-mediated impairment of DC migration cannot be reversed with naproxen treatment

Based on evidence that PGD, binding to DP1 inhibits DC migration (Allan et al., 2006;
Angeli et al., 2001), we hypothesized that the impairment of DC migration was most likely a
result of increased niacin-mediated local prostaglandin release (Benyo et al., 2006; Benyo et
al., 2005; Hanson et al., 2010; Maciejewski-Lenoir et al., 2006) and would therefore most
likely be reversed by inhibition of prostanoid generation. To test this hypothesis, we treated
mice with the cyclooxygenase inhibitor naproxen prior to inducing DC migration by FITC
painting. Mice treated or not with niacin for 2 weeks were injected intraperitoneally with a
single dose of naproxen 30 minutes prior to FITC skin painting. Against our expectations,
naproxen treatment failed to reverse the inhibition of DC migration induced by niacin
treatment in wild-type (Fig. 5A) or apoE~~ mice (Fig. 5B). To confirm that the dose of
naproxen we chose was sufficient to reduce or block prostaglandin production, we applied
arachidonic acid (AA) to the left ears of wild-type mice treated or not with the same dose of
naproxen used in the previous DC migration assays 30 minutes prior to AA application.
Right ears were treated with the vehicle, acetone. AA application results in a rapid ear
swelling that is cyclooxygenase 1-dependent (Langenbach et al., 1995). Indeed, naproxen
treatment quelled AA-induced ear swelling as compared to untreated mice (Supplemental
Fig. 3). Together, these results suggested that niacin-induced production of prostaglandins
was not the underlying mechanism of inhibited DC migration from the skin.

Niacin-mediated impairment of DC migration is not GPR109A-dependent

We next wondered whether GPR109A (PUMA-G in mice), the receptor that niacin binds to
trigger prostanoid release and vasodilation in the skin (Benyo et al., 2005; Tunaru et al.,
2003), was required for impaired DC migration. We compared DC migration in apoE~/~
mice to that in apoE "~ PUMA-G~/~ double knockout mice. In these experiments, as in Fig.
5, we assayed migration in younger apoE~~ and apoE /"PUMA-G '~ mice; they do not
exhibit suppression of DC migration seen in older apoE~/~ mice of the same genotype
(Angeli et al., 2004). ApoE~'~ or apoE/"PUMA-G '~ knockout mice, aged 6-8 weeks old,
were fed either a control chow diet or a 1% niacin-supplemented diet for 10-14 days, and
FITC-containing skin sensitizer was applied epicutaneously as in earlier experiments. As
shown previously, apoE~/~ mice fed niacin demonstrated significantly decreased DC
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migration (40% and 51% reduction in percentage and absolute number of migrated DCs,
respectively) as compared to control chow-fed animals (Fig. 5A, 6A). Unexpectedly,
apoE~/"PUMA-G '~ animals exhibited similarly decreased percentage and absolute number
of migrated DCs, 51 and 60 percent, respectively, in response to niacin feeding compared to
littermates fed control chow (Fig. 6A). Total lymph node cell counts were reduced in both
genotypes of niacin-treated animals by 24 and 19 percent as compared to the control diet-fed
apoE~"~ or apoE/~"GPR109A '~ mice, respectively (Fig. 6B). Thus, the niacin receptor
GPR109A was not necessary for niacin-mediated inhibition of DC migration. Taking our
findings together, these data indicated that niacin had effects on the adaptive immune
response unrelated to the pathways that mediate skin flushing. It is possible that these effects
impact the therapeutic benefits of niacin to treat cardiovascular disease.

Discussion

The marked cardiovascular benefits of high-dose niacin have been recognized for more than
fifty years (Carlson, 2005), but the phenomenon of skin flushing has limited the therapeutic
use of niacin. Understanding the mechanisms of flushing, including downstream signaling
pathways, may lead to drug discovery that targets the lipid modulating capabilities of niacin
without triggering complications like skin toxicity (Walters et al., 2009). Remarkably, niacin
therapy confers lasting protection against mortality from cardiovascular disease in men at
high-risk (Canner et al., 1986). Furthermore, the same study, in which men taking niacin for
6 years were studied in a follow-up analysis 15 years post-treatment, suggested that niacin
confers a protection against mortality from all causes (Canner et al., 1986), raising the
possibility that niacin therapy confers beneficial effects beyond action in the cardiovascular
system. The explanation for a lasting benefit still measurable 15 years after treatment may
lie in the ability of niacin to raise HDL, which in turn may remodel atherosclerotic plaques
to a long-term stable phenotype. However, it is also possible that other mechanisms
contribute to these outcomes. Long-term protection from disease is a well-known feature of
immunological memory. Our present study reveals that niacin treatment affects adaptive
immunity, raising the possibility that part of its beneficial therapeutic effect results from
immunomodulation.

Specifically, in this study, we took advantage of the fact that mice do not raise HDL in
response to niacin therapy to search for possible HDL-independent effects of niacin beyond
induction of skin flushing. We first investigated whether niacin would have an effect on
plaque composition or monocyte recruitment and retention in atherosclerotic plaques. We
also investigated whether skin flushing associated with niacin therapy would have an impact
on the mobilization of DCs from skin and their subsequent accumulation in lymph nodes,
given that niacin-mediated flushing is the result of prostaglandin release in both humans
(Morrow et al., 1992; Morrow et al., 1989) and mice (Benyo et al., 2006; Hanson et al.,
2010; Maciejewski-Lenoir et al., 2006). Prostaglandin D2 has been shown to inhibit DC
migration to lymph nodes (Allan et al., 2006; Angeli et al., 2001).

We found that up to 4 weeks of high-dose niacin therapy did not have an impact on gross
morphological changes in plaque and did not affect the magnitude of monocytes recruited to
plaque (Fig. 1). These findings are consistent with Declercq et al., who did not assess
monocyte trafficking but found no changes in plaque size after 14 weeks of niacin feeding in
an apoE~/~ mouse model of atherosclerosis (Declercq et al., 2005). However, our data
contrast to a more recent study from Offermanns and colleagues (Lukasova et al., 2011).
These investigators reported decreased lipid accumulation and reduced lesion area,
downregulation of VCAM-1 and P-selectin mMRNA expression in aortae, and decreased
macrophage accumulation in plaques after niacin therapy. This study also found that
monocyte recruitment to sites of acute inflammation, such as the peritoneum, was decreased
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by niacin treatment and that this recruitment, as well as that to atherosclerotic plaques, was
dependent upon GPR109A. One difference between our findings and those of Lukasova et
al. is that their study was carried out in LDLR™~ mice. However, this difference cannot
explain discrepancies in trafficking to the inflamed peritoneum, as for this assay, we both
studied wild-type C57/BL6 mice. Here, we carried out a typical peritoneal inflammation
assessment, enumerating leukocytes 24 h after thioglycollate administration, when recruited
monocytes dominate the infiltrate, in mice fed niacin or control diet for 2 weeks. Lukasova
et al. utilized an unusual protocol in which the impact of niacin was not assessed until 4 days
after thioglycollate instillation, a timepoint when recruited monocytes have already
accumulated and differentiated to macrophages. At this timepoint, they administered one
dose of niacin (or saline as a control) into the peritoneum along with CCL-2 (MCP-1) to
assess macrophage recruitment. Given that niacin treatment was not administered until after
the peak accumulation of monocytes, induced by thiogylcollate injection, we suggest that
many interpretations unrelated to monocyte recruitment could be applied, including niacin-
induced local macrophage death or adhesion. In their assessment of recruitment to
atherosclerotic plaques, 4-day thioglycollate-elicited peritoneal macrophages, rather than
monocytes that normally infiltrate plaques, were adoptively transferred and their
accumulation in plaques was assessed. The sensitivity of their assay was approximately 10-
fold lower than our bead assay tracking endogenous monocytes (7 labeled macrophages per
mm? of plaque using their approach versus 70 labeled macrophages per mm? of plaque
using ours) (Potteaux et al., 2011).

We did, however, observe that niacin treatment impaired DC accumulation in skin-draining
lymph nodes (Fig. 2). Attenuated adaptive immunity, assessed using a contact
hypersensitivity assay (Fig. 4), was observed, as would be expected from impaired DC
accumulation in lymph nodes, though other mechanisms may also contribute to reduced
hypersensitivity. Surprisingly, impaired DC accumulation was not reversed by inhibition of
prostaglandin synthesis (Fig. 5) or genetic deficiency of GPR109A (Fig. 6). Collectively,
these results imply that niacin-mediated reductions in DC accumulation within lymph nodes
must be due to a mechanism of action altogether separate from skin flushing and other
activities mediated by GPR109A (Offermanns, 2006). Importantly, DC migration was
significantly suppressed in both apoE—/— and wild-type mice fed high fat or chow diets
supplemented with niacin as compared to appropriate control animals, suggesting migration
suppression is a universal phenomenon unrelated to underlying atherosclerosis per se.
Walters et al. recently described that niacin signaling via a beta-arrestin 1 dependent
pathway induces release of prostaglandin precursors leading to flushing (Walters et al.,
2009). Interestingly, however, beta-arrestin null mice still retain anti-lipolytic activity,
consistent with the idea that niacin can lead to activation of more than one signaling
pathway (Walters et al., 2009).

The downstream mediators that account for how niacin impairs accumulation of lymph-
trafficking DCs in skin-draining lymph nodes remain to be elucidated. Feeding niacin in the
manner that we have used supplies high levels of both major forms of niacin, nicotinic acid
and nicotinamide. Only nicotinic acid raises HDL levels (Altschul et al., 1955), but it
remains possible that nicotinamide contributes to other protective effects when niacin is
used clinically. In future studies, it will be important to determine if impaired DC
mobilization is a consequence of other forms of niacin, especially nicotinamide, rather than
nicotinic acid that binds to GPR109A. For example, nicotinamide inhibits NFkB and MAPK
activation in skin keratinocytes in vitro (Grange et al., 2009) and may underlie the
effectiveness of nicotinamide in treating acne. As NF«B signaling drives DC migration, its
inhibition in vivo would be expected to produce the results we observed.
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In summary, we have identified a novel action of high-dose niacin therapy in mice—the
inhibition of DC accumulation in lymph nodes after their mobilization through lymphatic
vessels. We furthermore demonstrated that this action was independent of the known
receptor for nicotinic acid GPR109A. Though we did not observe that niacin impacted
atherosclerotic directly in the same setting where it inhibits DC mobilization, we nonetheless
suggest that it is possible that longer term analyses might reveal an impact on plaques or that
disease protection that persists after therapy is lifted (Canner et al., 1986) might be related to
immune modulation. Thus, it is now of interest to determine if this novel action of niacin is
relevant in humans and if it confers protection in cardiovascular disease or in autoimmune
diseases wherein overzealous DC activation of T cells has been observed. Conversely, it is
possible that this action is detrimental and restoring DC migration during treatment would
advance the efficacy of niacin in treating disease.
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Figure 1.

Effect of niacin treatment on monocyte entry into advanced atherosclerotic lesions. A cohort
of apoE~/~ mice was transitioned to a HFD supplemented with 1% niacin (Niacin) for two
weeks while the other half remained on control HFD (Ctl). (A-B) Representative images of
aortic sinuses from mice with green microbead-labeled nonclassical monocytes (green
microspheres, white arrows) and stained with anti-ICAM antibody (red) and DAPI (blue),
63X magnification. (C) Graphs depict quantification of anti-ICAM antibody staining in the
aortic arch and sinus. (D-E) Representative images of aortic sinuses stained with anti-CD68
antibody (red) to depict macrophages and DAPI (blue), 10X magnification. (F) Graphs
depict quantification of plaque size and macrophage area in aortic sinuses. (G-H) Classical
or nonclassical monocytes were labeled intravenously following niacin treatment. Mice were
sacrificed 2-5 days post-labeling, aortic arches and hearts removed and sectioned and beads
per section in the (G) aortic arch and (H) sinus enumerated. There were no statistically
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significant differences (ns), as determined by an unpaired T-test, in ICAM staining,

morphometric measurements, or the number of beads in any treatment group (Ctl vs Niacin)
in any experiments. N=4-9/group, each experiment repeated 2-4 times.
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Effect of niacin therapy on the migration of DCs from skin to draining lymph nodes. Mice
were fed control chow (Ctl) or 1% niacin-supplemented chow (Niacin) for two weeks. 18
hours after FITC-containing contact sensitizer solution was applied to the shaved flanks of
anesthetized mice, animals were sacrificed, brachial and axillary lymph nodes were removed
and pooled by side, and FITC* migrated DCs quantified by flow cytometry in (A) wild-type
or (B) apoE~'~ mice. (C) Total lymph node cellularity was quantified by manual counting.
Each dot represents a pool of brachial and axillary lymph node from one side of a mouse
(two dots per mouse). Each experimental condition was repeated 3-6 times with 3-5 mice
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per condition. P-values, depicted within each graph, were determined with an unpaired T-
test.
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Effect of niacin therapy on the migration of DCs from lung to draining lymph nodes. ApoE
—/— or wild-type mice were fed control chow (Ctl) or 1% niacin-supplemented chow
(Niacin) for two weeks. (A) Total lymph node cellularity was quantified by manual counting
of the inguinal lymph node in ApoE—/— mice and the medial iliac lymph node in wild-type
mice. (B) 24 hours after a solution of FITC-ovalbumin and LPS was delivered intranasally
to anesthetized mice, animals were sacrificed, mediastinal lymph nodes were removed, and
FITC* migrated DCs quantified by flow cytometry in wild-type. Each dot represents a
mouse. Each experimental condition was repeated 2 times with 3-5 mice per condition. P-

values, depicted within each graph, were determined with an unpaired T-test.
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Figure 4.
Effect of niacin feeding on contact hypersensitivity responses in skin. Wild-type mice were

fed control chow (Ctl) or 1%-niacin supplemented chow (Niacin) for 2 weeks. FITC-
containing skin contact sensitization solution was applied bilaterally to shaved flanks. One
week later the same solution was applied to both sides of the ears. Graph depicts ear
thickness measured prior to application and one and two days post application. Experiment
was repeated 2 times, with 4 mice per condition in each experiment. P-value determined by
one-way ANOVA.
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Effect of naproxen on DC migration in mice treated with niacin. Cohorts of 6-8 week old
(A) wild-type or (B) apoE~/~ mice were fed control chow (Ctl) or 1%-niacin supplemented
chow (Niacin) for 2 weeks and DC migration was subsequently assessed by FITC painting
assay. Half of the mice from each diet condition were treated 30 minutes prior to contact
sensitizer application with 15 mg/kg naproxen. 18 hours post sensitizer application,
migration was quantified by flow cytometry. Each dot represents a pool of brachial and
axillary lymph node from one side of a mouse (two dots per mouse), graphs in (A) represent
two experiments compiled. Each experimental condition was repeated 3 times with 3-5 mice
per condition. P-values, depicted within each graph, were determined with an unpaired T-

test.

Immunobiology. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN

Ingersoll et al. Page 21
A B
1.5 12+
p<0.05 p<0.05 < p<0.0005 p<0.005 2000~ p<0.05 p<0.05
g r 1 r 1 S I 1 f 1 1 1
% ol . <
2 . 2 %1 ° . S1500 © .
01.04 o L] = -
s e ® 8 . x °_o °
+ [} 14 ] [ °
(&) L] [ L] + 64 o ° = ) [  § °®
= ° o) ° 21000+ -
™ *.® ° ° = _._.% oo ° ‘z-’ _'.?.._ . 0 %
+054 %o e’ o . w *® ° 5 ° Q'*g ° o
S s oq o ° t’ 34 ® Py oo T 500 .. ° ® o g%
3 . el . = * e : O L3 Jee ° 7 Cee ® °
) . 0e® Ao ﬁ =) ° ° ° = .
°o_o ® o %% ° .l
0.0 T - ’ - T L 0 T - ’ - T L 0 T T T T
Ctl Niacin Ctl Niacin Ctl Niacin Ctl Niacin ctl Niacin ctl Niacin
ApoE-/- ApoE-/I-PUMA-G-/- ApoE-/- ApoE-/-PUMA-G-/- ApoE-/- ApOE-/-PUMA-G-/-
Chow diet Chow diet Chow diet
Figure 6.

Impact of GPR109A deficiency on niacin-mediated impairment of DC migration. Cohorts of
6-8 week old apoE ™/~ or apoE '~ PUMA-G '~ mice were fed control chow (Ctl) or 1%-
niacin supplemented chow (Niacin) for 10-14 days and (A) DC migration was assessed by
skin contact sensitization assay and quantified by flow cytometry while (B) total lymph node
cells were quantified by manual counting. Each dot represents a pool of brachial and axillary
lymph node from one side of a mouse (two dots per mouse), graphs represent two
experiments compiled with 4 mice per condition/experiment. P-values, depicted within each
graph, were determined with an unpaired T-test.
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