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ABSTRACT

Smoking isacommon addiction and a leading cause of disease. Chronic nicotine exposure is
known to activate nicotinic acetylcholine receptors (NAChRs) in immune cells. We demonstrate
anove role for a4 NAChRsin the effect of nicotine on T-cdll proliferation and immunity. Using
cell based sorting and proteomic analysis we define an a4 nAChR expressing helper T-cdll
population (a4+CD3+CD4+) and show that this group of cellsis responsive to sustained nicotine
exposure. In circulation, spleen, and thymus we find that nicotine promotes an increase in
CD3+CD4+ cdllsviaits activation of the a4 nAChR and regulation of Ga,, Gprinl, and CDC42
signaling within T-cells. In particular, nicotine is found to promote a Th2, adaptive,
immunological response within T-cells, which was absent in a4-/- mice. We thus present a new
mechanism of a4 NAChR signaling and immune regulation in T-cells, possibly accounting for

the effect of smoking on the immune system.
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INTRODUCTION
Smoking is one of the most prevalent addictions and comes replete with numerous health risks.
Among these, smoking has been implicated as a causative agent for various disorders including
most cancers, cardiovascular disease, and autoimmune diseases such as lupus and myasthenia
gravis (Costenbader and Karlson, 2005; Moreau et al., 1994). Nicotine appears to target
lymphatic organs such as the spleen, thymus, and lymph nodes and has been shown to play arole
in bacterial immunity (Andersson, 2005), increased IL-6 production in spleen (Song et al., 1999),
and T-cell maturation (Middlebrook et al., 2002). Recent studies show a connection between
cigarette smoke and the helper T-cell (Th) driven ThL/Th2 division of immunity in which
smoking promotes Th2 related adaptive immunological responses (Zhang and Petro, 1996).

The molecular target of nicotineisaclass of ligand-gated ion channels also activated by
the endogenous neurotransmitter acetylcholine (ACh) (Changeux, 2010). In mammals, 17
subunits (al— a7, 09, al0, 1- B4, v, 9, €) confer the expression of afunctional nicotinic
acetylcholine receptor (NnAChR) in cells (Changeux, 2010). A subset of nAChRs have been
discovered in immune cells (Kawashima and Fujii, 2003) however to date a nicotinic activated
current has not been detected in lymphocytes. Clearly however a number of systems, including
the neural immune “inflammatory reflex”, depend upon the activity of nAChRs. For example,
cytokine-producing macrophages in the spleen contain a7 NAChRs, which regulate the activity
of the vagus nerve (Rosas-Ballina et a., 2011). a7 nAChR agonigts, including nicotine, appear to
regulate cytokine production in immune cells of the lung and spleen suggesting that nAChRs
present a possible new drug target for inflammatory disease.

a4 subunits are amongst the most common nAChRs contributing to the formation of the

high-affinity (a4p2) nicotine-binding site in cells (Changeux, 2010). In mice lacking the a4
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NAChR (a4-/-) nicotine binding appears to be all but abolished in several organs (Marubio et al.,
1999). a4 nAChRs are well expressed in immune cells including T- and B-lymphocytes and have
been implicated in regulating cytokine release as well as antibody production (Skok et al., 2007).
Indeed a4-/- mice have been found to exhibit abnormalities in lymphocyte development and
maturation (Skok et al., 2007). Because exposure to nicotine appears to up-regulate a4
containing NAChRsin lymphocytes of human smokers and in rodents (Cormier et al., 2004) we
hypothesize an effect of nicotine on immunity. In this study we show the existence of an a4
NAChR expressing population of T-lymphocytes (a4+CD3+CD4+) in circulation, spleen, bone
marrow, and thymus. We demonstrate that nicotine enhances the number of a4+ T-cellsin these
immune organs leading to a change in cytokine production and release. This mechanismis

driven by a4 nAChR signaling viaa G protein/CDC42 pathway in T-cells.
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MATERIALSAND METHODS

Animals

C57BL6 adult male mice were kept in 12-hour light/dark cycles. The generation of a4 NAChR
subunit knockout (a4-/-) mice was previously described (Ross et al., 2000). For all experiments,
ad-/- mice were backcrossed to at least 10-12 generations. a4-/- and wild-type (WT) mice were

obtained from crossing heterozygote mice.

| solation of theimmune cdll fraction

An immune cell fraction (ICF) from blood was obtained from the heart via cardiac puncture
(Hoff, 2000) and from the spleen and thymus through dissection according to Institutional
Animal Care and Use Committee (IACUC) regulations. Mice were anesthetized using 5%
isofluorane and the heart, thymus, and spleen were accessed via an abdomen to sternum incision.
For circulating heart blood (ICF¢), a 1cc syringe with a 25%2 gauge needle was inserted into the
left ventricle and blood was drawn to a volume of 500 ul/mouse. Equal volumes of phosphate
buffered saline (PBS) with 5mM EDTA (PBSE) was added to the blood fraction as an anti-
coagulant. Bone marrow fractions (BMF) were obtained by removing the hind leg bones (femur
and tibia) and an opening was made to expose the bone marrow. The bone marrow was aspirated
out using 0.075M KCI and then incubated at 37°C for 15 min prior to centrifugation at 800 x g to
collect the BMF. Tissue dissected from the spleen and thymus was wei ghed then homogenized
by manual trituration using a sterile Pasteur pipette. The supernatant was centrifuged at 250 x g
and the pellet resuspended in PBSE. Circulating, spleen, and thymus ICF were isolated and

pooled using Ficoll-Paque (GE Healthcare) per manufacturer instructions.
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I mmune bead sorting assay

Immune cells were isolated using a magnetic bead method based on the protocols of (Zhichao et
al., 2000) with modification. For cdll isolation, ICF was preincubated with 10 pg rat monoclonal
anti-a4 Ab (mAb299) (Whiting and Lindstrom, 1988), mouse polyclonal anti-CD4 Ab (SC), or
rabbit 1gG Abs (Cell Signaling) inice-cold PBS for 2 hours prior to the addition of a pre-cleared
Protein-G Dynabead resin (Life Sciences). Cells were incubated with the beads for 1 hour and
then eluted from the bead matrix by gentle mixing in a5 pg/ml papain in PBS solution for 15min
at room temp. Papain was inactivated by the addition of RPMI culture mediawith 5% FBS

followed by washing in PBS and slow speed centrifugation (100 x g).

Fluorescence activated cell sorting

Fluorescence activated cell sorting (FACS) was conducted using a published protocol (Y oder et
al., 2008) with minor modifications. Briefly 1-2x10° immune cells were pelleted, fixed and
probed with 5 pg mAb299 and FITC conjugated CD4 (BD Biosciences) for 30 minutesin the
dark. Secondary staining was conducted using Dylight 488 (Pierce) for 30 min in the dark. Cells
were washed with PBS then resuspended in a 1% paraformal dehyde fixative prior to analysis

using a FACSCalibur (Becton Dickinson).

Drug treatments

WT and a4-/- mice were given a sustained (6-day) regimen of 0.9% saline or nicotine dissolved
in 0.9% saline (0.1-1.5 mg/kg body weight) intraperitoneal injections. Injections were
normalized to equal volume solutions made fresh daily. Nicotine concentrations were based on

published studies on chronic drug associated behaviors (Marubio et al., 2003) and immune effect
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(Davis et al., 2009). Unless otherwise noted, sustained nicotine treatment is a 6-day treatment.
For cell culture experiments, CEMss cells were exposed to nicotine, nicotine and DHfE,

Mastoporan (MSP), or MSP and nicotine asin (Amin et a., 2003; Nordman and Kabbani, 2012).

I mmunocyctochemistry and Cell Counting

Cdls derived from ICF and CEMss cells were fixed for 15 min at room temp using a solution
consisting of 1 x PEM (80 mM PIPES, 5 mM EGTA, and 1 mM MgCl2, pH 6.8) containing

0.3 % glutaraldehyde. Cell were centrifuged at 1000 x g for 5 min then washed with PBS. For
Gprinl staining, cells were permeabilized with 0.1% Triton X-100 prior to glutaraldehyde
guenching using 10 mg/ml sodium borohydride. Cells were blocked in a 10mg/ml BSA + 10%
goat serum solution. Immunostaining was carried out using a mouse monoclonal CD3 Ab (SC), a
mouse monoclonal anti-CD4 Ab (SC), a mouse monoclonal CD133 Ab (eBioscience), arat
monoclonal anti-a4 Ab (mAb299) (Whiting and Lindstrom, 1988), a rabbit polyclonal anti-
CDC42 Ab (SC), amonoclonal mouse anti-active-CDC42 (GTP-CDC42) (NewEast
Biosciences), arabbit polyclonal anti-Gprinl Ab (Abcam), a mouse monoclonal anti-B-Tubulin
Ab (Cdll Signaling), and rhodamine phalloidin (Cell Signaling). Cells were incubated in anti-rat
Dylight 488, anti-mouse Dylight 549, anti-rabbit Dylight 549, and anti-mouse AlexaFluor 647
secondary Abs (ImmunoJackson-Research) and mounted in 0.212% n-Propy! gallate in 90%
glycerol and 10% PBS solution on glass coverslips. Immunostaining was visualized with aNikon
Eclipse 80i confocal microscope fitted with aNikon C1 CCD cameraand a Zeiss. Cell images

were captured using an EZ-C1 (Nikon) and AxioVision (Zeiss) software.
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For cell counts, viable cells were counted using a Trypan Blue (Thermo Scientific)
exclusion assay using a C-Chip hemocytometer (INCY TO) under phase contrast. All cells counts

were performed in triplicate and the data averaged for each experiment.

I mmunohistochemistry and analysis of spleen

Spleen extraction and histological preparation was preformed as described (Lobato-Pascual et al.,
2013). Briefly, adult mice were anesthetized using 5% isofluorane and then perfused using 4%
paraformaldehyde, pH 7.2. Spleens were dissected then submerged in the paraformal dehyde
solution for 24 hours before being transferred to 30% sucrose. Spleens were embedded in 5%
agarose and sectioned in the horizontal plane into 40 um slices using a vibrating blade
microtome (Thermo Scientific).

For immunohistochemistry, spleen slices were permeabilized using 0.5% Triton X-100
and guenched by 50 mM ammonium chloride for 30 min at room temp. Tissue was blocked in
10% goat serum then probed with mAb299, a polyclonal anti-Gprinl Ab (Abcam), a monoclonal
anti-CD4 Ab (SC), and amonoclonal anti-CD16 Ab (SC) overnight at 4°C. Dylight secondary
Abs (488 and 549) were used. Intact spleens were mounted onto glass slides using the mounting
media described above. White and red pulp regions were distinguished by morphology within the
intact spleen tissue and in RBC enrichment using DIC.

Cell counts were conducted on fluorescently labeled sections. For total cell counts, atotal
of 8 spleen sections were stained with the nucleus label DAPI and then counted blindly by 200
um? area. Spleen cell counts are also normalized to total cells of spleen, which was obtained

from hemocytometer analysis, relative to size of counting area (200 um?).
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I mmunoprecipitation and western blot

Membrane protein fractions were obtained after solubilization using a non-denaturing lysis
buffer consisting of 1% Triton X-100, 137 mM NaCl, 2 mM EDTA, and 20 mM Tris HCI (pH 8)
with protease (Complete) and phosphatase (Sigma) inhibitor cocktails. This method has been
previously found to enable sufficient solubilization of the nAChR from cells and tissue for
molecular analysis (Nordman and Kabbani, 2012). For the detection of protein-protein
interaction, immunoprecipitation (IP) using the Protein G matrix (Invitrogen) was performed
(Nordman and Kabbani, 2012). Briefly, the IP Ab was bound to a pre-cleared Protein G
Dynabead resin as per manufacturer instructions (Invitrogen). Pure 1gG was used to control for
non-specific Ig interaction with the Protein G resin. IP experiments were performed from ICF
preparations at a concentration of 100 ug/ml ICF proteins for Western blot analysis and 750
pg/ml ICF for mass spectrometry analysis. Experiments were performed in triplicatesto ensure a
robust result. The primary Abs used for IP and/or Western blotting are: mAb299; polyclonal o4
NAChR (SC; A-20); polyclona p2 nAChR (SC; H-92); Ga, (SC); Gprinl (Abcam); CDCA42

(SC); GTP-CDCA42 (NewEast Biosciences); NFkB (SC), CD4 (SC); CD16 (SC).

Cell culture

CD3+CD4+ CEMss cells were obtained from Dr. Y untao Wu (George Mason University). Cels
were grown in RPMI containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Pen-strep) antibiotic as per published protocols (Y oder et al., 2008). For transfections, Human
a4 in pcDNA3.1 (provided by Dr. Jerry Stitzel (University of Colorado)), Gprinl in pcDNA3.1
and Gprinl ssiRNA in pRNAT H1.1 (provided by Dr. Law (University of Minnesota)) and

CDC42 in pEGFP/pcDNA3 (provided by Dr. James Bramburg (Colorado State University)) were

10
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transfected using Lipofectamine 2000 as described by the manufacturer (Invitrogen). Cells were
transfected with 1 pg/cm?® cDNA for a4, GFP-Gprinl, GFP-CDC42, and pcDNA3-CDC42.
Knockdown of Gprinl was achieved by transfection with 200 pmol/cm? of the Gprinl SRNA in
PRNAT H1.1. An empty pEGFP-C1 or pcDNA vector (Addgene) was used as a transfection

control.

ELISA analysisof cytokinelevelsin plasma and cultured cells

An analysis of cytokines was performed in both plasma fraction of circulating blood of mice or
supernatant from cultured cells. For the collection of blood plasma, we used the Ficoll-Paque
separation method as described above. For the collection and analysis of cytokinesin cultured
cells, CEMss cells were treated with nicotine or nicotine and DHpBE (for 0, 10, 30, 60, and 120
min) and then centrifuged at slow speed (300 x g) for 5 min for supernatant collection. Cytokines
were recovered using the Ultracel-3 membrane 3 kDa unit (Amicon). Detection and
guantification of IL-6 was conducted using the Rat-Bio ELISA Kit Rat IL-6 (R&D). Detection
and quantification of Th1/Th2 cytokines was performed using the Th1/Th2 ELISA Ready-SET-

Go! Kit (eBioscience) per manufacturer’ s instruction.

Mass spectrometry

Liquid chromotagraphy-electro spray ionization (LC-ESI) mass spectrometry (MS) analysis was
conducted as described (Nordman and Kabbani, 2012). Select bands were manually excised from
coomassie-stained acrylamide gels and then eluted from the gel matrix by alkylation with
iodoacetamide and then extracted using trypsin in ammonium bicarbonate. Samples were

purified using ZipTips (Millipore) prior to MS analysis using an LTQ-Orbitrap (Thermo).

11
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Tandem mass spectra collected by Xcalibur (version2.0.2) were searched against the NCBI rat
protein database using SEQUEST (Bioworks software from ThermoFisher, version 3.3.1). The
SEQUEST search results were filtered using the following criteriac minimum X correlation (XC)
of 1.9, 2.2, and 3.5 for 1+, 2+, and 3+ ions, respectively, and ACn > 0.1. The Protein Score (PS)
represents the XC where scores <0.1 were excluded from the analysis. It does not directly reflect

the quantity of the protein or peptides in the sample.

Statistical analysis

Statistical values were obtained using a Student’ st test or one-way ANOV A. Asterisksindicate
statistical significance in a Student’ st test, two tailed P value, *<0.05; **<0.01; ***<0.001.
Error bars indicate standard error of the mean (SEM). All experiments were performed in

triplicate and group averages are presented.

12
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RESULTS
Detection of a4 nAChR protein expression in immune cells
NAChRs have been identified in immune cells where they play an important role in cholinergic
control of immunity (Kawashimaand Fujii, 2003; Skok et al., 2007). To determine the
expression of a4 nAChRs, we isolated a4-expressing cells (ad+) from blood immune cell
fractions (ICF) of mice. The ICF is composed primarily of lymphocytes (~30%) and neutrophils
(~50%) (Dhabhar et al., 1995). We devel oped an immunobead cell-sorting assay (bead assay)
(Zhichao et a., 2000) to isolate a4+ cells from ICF (Supplementary Fig. 1). The optimization of
the bead assay for the detection of cell surface a4 subunits was performed in HEK293 cells that
express a4f32 receptors (described in Supplementary Fig. 1) (Sallette et al., 2005). Treatment of
these cells with papain was found to be negligible on cell number and nAChR expression
(Supplementary Fig. 2). Expression of a4 subunits was confirmed in the a4+ fraction using
western blot (Fig. 1A). Knockout mice lacking the a4 subunit (a4-/-) were used as a control for
the monoclonal anti-a4 Ab in the assay. A re-probe of the same blot using an anti-f2 Ab shows
expression of 2 within the a4+ fraction, consistent with the existence of a42 NnAChRsin
immune cells (Kawashima and Fujii, 2003).

a4+ cellswere also analyzed using LC-ESI MS (Supplementary Fig. 1). A cluster of
differentiation (CD) system was used for immunophenotyping the a4+ cell fraction. A list of CD
markers within the a4+ fraction is presented in Supplementary Table 1. A significant number of
T-cell, B-cell, and macrophage cell markers were identified within the a4+ fraction consistent
with previous findings on a4 NAChR expression in various immune cells (Kawashima and Fujii,
2003). In particular, a significant number of T-lymphocyte markers were observed in the a4+

fraction including the helper T-cell marker glycoproteins CD4, CD28, CCR4, and CXCRS.

13
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Expression of CD4 was confirmed in a4+ cells derived from the bead assay using
immunoblotting (Fig. 1A). Our findings verify that a portion of a4+ cells also express CD4
(04+CD4+) but CD4 can also be expressed on macrophages and dendritic cells, therefore we
probed the a4+ fraction with a CD16 Ab to assess the level of macrophage, neutrophil, and NK
cells. Asshown in Fig. 1A, CD16 expression was lower than CD4 expression in the a4+ fraction
suggesting that the majority of a4 receptors are on T-cells.

Fluorescence activated cell sorting (FACS) and immunocytochemistry were used to
further characterize a4+ celsin ICF. Similar to previous studies (Darsow et a., 2005), a4+ cells
were isolated by FACS and found to constitute 3.9% of the total ICF (Fig. 1B). FACS
experiments from a4-/- mice show a <0.1% detection of the Ab signal (Supplementary Fig. 2C).
FACS was also used to analyze o4+ cellsisolated from the ICF using the bead assay
(Supplementary Fig. 1). CD4+ cells accounted for 23.0% of the a4+ population (Fig. 1C)
consistent with earlier findings on CD4 expression (Fig. 1A). Cell suspensions of ICF were
stained with anti a4 NAChR, CD3, and CD4 Abs. As shown in Fig. 1D and Supplementary Fig.
2D, immunolabeling shows a noticeable portion of the ICF population cells expressing a4, CD4,
and CD3 proteins. Moreover, ~7.8% of CD3+ ICF population were found to co-express a4 and
CD4 proteins, confirming the existence of an a4 nAChR T-cell population in blood. ICF from
a4-/- did not show strong immunoreactivity to the a4 Ab in the analysis (Fig. 1D) supporting the

specificity of the mAb299 in the experiment.

Characterization of an ¢4 nAChR signaling apparatusin immune cells

Receptors are components of large protein complexes (interactomes) underlying the mechanisms

of receptor signaling and regulation in cells (Kabbani et al., 2007). To explore interactions of the

14
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a4 nAChR, we coupled co-immunoprecipitation and LC-ESI MS (Nordman and Kabbani, 2012)
to define a4 NAChR interacting proteinsin immune cells (Supplementary Fig. 1). In these
experiments, ICF from a4-/- mice were used as a negative control for the immunoprecipitating
anti-a4 NAChR Ab (mADb299). As shown in Fig. 1E, an interaction network comprising G
protein regulated-inducer of neurite outgrowth 1 (Gprinl), Ga,, the 2 NAChR subunit, and cell
division control protein 42 (CDC42) was detected within the immunoprecipitated o4 nAChR
fraction from ICF. The shown gel illustrates the position of protein bands co-immunoprecipitated
with the a4 NAChR. The identity of the proteins was confirmed using M S peptide analysis
(Supplementary Table 2) and western blotting (Fig. 1E). Gprinl and Ga, have been shown to
bind nAChRsin neural cells (Nordman and Kabbani, 2012) suggesting that the interactions are
common to neural and immune cells.

Gprinlisfound to regulate the signaling and localization of opioid and nAChRs (Ge et
al., 2009; Nordman and Kabbani, 2012). We validated interactions between a4 nAChRs and
Gprinl in immune cells by immunoprecipitating Gprinl from the ICF and identifying the
components of its interactome using the same proteomic approach. 1gG was used as a negative
control for immunoprecipitation. Gprinl Abs have been used by us for immunoprecipitation
studies (Nordman and Kabbani, 2012). As shown in Fig. 1E, Gprinl and a4 nAChRs share
common binding partners in immune cells. Coexpression of a4 and Gprinl was verified in CD4+
cells using an anti-CD4 bead assay. An immunostaining of these cells with a4 and Gprinl Abs
demonstrates coexpression of the proteins in immune cells and their colocalization at f-actin rich

membrane domains (Fig. 1F).

15
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a4 nAChRsregulate CD4+ T-cell proliferation

CD4+ cells play an important role in immune function by supporting the activity of B-cells and
macrophages (Itano and Jenkins, 2003). We assayed expression and interaction of a4 nAChRs
within ICF from circulating blood (ICF¢), spleen (ICFs), and thymus (ICFy). As shown in Fig.
2A, immunoreactivity for a4 NAChRs, CD4, and Gprinl was detected in all 3 fractions (ICF¢/st).
GAPDH was used as aloading control. Studies indicate an effect of chronic nicotine on cytokine
and Ab production (Skok et al., 2007; Song et al., 1999). We examined the effects of a 6-day
(sustained) nicotine treatment (0.5-1.0 mg/kg) in mice. Nicotine injections were also performed
in a4-/- mice. A dose dependent increase in spleen and thymus weight was observed in response
to nicotine treatment in WT mice (Fig. 2B and Figs. S3-$4). Nicotine did not dramatically alter
the size of the spleen or thymus in a4-/- mice, suggesting that a4 expression is necessary for the
effect.

Next we quantified cellsin the ICF¢sr. Consistent with its effect on organ size, nicotine
was found to increase cell number in a dose dependent manner at the tested doses of 0.1-1.5
mg/kg body weight in the ICF¢ gt of mice (Fig. 2C, Supplementary Fig. 3B and 4B). We did not
detect a change in cell number in a4-/- mice in response to nicotine (Fig. 2C). To examine cell
specific effects of nicotine, we analyzed the ICFs by FACS. Nicotine was found to increase a4+
cells by 4.8%; a4+CD4+ cells by 7.1%; CD4+ cells by 5.1%; and CD3+CD4+ cells by 1.9%
(Fig. 2D). A similar analysis of ICFs from a4-/- mice exposed to nicotine showed a negligible
risein CD4+ cells (0.4%) and CD3+CD4+ cedlls (0.4%) (Fig. 2D) suggesting that a4 nAChRs

contribute to nicotine mediated T-cell proliferation.

16

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 9, 2013 as DOI: 10.1124/mol.113.088484
This article has not been copyedited and formatted. The final version may differ from this version.

MOL#88484

a4 and Gprinl expressing helper T-cells respond to nicotine

Studies show that nNAChRs play arole in immune function in the spleen (Tracey, 2009). We have
determined an expression of a4 NAChRs in immune cells of spleen, thymus, and circulation (Fig.
2A). Next we immunohistochemically examined the distribution of a4 nAChRs and Gprinl in
the spleen. Cells were also labeled with the T-helper cell marker CD4 or the macrophage,
neutrophil, and NK marker CD16. The spleen is divided into two main compartments: white pulp,
which isabundant in T- and B- lymphocytes, and red pulp, which is abundant in RBCs and
macrophages (Barnhart and Lusher, 1976). As shown in Fig 3A, Gprinl immunolableing was
seen in both red and white pulp regions. a4+CD4+ expression on the other hand appeared
localized to the white pulp (Fig. 3A) consistent with the role of a4 NAChRsin T-cell function. A
guantitative assessment of the immunolabeling indicates that the mgjority of a4+CD4+ cells also
express Gprinl (Fig. 3A and 3C) and CD3 (data not shown). A subset of CD16+ cells was aso
found to stain for Gprinl (data not shown).

Human smoking is associated with spleen disorders such as extramedullary
hemaptopoiesis (Pandit et al., 2006) and splenomegaly (Kupfer, 1992). We explored the effect of
nicotine on T-cell proliferation in the spleen. Asindicated in Figs. 3B and 3C, nicotine was
found to augment the percentage of a4+ (+4.4%) and CD4+ (+2.4%) cellsin the white pulp
relative to total cell counts per the same 200 um? area. Nicotine was also found to increase the
ratio of a4+CD4+Gprinl+ célsin the spleen (+1.9%) (Fig. 3C). Thisfinding was confirmed in a
staining of the ICFs which showed a 3% rise in the a4+CD4+Gprinl+ cell population (Fig. 3D)
in response to nicotine. Experimentsin a4-/- mice show that nicotine only marginally increases

CD4+ cell number (+1.1% (data not shown)) underscoring the role of a4 NAChRs in the process.
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T-cell proliferation is associated with changes in cytoskeletal signaling (Muller et al.,
2006). We explored the effect of nicotine on the localization of a4 NAChRs and Gprinl in CD4+
cells from the ICFs of nicotine treated mice. The specificity of the anti- a4 Ab (mAb299) was
tested in a4-/- mice (Fig. 1D-E; Fig. 3B). The specificity of the anti-Gprinl Ab in
immunocytochemical analysis was tested in cultured T-cells that showed a correlation between
the Ab signal and Gprinl expression in the cell (Supplementary Fig. 5). Asshown in Fig. 3E,
nicotine was found to alter the distribution of a4 NAChRs and Gprinl in CD4+ cells. In
particular, nicotine promoted a tranglocation of Gprinl from the cytosol to the plasma membrane

individing cells (Fig. 3E). In CD4+ cells of a4-/- mice, nicotine did not alter Gprinl expression.

Nicotine promotes proliferation of a4+/Gprinl+/CD4+ cellsin the bone marrow

To determine the effect of nicotine on T-cell proliferation in the bone marrow, mice were
injected with nicotine (0.5 and 1.0 mg/kg) for 6 days. Congistent with its effectsin the ICF¢/g,
nicotine also increased the total number of cellsin the bone marrow fraction (BMF) (Fig. 4A).
Since smoking has been shown to influence hematopoiesis (Chang et al., 2010; Pandit et al.,
2006), the BMF was immunolabeled for a4, Gprinl, CD4, and the hematopoietic stem cell
marker CD133 (Yin et al., 1997). As shown in Fig. 4B-C, a4+ célsin the BMF were found to
express CD4+ or CD133+ proteins. Most a4+ cells were also immunoreactive for the anti-
Gprinl Ab (Fig. 4B-C), which was detected throughout the BMF (data not shown). Treatment
with nicotine was found to increase the number of a4+Gprinl+ cellsin the BMF but this effect
was not found to be statistically significant (saline: 25% of total (x4%); 0.5 mg/kg nicotine: 27%
of total (x 4%), p=0.54; 1.0 mg/kg nicotine: 31% (+3%), p=0.23). Consistent with findingsin the

spleen (Fig. 3C), nicotine was found to significantly enhance the number of a4+Gprinl+CD4+
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cells and in adose-dependent manner (Fig. 4C-D). In contrast, nicotine treatment was found to
decrease the overall number of a4+Gprin1l+CD133+ cellsin the BMF, suggesting that nicotine

may promote stem cell proliferation.

a4 nAChRs signal viaCDC42 in T-cells

While nAChRs are known to play an important role in immune function (Tracey, 2009), littleis
known about their intracellular signaling in immune cells. We utilized a human T4-
lymphoblastoid cell line, CEMss (CD3+CD4+) to elucidate o4 nAChR signaling in T-cells
(Yoder et al., 2008). This T-cell line also endogenously expresses a4 and 2 nAChRs aswell as
Gprinl (Fig. 5A), enabling the study of this pathway endogenously. An IP of the a4 nAChR
validated interaction between the a4p2 NAChR and Gprinl (Fig. 5A). Nicotine and ACh are
mitogenic agentsin some immune cells (Hawkins et al., 2002). Similar to our observations on
CD4+ cellsin vivo (Fig. 2), we found that nicotine significantly promotes proliferation of CEMss
cells. As shown in Fig. 5B, nicotine treatment was associated with a dose dependent increasein
T-cell number which was abolished by the a4p2 nAChR specific-antagonist dihydro-f3-
erythroidine (DHBE).

CDC42, arho GTPase, can mediate actin polymerization leading to changes in cytokine
release and T-cell division (Guo et al., 2010). Go, and Gprinl have been shown to regulate
CDCA42 activity in neural cells (Nakata and Kozasa, 2005) while Ga,is found to also regulate
CDC42in T-cells (Garcia-Bernal et al., 2011). Based on the discovery of an interaction between
a4 nAChRs, Gprinl, Go,, and CDC42 (Fig. 1E), we hypothesize that a4 nAChRs operate viaa
Gprinl pathway to regulate CDCA42 in T-cells. To test this, CEMss cells were transently

transfected with Gprinl (pcDNA3.1), Gprinl RNAI (pRNAT H1.1), or CDC42 (pEGFP)
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expression vectors. Preliminary studies show that transfection of these cells with constructs
encoding Gprinl and CDC42 increases their respective protein levels by 108% and 94%.
Transfection with Gprinl SsIRNA reduces Gprinl protein expression by 87% (Supplementary Fig.
5). Asshown in Fig. 5C, nicotine had little or no effect on T-cell proliferation in cells
overexpressing Gprinl or CDCA42. In contrast, T-cell proliferation was significantly enhanced
following transfection with Gprinl SsRNA and nicotine treastment. Indeed even in the absence of
nicotine, Gprinl SIRNA was found to increase T-cell number by 52% (data not shown).
Involvement of Ga, was established by examining the effects of the Ga,, activator mastopran
(MSP) on nicotine treatment (Y amauchi et al., 2000). As shown in Fig. 5C, nicotine did not
effect T-cell proliferation in the presence of MSP, confirming arole for Ga, in the pathway.
These results suggest that Gprinl inhibits (nicotine-mediated) T-cell proliferation, possibly via
the negative regulation of CDC42.

T-cell proliferation and cytokine rel ease are mediated by GTP activation of CDC42 (Su
et al., 2005). Using an Ab selective for CDCA42 in the GTP bound state (GTP-CDC42) we
determined the effect of nicotine on CDC42. CDC42 was found in T-cells and appeared to
colocalize with Gprinl in actin rich domains (Fig. 5D). We found a dose-dependent reduction in
GTP-CDC42 expression following nicotine treatment (Fig. 5E), and detected an effect at levels
below its EC50, suggesting that low levels achieved by smokers (<1uM) (Russell et al., 1980)
contribute to immunity. The effect of nicotine was abolished by DHBE confirming the role of
a4p2 nAChRs in CDCA42 activation. A similar effect of nicotine on CDC42 was observed in
vivo. GTP-CDCA42 expression was significantly reduced in ICFs of mice treated with nicotine
while asmall increase in GTP-CDCA42 levels was observed in nicotine treated a4-/- mice (Fig.

5F). Total CDC42 levels appeared unaltered (data not shown).
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The involvement of Gprinl in the activation of CDC42 was also tested. As shown in Fig.
5G, aknockdown of Gprinl protein expression (viasiRNA) was found to decrease CDC42
activation (-90% GTP-CDC42 levels) in the cell. In T-cells with reduced Gprinl, nicotine did not
affect GTP-CDCA42 |levels suggesting that Gprinl is necessary for nicotine mediated CDC42
regulation. Thisis consistent with results showing that the overexpression of CDC42 in the cell
is sufficient to override the effects of Gprinl SRNA on GTP-CDCA42 levels (Fig. 5G) and
indicate that CDC42 is regulated downstream of Gprinl in the pathway. Taken together, the data
presents a new mechanism of a4 NAChR signaling in T-cells involving Gprinl modulation of

CDCA2.

Nicotine promotes Th2 immunity via the a4 nAChR
Helper T-cells play an important role in mediating the immune response via the distinct actions
of Thl and Th2 cell types (Cocks et al., 1995). A changein the Th1/Th2 ratio has been examined
via detection of cell surface markers such as the chemokine receptors CXCR3 and CCR4 as well
as the release of specific cytokines (Cocks et al., 1995). Nicotine has previously been found to
promote a Th2 immune response in CD4 T-cells (Zhang and Petro, 1996). We examined therole
of a4 NAChRs in the nicotine-associated immune response of T-cells. Asshown in Fig. 6, a
significant increase in the level of Th2 cytokines (I1L-4, IL-6 and IL-10) was detected in mice
treated with nicotine for 6 days. In comparison, nicotine had little effect on Thl cytokine (IFN-y
or IL-2) levels (Fig. 6). Because cytokine levels did not change in a4-/- mice following sustained
nicotine treatment, we presume the a4 NAChR to be necessary for these Th2 responses.

We assessed cytokine release in cultured T-cells. CEMss cells were treated with nicotine

(0-120 min) and then analyzed for IFN-y, IL-2, IL-4, IL-6 and IL-10 release. As shown in Fig. 6,
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nicotine treatment significantly increased Th2 cytokine release from T-cells but failled todo soin
the presence of DHpBE (which was also found to decrease IL-4 release from the cell). We also
found that nicotine attenuated the levels of the Thl cytokine IFN-y released from T-cells and this
effect was also abolished by DHBE (Fig. 6). IL-2 release however appeared unaffected by

nicotine treatment suggesting that a4 NAChRs regulate the rel ease of Th2 cytokines from T-cells.

An a4 nAChR signaling mechanism for |L-6 release from T-cells

IL-6 has been shown to promote a Th2 response via activation of immature helper T-cells (Diehl
and Rincon, 2002). We hypothesize that a4 nAChRs regulate IL-6 release via the Gprinl/CDCA42
pathway. To test this, we examined the effects of Gprinl and CDC42 overexpression aswell as
Gprinl knockdown on IL-6 release after nicotine treatment. As shown in Fig. 7A, nicotine was
found to increase IL-6 release from T-cells consistent with earlier reports (Kondo et al., 2010)
and our observationsin vivo (Fig. 6). In response to nicotine, cells transfected with cDNA for
Gprinl or CDCA42 did not present an increase in |L-6 release compared to controls, while cells
transfected with Gprinl ssRNA appeared to release more IL-6 suggesting that Gprinl inhibits
cytokine production/release in the presence of nicotine.

To determine if the synthesis of IL-6 was affected, immunaoblot analysis of total 1L-6
expression in T-cells was performed. As shown in Fig. 7B, IL-6 production increased in response
to nicotine consistent with data on IL-6 release. In cells transfected with Gprinl SRNA, IL-6
levels also increased revealing an effect of Gprinl on cytokine production as well as release.
Transfection of cells with Gprinl or CDC42 cDNA aswell as treatment with nicotinein the
presence of DHPBE appeared to decrease IL-6 production (Fig. 7B) asit did for release. These

results demonstrate that IL-6 production and release are coupled in T-cells and that a4 nAChR
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signaling via Gprinl and CDCA42 regulates cytokine production and release. In particular, Gprinl
and CDC42 appear to block the production and release of I1L-6 from T-cells.

We imaged CEMss cdllsfor IL-6 expression in the presence and absence of nicotine. As
expected, nicotine was found to augment the expression of 1L-6 (+31.1%) in T-cells (Fig. 7C-D).
Specifically nicotine was found to enhance IL-6 expression in vesicle-like structures, and
promote itslocalization at tubulin and actin rich regions of the plasma membrane (Fig. 7C),
suggestive of enhanced released. Nicotine mediated 1L-6 expression was diminished by the
addition of DHBE resulting in a decrease in the immunofluorescence and western blot signal of
IL-6 in T-cells (Fig. 7B-D). Cell image data strongly corroborates biochemical findingsin these
studies highlighting arole for a4 nNAChR in IL-6 localization and possible release. Lastly,
involvement of Gprinlin a4 NAChR signaling was established by the findings that Gprinl
overexpression diminishes the number of 1L-6 expressing cells (-9.5%) and IL-6 fluorescence

within vesicle like structures (-14.8%), even in the presence of nicotine (Fig. 7C-D).
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DISCUSSION

The immune system functions to modulate inflammation and stress response throughout the body
(Riuset al., 2008). The contributions of NAChRs to immunity have emerged well after the
discovery of NAChR expression in immune cells over 30 years ago (Lennon, 1976). In this study
we show that nicotine promotes CD4+ T-cell function viathe a4 nAChR. Although cigarette
smoke contains more than just nicotine, the observed effects of nicotine in this study advocate an
important role for this substance on T-cell driven immunity (Sopori, 2002). a4 nAChRs may thus
play a central rolein the actions of nicotine on T-cells and inflammation leading to an increased
susceptibility to immune diseases such as Crohn’ s disease and rheumatoid arthritis (Sopori,
2002). Interestingly, these same receptors may also contribute to the protective effects of
nicotine in conditions such as ulcerative colitis and Parkinson’s disease (Guslandi, 1999; Quik et

a., 2012).

Nicotine promotes Th2 immunity via the a4 nAChR

The lack of eectrophysiological data on nAChR function in immune cells has stymied
explanations on their contributions to immunity. Signaling through a7 nAChRs has been found
to attenuate the production of cytokines, such as TNF-a, in monocytes and macrophages
contributing to the parasympathetic response of the hypothalamic pituitary axis (Rosas-Ballina et
al., 2011). This response can activate a subset of ACh producing T-cells within the white pulp
region of the spleen (Rosas-Ballina et al., 2011), an area we find to be strong in a4 and Gprinl
protein expression. By operating through a Gprinl/CDCA42 signaling pathway, o4 nAChRs are
implicated in T-cell proliferation and cytokine production. In the bone marrow, nicotine is found

to alter stem cell number, suggestive of arole for nicotine in hematopoiesis within o4 expressing
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cells. Whether the opening of the nAChR channel is necessary for the actions of nicotinein the
immune system is still enigmatic. Our experiments suggest that at minimum nicotine can foster
an enhanced nAChR response via the pharmacological chaperoning of the receptor in T-cells and
the activation of the Gprinl/CDC42 pathway resulting in cell proliferation and IL-6 release.
Because the effects of nicotine on T-cell proliferation and cytokine release were not detected in
a4-/- mice, our findings underscore the role for the a4 subunit in the immune response but
cannot dismiss the contributions of other nAChRs including 32.

In one scenario, it ispossiblethat IL-6 release is intimately associated with the release of
additional Th2 cytokines from T-cdlls, shifting the immune response into Th2 immunity (Diehl
and Rincon, 2002). Studies have shown that I1L-4 production promotes IL-6 release viaa smilar
Rac/CDC42 pathway in keratinocytes (Wery-Zennaro et a., 2000), consistent with our
observations on the release time course of the two cytokines in T-cells. Th2 immunological
responses are associated with adaptive immunity and increases in IgE antibody production (Ujike
et al., 2002). If nicotineisindeed found to trigger Th2 immunity in humans, our study may begin
to explain the molecular connection between cigarette smoke and autoimmune disease as
supported by epidemiological evidence (Costenbader et al., 2006). For example, since both
nicotine smoke and enhanced IL-6 production are shown to increase the symptoms of
autoimmune diseases such as myasthenia gravis (MG) and Crohn’ s disease (Arichaet al., 2011;
Maniaol et al., 2013), it isinteresting to consider that nicotine can directly promote IL-6

production in T-cedlls viathe a4 nAChR.
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I nteraction with Gprinl mediates ¢4 nAChR signalingin T cells

Cytokines released from T-lymphocytes undergo at least four regulatory checkpoints:
differentiation, transcription, translation, and secretion (Cohen et al., 1974). In particular,
cytokines secreted by activated CD4+ T-cells appear to exit the cell viaremodeing of the
cytoskeleton (Y oder et al., 2008). Our experiments in cultured T-cells likely only address the
later points. As shown in Fig. 8, our data demonstrates that nicotine, operating through an a4
NAChR/Gprinl/CDC42 pathway, can promote the formation of budding cytokine-containing
vesicles via actions on the cytoskeleton, suggestive of cytokine release. This process appears
dependent on the function of the a4 nAChR and the Ga, and Gprinl protein complex, which can
regulate the activity of CDC42. A similar Gay/Gprinl mechanism of CDC42 regulation existsin
neural cells and regulates neurite formation (Nakata and Kozasa, 2005; Nordman et al., 2013).
Inhibition of CDCA42 in T-cellsis found to regulate the polymerization of actin to f-actin (Y oder
et a., 2008), leading to changes in (IL-6) cytokine vesicle loading and release. Thisisin
agreement with earlier finding that CDCA42 regulates the concentration and secretion of vesicles
containing asimilar cytokine (IFN-y) in T-cells (Chemin et a., 2012).

In addition, CDC42 may also contribute to cytokine production viaNFxB (Hobert et al.,
2002). Recent studies show that NFiB is regulated by p2 containing NAChRs in immune cells
(Hao et al., 2013). Based on our findings of an interaction between NF«B and the a4 nAChR
interactome (Fig. 1E), it is plausible that NF«B also operatesin the nicotine driven a4 nAChR

pathway underlying T-cell function.
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FIGURE LEGENDS

FIGURE 1. Isolation of a4 nAChRs and their signaling partnersin CD4+ cells. (A) Western blot
detection of a4 and 2 NAChRs, CD4, and CD16 within the a4+ fraction isolated from ICFc
using the bead assay (n=3 mice for WT and a4-/-). IgG beads (+ lane) and ICFc from a4-/- mice
(right lane) were used as controls. (B) FACS immunosorting of a4+ cells from ICFc (n=3 mice).
(C) The a4+ population from B was separated using an anti-CD4+ Ab (n=3 mice). (D)
Immunocytochemical detection of a4 NAChR (green), CD4 (red), and CD3 (blue) within the
|CFc. Fluorescent signals are overlaid on DIC images. The diagram shows the proportion of
stained cellsin the CD3+ ICF¢ (n=3 mice). Scale bar: 50 um. (E) A coomassie stained gel
showing the position of bands (blue boxes) analyzed by LC-ESI MS within a4 nAChR and
Gprinl IP experiments from ICFc. a4-/- ICF and IgG Abs were used as a negative control for the
IP. M S results are presented in Supplementary Table 2-3. Western blot confirmation of the
interaction is shown in red boxes (n=3 mice). (F) Colocalization of a4 nAChRs and Gprinl and
phalloidin (red) in a CD4+ cell isolated using the bead assay. Bottom image: shows expression

of the proteinsin actin rich domains (arrow). Scale bar: 1 pm.

FIGURE 2. Sustained nicotine promotes immune cell proliferation viathe a4 nAChR. (A)
Western blot detection of a4, Gprinl, CD4, and GAPDH in the ICF. Each lane was loaded with
100 micrograms of protein (n=3 mice). (B) Changes in spleen weight in WT and a4-/- mice
injected with 0.5 or 1.0 mg/kg nicotine daily for 6 days or vehicle (Saline) (n=3 mice for WT and
a4-/-). (C) Total counted cellsin ICFc and ICFsof nicotine treated mice (n=3 mice/condition for

WT and a4-/-). (D) FACS separation of the ICF from nicotine and saline treated mice (n=3
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mice/condition for WT and a4-/-). A bead assay was used to isolate a4+ and CD3+ cdlls (red)

prior to FACS analysis with an anti-CD4 Ab.

FIGURE 3. Nicotine promotes proliferation of a4+CD4+Gprinl+ cellsin the spleen. (A)
Immunohistochemical analysis of a4 nAChRs (green), Gprinl (red), and CD4 (blue) in spleen
(n=3 mice). a4, Gprinl, CD16, and CD4 expressing cells were quantified in the WP and RP
regions. Triple immunolabeling (arrow) was seen in the WP. Scale bars: 50 um; 5 pm (magnified
image). (B) Images of the WP immunostained as in A. Spleens were obtained from WT and a4-/-
mice injected with nicotine or saline for 6 days. Arrows point to a4+CD4+Gprinl+ cells. Scale
bar: 5 um. (C) Percentage of cells expressing a4, Gprinl, and CD4 in spleen from total per 200
um? area (n=3 mice/condition for WT and o4-/-). (D) Quantification of a4 nAChRs (green),
Gprinl (red), and CD4 (blue) expression in cell suspension of the ICFs from WT and a4-/- mice
treated with nicotine or saline (n=3 mice/condition for WT and a4-/-). Fluorescent signals are
overlaid over DIC image. Scale bar: 10 um. (E) Localization of a4 nAChR (green), Gprinl (red),
and CD4 (blue) in cells (same as D). Inset shows colocalization of a4 and Gprinl in CD4+ cells.
Nicotine was found to promote a4 and Gprinl expression at the cell surface and periphery

(arrow). Scale bar: 1 um.

FIGURE 4. Nicotine promotes proliferation of a4+CD4+Gprinl+ cells and differentiation of
a4+CD133+Gprinl+ in the bone marrow. (A) Total counted cellsin BMF of nicotine treated
mice (n=3 mice/condition for WT and a4-/-). (B) Localization of a4 nAChR (blue) and Gprinl

(green) in CD133+ (red) stem cells. (C) Percentage of cells expressing a4, Gprinl, and
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CD4/CD133 from bone marrow (n=3 mice/condition for WT and o4-/-). (D) A comparison of

CD4+ vs. CD133+ expression in a4/Gprinl expressing cells.

FIGURE 5. a4 nAChRs regulate proliferation via a Gprinl/Go/CDC42 pathway. (A) Detection
and IP of a4, p2, and Gprinl complexesin CEMss cdlls (n=3 mice for a4-/- and n=3 separate
experiments for CEMss). (-) lane: no Ab control. (B) Cell countsin response to nicotine
treatment or nicotine and (2uM) DhBE (n=3 separate experiments/condition). (C) Changesin T-
cell number following transfection of Gprinl, Gprinl SRNA (pRNAT H1.1), CDCA42 (pEGFP),
or treatment with 30uM M SP (n=3 separate experiments/condition). An empty pEGFP vector
was used as a transfection control. (D) Colocalization of Gprinl and CDC42 in aCEMss cell.
Cdls were also stained with rhodamine phalloidin (red). Scale bar: 1 um. (E-G) Western blot
analysis of GTP-CDC42. Average % change in GTP-CDCA42 relative to control groups (red)
(n=3 separate experiments/condition). (E) CEMss cells (T-cells) treated with nicotine or nicotine
and DhBE (n=3 separate experiments/condition). (F) ICFs from mice treated with saline or
nicotine for 6 days (n=3 separate trials/condition). (G) CEMss cells transfected with Gprinl
SIRNA (pRNAT H1.1), CDC42 cDNA (pcDNAS3), or an empty (pcDNAS3) vector prior to drug

treatment (N=3 separate experiments/condition).

FIGURE 6. Nicotine promotes an increase in Th2 cytokines. Detection of Thl and Th2
cytokines in the plasma of mice and the supernatant of cultured CEMss T-cells (n=3
mice/condition for WT and a4-/- and n=3 separate experiments/condition for CEMss). A

significant increase in the level of Th2 cytokines was detected in mice treated with nicotine for 6
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days aswell as CEMss cells exposed to a 0-120 min nicotine time course. CEMss cells were also

analyzed for Thl and Th2 cytokine release in the presence of nicotine and (2uM) DHpE.

FIGURE 7. a4 nAChR signaling via the Gprinl/CDCA42 pathway promotes IL-6 release from T-
cells. (A-B) Transfected cells were analyzed for I1L-6 release viaan ELISA (A) or a Western blot
(B) (n=3 separate experiments/condition). (C) Detection of 1L-6 and cytoskeletal proteinsin
CEMss célls. Bottom row: CEMss cells transfected with Gprinl pcDNA3.1 1 prior to nicotine
treatment. Scale bar: 1um. (D) The percentage of cells expressing IL-6 and relative percentage of

the signal within T cells (indicated ROI in C) (n=3 separate experiments/condition).

FIGURE 8. Nicotine s effect on immunity viathe o4 nAChR signaling pathway in T-cells.
Activation of a4 nAChRs by nicotine (or ACh) engages Gprinl leading to an inhibition of Ga,
and CDCA42 (CDC42-GDP) in T-cells. CDCA42 regulates cytokine synthesis and release via the
activation of the transcription factor NFkB (Hobert et al., 2002) and the actin depolymerizing
protein cofilin (Muller et al., 2006), respectively. This NnAChR pathway may serve to regulate T-

cell proliferation and Th2 cytokine release.
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