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ABSTRACT

Cross-presentation by dendritic cells (DCs) requires surface molecules such as
lectin, CD40, langerin, heat shock protein, mannose receptor, mediated endocytosis,
the endosomal translocation of internalized antigen, and the relocation of transporter
associated with antigen processing (TAP). Although the activation of a7 nicotinic
acetylcholine receptor (a7 nAchR) up-regulate surface molecule expression, augment
endocytosis, and enhance cross-presentation, the molecular mechanism of aZ nAchR
activation-increased cross-presentation is still poorly understood. In this study, we
investigated the role of mannose receptor in nicotine-increased cross-presentation
and the mechanism that endotoxins orchestrating the recruitment of TAP toward
endosomes. We demonstrated that nicotine increase the expressiones of mannose
receptor and Toll-like receptor 4 (TLR4) via PI3BK-Akt-mTOR-p70S6 pathway. Both
endosomal translocation of mannose receptor-internalized antigens and TLR4 sig-
naling are necessary for nicotine-augmented cross-presentation and cross-priming.
Importantly, the recruitment of TAP toward endosomes via TLR4-MyD88-IRAK4 signaling
contributes to nicotine-increased cross-presentation and cross-activation of T cells.
Thus, these data suggest that increased recruitment of TAP to Ag-containing vesicles
contributes to the superior cross-presentation efficacy of aZ nAchR activated DCs.

INTRODUCTION

In addition to classical MHC 1 -restricted
endogenous antigen presentation [1], Surface molecules
such as lectin, CD40, langerin, heat shock protein mediated
cross-presentation allows dendritic cells (DCs) [2] present
intracellular antigen and induce protective immunity
against intracellular microbes infection or against tumors
[3]. Nonneuronal cells such as DCs, epithelial cells and
endothelial cells express nicotinic acetylcholine receptor
(nAChR) [4]. Despite that nAChR activation promoted
tumor metastasis and increased overall mortality
[5-6], nicotine up-regulate surface molecule expressiones,
augment DCs-dependent T cell activation on murine
and human semi-mature DCs [7-11]. As model antigen
ovalbumin (OVA) or tumor lysates do not originate from

DCs, nicotine increasing DCs-dependent CTL priming
indicates that a7 nAChR activation has positive effect
on DCs cross-presentation, which occurs via vacuolar
or endosome-to-cytosol pathway [12]. In the vacuolar
pathway, antigens are degraded within endosomes by
lysosomal proteases and loaded onto MHC I molecules
[13]. In the endosome-to-cytosol pathway, receptors
such as mannose receptor (MR) mediate antigen
uptake, recruit internalized antigens toward endosomes
[14-16]. Despite that the activation of a7 nAChR increases
antigen internalization and promotes cross-presentation
[7-11], the exact effect of a7 nAChR activation on MR
expression and the mechanism of nicotine-increased cross-
presentation are still uncertain.

In the endosome-to-cytosol pathway, the endosomal
recruitment of the transporter associated with antigen
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processing (TAP) is essential for cross-presentation
[14], as the internalized antigens in endosomes need
to be transported from the endosomes into the cytosol
[17] and the antigen-derived peptides in the cytosol still
need TAP to retranslocate into endosomes [17]. Despite
microbial molecular patterns, in particular Toll-like
receptor (TLR) ligands [18], upregulate costimulatory
molecule expression [19], TLR4-MyDS88 signaling
was demonstrated to mediate the endosomal relocation
of TAP and Sec61 and permit the entry of antigenic
peptides for cross-presentation [14, 20]. Despite that
lipopolysaccharides (LPS) up-regulates co-stimulator
molecules expression [21] and enables DCs to present
antigens in the context of MHC I molecule [22-23], the
exact effect and mechanism by which TLR4 signaling
mediates the endosomal recruitment of TAP in a7 nAChR
activation-increased cross-presentation is still to be
clarified.

In the present study, we investigated the effect of
nicotine on the expression of MR and TLR4, the role
of MR in a7 nAChR activation-increased endosomal
translocation of internalized antigens which subsequently
activates T cells, and the mechanism of LPS orchestrating
the endosomal recruitment of TAP. We demonstrated that
nicotine up-regulate MR and TLR4 via PI3K-Akt-mTOR-
p70S6 pathway. The increase of endosomal translocation
of MR-internalized antigens, together with augmented
recruitment of TAP toward endosomes via TLR4-MyD88-
IRAK4 signaling, lead to a7 nAChR activation-augmented
cross-presentation and thereby enhanced cross-activation
of T cells.

RESULTS

Nicotine-increased mannose receptor expression
via PI3K-Akt-mTOR-p70S6 pathway
contributes to receptor-mediated endocytosis
and the endosomal translocation of antigens

Our previous studies showed that nicotine
treatment promotes semi-mature DCs cross-priming
[7-11]. The mechanism of antigen uptake determined the
entrance of antigens into a specific intracellular pathway,
which is required for efficient cross-presentation [24].
MR internalized OVA target into early-endosomes,
inhibit endosomes’ mature into lysosomes [15]. The
treatment with nicotine not only induced the activation
of Erk and p38 (Supplementary Figure S1) but also
promoted the phosphorylation of PI3K and increased
co-stimulatory molecules expression [10-11]. Interestingly,
the downstream kinases of PI3K, such as Akt, mTOR
and p70S6, were efficiently activated with nicotine
(Supplementary Figure S2). We incubated DCs with
LY294002, wortmannin, rapamycin or LY2584702 prior
to nicotine treatment and monitored MR expression.
Whereas nicotine increased MR expression in both

transcription level and translation level, the inhibitions
of PI3K, Akt, mTOR, p70S6 kinases resulted in down-
regulation of MR (Figure 1A—1F). The analyses of human
PBMC-derived DCs also found nicotine increased MR
expression via PI3K-Akt pathway (Supplementary Figure S3).
As nicotine augmented a7 nAChR expression in murine [9]
and human DCs (Supplementary Figure S4), the inhibition
of a7 nAChR abolished nicotine’s effect on MR expression
(Supplementary Figure S4) indicates that a7 nAChR
increase MR expression via 0.7 nAChR-PI3K-mTOR-p70S6
pathway.

Analyses of the intracellular antigen in nicotine-
treated DCs revealed that nicotine increase about 60%
abilities of antigen uptake (Figure 1G—-1H). DCs could
uptake soluble antigen OVA by MR-mediated endocytosis
or pinocytosis, which is essential for cross-presentation
or MHC Il-restricted presentation, respectively [24]. We
analyzed the in vitro uptake of OVA by MR-deficient DCs.
While nicotine obviously increased DCs’ ability of antigen
uptake (Figure 1I), the MR deficiency (Supplementary
Figure S5A-5D) abolished nicotine’s effect on DCs
uptake, indicating that MR mediate nicotine increasing
DCs’ endocytosis (Figure 11).

We next analyzed whether a7 nAChR activation
increases the endosomal translocation of antigens in the
absence of the MR. Toward this end, we incubated MR
deficient or control DCs with OVA. The data revealed
that not only MR but also OVA co-localizes with EEA1,
a marker of MR-targeted endosomes (Figure 1J). To
demonstrate that nicotine-increased antigen internalization
is indeed targeted toward endosomes, we analyzed the co-
localization of OVA with EEA1 and Rab7. Importantly, the
deficiency of MR not only decreased the co-localization
of OVA with EEA1, but also reduces the internalization
of OVA to Rab7 (Figure 1K), demonstrating that
nicotine-enhanced uptake of OVA indeed is targeted into
endosomes.

Nicotine-increased TLR4 expression via PI3K-
Akt-mTOR-p70S6 pathway augments cross-
presentation

Cross-presentation requires microbial endotoxins-
induced DCs maturation [25] and TLR signaling-
mediated MHC- I accumulation within phagosomes [26].
To elucidate the role of TLR4 in a7 nAChR-increased
antigen cross-presentation, we treated DCs with nicotine
and TLR4 expression was determined. The treatment with
nicotine obviously increased TLR4’s expression (Figure
2A-2B). The pretreatment with LY294002, wortmannin,
rapamycin or LY2584702 abolished nicotine’s effect
on TLR4 expression in both transcription (Figure 2C)
and translation level (Figure 2D-2E). The analyses of
human DCs also found that nicotine increased TLR4
expression via PI3K-Akt pathway (Supplementary Figure
S3). Interestingly, the inhibition of a7 nAChR with
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Figure 1: Nicotine-increased mannose receptor expression via PI3K-Akt-mTOR-p70S6 pathway contributes to
receptor-mediated endocytosis and the endosomal translocation of antigens. A-F. Murine DCs were pretreated with PBS
or kinase inhibitors (10 pmol/l) LY294002, wortmannin, Rapamycin, LY2584702 2 h prior to nicotine (107 mol/l) 12~15 h stimulation.
MR expression was determined via flow cytometry (A, E), western blot analyses (B, C, F) and Q-PCR (D). B-actin was used as an internal
control. G-K. After pulsing with FITC-labeled (G, I) or unlabeled (H, J, K) ‘ordinary’ OVA (50 pg/ml), MR deficient and control DCs were
conferred flow cytometric assay (G, I), western blot analyses (H), or Immunofluorescence (J-K) to monitor endocytosis (G-I) or antigenic
endosomal translocation (J, K). For flow cytometry (G, I), numbers in histogram indicate MFI of analyzed population (left). Statistical
analysis of MFI (right) is shown. The data are presented as the mean+SEM, *p<0.05, **p<0.01, ***p<0.001, student t test or one-way
ANOVA with Newman-Keulspost test. One representative from 3 independent experiments is shown. Original magnification, X600. Ni:
nicotine; MR: mannose receptor; LY: LY294002; Wort: wortmannin; OVA: ovalbumin; si: siRNA.
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Figure 2: Nicotine-increased TLR4 expression via PI3K-Akt-mTOR-p70S6 pathway augments cross-presentation.
A-E. Murine DCs were pretreated with PBS or kinase inhibitors (10 umol/I) LY294002, wortmannin, Rapamycin, LY2584702 2 h prior
to nicotine (107 mol/l) 12~15 h stimulation. TLR4 expression was determined via flow cytometry (A), western blot analyses (B, D, E) and
Q-PCR (C). B-actin was used as an internal control. F. Flow cytometric analyses of DCs previously exposed to ‘ordinary” OVA or endotoxin-
free OVA (OVA(ET-free)) with or without LPS exposure. G. Flow cytometric analyses of DCs conferred with PBS or proteasome inhibitor
MG132 (20 pmol/l) 2 h prior to ‘ordinary’ OVA pulse. H, I. Immunofluorescence observation of nicotine-increased cross-presentation.
Cross-presented OVA is stained with 25-D1.16 (red); MHC class I and II molecules are stained green (H); EEA1, Rab7 (all green); nuclei
are counterstained with DAPI (blue). Original magnification, x600. J. Flow cytometric analyses of OVA-specific CD8" T cell priming
in splenocytes of the recipients by SIINFEKL-H,Kb-pentamers staining. The data are presented as the mean+SEM, *p<0.05, **p<0.01,
***p<0.001, student t test or one-way ANOVA with Newman-Keulspost test. One representative from 3 independent experiments is shown.
Ni: nicotine; TLR4: Toll like receptor; LY: LY294002; Wort: wortmannin.
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o-bungarotoxin or tubocurarine efficiently abrogated
nicotine’s effect on TLR4 expression (Supplementary
Figure S6), indicating that nicotine increase TLR4
expression via 07 nAChR-PI3K-mTOR-p70S6 pathway.

Pathogen-derived antigens as well as model antigens
‘ordinary’ OVA often contain traces of endotoxins [5].
As endotoxin-free OVA is cross-presented far less
efficiently than is ‘ordinary” OVA [14], we wondered
whether nicotine-increased cross-presentation would
indeed need TLR4 signaling. To answer this question,
we incubated DCs with endotoxin-free EndoGrade-
OVA, either concurrently with short period (20 min)
LPS (1 ng/ml) stimulation or for the same length of time
but without LPS exposure. In LPS exposure condition,
nicotine increased the efficiency of cross-presentation
on endotoxin-free EndoGrade-OVA. But, without LPS
exposure, the treatment with nicotine has no effect on
cross-presentation and cross-priming at all (Figure 2F,
2J; Supplementary Figure S7). Importantly, nicotine-
increased cross-presented OVA could also be inhibited
by MGI132 treatment (Figure 2G), demonstrating a
requirement of proteasomes for nicotine-increased
cross-presentation [24].

We next analyzed whether nicotine-increased
cross-presented OVA is internalized into endosomes
in the absence of TLR signaling. Toward this end, we
incubated DCs with endotoxin-free EndoGrade-OVA,
with or without short period (20 min) LPS (1 ng/ml)
stimulation. Whereas short term LPS stimulation had no
effect on the co-localization of cross-presented OVA with
MHC 1II molecule, co-administration of endotoxin-free
EndoGrade-OVA with short period LPS exposure resulted
in enhanced co-localization of cross-presented OVA
with MHC I molecule (Figure 2H). Importantly, in these
cells, TLR4 signal increased the co-localization of cross-
presented OVA with both EEA1 and Rab7 (Figure 2I),
demonstrating that nicotine-enhanced cross-presentation
indeed need TLR4 signaling.

Nicotine-increased cross-presentation is
dependent on the up-regulation of mannose
receptor

Antigens internalization via pinocytosis or scavenger
receptor-mediated endocytosis was rapidly targeted toward
lysosomes for presentation on MHC II molecules [24]. If,
antigens were internalized via MR-mediated endocytosis,
they were routed into endosomes and processed for cross-
presentation [14]. We demonstrated that nicotine increase
endocytosis and augment the endosomal translocation of
antigens; thus, we wondered whether MR up-regulation
facilitates a7 nAChR activation increasing cross-
presentation. To address this issue, we incubated nicotine-
treated MR-deficient and control DCs with OVA, and
accessed T cell proliferation and polarization. Given that
siRNA transfection efficiently decreased MR expression

(Supplementary Figure S5A-S5D), subsequent cytometric
analyses demonstrated that nicotine-increased MR
up-regulation indeed augmented cross-presented OVA in
these DCs (Figure 3A). BrdU cell proliferation analysis
and ELISA IL-12 determination further revealed that the
up-regulation of MR not only increase DCs-dependent
T cell proliferation but also promote Thl polarization
(Figure 3B-3C).

We next accessed the role of MR up-regulation in
nicotine-increased cross-priming by the determination
of antigen specific IFN-y spot (Figure 3D-3E) or by
flow analyses of SIINFEKL-H,Kb pentamers staining
splenocytes (Figure 3F). Importantly, whereas nicotine
increased the numbers of antigen specific IFN-y spot, the
MR down-regulation abolished the effect of nicotine on
CTL priming in both splenocytes (Figure 3D) and lymph
nodes (Figure 3E). The flow analyses of SIINFEKL-H Kb
pentamers positive splenocytes also revealed the similar
conclusion (Figure 3F). All these observations demonstrate
that nicotine-increased MR up-regulation is pivotal
for a7 nAChR activation-augmented cross priming. In
addition, the moderate cross-presentation was achieved in
MR-deficient DCs, indicating that an alternative pathway
of cross-presentation exist in these cells, which has already
been observed by others [27].

Previous studies showed that early endosomes
is the subcellular compartments for MR-internalized
antigen targets into [28]. To investigate the role of
endosomes in nicotine-increased cross-presentation,
we incubated nicotine-treated MR-deficient and control
DCs with OVA. Importantly, in these cells, MR down-
regulation not only decreased the co-localization of cross-
presented OVA with EEA1 and Rab5, but also reduces the
co-localization of cross-presented OVA to Rab7 and MHC
I molecule (Figure 3G), demonstrating that o7 nAChR
activation-enhanced cross-presentation indeed takes place
in endosomes.

Nicotine-increased cross-presentation requires
the endosomal recruitment of TAP via TLR4
signaling

In phagosome-to-cytosol pathway, MR internalized
antigens targeted toward endosomes and antigen-
derived peptides were loaded onto MHC I molecules
by endosomal TAP [29]. As nicotine increases TLR4
expression and augments proteasome-dependent
cross-presentation (Figure 2), we wondered whether
nicotine-increased  cross-presentation  needs  the
endosomal translocation of TAP. Toward this end, we
incubated nicotine-treated TLR4-deficient and control
DCs with OVA; and accessed cross-presented OVA,
DCs-dependent T cell proliferation and polarization.
Given that TLR4 expression was efficiently decreased
(Supplementary Figure SS5E-S5F, S5H), subsequent
cytometric analyses revealed that nicotine-increased
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cross-presented OVA is indeed abrogated by TLR4 down-
regulation (Figure 4A). BrdU cell proliferation analyses
and ELISA IL-12 determination further revealed that
the down-regulation of TLR4 signal not only decrease
DCs-dependent T cell proliferation but also inhibit Thl
polarization (Figure 4B—4C). We next accessed the role
of TLR4 signal in nicotine-augmented cross-priming by
detecting antigen specific CTL priming (Figure 4D—4E).

Importantly, nicotine obviously promoted antigen specific
CTL priming in the recipients’ splenocytes (Figure 4D)
and lymph nodes (Figure 4E) in the existence with TLR4
signaling; whereas the inhibition of TLR4 signaling
significantly abolished the effect of nicotine on antigen-
specific cross-priming (Figure 4D-4E). All these
observations demonstrate that nicotine-augmented cross-
priming require TLR4 signaling.
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Figure 3: The up-regulation of mannose receptor is required for nicotine-increased cross-presentation. MR deficient
and control DCs were stimulated with nicotine and further incubated with endotoxin-free OVA with short term exposure of LPS. A. Flow
cytometric determination of cross-presented OVA in DCs. Numbers in histogram indicates MFI of analyzed population. B. BrdU cell
proliferation assay of splenocytes co-cultured with OVA-pulsed DCs. C. ELISA of IL-12 in supernatants of splenocytes co-cultured with
OVA-pulsed DCs. IFN-y Elispot assay of OVA-specific CD8" T cells in the splenocytes D. and lymph nodes E. of the recipients which
conferred intraperitoneal DCs transfer. F. Flow cytometric analyses of OVA-specific CD8" T cell priming in splenocytes of the recipients by
SIINFEKL-H,Kb-pentamers staining. Numbers in dot plot indicate positive percentages of analyzed population. G. Immunofluorescence
observation of nicotine-increased cross-presentation. Cross-presented OVA is stained with 25-D1.16 (red); MHC class I, Rab5, EEAT,
Rab7 (all green); nuclei are counterstained with DAPI (blue). Original magnification, x600. The data are presented as the mean+SEM,
**p<0.01, ***p<0.001, one-way ANOVA with Newman-Keulspost test. One representative from 3 independent experiments is shown. Ni:
nicotine; MR: mannose receptor; si: siRNA; sh: shRNA.
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In un-stimulated DCs, TAP is in the ER but not
present in the endosomes [30]; whereas when DCs
stimulated with LPS, a clear TAP translocation from the
ER toward endosomes was observed [14], indicating that
during DCs maturation, the transport of ER components
to endosomes is tightly controlled [31]. To elucidate
the role of TLR4 signaling in a7 nAChR activation-
increased cross-presentation, we incubated nicotine-
treated TLR4-deficient and control DCs with OVA,

and accessed the endosomal recruitment of TAP and
cross-presented OVA. Importantly, the down-regulation
of TLR4 decreased nicotine-increased co-localization
of TAP with EEAl, Rab5 and Rab7 (Figure 4F),
demonstrating that nicotine-enhanced the recruitment
of TAP toward endosomes indeed take place in TLR4
signal dependent manner. Likewise, the cross-presented
OVA observation revealed that nicotine-enhanced cross-
presentation is TLR4 signal dependent and indeed take
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Figure 4: Nicotine-increased cross-presentation requires the endosomal recruitment of TAP via TLR4 signaling.
Nicotine-treated TLR4 deficient and control DCs were incubated with endotoxin-free OVA with short term exposure of LPS. A. Flow
cytometric determination of cross-presented OVA in DCs. Numbers in histogram indicates MFI of analyzed population. B. BrdU cell
proliferation assay of splenocytes co-cultured with OVA-pulsed DCs. C. ELISA of IL-12 in supernatants of splenocytes co-cultured with
OVA-pulsed DCs. IFN-y Elispot assay of OVA-specific CD8" T cells in the splenocytes D. and lymph nodes E. of the recipients which
conferred intraperitoneal DCs transfer. F. Immunofluorescence observation of the recruitment of TAP toward endosomes. TAP (green);
Rab5, EEA1, Rab7 (all red); nuclei are counterstained with DAPI (blue). Original magnification, x600. G. Immunofluorescence observation
of TLR4 deficiency on nicotine-increased cross-presentation. Cross-presented OVA is stained with 25-D1.16 (red); MHC class I (green);
EEA1 in 25-D1.16 co-localization is green and in MHC class I co-localization is red; nuclei are counterstained with DAPI (blue). Original
magnification, x600. The data are presented as the mean+SEM, **p<0.01, ***p<0.001, one-way ANOVA with Newman-Keulspost test.
One representative from 3 independent experiments is shown. Ni: nicotine; TLR4: Toll like receptor; si: siRNA.
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place in endosomes (Figure 4G). All these observations
demonstrate that a7 nAChR activation-augmented cross-
presentation actually requires the endosomal recruitment
of TAP via TLR4 signaling.

Nicotine-increased cross-presentation requires
the endosomal recruitment of TAP via MyD88
signaling

As the recruitment of TAP to endosomes depends
on MyD88 but not on TRIF [18], the requirement of
LPS stimulation (Figure 2F) and TLR4 signal (Figure 4)
in nicotine-increased cross-presentation indicates that

TLR4 signaling molecules MyD88 might be involved
in a7 nAChR activation-increased cross-presentation.
We incubated MyD88 deficient DCs (Supplementary
Figure S5I-S5K) with OVA, and cross-presented OVA
was determined by 25-D1.16 staining. Indeed, in the
absence of MyD88, nicotine-increased cross-presented
OVA was even lower than that obtained without nicotine
treatment (Figure SA). The findings that the absence of
MyD88 alone achieves the lower cross-presented OVA
than control DCs (Figure 5A) excluded the possibility that
residual traces of endotoxin in the endotoxin-free OVA
were responsible for its cross-presentation. Consistent
with the results of cross-presentation, nicotine-increased
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Figure 5: Nicotine-increased cross-presentation requires the endosomal recruitment of TAP via MyD88 signaling.
Nicotine-treated MyD88 deficient and control DCs were incubated with endotoxin-free OVA with short term exposure of LPS. A. Flow
cytometric determination of cross-presented OVA in DCs. Numbers in histogram indicates MFI of analyzed population. B. BrdU cell
proliferation assay of splenocytes co-cultured with OVA-pulsed DCs. C. ELISA of IL-12 in supernatants of splenocytes co-cultured
with OVA-pulsed DCs. IFN-y Elispot assay of OVA-specific CD8" T cells in the splenocytes D. and lymph nodes E. of the recipients
which conferred intraperitoneal DCs transfer. F. Immunofluorescence observation of the recruitment of TAP toward endosomes. TAP
(green); Rab5, EEA1, Rab7 (all red); nuclei are counterstained with DAPI (blue). Original magnification, x600. G. Immunofluorescence
observation of MyD88 deficiency on nicotine-increased cross-presentation. Cross-presented OVA is stained with 25-D1.16 (red); MHC
class I (green); EEA1 in 25-D1.16 co-localization is green and in MHC class I co-localization is red; nuclei are counterstained with DAPI
(blue). Original magnification, x600. The data are presented as the mean+SEM, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with
Newman-Keulspost test. One representative from 3 independent experiments is shown. Ni: nicotine; si: sSiRNA.
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DCs-dependent T cell proliferation and IL-12 secretion
were completely abolished by MyD88 deficiency (Figure
5SB-5C). The determination of antigen specific IFN-y spot
in splenocytes (Figure 5D) and lymph nodes (Figure 5E)
also showed that the effect of nicotine on CTL priming
was decreased by the deficiency of MyDS8.

Finally, we studied whether MyD88 is needed
to recruit TAP to endosomes and facilitate a7 nAChR
activation-increased cross-presentation. TAP was localized
together with endosome markers EEA1, Rab5 and Rab7 in
nearly all wild-type DCs but in only very small population
in DCs deficient in MyD88 (Figure 5F). These findings
indicate that MyD88 signal is required for endotoxin-
induced recruitment of TAP to endosomes. Likewise,
25-D1.16 staining revealed that nicotine-increased co-
localizations of cross-presented OVA with EEA1 or MHC
I molecule was inhibited by the deficiency of MyD88
signal, which indeed take place in early endosomal
compartments (Figure 5G).

Nicotine-increased cross-presentation requires
the endosomal recruitment of TAP via IRAK4
signaling

Interleukin-1 receptor (IL1R)-associated kinase
4 (IRAK4), a downstream kinase of MyD88, was
documented to induce the production of IFN-y and
IL-12 [32]. A reduced percentage of CD4" and CD8" T cell
expressing IFN-y was also observed in IRAK4 deficient
mice [33]. These findings indicate that IRAK4 might
be involved in TLR4 signaling inducing the endosomal
recruitment of TAP. Toward this end, we incubated
IRAK4-deficient and control DCs with OVA after
nicotine stimulation and accessed cross-presented OVA by
25-D1.16 staining. Indeed, nicotine-increased cross-
presented OVA was inhibited by the deficiency of IRAK4
(Figure 6A). Consistent with the decreased cross-presented
OVA, nicotine-increased abilities of DCs-dependent T cell
proliferation and IL-12 secretion were also diminished in
IRAK4 deficient condition (Figure 6B—6C). Importantly,
a reduced numbers of antigen-specific IFN-y spot in
splenocytes (Figure 6D) and lymph nodes (Figure 6E)
were also achieved in IRAK4 deficient DCs transferred
recipients.

We next accessed the effect of IRAK4 deficiency on
endosomal recruitment of TAP and cross-presented OVA
by immunofluorescence microscope. Importantly, in these
cells, the deficiency of IRAK4 not only decreased nicotine-
increased co-localization of TAP with EEA1, Rab5 and
Rab7 (Figure 6F), demonstrating that endotoxin enhanced
endosomal recruitment of TAP indeed takes place in
IRAK4 dependent manner. Likewise, the observation of
cross-presented OVA revealed that nicotine-enhanced
cross-presentation is IRAK4 signal dependent and indeed
take place in endosomal compartments (Figure 6G),
indicating that IRAK4-mediated TLR4 signaling is crucial

for a7 nAChR activation-increased cross-presentation and
T cell activation.

TLR4 signaling-promoted endosomal
recruitment of TAP facilitates nicotine-increased
cross-presentation

Since antigens targeted toward early endosomes by
the MR are efficiently processed for cross-presentation
[34], we examined whether nicotine-increased, MR-
mediated endosomal translocation of OVA enhance cross-
presentation in TLR4 deficient DCs. To address this
object, the deficiency of TLR4 molecules in DCs of TLR4
knockout mice was firstly confirmed (Supplementary
Figure S5G). Then, wild-type or TLR4 deficient DCs
were incubated with OVA and cross-presented OVA
was monitored. In TLR4 deficient DCs, the poor cross-
presented OVA was observed; whereas in wild type DCs,
strong cross-presented OVA could be achieved by the
treatment with nicotine (Figure 7A). The determination
of antigen specific CTL priming in vivo showed that
nicotine increasing pronounced CD8" T cell responses in
splenocytes and lymph nodes were completely abolished
in TLR4 KO mice (Figure 7B and 7C). Analyses of
SIINFEKL-H_Kb pentamers staining splenocytes revealed
that the effect of nicotine-increased CTL priming was
abrogated in the condition that TLR4 signaling is absent
(Figure 7D).

DISCUSSION

In this study, we investigated the effects of increased
MR and TLR4 signal in murine DCs on nicotine-enhanced
cross-presentation and cross-priming. We demonstrated
that nicotine increase the expressiones of MR and TLR4
via PI3K-Akt-mTOR-p70S6 pathway. Concurrently,
MR up-regulation strongly enhances the endosomal
translocation of internalized antigens; whereas TLR4-
MyD88-IRAK4 signal efficiently promote the recruitment
of TAP toward endosomes. Increased endosomal
translocation of antigens combined with enhanced
recruitment of TAP toward endosomes result in enhanced
cross-presentation and thereby augmented the activation
of antigen-specific T cells (Figure 8).

The finding that phagosomes containing the
members of the MHC 1 loading machinery such as
calreticulin, ERp57, tapasin, 2-microglobulin, Sec61,
MHC I, and TAP, indicates that cross-presentation occurs
in cellular compartments distinct from the ER [17].
Here, we have provided evidence that LPS-increased the
recruitment of TAP toward endosomes is depended on
TLR4-MyD88-IRAK4 signaling. Such the recruitment
of TAP might represent a mechanism by which nicotine-
increased cross-presentation can be restricted to microbial
antigens carrying LPS. Meanwhile, other TLRs, such as
TLR3, TLR7, and TLRY, which usually localize in the ER
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in unstimulated condition [35], are rapidly translocated
toward endosomes upon TLR ligand stimulation [36].
Hence, the roles of other TLRs in nicotine-increased cross-
presentation and whether TLR4 itself or the components
of TLR4 signaling translocate to endosomes to induce
such recruitment should be elucidated in further studies.
In our studies, nicotine-increased cross-priming is
impaired by the deficiencies of TLR4 and its downstream
molecules, indicating that TLR4 signaling could be

regulated. IRAK-M was documented to inhibit the
downstream signals of MyD88 [37], up-regulate I1L-10
expression and lead to suppressed Thl cell activation
[38]. But, until now, the effect of a7 nAChR activation on
the expression of IRAK-M remains uncertain and needs
further exploration. While LPS increase CD4" T cells
activation by promoting phagosomes maturation [39]
and augmenting lysosomal antigen processing [3]; the
endosomal relocation of TAP via TLR4-MyD88-IRAK4
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Figure 6: Nicotine-increased cross-presentation requires the endosomal recruitment of TAP via IRAK4 signaling.
Nicotine-treated IRAK4 deficient and control DCs were incubated with endotoxin-free OVA with short term exposure of LPS. A. Flow
cytometric determination of cross-presented OVA in DCs. Numbers in histogram indicates MFI of analyzed population. B. BrdU cell
proliferation assay of splenocytes co-cultured with OVA-pulsed DCs. C. ELISA of IL-12 in supernatants of splenocytes co-cultured
with OVA-pulsed DCs. IFN-y Elispot assay of OVA-specific CD8" T cells in the splenocytes D. and lymph nodes E. of the recipients
which conferred intraperitoneal DCs transfer. F. Immunofluorescence observation of the recruitment of TAP toward endodomes. TAP
(green); Rab5, EEA1, Rab7 (all red); nuclei are counterstained with DAPI (blue). Original magnification, x600. G. Immunofluorescence
observation of IRAK4 deficiency on nicotine-increased cross-presentation. Cross-presented OVA is stained with 25-D1.16 (red); MHC
class I (green); EEA1 in 25-D1.16 co-localization is green and in MHC class I co-localization is red; nuclei are counterstained with DAPI
(blue). Original magnification, x600. The data are presented as the mean+SEM, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with
Newman-Keulspost test. One representative from 3 independent experiments is shown. Ni: nicotine; si: sSiRNA.

www.impactjournals.com/oncotarget

38460

Oncotarget



has been demonstrated to be essential for nicotine-
increased cross-presentation (Figure 8), indicating that
the components of cross-presentation ‘machinery’ can be
recruited by TLR4 signaling [14]. As LPS increases the
translocation of antigens to cytosolic proteasomes [40],
therefore, in addition to increased recruitment of TAP
toward endosomes, nicotine-increased TLR4 signaling
might further act on proteasomes to regulate its abilities
of antigen processing, which remains to be elucidated.
MR consists of an N-terminal cystein-rich domain,
a fibronectin type Il repeat domain, eight carbohydrate
recognition domains (CRD), a transmembrane domain

and a short intracellular region [41]. Through CRD4, the
MR binds glycosylated proteins terminated in mannose,
fucose or GIcNAc, and leads to their internalization [41].
In the present study, the up-regulation of MR induced
by a7 nAChR activation not only increased antigen
uptake but also promoted endosomal translocation
of internalized antigens (Figure 1). Hence, there is no
surprise to find that nicotine-promoted cross-presentation
and cross-priming was efficiently abolished by the
down-regulation of MR (Figure 3), indicating that the
connection between MR and cross-presentation made the
MR a promising subject for antigen targeting studies in
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Figure 7: TLR4 signaling-promoted endosomal recruitment of TAP facilitates nicotine-increased cross-presentation.
Wild-type and TLR4 deficient DCs were stimulated with nicotine and further incubated with endotoxin-free OVA with short term exposure
of LPS. A. Flow cytometric determination of cross-presented OVA in Wild-type and TLR4 deficient DCs. Numbers in histogram indicate
MEFI of analyzed population. B-C. IFN-y Elispot assay of OVA-specific CD8" T cells in the splenocytes (B) and lymph nodes (C) of the
recipients which conferred intraperitoneal DCs transfer. D. Flow cytometric analyses of SIINFEKL-H,Kb pentramers positive cells in the
splenocytes of DCs-transferred recipients. Numbers in dot plot indicate positive percentages of analyzed population. The data are presented
as the mean+SEM, **p<0.01, ***p<0.001, one-way ANOVA with Newman-Keulspost test. One representative from 3 independent
experiments is shown. Ni: nicotine; TLR4 KO: Toll like receptor 4 deficient; WT: wild type.

www.impactjournals.com/oncotarget

38461

Oncotarget



mRNA

oy 1 Tl S ]

Nucleus

P QPQ mrLRS

|
|

5]
& Endosomes *
5

Tmf‘f

Dendritic Cell

Figure 8: Model of mannose receptor and TLR4 signaling in nicotine-increased cross-presentation. The up-regulation of
MR and TLR4, which was achieved via PI3K-Akt-mTOR-p70S6 pathway, lead to the endosomal translocation of internalized antigens, and
the endosomal recruitment of TAP via TLR4-MyD88-IRAK4 signal, respectively. Increased translocations of internalized antigens toward
endosomes, together with the endosomal recruitment of TAP, facilitate o7 nAChR activation-increased cross-presentation and subsequent

Cross-priming.

approaches aimed at the induction of a strong cytotoxic
T cell response [42].

Taken together, our data provide a new molecular
mechanism for a7 nAChR activation-increased cross-
presentation, which is mediated by the combined action
of increased expression of mannose receptor and enhanced
endosomal recruitment of TAP via TLR4-MyDS§8-
IRAK4 signaling (Figure 8). This mechanism provides
new insights into the molecular mechanisms of cross-
presentation and might thus open new opportunities for
therapeutic intervention in DCs-dependent T cell vaccine.

MATERIALS AND METHODS

Mice

Pathogen-free C57BL/6 mice (female, 6~8 weeks
old) were bought from the Shanghai Laboratory Animal
Center of Chinese Academy of Sciences (China) and
kept at the Animal Center of Xiamen University. TLR4-
" mice were provided by G. Jin (Xiamen University).
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of
Laboratory Animals of the ARRIVE guidelines. The
protocol was approved by the Committee on the Ethics of
Animal Experiments of the Xiamen University.

Reagents and antibodies

Reagents were purchased from the following
companies: Nicotine (N3876), LPS from Escherichia
coli was obtained from Sigma-Aldrich (St. Louis, MO,
USA). DAPI was obtained from Vector Laboratories,
Inc (Burlingame, CA, USA). Recombinant mouse GM-
CSF and IL-4 were obtained from PeproTech (Rocky
Hill, NJ, USA). Albumin from chicken egg white
(OVA, Endotoxin-free EndoGrade-ovalbumin) was
purchased from Hyglos GmbH (Regensburg, Germany).
OVA peptide SIINFEKL of amino acids 257~264 were
synthesized by Auspep (Tullamarine, VIC, Australia).
LY294002 and wortmannin were from Cayman Chemical
(Ann Arbor, MI, USA). Rapamycin, LY2584702,
and MG132 were bought from Selleck Chemicals
(Houston, TX, USA). Purified anti-ovalbumin antibody
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(TOSG1C6), PE-conjugated antibody anti-mouse H Kb
bound to SIINFEKL (25-D1.16), FITC-conjugated
antibody to mouse MR (C068C2), mouse TLR4 (SA15-
21), H, Kb (AF6-88.5), I-A/I-E (M5/114.15.2), FITC-
conjugated OVA, as well as brefeldin A solution (BFA,
1000x), were obtained from BioLegend (San Diego,
CA, USA). PE-conjugated SIINFEKL-H, Kb pentamers
was bought from Proimmune (Oxford, UK). Antibody
to TLR4 (D8L5W), MyD88 (D80F5), B-actin (13E5),
were bought from Cell Signaling Technology (Beverly,
MA, USA). BrdU cell proliferation kit was obtained
from Roche (Roche Diagnostics GmbH, Germany);
Fluorescence conjugated antibodies to murine CD8, MHC
I and II molecules, IL-12 p70 ELISA kit (BMS6004)
were obtained from eBioscience (San Diego, CA, USA).
Antibody to MR (15-2, #ab8918), Rab5 (Rab5-65,
#ab50523), Rab7 (Rab7-117, #ab50533), anti-Rabbit IgG
(Chromeo 546, #ab60317), anti-Rabbit IgG (Chromeo
488, #ab60314), anti-Mouse IgG (Cy3, #ab97035), anti-
Mouse IgG (Alexa Fluor, #ab150117), and anti-goat
IgG (DyLight 488, #ab98514) antibodies were from
Abcam (Cambridge, UK). TRI-zol was purchased from
Invitrogen life technologies (Carlsbad, CA, USA). IFN-y
Elispot kit were obtained from U-CyTech Biosciences
(Utecht, Netherlands). The siRNA of MR (sc-45361),
TLR4  (sc-40261), MyD88 (sc-35987), IRAK4
(sc-45401) and control siRNA (sc-37007), antibody to
MR (MR5D3), TAP (R-20), EEA1 (E-8), ovalbumin
(2D11), anti-rat IgG (CFL 488, #sc-362263), anti-rat IgG
(CFL 405, #sc-362253), was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA). The PrimeScript RT-
PCR kit and SYBR Premix ExTaqTM kit were purchased
from Tarkara Bio (Dalian, Liaoning, China). RPMI-1640
medium and fetal bovine serum (FBS) was purchased
from HyClone (Logan, UT, USA).

Generation of murine bone marrow-derived
semi-matured DCs

Bone marrow-derived DCs were generated by
culturing progenitors for four days [11] in RPMI 1640
medium supplemented with 10 ng/ml GM-CSF, 1 ng/
ml IL-4, and 10% FBS. Non-adherent cells were gently
washed out with PBS on day 4 of culture; the remaining
loosely adherent clusters were used as semi-matured DCs.
Cells were synchronized by serum starvation (in RPMI
1640 with 0.5% FBS) for 6 h prior to further treatment.

Transfection and RNAi

Murine DCs were transfected with related 20~80
pmols siRNA (Santa Cruz). Briefly, transfection medium
containing siRNA was directly added to the transfection
reagent, gently mixed and incubated 15~45 minutes.
Then, the cells were washed with transfection medium and
gently overlayed with the mixture of transfection reagent
and duplex siRNA. 7 h incubation after transfection,

normal growth medium containing 20% FBS was
appended and the cells were incubated for an additional
18~24 h. The effects of indicative siRNA in DCs were
validated in Supplementary Data. The following siRNA
were used: MR (sc-45361), TLR4 (sc-40261), MyD88
(sc-35987), IRAK4 (sc-45401) and control siRNA (sc-
37007). However, all siRNA sequences are not provided
by Santa Cruz, as stated in their datasheets: “siRNA (m)
is a pool of 3 target-specific 19-25 nt siRNAs designed to
knock down gene expression”.

Lentiviral infection of primary murine DCs

Lentiviral infection of primary murine DCs was
performed using MR shRNA (m) lentiviral particles (Santa
Cruz: sc-45361-v) and control lentiviral particles (sc-
108080). Briefly, semi-matured DCs (cultured for 4 days)
were treated with Polybrene (8 pg/ml) (sc-134220). Then,
the cells were infected lentiviral particles and incubated
overnight. The cells were collected and used for assays
72 h later. The effect of MR shRNA (m) lentiviral particles
(sc-45361-v) was validated in Supplementary Data.
However, the target sequences for MR are not provided
by Santa Cruz, as stated in their datasheets: “shRNA (m)
Lentiviral Particles is a pool of concentrated, transduction-
ready viral particles containing 3 target-specific constructs
that encode 19~25 nt (plus hairpin) shRNA designed to
knock down gene expression.”.

Semi-matured DCs treatment

To determine the effects of nicotine on the
expressions of MR and TLR4, endocytosis, antigenic
translocation and cross-presentation, semi-matured DCs
were exposed to nicotine (107 mol/l) for 12 to 16 hours.
To elucidate the mechanism of nicotine-increased surface
molecules expression, DCs was conferred 10 pmol/l
LY294002, wortmannin, rapamycin or LY2584702 2 h
prior to nicotine exposure.

Flow cytometric measurements

The effects of nicotine on surface molecules
expression, endocytosis, and cross-presentation in DCs
were determined via flow cytometry [11]. Flow cytometry
was done with FACSCalibur and data were analyzed with
CellQuest software.

Immunofluorescence/confocal microscope

The murine semi-matured DCs were conferred
siRNA transfection prior to nicotine (10”7 mol/l) 12~15
hrs’ stimulation. Then, the cells was conferred endotoxin-
free EndoGrade-ovalbumin (50 pg/ml) 60 min pulse
with or without short period (20 min) LPS (1 ng/ml)
stimulation. Coverslips were fixed in 2% PFA. Cells
were then permeabilized with 0.2% saponin, washed,

www.impactjournals.com/oncotarget

Oncotarget



and stained with primary antibodies over-night at 4°C.
Finally, fluorescence-conjugated secondary antibodies
were incubated for 1 h at 37°C. DAPI counterstaining was
performed to visualize cell nuclei. Images were acquired
on a Olympus FluoView FV1000 microscope with a oil
immersion objective at the wavelength of 488 nm.

Ag-specific T cell proliferation assays

Antigen-specific ~ proliferation  assays  were
performed as previous description [11]. Briefly, semi-
matured DCs were conferred silencing prior to nicotine
(1077 mol/l) 12~15 hrs’ stimulation. Then, the DCs were
further conferred with endotoxin-free EndoGrade-
ovalbumin (50 pg/ml) 6 h pulsed with or without short
period (3 h) LPS (1 ng/ml) stimulation and used as
stimulator cells. Responder cells were prepared by the
depletion of red blood cells from splenocytes of same
H-2 background C57BL/6 mice. Stimulator cells were
mixed with responders at a ratio of 1:10 in 200 pl volume.
After 5 d co-culture, Ag-specific T cell proliferation was
determined via BrdU cell proliferation assays.

IL-12 enzyme-linked immunosorbent assays

To investigate the effects of a7 nAChR activation
on T cell differentiation, supernatants from co-cultured
DC-T cells was collected and the concentration of
IL-12 in the supernatants was determined by Enzyme-
linked immunosorbent assay (ELISA) according to the
manufacturer’s guideline.

Ag-specific IFN-y elispot assays

To investigate the roles of MR and endosomal
translocation of TAP in nicotine-increased cross-priming,
antigen-specific IFN-y Elispot assays were performed
[11]. Briefly, 5x10° semi-matured DCs were conferred
silencing prior to nicotine (10”7 mol/l) exposure. Then,
the DCs were pulsed with endotoxin-free EndoGrade-
ovalbumin (50 pg/ml) for 6 h with or without short period
(3 h) LPS (1 ng/ml) stimulation. After that, 1x10* DCs
were intraperitoneally transferred into C57BL/6 mice. 7
d after adoptive transfer, splenocytes of recipient were
prepared and transferred into IFN—y antibody pre-coated
plate (5x10° cells per well). After that, the splenocytes
were further re-stimulated with peptide (SIINFEKL) at 2
pg/ml for 16~20 h. The Elispot data were presented as
Spot Forming Units per million cells.

SIINFEKL-H_Kb pentamers staining

Antigen-specific CD8" CTL assays were performed
by flow cytometry using SIINFEKL-H Kb pentamers
staining. Briefly, centrifuged Pro5® Pentamer at 14,000xg
for 5~10 minutes. 1~2x10°¢ splenocytes was allocated,
resuspended in the residual volume (~50pl), mixed with 10

ul labeled pentamers and incubated at room temperature for
10 minutes. After twice washes, the cells were performed
with CDS8 antibody staining. Flow cytometry was done with
FACSCalibur to collect up to 500,000 events and data were
analyzed with CellQuest software.

Quantitative real time PCR

The expressiones of MR, TLR4 in DCs were
investigated by RT-qPCR analysis. Briefly, total RNA was
isolated from cells. Reverse transcription was performed
using PrimeScript Reverse Transcriptase kit (Takara) and
cDNA was used for subsequent real-time PCR reactions.
Quantitative real-time PCR was conducted on an ABI
Prism 7500 instrument using the Maxima SYBR green
qPCR Master Mix (Takara). The cycling parameters were
95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C
for 34 s; Each assay was performed in triplicate, and the
relative expression levels (defined as fold changes) of
the target genes were normalized. The following primers
were used (Santa Cruz): B-actin (sc-108070-PR), MR
(sc-45361-PR), TLR4 (sc-40261-PR), MyD88 (sc-
35987-PR) and IRAK4 (sc-45401-PR). However, primer
sequences are not provided by Santa Cruz, as stated in
their datasheets: “Semi-quantitative RT-PCR may be
performed to monitor gene expression knockdown using
RT-PCR Primer: B-Actin (m)-PR: sc-108070-PR (600 bp);
CD206 (m)-PR: sc-45361-PR (498 bp) ; TLR4 (m)-PR:
sc-40261-PR (434 bp); MyD88 (m)-PR: sc-35987-PR
(545 bp); IRAK-4 (m)-PR: sc-45401-PR (491 bp)”.

Western blots

For analysis the expression of MR and TLR4, total
cell lysates from nicotine-treated DCs were subjected to
7% SDS-PAGE. Proteins were transferred onto a PVDF
membrane (Millipore). Membranes were blocked with
5% evaporated milk in Tris base SDS-0.05% Tween and
were incubated with primary antibodies and peroxidase-
conjugated secondary antibodies. Bound antibodies were
revealed using the ECL western blot reagents (Advansta,
CA) according to the manufacturer’s directions. -actin
was used as a loading control.

Statistical analysis

All data were expressed as average of experimental
data points, and standard error means were determined
using the calculated standard deviation of a data set
divided by the number of data points within the data set.
Statistical significance was assessed by Student’s z-test,
one-way ANOVA with the Newman-Keuls post test, with
a value of p<0.05 considered statistically significant. No
randomization or exclusion of data points was used. No
“blinding” of investigators was done. Sample sizes were
chosen according to previous experience and preliminary
studies to ensure adequate power.
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