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Our previous studies showed that an adenovirus (Ad) serotype 5 vector expressing Flt3 ligand (Ad-FL) as
nasal adjuvant activates CD11c* dendritic cells (DCs) for the enhancement of antigen (Ag)-specific IgA anti-
body (Ab) responses. In this study, we examined the molecular mechanism for activation of CD11¢* DCs and
their roles in induction of Ag-specific Th1- and Th2-cell responses. Ad-FL activated CD11c¢* DCs expressed
increased levels of the Notch ligand (L)-expression and specific mRNA. When CD11c¢” DCs from various
mucosal and systemic lymphoid tissues of mice given nasal OVA plus Ad-FL were cultured with CD4" T cells
isolated from non-immunized OVA TCR-transgenic (OT II) mice, significantly increased levels of T cell pro-
liferative responses were noted. Furthermore, Ad-FL activated DCs induced IFN-vy, IL-2 and IL-4 producing
CD4" T cells. Of importance, these APC functions by Ad-FL activated DCs were down-regulated by blocking
Notch-Notch-L pathway. These results show that Ad-FL induces CD11c" DCs to the express Notch-ligands

and these activated DCs regulate the induction of Ag-specific Th1- and Th2-type cytokine responses.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

It has been shown that DCs are the most potent Ag presenting
cells (APCs) for the activation of naive T cells for the induction of
adaptive immune responses [1,2]. Thus, DCs have been found
throughout the body including mucosal surfaces. Murine Peyer’s
patches contain CD11c*, CD11b*, CD8~ immature DCs with high
endocytic activity and low levels of MHC and B7 molecule expres-
sion. These immature DCs form a dense layer in the sub-epithelial
dome (SED) just underneath the epithelium of mucosal inductive
sites in order to capture Ags [3,4]. In addition, some DCs in the
intestinal lamina propria extend their dendrites between epithelial
cell junctions into the lumen for uptake of antigens (intraepithelial
DCs) [5-7]. When Ag uptake occurs, these DCs change their
phenotype by expressing high levels of MHC class II and co-stimu-
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latory molecules and move to T cell areas for Ag presentation
[1,3,4]. Thus, DCs and their derived cytokines play key roles in
the induction of Ag-specific Th1-and Th2-type responses. In this
regard, interactions between Notch expressed by CD4" T cells
and their ligand (L) expressed by DCs play a central role in the
induction of adaptive immune responses [8-13]. It was reported
that microbial Ag-stimulated DCs regulate the differentiation of
naive CD4" T cells into Th1 and Th2 lineages based upon their
Notch-L expression [8-10,12,13]. Delta-like (DIk; 1, 3 and 4) and
Jagged (1 and 2) are the two families of five Notch-Ls that have
been reported in mice [11]. Among these, DIk1 and DIk4 promote
Th1-type CD4" T cells, while Jagged1 and Jagged2 elicit Th2-type
CD4" T cell differentiation independently of IL-4/STAT6 signaling
[9,10]. Further, recent studies showed that DIk4 promotes IL-17
synthesis and specific transcription factor, RORyc activation [14].

Our previous studies showed that nasal immunization of mice
with OVA plus Ad-FL as mucosal adjuvant elicited high levels of
OVA-specific IgA Ab responses in external secretions and plasma
as well as significant levels of cytotoxic T lymphocyte (CTL)
responses. Interestingly, nasal Ad-FL as mucosal adjuvant elicited
both Th1- and Th2-type cytokine responses. In this regard, we
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thought it important to determine how mucosal DCs stimulate
CD4" T cells for the induction of Th1- and Th2-type responses. In
this study, we show that Ad-FL activated DCs directly regulate
CD4" T cell proliferation and their subsequent cytokine patterns
through Notch-Notch-L interactions.

2. Materials and methods
2.1. Mice

Young adult (6- to 8-week-old) C57BL/6 mice were purchased
from the Frederick Cancer Research Facility (National Cancer Insti-
tute, NIH, Frederick, MD). OVA TCR-transgenic (OT II: clone
Thy1.1), were obtained from The Jackson Laboratory (Bar Harbor,
ME). Upon arrival, all mice were transferred to microisolators,
maintained in horizontal laminar flow cabinets, and provided ster-
ile food and water in a specific-pathogen-free animal facility at the
University of Alabama at Birmingham Immunobiology Vaccine
Center. All mice used in these experiments were free of bacterial
and viral pathogens.

2.2. Nasal immunization

Mice were nasally immunized three times at weekly intervals
with 3 pl per nostril of PBS containing 1 x 108 PFU of either
Ad-FL or Ad-expressing firefly luciferase (Ad-Luc) plus 100 pg of
ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO). Replication-
incompetent Ad-FL or Ad-Luc, respectively, were constructed and
prepared as described previously [15].

2.3. In vitro APC functional analysis

CD11c¢* DCs from nasopharyngeal-associated lymphoreticular
tissue (NALT), cervical lymph nodes (CLNs), nasal passages (NPs),
submandibular glands (SMGs) and spleens were purified one week
after the last immunization using an automated magnetic-activated
cell sorter (AutoMACS) system (Miltenyi Biotec, Auburn, CA), as de-
scribed previously [16]. This purified CD11c¢" DC fraction (>97%
CD11c*; >99% cell viability) was resuspended (1 x 10° cells/ml) in
RPMI 1640 (Cellgro Mediatech, Washington, DC) supplemented
with HEPES buffer (10 mM), r-glutamine (2 mM), a solution of
non-essential amino acids (10 ml/l), sodium pyruvate (10 mM), pen-
icillin (100 U/ml), streptomycin (100 pg/ml), gentamicin (80 pg/ml)
and 10% FCS (complete RPMI 1640), and then cultured with FACS
purified splenic CD4" T cells (5 x 10° cells/ml) taken from naive OT
Il mice with or without 1 mg/ml of OVA for 5 days. In some experi-
ments, CD4" T cells from OT Il mice were cultured without DCs in
the presence or absence of OVA. In some cultures, 10 M of y-secre-
tase inhibitor IX N-[N-(3,5-difluorophenacetyl)-i-alanyl]-S-phenyl-
glycine t-butyl ester (DAPT) was added in order to inhibit the
Notch pathway [17]. To assess OVA-specific T cell proliferative re-
sponses, an aliquot of 0.5 uCi of tritiated [*H] thymidine (TdR)
(Amersham Biosciences, Arlington Heights, IL) was added during
the final 18 h of incubation, and the amount of [*H]TdR incorpora-
tion was determined by scintillation counting. The supernatants of
T cell cultures not incubated with [*H]TdR were then subjected to
a cytokine-specific ELISA, while T cells were subjected to cytokine-
specific intracellular FACS and quantitative RT-PCR analyses as
described below.

2.4. Flow cytometric analysis

To characterize the Notch-L expression by DCs, mononuclear
cells (2 x 10° cells) were stained with Alexa Fluor®488-conjugated
anti-mouse DIk1, PE-labeled anti-mouse Jagged 1 or Jagged 2 (all

from eBiosciences), APC-tagged anti-DIk4 (Biolegend®) and/or bio-
tinylated anti-CD11c¢ mAbs (BD Biosciences) followed by PerCP-
Cy5.5-streptavidin. For intracellular interferon-gamma (IFN-vy)
and interleukin-4 (IL-4) analyses, cells were incubated with iono-
mycin (1 mg/ml, Sigma) and phorbol 12-myristate 13-acetate
(PMA, 25 ng/ml; Sigma) for 4 h in the presence of Monensin and
then stained with FITC-labeled anti-CD4, before being stained
intracellularly with PE-labeled anti-IFN-y, or -IL-4 mAbs (BD
Biosciences).

2.5. Expression of Notch-L-specific mRNA

CD11c* DCs from NALT, CLNs, NPs, SMGs and spleens were puri-
fied one week after the last immunization using the AutoMACS
system. Total RNA from DCs was subjected to quantitative real-
time RT-PCR analysis using Notch-L-specific primer sets. Primer se-
quences used were as follows: DIk1 (forward) 5-CCC AGG TGA GCT
TCG AGT G-3' (reverse) 5-GGA GAG GGG TAC TCT TGT TGA G-3';
DIk3 (forward) 5-ACT CTT GGT CAT CCA CGT T-3' (reverse) 5'-
CAA AGA GTC TCC AGT CGG T-3'; DIk4 (forward) 5'-AGG TGC
CAC TTC GGT TAC ACA T-3' (reverse) 5'-CAA TCA CAC ACT CGT
TCC TCT CTT C-3’; Jagged1 (forward) 5-AGA AGT CAG AGT TCA
GAG GCG TCC TCT-3' (reverse) 5'-AGT AGA AGG CTG TCA CCA
AGC AAC-3'; Jagged2 (forward) 5-AGC CAC GGA GCA GTC ATT
TG-3' (reverse) 5'-TCG GAT TCC AGA GCA GAT AGC G-3'.

2.6. Cytokine-specific ELISA

Levels of IFN-v, IL-2 and IL-4 in culture supernatants of CD4" T
cells purified from NALT, CLNs, NPs, SMGs and spleens were mea-
sured by cytokine-specific ELISA as described previously [15,18-
21]. The detection limits for each cytokine were: 106.3 pg/ml for
IFN-v, 15.6 pg/ml for IL-2 and 4.66 pg/ml for IL-4.

2.7. Quantitative analysis of cytokine-specific mRNA

The CD4" T cells were harvested after 2 days of incubation for
total RNA extraction. Aliquots of extracted RNA (25 pg/ml) were
subjected to reverse transcriptase reaction and were treated with
1 ul of 10 ug/ml RNase H (Invitrogen™, Carlsbad, CA). The levels
of synthesized cDNA were measured using a NanoView RNA/DNA
calculator (GE Healthcare, Piscataway, NJ). Sample cDNA and
external standards were amplified with cytokine-specific primers
and SYBER green I by using a LightCycler® (Roche Applied Science,
Indianapolis, IN). The concentration of sample cDNA was deter-
mined using linear, diluted external standards obtained by an iden-
tical PCR protocol with the LightCycler® [16,19,21].

2.8. Statistical analysis

The results are presented as the mean + one standard error of
the mean (SEM). Ad-FL plus OVA-immunized C57BL/6 mouse
groups were compared with the mice immunized with Ad-Luc plus
OVA using an unpaired Mann-Whitney U-test with Statview soft-
ware (Abacus Concepts, Cary, NC) designed for Macintosh comput-
ers. Values of p < 0.05 and p < 0.01 were considered significant.

3. Results

3.1. Nasal delivery of Ad-FL induces DC-mediated CD4" T cell
activation

Since our previous study showed that nasal immunization with
OVA and Ad-FL effectively elevated the numbers of mature-type
DCs in both mucosal and systemic lymphoid tissues [15], we
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initially examined the ability of Ad-FL-induced CD11c" DCs from
various lymphoid tissues to activate OVA-specific CD4" T cells.
CD11c¢* DCs from NALT, CLNs, NPs, SMGs and spleen of mice given
nasal OVA plus Ad-FL induced significant levels of CD4" T cell pro-
liferative responses when compared with DCs from mice given na-
sal OVA plus Ad-Luc as controls (Fig. 1). When CD4" T cells from OT
Il mice were cultured alone or with DCs in the absence of OVA,
essentially no proliferative response was observed. Further, cul-
tures containing CD4" T cells from OT II mice incubated with
OVA revealed essentially no proliferative response in the absence
of exogenous CD11c¢" DCs, which was the same as the cultures with
CD4" T cells alone (cpm: 338 +111).

3.2. Ad-FL induces Notch ligand expression by DCs

Since it has been reported that the Notch-Ls, DIk and Jagged,
preferentially induce Th1- and Th2- type CD4" T cells, respectively,
we next examined Notch-L expression by Ad-FL-induced DCs from
various lymphoid tissues. DCs from NALT, CLNs, NPs, SMGs and
spleens of mice given nasal Ad-FL plus OVA showed increased lev-
els of Notch-L expression when compared with those from mice
given nasal Ad-Luc plus OVA (Fig. 2A-D and Table 1). Significantly
increased levels of Jagged1, Jagged2 and Delta-like 1 (DIk1)-spe-
cific messages were noted in DCs from NALT (Fig. 2A). DCs from
CLNs elicited significantly increased levels of DIk3- specific mRNA
as well as Jagged1 and Jagged2-specific mRNA (Fig. 2B. SMG DCs
showed marked increases in Jagged1- and DIlk1-specific mRNA
expression, while DCs from NPs contained elevated levels of Jag-
ged1- and Jagged2-specific mRNA in addition to DIk1- and DIk4-
specific mRNA (Fig. 2D and E). Further, increased levels of DIk1,
Jagged1 and Jagged2 expression by DCs from various lymphoid tis-
sues of mice given nasal OVA plus Ad-FL were seen when com-
pared with those from mice nasally immunized with OVA plus
Ad-Luc (Table 1). These results showed that Ad-FL-induced DCs
in the different lymphoid tissues express increased levels of
Notch-Ls which potentially play central roles in the induction of
Th1- and Th2-type cytokine responses by CD4" T cells.

3.3. Ad-FL-activated DCs induce both Th1- and Th2-type CD4" T cell
responses

In order to test whether Ad-FL activated DCs expressing high
levels of Notch-L directly interact with Ag-specific CD4" T cells

M Ad-FL [0 Ad-Luc

8000

*
* *
*

6000 [ *
E 4000 |
o

2000 -

0

NALT CLNs NPs SMGs Spleen

T

without
DCs

Fig. 1. Analysis of DC function for induction of CD4" T cell proliferation. Mice were
nasally immunized weekly for three consecutive weeks with OVA plus Ad-FL as
mucosal adjuvant or Ad-Luc as a vector control. One week after the last
immunization, CD11c* DCs were purified from NALT, CLNs, NPs, SMGs and spleens,
and cultured with naive splenic CD4" T cells isolated from non-immunized OVA
TCR-transgenic (OT II) mice with or without 1 mg/ml of OVA for 5 days. An aliquot
of 0.5 uCi of tritiated [*H]TdR was added during the final 18 h of incubation. The
results are presented as the cpm of wells with OVA following subtraction of the cpm
of wells without OVA. *p < 0.05 when compared with mice immunized with Ad-Luc
plus OVA.

for the induction of Th1- and Th2-type cytokines, purified
CD11c" DCs were isolated from mice given nasal OVA plus Ad-FL
and co-cultured with OVA-specific CD4" T cells from OT-II mice.
We noted that DCs from mice given Ad-FL as nasal adjuvant in-
duced higher levels of Th1 (IFN-y and IL-2)- and Th2 (IL-4)-type
CD4"* T cells when compared with those seen in mice given Ad-
Luc as a control (Fig. 3). These results indicate that nasal Ad-FL
effectively up-regulates APC function by CD11c¢" DCs in NALT and
in mucosal effector tissues and spleens. Further, nasal Ad-FL in-
duced CD11c" DCs play a key role in the activation of CD4" T cells
by supporting Th1- and Th2-type cytokine responses.

3.4. Blockade of the Notch signal pathway down-regulates Th1- and
Th2-producing CD4" T cells

We next examined the essential role of Notch-L expression by
DCs in the induction of Th1-and Th2-type cytokine responses by
blocking the Notch-Notch-L pathway. The cultures containing
CD11c¢* DCs from mice given nasal OVA plus Ad-FL and OVA-
specific CD4"* T cells from OT-II mice were stimulated with OVA
in the presence or absence of DAPT. Intracellular cytokine analyses
showed that significantly reduced frequencies of both IFN-y- and
IL-4-producing CD4" T cell subsets were seen in the cultures trea-
ted with DAPT when compared with those of non-treated wells
(Fig. 4, Supplemental Fig. 1). These results directly show that the
Notch-Notch-L pathway is required for the induction of Th1- and
Th2-type cytokine responses.

4. Discussion

This study directly shows that Notch-L expressing CD11c" DCs
from NALT, CLNs, NPs and SMGs of mice given nasal OVA plus
Ad-FL elicited higher T cell proliferative responses and increased
levels of Th1- and Th2- type cytokine responses by activated
CD4" T cells. It is well accepted that DCs are the most potent APCs
for presenting Ag and providing cytokines and costimulatory mol-
ecules to naive CD4" T cells to drive expansion and differentiation
into cytokine-secreting effector CD4" Th cells [22]. Further, it was
shown that retinoic acid-and TGF-B;-producing DCs also play key
roles in the induction of Treg cells whereas Th17-type CD4" T cells
were induced by DCs producing only TGF-B; [23-26]. Recent re-
ports have shown that nasal DC-targeting adjuvants including
Ad-FL elicited a balanced Ag-specific Th1- and Th2-type CD4" T cell
response [15,16].

To this end, we further investigated Notch-L expression by DCs
from mice given nasal Ad-FL since preferential expression of the
Notch-Ls by DCs has been suggested to play a role in instructing
Th1- or Th2-type responses, respectively [9,10,27,28]. Further,
one recent study showed that microbial Ag-stimulated DCs regu-
lated the differentiation of naive CD4" T cells into Th1 and Th2 lin-
eages based upon their Notch-L expression [28]. DIk1 has been
shown to be expressed by DCs, the principal APC involved in
CD4* Th1 cell activation in vivo [29,30]. On the other hand, Jagged1
expressing DCs were involved in IL-4-producing Th2- type CD4" T
cell induction and intiation of allergic lung responsiveness [31]. In
addition, Jagged2 expression was up-regulated in response to the
helminth Schistosoma mansoni soluble egg Ag, which conditions
DCs to induce Th2-type responses [32]. Based upon these observa-
tions, we expected to see increased levels of both DIk and Jagged
expression by DCs of mice given nasal Ad-FL when compared with
those seen in mice given control Ad-Luc. Indeed, our results
showed that significantly increased levels of DIk1 or DIk3, and
Jagged1 and/or Jagged2 expression were noted in various mucosal
tissues and spleen. Interestingly, DIk4 expression in those tissues
was limited even though some expression levels were higher than
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Fig. 2. Expression of Notch ligand-specific mRNA. Mice were nasally immunized weekly for three consecutive weeks with Ad-FL plus OVA. One week after the last
immunization, CD11¢* DCs were purified from NALT (A), CLNs (B), NPs (C), SMGs (D) and spleens (E). Total RNA was subjected to quantitative RT-PCR analysis. The values
shown are the mean + SEM taken from 25 mice in each experimental group. *p < 0.05 when compared with mice immunized with Ad-Luc plus OVA.

Table 1
Notch ligand expression by CD11c* DCs of various lymphoid tissues.?

Tissues Mice nasally immunized with OVA plus % of Total lymphocytes % of CD11c" DCs
CD11c DIk 1 Dlk 4 Jagged 1 Jagged 2
NALT Ad-FL b4.40+0.36" 17.73+£0.82" 12112035 13.03 £ 047" 9.24+0.86"
Ad-Luc 2.27+0.29 13.35+2.08 249 +1.67 9.09 + ¢ 2.08 733+1.83
CLNs Ad-FL 3.00+0.08" 14.94 £0.83" 1.34+0.55 13.03+1.67" 7.41+0.96"
Ad-Luc 1.69 £0.49 10.66 + 1.08 237+0.84 7.70 £ 1.60 5.33+0.84
NPs Ad-FL 9.37£0.55" 25.57 £5.04" 5.94+0.69" 34,54 +4.88" 36.24+2.14°
Ad-Luc 1.57£0.26 10.42 £ 0.97 2.13+£0.37 10.84 £ 1.28 7.02+1.91
SMGs Ad-FL 1321096 35.33+4.07 1.03 +£0.73 24.75+2.24 12.52£0.76"
Ad-Luc 3.92+0.24 30.56 £ 3.08 1.36 £ 0.64 10.47 £1.99 2.47 £0.15
Spleen Ad-FL 6.15+0.22" 29.12+2.31° 1.46 £0.59 17.95+1.69° 14.53 £ 0.68"
Ad-Luc 3.31+0.18 14.40+0.35 1.01 £0.46 6.95+1.32 11.28+1.22

" p<0.05 when compared with Ad-Luc group.
" p<0.01 when compared with Ad-Luc group.

4 Mice were nasally immunized weekly for three consecutive weeks with OVA plus Ad-FL. One week after the last immunization, mononuclear cells from NALT, CLNs, NPs,
SMGs and spleen were stained with a combination of the respective mAbs and subjected to flow cytometry analysis by FACSCalibur®.
b The values shown are the mean + SEM of three independent experiments. Each experimental group consisted of five mice.

those seen in controls. To support our findings, it was recently re-
ported that a unique subset of Th1 cells which produce IL-10 were
induced by DIk4 expressing DCs [33,34]. Thus, Ad-FL as nasal adju-
vant most likely induces classical Ag-specific Th1-type CD4" T cells
through DCs expressing DIk1 or DIk3.

It was of interest to note that DCs in mucosal NALT as a mucosal
inductive site and CLNs as the draining lymph nodes showed
equally required for Jagged1 and Jagged2 expression for Th2-type
cytokines which are ultimately essential for IgA and IgG Ab induc-
tion. In contrast, NPs showed significantly higher levels of Jagged2

expression when compared with SMGs although both NPs and
SMGs contained approximately equal levels of Jagged1. Both NPs
and SMGs are known as IgA effector tissues; however, NPs contains
significantly higher numbers of OVA-specific IgG producing cells
than those seen in the SMGs when mice were nasally immunized
with OVA plus Ad-FL [15]. In this regard, it is possible that
Jagged1-expressing DCs are preferentially involved in the induc-
tion of Ag-specific IgG Ab responses. We are currently testing this
hypothesis by blocking the Jaggedl or Jagged2 pathway using
recombinant Jagged1- and Jagged2-Fc-Ig chimera protein.



10 Y. Fukuyama et al./Biochemical and Biophysical Research Communications 418 (2012) 6-11

Cytokine-specific ELISA Levels of Cytokine-specific cDNA
10 40
* < * T | mAdFL
z
8 - Ad-Luc
* * 3 30 + * * g
* - T ® - -
=6+ ie] *
IFN-y % * 2 L 1L
S %
<
[<}
10 + =
2 - £ -
s
0 0
NALT CLNs NPs SMGs Spleen NALT  CLNs NPs SMGs Spleen
6 60
* —_
z *
* z
* * ?’
4- - T - S 40
= 2
L2 £ 2 *
£ < * *
2L 3 200 & - T
- o -
I 1S o
_ - | S B =
) = - L
0 0 .
NALT CLNs NPs SMGs Spleen NALT  CLNs NPs SMGs Spleen
120 50
* < *
x s
* * E’ or
L o * Il
% = 2 30k *
E o * _ * *
IL-4 5 5 T =
£ g 20
40 - T E _
= S 10— - x <
- = = S =
0
NALT  CLNs NPs SMGs  Spleen NALT  CLNs NPs SMGs Spleen

Fig. 3. Analysis of Th1- and Th2-cytokine production by OVA-specific CD4* T cells. Mice were nasally immunized as described in Fig. 1 legend. One week after the last
immunization, CD11c¢* DCs were purified from NALT, CLNs, NPs, SMGs and spleens, and cultured with naive splenic CD4* T cells isolated from non-immunized OVA TCR-
transgenic (OT II) mice with or without 1 mg/ml of OVA for 2 or 5 days. Culture supernatants were harvested after 5 days of incubation and analyzed for the respective
cytokine by ELISA. Total RNA was extracted after 2 days of incubation and subjected to quantitative RT-PCR analysis. The values shown are the mean + SEM taken from 25
mice in each experimental group. *p < 0.05 when compared with mice given nasal Ad-Luc plus OVA.
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Fig. 4. A blockade of the Notch-Notch-L pathway down-regulates the numbers of IFN-y- and IL-4-producing T cells. Mice were nasally immunized as described in Fig. 1
legend. Purified CD11c¢* DCs and splenic CD4" T cells from OT Il mice were co-cultured with 1 mg/ml of OVA in the presence or absence of DAPT for 5 days. Cells were stained
with FITC conjugated anti-CD4 mAb followed by additional intracellular staining with PE-tagged anti-IFN-y or -IL-4 mAbs. Samples were subjected to flow cytometric
analysis by FACSCalibur®. The values shown are the mean + SEM of 10 mice in each experimental group. *p < 0.05 when compared with the cultures in the absence of DAPT.

In summary, the present study showed that Ad-FL as a nasal responses are directly regulated by mucosal DCs which express
adjuvant induces Notch-L-expressing CD11b* DCs which activate both DIk and Jagged. In addition, we show that DCs in mucosal
T cells and induce Th1- and Th2-type cytokine production. This is inductive sites and DCs in mucosal effector tissues serve as APCs
the first evidence that balanced Th1- and Th2-type cytokine to upregulate CD4" T cell function.
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