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Abstract
Th17 (T-helper-17) cytokine responses have been recently recognized as an important component
for the protective immunity produced by vaccination. However, the mechanism by which immune
adjuvants induce Th17 immunity has not been defined. We have developed a novel mucosal
nanoemulsion (NE) adjuvant that produces a robust humoral and Th1 cellular immunity. Herein,
we demonstrate that immunization with NE adjuvant induces a Th17 response to diverse antigens
in both outbred and inbred mice. CD86 deficiency had a limited effect on the induction of IL-17,
however, double CD80/CD86, CD40, and IL-6 (interleukin 6) mutant mice failed to produce Th17
immunity in response to NE adjuvant. Mice deficient in TLR2 and TLR4 (Toll-like receptors 2
and 4) had a diminished IL-17 response. Our data indicate that nasal mucosal immunization with
NE adjuvant produces Th1 and Th17 immunity; that this process requires IL-6, CD40, and at least
one of the CD80/CD86 molecules; and that the induction of TH17 is enhanced by the presence of
TLR2 and TLR4 receptors. This unique approach to vaccination may have a significant role in
protection against mucosal and intracellular pathogens.

Keywords
mucosal adjuvant; nanoemulsion; Th17; cellular immunity

I. INTRODUCTION
Presentation of antigen to CD4+ T cells in the setting of appropriate co-stimulatory
molecules facilitates the differentiation of CD4+ cells into one of three helper T-cell (Th)
subtypes: Th1, Th2, and Th17. While the function of Th1 and Th2 cells is well documented,
the newly recognized subset of Th17 cells produce interleukin (IL)-17A, IL-17F, and IL-22;
however, its function is not entirely clear.1 Although IL-17 was initially found to play an
important role in inflammation and autoimmunity, more recently it has been shown to be
important in protective immune responses induced by vaccinations.2,3 While it is known that
IL-17 induction requires IL-6, TGF-β (transforming growth factor-beta), and IL-23 to
establish a persistent Th17 cell population (at least in mice), the role adjuvants play in the
enhancing Th17 immunity has not been well studied.4–6

Nanoemulsions (NEs) are oil-in-water formulations that adjuvant viral and bacterial antigens
in vaccine preparations. NEs are produced by mixing a water-immiscible soybean oil phase
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into an aqueous phase by high-stress mechanical extrusion, yielding a uniform population of
droplets with an average diameter of approximately 350 nm. The emulsion is then simply
mixed with an antigen or pathogen, and the latter is inactivated by the inherent, surface-
active nature of the emulsion.7–11 When administered intranasally, NEs have been shown to
induce robust humoral response with neutralizing serum antibodies to the protective antigen
of anthrax (PA), whole vaccinia virus, whole and split influenza virus, HIV-gp120, and
hepatitis B surface antigen (HBs), and produce a Th1-biased cellular immunity in response
to these antigens, as well as the production of IL-17.7–11 This yields a unique immune
response to antigen reminiscent of that observed with natural respiratory viral infections.

To investigate the mechanism of the Th17 response with NE-based vaccines, we measured
antigen-specific IL-17 expression in spleen cells of mice immunized with PA, HBs, and
enhanced green fluorescent protein (EGFP) in NE adjuvant. We also examined the role of
IL-6, co-stimulatory molecules such as CD40, CD80, and CD86, and the innate PPR
(pathogen pattern recognition) receptors TLR2 and TLR4 (Toll-like receptors 2 and 4) in the
IL-17 recall response in mice immunized with this novel intranasal adjuvant.

II. MATERIALS AND METHODS
A. Adjuvant and Antigens

NE (W805EC formulation) was supplied by NanoBio Corporation (Ann Arbor, MI), and was
manufactured by a high-speed emulsification of soybean oil (64%) with cetyl pyridinium
chloride (1%), Tween 80 (5%), and ethanol (8%) in water, with resultant NE droplets
averaging 350 nm in diameter.

Recombinant PA was obtained from List Biological Laboratories, Inc. (Campbell, CA).
Recombinant, endotoxin-free EGFP was purchased from BioVision Research Products
(Mountain View, CA). The recombinant adw serotype of HBs was supplied by Human
Biologicals Institute (Indian Immunologics, Ltd., Hyderabad, India). The HBs protein was
purified from pPIC3K plasmid-transfected Pichia pastoris cells using standard techniques
(Indian Immunologicals standard operation procedures and good manufacturing practices).
The endotoxin concentration was determined to be < 7.5 endotoxin units (EU)/20 μg of HBs
protein; which is below the internationally accepted standard of ≤ 30 EU/20 μg of protein.
Antigens were reconstituted at 5 mg/mL in either endotoxin-free sterile water (PA) or in
phosphate-buffered saline (PBS; HBs and EGFP) and stored at −20°C until used.

B. Animals
Pathogen-free outbred CD-1 and inbred BALB/c mice (females 6–8 weeks old) were
purchased from Charles River Laboratories (Wilmington, MA). Pathogen-free IL-6, CD86,
CD80/CD86, TLR2, and TLR4 knock-out and mutant mice, and their respective wild-type
background C57BL/6J or C57BL/6N control mice (JAXR Mice), were purchased from
Jackson Laboratories (Bar Harbor, ME). DO11.10 transgenic BALB/c mice were a kind gift
from Dr. Gary Huffnagel at the University of Michigan Medical School. During all
experiments, mice were housed at the University of Michigan animal facility in accordance
with the American Association for Accreditation of Laboratory Animal Care standards. All
procedures involving animals were performed according to the University Committee on the
Use and Care of Animals at the University of Michigan.

C. Reagents
Saline and PBS (1 × PBS and 10 × PBS, pH 7.4), RPMI-1640, and fetal bovine serum were
purchased from Cellgro (Medtech, Inc., Manassas, VA). De-ionized water was prepared
using a Milli-Q® Ultrapure water purification system (Millipore, Billerica, MA). Bovine
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serum albumin was purchased from Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase-
conjugated rabbit anti-mouse immunoglobulin G, (IgG) secondary antibodies were
purchased from Rockland Immunochemicals, Inc. (Gilbertsville, PA).

D. Immunizations
All immunizations were conducted in mice anesthetized with isoflurane using an IMPAC6
precision vaporizer. Antigen-NE formulations were prepared 30 to 60 min prior to
immunization by mixing antigen solutions with NE, using either normal saline or PBS as a
diluents. The intranasal immunizations were performed with a pipette tip applied to the
nares, and the animals were slowly administered 10 μL (5 μL/nare) of an NE formulation
containing 20 μg of antigen mixed with 20% NE. Antigen mixed with PBS alone served as a
control. Intramuscular immunizations were performed by 50-μL injection into mouse
epaxial muscle with 20 μg of antigen adsorbed on aluminum hydroxide (Sigma-Aldrich), as
described previously.10 Mice were immunized twice 2 to 6 weeks apart. For immune
response analysis, mouse sera were obtained by saphenous vein bleeding at 2-week
intervals, and splenocytes were harvested at the end of experiments, 10 to 12 weeks after
primary immunization.

E. Determination of IgG Titers
Serum antibody titers were determined with ELISA using plates coated with 5 μg/mL of PA,
HBs, or EGFP proteins, as described previously. 10

F. Splenocyte Stimulation and Analysis of Cytokine Expression
Freshly isolated mouse murine splenocytes were seeded at 4 × 106 cells/mL (RPMI 1640,
2% fetal bovine serum) and incubated with individual antigens (5–10 μg/mL) for 72 h. Cell-
culture supernatants were harvested and analyzed for the presence of cytokines using the
Milliplex mouse cytokine/chemokine immunoassay kit (Millipore) according to the
manufacturer’s instructions.

G. Intracellular Cytokine Staining
Splenocytes were stimulated with antigen (PA, 10 μg/mL) for 24 h. The GolgiPlug reagent
with leukocyte activation cocktail (BD Biosciences, San Jose, CA) was added for the last 4 h
of incubation. For flow-cytometry analysis, cells were first stained with anti-CD4 (FITC
conjugate) and anti-CD8 (PE conjugate) antibodies (ABcam), then fixed and permealized
with Perm/Fix (BD Biosciences). Subsequently, cells were stained with anti-IL-17A
(AlexaFluor 647 conjugate) and anti-interferon (IFN)-γ (PE-Cy5 conjugate). Samples were
acquired on an LSR II (BD Biosciences) and data were analyzed with DIVA software (BD
Biosciences).

H. Statistical Analysis
Results are expressed as mean ± standard deviation (SD) or standard error of the mean
(SEM) as indicated. Analysis of statistical significance between multiple groups was
determined by ANOVA (analysis of variance). The analyses were based on 95% confidence
limits and two-tailed tests. A p value < 0.05 was considered to be statistically significant.

III. RESULTS
A. Nasal Immunization With NE Adjuvant Produces Th1 and Th17 Cellular Responses

Having recently demonstrated that NE mucosal adjuvants are effective in the induction of
antibody responses and Th1-biased cellular immunity,7–10 we further examined whether NE
adjuvant produces Th17 responses using genetically diverse CD-1, BALB/c, and C57BL/6
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mice. The serum anti-PA IgG titers in CD-1 mice immunized intranasally with a single dose
of PA-NE, PA-saline, or with intramuscular injection of PA-alum were followed for at least
5 to 8 weeks (Fig. 1A). Verifying the adjuvant activity of the NE, nasal PA-NE
immunization produced robust antibody response with anti-PA IgG titers (~106) comparable
to those obtained after parenteral immunization using conventional alum adjuvant. Nasal
immunization with antigen in PBS produced only sporadic and low IgG titers (≤102). As
previously reported, similar kinetics and titers of IgG were obtained after immunization with
other antigens, such as HBs and EGFP,8,10 showing the adjuvant activity of the NE for
multiple antigens.

T-cell responses were examined ex vivo in splenic lymphocytes isolated from mice
intranasally immunized with PA, HBs, and EGFP antigens mixed with NE adjuvant.
Analysis of antigen-specific cytokine expression demonstrated strong activation of both
Th1-type cytokine IFN-γ and IL-17 in response to all tested antigenic proteins in both CD-1
and BALB/c mice (Fig. 1, B, C, and D). In contrast, intramuscular immunization with alum
adjuvant resulted in the production of IL-4, but weak IFN-γ and IL-17 induction compared
with intranasal NE adjuvant (Fig. 1, B and C). This was compatible with the expected Th2
response to alum. Immunization with antigens in PBS or saline did not result in antigen-
specific cellular responses.8,9 These results show that NE adjuvant induces both Th1 and
Th17 responses to diverse antigens.

B. NE Adjuvant Enhances Antigenspecific Th17 Cells In Vivo
Splenocytes isolated from PA-NE-immunized mice were stimulated with PA and analyzed
by flow cytometry. Intracellular cytokine staining demonstrated IL-17 staining in 2% of
CD4+ T cells (Fig. 2A), as compared with 0.2% of IL-17-positive cells in PA-stimulated
CD4+ T cells from mock-immunized animals (Fig. 2B). IL-17 and IFN-γ were produced by
the distinct populations of CD4+ T cells (Fig. 2A and 2C), while IFN-γ was expressed by
both CD4+ and CD8+ T cells (Fig. 2D). Consistent with the cytokine expression assays,
there was no increase in IL-17-expressing cells in mice immunized with PA-alum (data not
shown). As a control, we also assessed the nonspecific NE effect on antigen-specific T-cell
activation in vitro. We examined splenic lymphocytes from DO11.10 mice that carry an
MHCII (major histocompatibility complex II)-restricted OVA (ovalbumin)-specific T-cell
receptor (TCRα/β) transgene. Stimulation of splenocytes with the MHC II-restricted
OVA223–239 peptide induced a robust expression of IL-17 and IFN-γ, which was not
affected by the presence of NE in vitro (Fig. 3). In addition, the exposure of splenocytes to
NE alone did not induce production of either cytokine. These results demonstrate that IL-17
is a result of the normal activation of T cells through the TCR12 and is not an
epiphenomenon of NE exposure in vitro.

C. NE-Mediated Th17 Response Involves IL-6, Co-stimulatory Molecules CD80/CD86 and
CD40, and Innate Receptors TLR2 and TLR4

IL-6 has been identified as a critical cytokine for the development of Th17 T cells.2 To
assess the role of IL-6 in NE adjuvant-induced IL-17 responses, IL-6-knockout (IL6-ko)
mice and their wild-type counterparts (C57BL/6) were immunized intranasally with PA-NE.
Antigen-specific induction of IL-17 expression was measured in the activated splenocytes in
vitro. IL-17 production was severely diminished in splenocytes from PA-NE-immunized
IL6-ko mice, while wild-type animals demonstrated robust IL-17 induction with only weak
antigen-specific IL-6 expression (Fig. 4A). This suggested a central role for IL-6 in this
activation process.

The repertoire of the co-stimulatory signals necessary for Th17 immune induction is not yet
known.1,13,14 We examined the role of the antigen-presenting cell (APC) co-stimulatory
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molecules CD80, CD86, and CD40 in the NE-mediated differentiation of IL-17-producing T
cells. Mice deficient in CD86, mice double mutant for CD80/CD86, and CD40-deficient
mice were intranasally immunized with PA-NE. The results demonstrated that a single,
CD86-only defect resulted in only in somewhat lower antigen-stimulated IL-17 expression
in splenocytes (Fig. 4B). In contrast, antigen-specific IL-17 was absent in the CD80/CD86
double mutant and in the CD40-deficient mice. This suggests that activation through CD40
and CD80/CD86 signaling is critical for NE-mediated induction of Th17 immunity.15,16

To assess the role of innate PPR receptors in the NE-mediated Th17 response, splenic
lymphocytes from mice defective in either TLR2 or TLR4 were tested for antigen-specific
IL-17 expression in vitro. Nasal immunization with PA-NE produced a T-cell response with
a significantly diminished IL-17 expression in either TLR4- (over 5-fold) or TLR2-
(approximately 2-fold) deficient mice compared with wild-type controls (Fig. 3C). No Th17
response was induced in either the TLR mutants or in the wild-type mice after intramuscular
immunization with PA-alum. These data suggest that TLR2 and TLR4 may contribute to the
development of the NE adjuvant-mediated antigen-specific Th17 response.17,18

IV. DISCUSSION
For more than two decades, adaptive cellular immune responses have been divided into a
Th1/Th2 paradigm. Th1 immunity is characterized by CD4+ T cells secreting IL-2 and IFN-
γ, and this response drives various aspects of cell-mediated immunity. In contrast, Th2
responses have CD4+ T cells producing IL-4, IL-5, and IL-13, and mediating predominantly
humoral immune responses and atopy.19 In recent years, a third type of inducible T-cell
immunity involving IL-17-producing CD4+ T cells (Th17 cells), has been identified as a
distinct response that does not share developmental pathways with either Th1 or Th2 cells.
4,20–21 While the presence of the Th17 cells is now definitive, the role of these cells in the
immune response is just being clarified.

IL-17 was first described as a cytokine important in the pathogenesis of autoimmune and
chronic inflammatory diseases.2,3 More recently, it has also been recognized that IL-17 is
important in normal immune responses to pathogens. Many strains of bacteria,
mycobacteria, and fungi induce strong Th17 responses.2,22 IL-17 has also been
demonstrated to contribute to the efficacy of immune responses induced by vaccination. An
IL-17-induced influx of neutrophils is important in the immune response to Heliobacter
pylori,23 and is responsible for a decrease in pneumococcal colonization in response to
pneumococcal vaccine.24 IL-17 induction by whole-cell pertussis vaccines is involved in
cell-mediated immunity by enhancing the bactericidal activity of macrophages.25 Finally,
IL-17 induction in mice vaccinated with a peptide derived from Mycobacterium tuberculosis
is important for chemokines that attract CD4+/IFN-γ-producing cells.26 Together, these
findings suggest an important role for IL-17 in the protection from infection, especially on
mucosal surfaces.

Our studies address the role of a novel mucosal adjuvant on the development of Th17
immunity. We investigated whether NE adjuvants could induce an IL-17 response in mice,
in part because most other adjuvants, such as alum, do not induce Th17 immunity. We have
demonstrated antigen-specific IL-17 expression in splenocytes isolated from mice
immunized intranasally with a variety of antigens mixed in NE adjuvant, while
intramuscular immunization of the same antigens with alum did not induce an IL-17
response. Furthermore, in vitro IL-17 expression is related to the production of IFN-γ and
not IL-4, suggesting an association with Th1 immunity. The coexistence of Th1 and Th17,
as well as regulatory mechanisms involving differential IFN-γ effects on APC, was recently
described in humans.27 This may be important in vaccines for which a combination of Th1
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and Th17 responses may be necessary for protection from infection, potentially with
pathogens such as M. tuberculosis.26

We believe that the NE adjuvant may stimulate a Th17 response independent of the source
of antigen or the antigen’s molecular properties. For example, recombinant PA and EGFP
are soluble monomeric proteins of 83- and a 29-kDa molecular weight, respectively, while
recombinant HBs antigen is an aggregate of an HBV (hepatitis B virus) surface polypeptide
and lipids and exists as 22-nm virus-like particles.28 In each case, however, NE
immunization produces Th17 responses to each antigen. In addition, the induction of Th17
after NE immunization was independent of the mouse model used, as this response occurred
in either outbred or different strains of inbred mice. This is surprising because mucosal
immunization with NE adjuvant produces none of the local pro-inflammatory cytokines,
chemokines, or metalloproteinases that are hallmarks of Th17 immunity.27,29 However, NE
immunization may be unique in that it clearly induces distinct subsets of antigen-specific
IL-17- and IFN-γ-producing T cells. In contrast, co-expression of IL-17 and Th1 cytokines
IFN-γ, TNF-α, and/or IL-2 has been previously reported in inflammatory and autoimmune
Th17 models.30–32 Populations of CD4+ T cells expressing both IFN-γ and IL-17 are also
found in the gut of patients with Crohn’s disease33 and cytotoxic CD8+ T cells producing
both cytokines are recruited during antigen sensitization in the skin.34 The IL-17 cytokine
detected only in unique CD4+ T-cell populations suggests that the effects of NE adjuvant
may be different from the Th17 response in autoimmunity, allergy, and inflammatory
diseases.2,3 This is consistent with the induction of IL-17 expression in anti-CD3-activated
CD4+ T cells.35–37 In other reports, IL-17 expression in Th17 cells was both TCR and
antigen independent, but required IL-1 and IL-18.38 In this regard, it is important to note that
exposure to NE alone does not induce IL-17 either in vitro or in vivo.

In mice, IL-6 in addition to TGF-β is required for the differentiation of T lymphocytes into
Th17 cells.33,39 We have demonstrated that immunization of the IL6-ko mice did not
produce a Th17 recall response, while IL-6 is produced locally in the wild-type mice mucosa
in response to NE (P. Makidon, personal communication). This clearly shows that NE-
induced Th17 immunity depends on IL-6 activation. Interestingly, NE treatment does not
induce TGF-β in either APCs or in splenic lymphocytes in vitro, which suggests that the
TGF-β signal may be generated independently from the NE.

In contrast to the rich body of research on the co-stimulatory requirements necessary for
Th1/Th2 responses, the role of co-stimulation in the induction of Th17 cells is not fully
understood.1,14 T-cell activation requires not only engagement of the antigen-specific TCR,
but also the engagement of antigen nonspecific, co-stimulatory molecules. The co-
stimulatory molecules CD80, CD86, and CD40 are extensively characterized for their role in
adaptive immunity,40 but their exact function in the regulation of Th17 development
remains unclear. We found that CD86-deficient mice immunized with NE adjuvant were
capable of mounting Th17 immunity comparable to that of wild-type animals; however,
mice lacking both CD80 and CD86 molecules did not produce IL-17 in response to NE and
antigen. Consistent with our findings, the requirement for both CD80 and CD86 has been
demonstrated as essential for the IL-17 response in mice immunized with keyhole limpet
hemocyanin in complete Freund’s adjuvant. 36 In contrast, CD86 but not CD80 blockade in
vivo led to significant IL-17 suppression in inflammatory antigen-induced arthritis.13 CD80
and CD86 share approximately 27% external domain homology and activate the
bidirectional signaling by engaging either the immunostimulatory CD28 or the inhibitory
CTLA-4 receptors on T cells.40,41 It has been shown that human T cells rapidly produce
IL-17 in response to TCR and CD28 stimulation,29,36 and CTLA-4 blockade using antibody
increased Th17 cell in patients with a metastatic melanoma.42 There are significant
differences between inflammation, autoimmunity, and tumor immunity in humans and the
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mucosal immune response in a mouse model, and the discrepancies in these data open the
question of whether there is more than one mechanism that induces the Th17 response via
co-stimulation.

Recent reports underline the importance of CD40-CD40L signaling in IL-6-mediated Th17
development.14 CD40 is a member of the tumor necrosis factor receptor family that is
expressed on a broad variety of cells, including dendritic cells, B cells, monocytes,
endothelial cells, and epithelial cells. Induction of the immune response is mediated by
bidirectional signaling via CD40 and its ligand, CD154 (CD40L), which is expressed
primarily on activated CD4+ T cells.16,43 Similar to our results with mucosal NE adjuvant,
the CD40-deficient mice immunized with Freund’s complete adjuvant failed to induce Th17
cells in autoimmune encephalitis.44 The lack of Th17 immunity underscores the role of
CD40 in the mechanism of NE adjuvant.

TLRs comprise a signaling system that recognizes a pathogen-associated molecule pattern
and plays a pivotal role in the innate and adaptive immune response.45 This study examined
the role of TLR2 and TLR4 in NE-mediated Th17 immunity. Both TLR2- and TLR4-
defective mice had a diminished IL-17 splenocyte recall response compared with wild-type
mice; however, TLR4 deficiency appeared to have a more profound effect. A critical role of
TLR4 in vaccine-induced Th17 immunity has been documented for whole cell, but not for
acellular, pertussis vaccine.25 Interestingly, in a mouse autoimmune arthritis model with
IL-1 receptor antagonist-knockout (IL1rn−/−), TLR4 contributed to more severe disease by
modulating the Th17-cell population, while TLR2 seemed to inhibit arthritis progression
through down-regulation of IFN-γ-producing Th1 cells.46 In contrast to our results, TLR2
deficiency led to increased Th17 cells infiltrates (mainly γδ T cells) in experimental
Staphylococcus aureus brain abscesses47 and in a pulmonary model of fungal infection.48

Again, these differences in TLR2 effects suggest that NE-induced Th17 immunity on the
respiratory surface may have distinct features from the Th17 response in inflammatory
disease models.

In summary, our data document that mucosal immunization with NE adjuvant produces
innate immune cell activation that helps to direct the induction of Th1 and Th17 cells. This
may be important in vaccination for protective cellular immunity against intracellular
pathogens, especially on mucosal surfaces.

Acknowledgments
The authors wish to thank Dr. Ilona Kryczek for her help with FACS analysis. This project has been funded in
whole or in part from the Bill and Melinda Gates Foundation, under award 37868 and a subcontract from NIAID-
NIH, Great Lakes Regional Center of Excellence for Biodefense and Emerging Infectious Diseases Research (U54
AI57153-02).

ABBREVIATIONS

APC antigen-presenting cell

EGFP enhanced green fluorescent protein

EU endotoxin units

HBs hepatitis B surface antigen

IgG immunoglobulin G

IL interleukin

NE nanoemulsion
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PA protective antigen of anthrax

PBS phosphate-buffered saline

Th helper T cell
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FIGURE 1.
IL-17 and Th1-type splenocyte responses after immunization with diverse antigens mixed
with NE adjuvant. A, Nasal immunization with NE adjuvant produces robust IgG antibody
response. CD1 mice were immunized intranasally with PA mixed with either NE (PA-NE)
or saline (PA-saline) or by the intramuscular injection of PA adsorbed onto alum (PA-alum).
Control mice were mock immunized with NE alone (NE only), or antigen in PBS (data not
shown). Results are presented as anti-PA IgG serum endpoint titers (± SD). B–D, Antigen-
specific induction of IL-17, IFN-γ, and IL-4 cytokines in splenic lymphocytes. B, Cytokine
expression in splenocytes shows the CD-1 mice immunized with PA. Mice immunized with
PA in alum intramuscularly or intranasally with PA in saline showed no response. There is
also no background cytokine response in animals exposed to either saline or NE without
antigen. Statistically significant differences with p values < 0.05 were detected for all three
cytokines between mice immunized with PA-NE and any other immunization groups. For
the NE and alum adjuvants, the p values were 0.0037, 0.0012, and 0.031 for IL-17, INF-γ,
and IL-4, respectively. C, Cytokine expression in splenocytes from CD-1 mice immunized
with HBs antigen. Statistically significant differences with p values < 0.05 were detected for
all three cytokines between mice immunized with HBs-NE and other immunization groups.
Note that the saline control was omitted from the figure, but again showed no response. For
the NE and alum adjuvants, the p values were 0.0109, 0.0272, and 0.0417 for IL-17, INF-γ,
and IL-4, respectively. D, Antigen-specific induction of cytokine expression in T cells from
EGFP-NE immunized mice, showing a similar pattern of response. The animals were not
intramuscularly immunized with EGFP in alum due to animal use limitations. Statistically
significant differences with p values < 0.05 were detected for all three cytokines between
mice immunized with EGFP-NE and any other immunization groups. For the NE and PBS
group, the p values were 0.024, 0.0019, and 0.031 for IL-17, INF-γ, and IL-4, respectively.
Intramuscular immunizations with antigen adsorbed onto alum were performed using PA
and HBs antigens (PA-alum and HBs-alum) and demonstrated no IL-17 response. Control
IN immunizations with EGFP in PBS or NE alone also demonstrated no IL-17 production.
To accommodate for the differences in cytokine-induction values, the representative results
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from two experiments are presented in the logarithmic scale as an average-fold of cytokine
induction in antigen-stimulated splenocytes over nonstimulated control cultures (± SEM).
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FIGURE 2.
Antigen-specific induction of Th17 T cells. Intracellular staining detection of IL-17 and
IFN-γ in CD4+ T cells in PA-stimulated splenocytes from C57BL/6 mice immunized
intranasally in (A) control mice treated with 20% NE or (B) PA-NE immunized mice. The
FACS (fluorescence-activated cell sorter) analysis is shown in two representative dot plots
of gated CD4+ T cells. C, Antigen-specific induction of IL-17 expression is shown to be
limited to CD4+ T cells from PA-NE immunized mice. Splenic lymphocytes obtained from
three mice (per group) were stimulated in vitro with 10 μg/mL of recombinant PA protein.
Intracellular IL-17 and IFN-γ expression was measured in CD4+, CD8+, and splenic non-T
cells. Data, presented as means ± SD, were obtained from three animals and were only
significantly different in the CD4 population (p < 0.05). In contrast, significant INFγ
production is observed in both CD4 and CD8 populations after stimulation with PA (D).
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FIGURE 3.
Dendritic cell-independent, TCR-dependent IL-17 expression in vitro. IL-17 expression was
analyzed in splenocytes from transgenic TCR Tg DO11.10 Balb/c mice. Cells were
stimulated with either a MHCII-restricted ovalbumin peptide (Ova223–239, 10 μg/mL),
Ova223–239 mixed with 0.001% NE (Ova223–239 + NE), or with 0.001% NE alone.
Concentrations of IL-17 and IFN–γ in cell-culture supernatants are presented in pg/mL (±
SEM). No statistical difference was detected in cells treated with or without NE, suggesting
the need for antigen-presenting cells to induce specific an IL17 phenotype immune response.
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FIGURE 4.
IL-17 splenocyte recall response to PA in IL6-ko, CD80/86, CD40, TLR2, and TLR4 mutant
mice. All mice were immunized intranasally with PA-NE, PA in PBS, or NE alone.
Splenocytes were obtained at 10 to 12 weeks after primary immunization. Representative
results from two experiments are presented as -fold of IL-17 cytokine induction in antigen-
stimulated splenocytes over nonstimulated cultures (± SEM). Antigen-specific IL-17
expression was analyzed in a wild-type C57BL/6 and compared with IL6-ko mice (A). A
statistically significant difference in IL-17 expression was detected between wild-type and
IL6-ko mice, p value = 0.0305. B, CD86, double CD80/CD86, and CD40 mutant mice were
analyzed for the response to PA. Statistically significant differences in IL-17 expression
were detected after nasal PA-NE immunization, as wild-type animals produced significantly
more IL-17 than either CD80/CD86 or DC40 mutant mice with p values of 0.006 and 0.006,
respectively. No statistical difference was detected between wild-type and the single CD86
mutants (p = 0.0502). C, TLR2 and TLR4 mutant mice show differences in IL-17
expression, as wild-type mice produced much greater amounts of IL-17 after NE
immunization than TLR mutant mice, with p values of 0.0278 and 0.0249 for TLR2 and

Bielinska et al. Page 15

Crit Rev Immunol. Author manuscript; available in PMC 2010 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TLR4, respectively. No statistical difference was detected in the PA-alum and the NE
groups (C, data not shown for A and B).
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