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Abstract
The precise context in which the innate immune system is activated plays a pivotal role in

the subsequent instruction of CD4+ T helper (Th) cell responses. Th1 responses are down-

regulated when antigen is encountered in the presence of antigen-IgG immune complexes.

To assess if Th17 responses to antigen are subject to similar influences in the presence

of immune complexes we utilized an inflammatory airway disease model in which immuni-

zation of mice with Complete Freund’s Adjuvant (CFA) and ovalbumin (Ova) induces a

powerful Ova-specific Th1 and Th17 response. Here we show that modification of that

immunization with CFA to include IgG-Ova immune complexes results in the suppression of

CFA-induced Th17 responses and a concurrent enhancement of Ova-specific Th2

responses. Furthermore, we show the mechanism by which these immune complexes sup-

press Th17 responses is through the enhancement of IL-10 production. In addition, the gen-

eration of Th17 responses following immunization with CFA and Ova were dependent on

IL-1α but independent of NLRP3 inflammasome activation. Together these data represent a

novel mechanism by which the generation of Th17 responses is regulated.

Introduction
The CD4+ T cell response to an antigen is shaped by innate immune instruction reflecting the
environment in which the antigen presenting cell (APC) initially encountered the antigen,
including whether the antigen was associated with specific adjuvants or complexed with anti-
bodies. Presentation of processed antigen with costimulatory molecules with precise

PLOSONE | DOI:10.1371/journal.pone.0151252 March 15, 2016 1 / 15

OPEN ACCESS

Citation: Ciraci C, Janczy JR, Jain N, Haasken S,
Pecli e Silva C, Benjamim CF, et al. (2016) Immune
Complexes Indirectly Suppress the Generation of
Th17 Responses In Vivo. PLoS ONE 11(3):
e0151252. doi:10.1371/journal.pone.0151252

Editor: Bernhard Ryffel, French National Centre for
Scientific Research, FRANCE

Received: December 31, 2015

Accepted: February 25, 2016

Published: March 15, 2016

Copyright: © 2016 Ciraci et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by National
Institutes of Health grants R01 AI104706 (S.L.C.),
T32 AI007485 (J.R.J.), and T32 AI007511 (S.H.); an
Asthma and Allergy Foundation of America fellowship
(S.L.C.); an American Lung Association/The
American Academy of Allergy, Asthma & Immunology
Foundation Allergic Respiratory Disease Award (S.L.
C.); and a Bolsista da CAPES Scholarship, 2790-14-
9 (C.P.S.). The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0151252&domain=pdf
http://creativecommons.org/licenses/by/4.0/


combinations of cytokines drives the differentiation of naïve CD4+ T cells down specific effec-
tor lineage pathways including T helper (Th) 1, Th2, or Th17.

Circulating immune complexes are associated with both the initiation and the progression
of many diseases and in particular autoimmune disorders. These IgG-immune complexes have
been shown to be immunomodulatory and can regulate both innate and adaptive immune
responses. Ligation of activating FcγR on macrophages by IgG-immune complexes results in
marked suppression of IL-12p40 production, a cytokine that plays a crucial role in Th1 differ-
entiation [1]. FcγR ligation also induces the production of the anti-inflammatory cytokine IL-
10 [2]. Previous studies have demonstrated that antigen-IgG immune complexes are capable of
augmenting Th2 responses [3, 4] in part through their ability to modulate the production of
the cytokines IL-12p40 and IL-10. However, the effect of IgG-immune complexes on Th17
responses is unknown.

Th17 cells are typified by their elaboration of the proinflammatory cytokines IL-17A, IL-
17F, and IL-22 and not only play a critical role in host defense against microbes but also drive
the pathologic responses underlying autoimmune disorders [5]. The production of the innate
immune cytokines IL-6, TGFβ, IL-1 and IL-23 is required for the induction of pathogenic
Th17 responses [5, 6]. IL-1R signaling in T cells has been shown to be critical for the generation
of Th17 cells as mice deficient in IL-1R1 have a defect in the generation of Th17 responses in
an experimental autoimmune encephalomyelitis (EAE) model with an associated reduction in
disease severity [7, 8].

IL-1α and IL-1β are related cytokines that both signal through the IL-1R1, yet the individual
contribution of IL-1α versus IL-1β to the generation of Th17 responses remains unclear.
Despite sharing a common downstream receptor, the upstream regulation of IL-1α and IL-1β
secretion occurs via distinct mechanisms. The NLRP3 inflammasome is a multiprotein com-
plex composed of the NLR family member NLRP3, the adaptor molecule ASC, and the cysteine
protease caspase-1 [9, 10]. Caspase-1 becomes activated in response to specific NLRP3 ago-
nists, which results in the processing of pro-IL-1β into its mature secreted form. IL-1α secre-
tion, in contrast, can occur in an NLRP3 inflammasome-dependent or independent manner
depending on the stimulus. Additionally, IL-1α can be released passively upon cell death and
contribute to sterile inflammatory responses. Although IL-1α can be cleaved, unlike IL-1β,
cleavage is not required for IL-1α to bind and signal through IL-1R1 [11].

In this study we demonstrate that the generation of CFA-induced Th17 responses was sup-
pressed by antigen specific immune complexes. We show that while the CFA-induced Th17
response did require signaling through the IL-1R1, this signal was independent of NLRP3
inflammasome-driven IL-1β but was instead dependent upon IL-1α. Dendritic cells that
encountered antigen in an immune complex produced enhanced IL-10 while concurrently sup-
pressing IL-1α production. This coordinated modulation of dendritic cell IL-10 and IL-1α
resulted in the inhibition of naïve CD4+ cell differentiation into Th17 effector cells. Taken
together our data identify IgG-immune complexes as novel negative regulators of Th17
responses.

Materials and Methods

Mice
The generation of Nlrp3-/-, asc-/-, caspase1-/-, Il10-/-, Il1r1-/-, Il1a-/-, and Il1b-/- mice have been
described previously [12–17]. OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J) transgenic mice [18]
were purchased from Jackson Laboratories (Bar Harbor, ME). Age and sex matched C57BL/6
and CD45.1 (B6Ly5.2Cr) mice were purchased from the National Cancer Institute. This study
was carried out in strict accordance with the recommendations in the Guide for the Care and
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Use of Laboratory Animals of the National Institutes of Health. The Institutional Animal Care
and Use Committee at the University of Iowa approved all protocols used in this study.

Immune complexes
Chicken egg ovalbumin (Ova) (Grade V) was purchased from Sigma (St. Louis, MO). Goat IgG
fraction to chicken egg Ova IgG was purchased from MP Biomedicals (Santa Ana, CA).
IgG-Ova immune complexes were made by mixing a 10:1 excess of anti-Ova IgG:Ova at room
temperature for 30 min. IgG-depleted antisera were generated by incubating goat anti-Ova IgG
with protein G-agarose beads. IgG-depleted anti-Ova IgG (IgGdepl) were mixed with Ova as
above and used as a control. Fab fragments of whole anti-Ova IgG (MP Biomedicals) were gen-
erated with papain and purified using a Fab preparation kit (Thermo Scientific). Anti-Ova Fab
fragments were mixed with Ova as above and used as a control.

Stimulation of BMDCs
Bone marrow-derived dendritic cells (BMDCs) were generated as previously described [19].
Briefly, bone marrow was flushed from the femurs of mice, and cells cultured in RPMI1640
supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin G, 100 μg/ml streptomy-
cin and 10 ng/ml GM-CSF (R&D systems, Minneapolis, MN); media was replenished on days
3 and 6. On day 7 suspension cells were harvested and contained cells that stained>70% dou-
ble positive for MHC class II and CD11c. BMDCs were stimulated with 50 ng/ml LPS from E.
coli serotype 0111:B4 (Invivogen, San Diego, CA) either in the presence or absence of 10 μg/ml
Ova or IgG-Ova for 10 hrs. For the induction of IL-1α, IL1β and IL-18, 4 h after the addition of
LPS cells were additionally stimulated with 5 mM ATP (Sigma) for 20 min; media was replaced
with fresh media and cells were further incubated for another 6 h. Supernatants were collected
and assayed for IL-1α, IL-1β, IL-18, IL-6, TNFα, IL-23, and IL-12 p40. Antibody pairs for the
IL-1β ELISAs were from R&D Systems. Antibody pairs for IL-1α, IL-6, TNFα, IL-23, and IL-12
p40 were from eBiosciences (San Diego, CA). IL-18 ELISA antibody pairs were fromMBL
(Woburn, MA).

Induction and evaluation of airway inflammation
Mice were sensitized on day 0 subcutaneously at the base of the tail with either 0.5 mg/ml CFA
and Ova protein or 0.5 mg/ml CFA and IgG-Ova immune complexes; the final quantity of Ova
was 20 μg in both cases. On days 15, 16, and 17 mice were anesthetized with isoflurane and
challenged intranasally with 20 μg Ova in 50 μl PBS. Mediastinal lymph nodes (LNs), lungs,
blood, and bronchoalveolar lavage (BAL) fluid were harvested on day 19. BAL was performed
as previously described [20], red blood cells were lysed and total nucleated cell counts were
obtained using a hemocytometer. Cytospin slides were prepared by H&E staining with HEMA
3 (Fisher) and numbers of neutrophils, lymphocytes, DC/Macs, and eosinophils quantified.
Serum samples were collected on day 19 for measurement of OVA-specific IgG1 and IgG2c
antibodies by ELISA as previously described [21]. Lungs were fixed, embedded in paraffin and
5 μM sections were stained with H&E.

Cytokine analysis
Cells from the draining LNs were cultured with 10 μMOVA at 1–2 x 105 cells/well for 72 h;
supernatants were collected and analyzed by ELISA. Antibody pairs for IL-17A, IFNγ, IL-13
and IL-4 were from eBiosciences. For flow cytometric analysis of intracellular cytokines, LN
cells were stimulated for 4 h with 50 ng/ml PMA and 500 ng/ml ionomycin in the presence of
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3 μg/ml brefeldin A. Cells were fixed and permeabilized using Fixation/Permeabilization buffer
(eBiosciences) and stained with anti-CD3, -CD4, -IFNγ (eBiosciences), and -IL-17A (BD Bio-
sciences, San Jose, CA). Flow cytometric analysis was performed on a Becton Dickinson LSR II
and data analyzed with FlowJo software (Tree Star Inc., Ashland, OR).

T cell proliferation
CD4+ T cells were prepared by positive selection from spleens of OT-II transgenic mice using
CD4 Miltenyi beads per the manufacturer’s instructions (Miltenyi Biotec, San Diego, CA).
CD4+ T cells were labeled with 2.5 μMCFSE (Invitrogen) for 5–7 min at 37°C; 3 x 106 cells
were then transferred into CD45.1 congenic mice via tail vein injection. Mice were immunized
with CFA/Ova or CFA/IgG-Ova as described above and T cell proliferation assessed by flow
cytometry on an Accuri C6 flow cytometer (BD Biosciences) at day 3 post-immunization.

Statistical analysis
Statistics were performed using an unpaired Student's two-tailed t test or two-way ANOVA.
For BAL counts and serum antibody levels we performed a nonparametric Mann-Whitney U-
test. �, p� 0.05; ��, p� 0.01; ���, p� 0.001.

Results

Antigen-IgG immune complexes suppress the development of Th1 and
Th17 immune responses in vivo
It has been shown that antigen-IgG immune complexes are capable of modulating the produc-
tion of cytokines from macrophages and dendritic cells through the interaction of the immune
complexes with FcγRs [1, 2]. While this has been shown to modify Th1 and Th2 responses,
whether this modulation can influence the generation of Th17 adaptive immune responses is
unknown. To specifically examine this question, we utilized a murine inflammatory airway dis-
ease model. Mice were immunized subcutaneously with CFA, which is a prototypical adjuvant
known to induce a robust Th1 and Th17 response, along with either ovalbumin (Ova) or
IgG-Ova immune complexes. Mice were subsequently challenged intranasally with Ova on
days 15, 16 and 17; 48 hrs later the extent of airway inflammation was assessed by histology as
well as determination of the inflammatory cell composition of the bronchoalveolar lavage
(BAL) fluid (Fig 1A). As expected, mice immunized with CFA/Ova had a marked inflamma-
tory response to intranasal challenge with Ova as evidenced by pulmonary interstitial, peri-
bronchiolar and perivascular infiltrates of neutrophils, lymphocytes, and macrophages that
were also present within alveoli (Fig 1B). Analysis of BAL fluid from CFA/Ova immunized
mice was consistent with findings observed by histology (Fig 1C). In contrast, mice immunized
with CFA/IgG-Ova had significantly diminished neutrophilic influx into the lungs following
intranasal challenge with Ova (Fig 1B and 1C). Ovalbumin-specific IgG1 and IgG2c antibody
induction was also significantly diminished in mice immunized with CFA/IgG-Ova compared
to CFA/Ova (Fig 1D).

To determine if the initial encounter of an antigen within an immune complex modified the
subsequent adaptive immune response, we restimulated lung-draining mediastinal lymph
node (LN) cells with Ova ex vivo. LN cells from mice immunized with CFA/Ova produced
IFNγ and IL-17A upon restimulation, consistent with a strong CFA-driven Th1 and Th17
response (Fig 2A and 2B). In agreement with the diminished neutrophilic influx into the lungs
of mice immunized with CFA/IgG-Ova, LN cells from these CFA/IgG-Ova treated mice also
secreted significantly less IFNγ and IL-17A upon ex vivo restimulation with either Ova or
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PMA/ionomycin (Fig 2A and 2B). Surprisingly, and in contrast to the cells from CFA/Ova
treated mice, LN cells from CFA/IgG-Ova immunized mice secreted IL-4 and IL-13, suggestive
of the development of a Th2 effector response despite the presence of the powerful Th1/Th17
promoting and Th2 inhibiting adjuvant CFA (Fig 2A). Although the ability of dendritic cells
activated in vitro in the presence of immune complexes to redirect a Th1 response to a Th2
response has been reported previously [3, 4], the potency of this effect in vivo and in the pres-
ence of such a robust Th1/Th17-inducing adjuvant as CFA was unexpected.

To control for potential nonspecific effects from the antisera we depleted IgG from antisera
(IgGdepl) and immunized mice with CFA/Ova, CFA/IgG-Ova, or CFA/IgGdepl-Ova. LN cells
from mice immunized with CFA/IgGdepl-Ova produced similar amounts of IFNγ and IL-17A
upon ex vivo restimulation with Ova compared to mice immunized with CFA/Ova (Fig 2C). In
addition, unlike LN cells from mice immunized with CFA/IgG-Ova, LN cells from mice immu-
nized with CFA/IgGdepl-Ova failed to produce enhanced IL-13 (Fig 2C). To confirm that the
effects of IgG-Ova immune complexes on adaptive immune responses were mediated through
their Fc domain we generated Fab fragments of the anti-Ova IgG by papain digestion. LN from
mice immunized with CFA/Fab-Ova produced similar levels of IFNγ, IL-17A, and IL-13 com-
pared to LN cells from mice immunized with CFA/Ova (Fig 2D).

A possible explanation for the alteration in T cell responses could be a failure of APCs to
process or present antigen when complexed with IgG. To test if APCs were capable of process-
ing and presenting IgG-Ova and activating CD4+ T cells, we adoptively transferred CFSE

Fig 1. Immune complexes suppress the development of neutrophilic airway responses in vivo. (A)
Schematic illustration of the inflammatory airway disease model; (B-D) WTmice were injected
subcutaneously with either CFA/Ova or CFA/IgG-Ova on day 0; mice were then intranasally challenged with
Ova on days 15, 16 and 17. 48 h after the final intranasal challenge hematoxylin and eosin lung histology
sections (B) and differential cell counts in bronchoalveolar lavage fluid were analyzed (C). Representative
sections from 4 mice per group are shown; upper panel bar = 50 μm; lower panel bar = 20 μm (B). Values
represent the mean ± SEM of five separate experiments (n = 19 mice per group; C). (D) Ova-specific IgG1
and IgG2c levels in serum were measured by ELISA. Values represent the mean ± SEM of five separate
experiments (n = 13–15 mice per group; D).

doi:10.1371/journal.pone.0151252.g001
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labeled T-cell receptor (TCR) transgenic OT-II CD4+ T cells into mice immunized with either
CFA/Ova or CFA/IgG-Ova. Dilution of CFSE showed equivalent OT-II CD4+ T cell prolifera-
tion in both CFA/Ova and CFA/IgG-Ova immunized mice suggesting the initial activation of
CD4+ T cells by APCs remained intact in the presence of immune complexes (Fig 2E). That the
initial activation of CD4+ T cells is preserved in the presence of immune complexes suggests
uptake, processing, and presentation of antigen is not impacted by the presence of immune
complexes. Taken together, these data demonstrate that antigen-IgG immune complexes, in an
Fc dependent manner, suppress the development of Th1 and Th17 immune responses as well
as having the capability of redirecting the powerful adjuvant activity of CFA to drive a Th2
immune response.

Fig 2. Immune complexes suppress Th1 and Th17 responses. (A) Lung draining LN were collected and restimulated in vitro with or without Ova (10 μM)
for 72 h and cytokine levels in the supernatants analyzed. Values represent the mean ± SD and are representative of five separate experiments each with a
minimum of 3 mice per group. (B) Intracellular cytokine analysis of LN cells stimulated for 4 h with PMA and ionomycin in the presence of brefeldin A. Results
are representative of two independent experiments. (C, D) WTmice were injected subcutaneously with either CFA/Ova, CFA/IgG-Ova, CFA/IgGdepl-Ova or
CFA/Fab-Ova on day 0; mice were then intranasally challenged with Ova on days 15, 16 and 17. 48 h after the final intranasal challenge lung draining LN
were collected and restimulated in vitro with or without Ova (10 μM) for 72 h and cytokine levels in the supernatants analyzed. Values represent the
mean ± SD and are representative of two separate experiments each with a minimum of 2–3 mice per group. (E) CFSE labeled OT-II transgenic CD4+ cells
were transferred into CD45.1 congenic mice, which were then immunized subcutaneously with either CFA/Ova or CFA/IgG-Ova and T cell proliferation
assessed by flow cytometry 3 d later. Results are representative of two independent experiments.

doi:10.1371/journal.pone.0151252.g002
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Immune complexes modulate dendritic cell cytokine production in vitro
Our inflammatory airway disease model demonstrated that immune complexes given in vivo
did not impact initial T cell activation, but potently and specifically suppressed the generation
of Th17 adaptive immune responses while promoting a Th2 response. Specific combinations of
cytokines elicited from dendritic cells and macrophages following activation of pattern recog-
nition receptors are required to instruct the differentiation of newly activated CD4+ T cells
down discrete effector paths [6]. Thus, we asked if the activation of dendritic cells in the pres-
ence of immune complexes affected their production of the pivotal cytokines that drive Th17
differentiation and expansion. To assess this question, bone marrow-derived dendritic cells
(BMDC) were primed with LPS in the presence of either Ova or IgG-Ova immune complexes
and were then challenged with the NLRP3 inflammasome agonist ATP. As expected, stimula-
tion of BMDC with LPS + ATP, in the absence or presence of Ova, resulted in the secretion of
IL-1α, IL-1β and IL-18 [13, 22]; however, the presence of IgG-Ova immune complexes signifi-
cantly inhibited IL-1α, IL-1β and IL-18 secretion (Fig 3A–3C). The production of IL-6 and
TNF-α in response to LPS was not altered by the presence of immune complexes (Fig 3D and
3E); however, IL-23 production was markedly diminished in response to immune complexes
(Fig 3F). Consistent with previous studies, immune complexes suppressed IL-12p40 genera-
tion, while inducing elevated IL-10 production (Fig 3G and 3H) [2]. Taken together, these data
demonstrate that immune complexes modulate the production of a number of key cytokines
involved in CD4+ T cell polarization. Of particular interest, two cytokines implicated in the dif-
ferentiation and expansion of Th17 effector cells, IL-1β and IL-23, were markedly suppressed
by the presence of immune complexes.

Fig 3. Immune complexesmodulate in vitro cytokine production by BMDC. (A-H) BMDC fromWTmice
were stimulated with or without LPS (50 ng/ml) in the presence or absence of Ova or IgG-Ova immune
complexes for 10 h; cytokine secretion into culture supernatants was measured by ELISA. (A-C) For the
induction of IL-1α, IL1β and IL-18, 4 h after the addition of LPS cells were additionally stimulated with 5 mM
ATP for 20 min; media was replaced with fresh media and cells were further incubated for another 6 h. Values
represent the mean ± SEM of three independent experiments, each performed in triplicate.

doi:10.1371/journal.pone.0151252.g003
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Immune complex driven IL-10 production suppresses Th1 and Th17
responses
Suppression of Th1 responses and augmentation of Th2 responses by in vitro immune com-
plex-activated antigen presenting cells requires IL-10 [3, 4]. Whereas the influence of immune
complex-elicited IL-10 on Th17 responses is unknown, IL-10 has been shown to directly sup-
press Th17 function as well as indirectly regulate Th17 differentiation through its effect on reg-
ulatory T cells [23, 24]. To determine if the production of IL-10 played a role in the ability of
immune complexes to suppress the generation of Th17 responses, we utilized IL-10-deficient
mice. Consistent with previous studies, LN cells from Il10-/- mice immunized with CFA/Ova
elicited enhanced production of IL-17A upon Ova restimulation compared to WT mice (Fig
4A) [25]. However, unlike WT mice, LN cells from Il10-/- mice immunized with CFA/IgG-Ova
failed to suppress IFNγ and IL-17A upon Ova restimulation (Fig 4A). These data suggest that
immune complex-elicited IL-10 production was critical for the inhibition of CFA-driven Th17
responses.

To evaluate if IL-10 was acting indirectly by modulating dendritic cell cytokine production,
the ability of IgG-Ova immune complexes to inhibit IL-1α, IL-1β, and IL-23 production was
examined in BMDC from Il10-/- mice. IgG-Ova immune complexes effectively suppressed the
production of both IL-1α and IL-1β by IL-10-deficient BMDC in response to the NLRP3
inflammasome agonist ATP (Fig 4B and 4C). Consistent with previous data demonstrating
that IL-12p40 production can be suppressed by immune complexes independently of IL-10
[26], immune complexes also suppressed the production of IL-23 in IL-10-deficient BMDC
(Fig 4D). These data suggest the mechanism by which IL-10 suppresses Th17 responses is not
via inhibition of BMDC cytokines necessary for Th17 differentiation.

Given the lack of suppression of IL-17A by immune complexes in IL-10-deficient mice (Fig
3A), we predicted neutrophilic airway inflammation would be similarly resistant to suppres-
sion by immune complexes in the IL-10 deficient mice. Contrary to our expectations, sensitiza-
tion with CFA/IgG-Ova induced a markedly diminished neutrophilic infiltrate in the lungs of
Il10-/- mice following intranasal challenge with unopsonized Ova compared to sensitization
with CFA/Ova (Fig 4E). These data suggest that although IL-10 is required for immune com-
plex-driven regulation of Th17 responses, the mechanism by which immune complexes inhibit
airway inflammation is discrete and independent from IL-10.

CFA-induced Th17 responses are independent of the NLRP3
inflammasome
That immune complexes in Il10-/- mice failed to suppress Th17 responses but maintained the
ability to suppress airway inflammation suggests additional pathways regulating airway inflam-
mation that are independent from IL-10 are modulated by immune complexes in vivo. The
contribution of the NLRP3 inflammasome in the development of Th17 responses following
immunization of an antigen in combination with the adjuvant CFA is unclear. To evaluate if
the NLRP3 inflammasome was required for airway inflammation and Th17 responses in the
CFA/Ova inflammatory airway model, we evaluated mice deficient in NLRP3, ASC or caspase-
1. Neutrophilic influx was diminished in caspase-1-deficient mice but not in NLRP3- or ASC-
deficient mice immunized with CFA/Ova and then challenged intranasally with Ova (Fig 5A,
5C and 5E) suggesting that caspase-1 driven cytokines may partially contribute to the airway
inflammatory response. However, IFNγ and IL-17A production by NLRP3-, ASC- and cas-
pase-1-deficient LN cells remained intact upon Ova restimulation (Fig 5B, 5D and 5F).
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CFA-induced Th17 responses are dependent on IL-1α signaling through
the IL-1R1
Previous studies have demonstrated that IL-1R1 signaling in CD4+ T cells is critical for Th17
differentiation [8]. To determine specifically the contribution of IL-1R1 signaling to airway
inflammation, we induced airway inflammation in Il1r1-/- mice. IL-1R1-deficient mice had

Fig 4. Immune complex driven IL-10 production suppresses Th1 and Th17 responses. (A) WT and
Il10-/- mice were injected subcutaneously with either CFA/Ova or CFA/IgG-Ova on day 0; mice were then
intranasally challenged with Ova on days 15, 16 and 17. 24 h after the final intranasal challenge lung draining
LN were collected and restimulated in vitro with or without Ova (10 μM) for 72 h and cytokine levels in the
supernatants analyzed. Values represent the mean ± SD and are representative of three separate
experiments each with a minimum of 3 mice per group. (B-D) BMDC from Il10-/-mice were stimulated with or
without LPS (50 ng/ml) in the presence or absence of Ova or IgG-Ova immune complexes for 10 h; cytokine
secretion into culture supernatants was measured by ELISA. (B, C) For the induction of IL-1α and IL1β, 4 h
after the addition of LPS cells were additionally stimulated with 5 mM ATP for 20 min; media was replaced
with fresh media and cells were further incubated for another 6 h. Values represent the mean ± SEM of three
independent experiments, each performed in triplicate. (E) WT and Il10-/-mice were sensitized and
challenged as described in (A), 24 h after the final intranasal challenge differential cell counts in
bronchoalveolar lavage fluid were determined. Values represent the mean ± SEM of the three separate
experiments (n = 6 mice per group).

doi:10.1371/journal.pone.0151252.g004
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markedly diminished neutrophils in the BAL compared to WT mice (Fig 6A). Consistent with
this reduction in airway inflammation in the Il1r1-/- mice, LN cells from Il1r1-/- mice immu-
nized with CFA/Ova had significantly diminished production of IFNγ and IL-17A upon Ova
restimulation (Fig 6B), suggesting IL-1R1 signaling is required for both the T cell responses
and airway inflammation induced by CFA/Ova.

Both IL-1α and IL-1β are capable of signaling through IL-1R1. To elucidate their precise
involvement in Th17 responses in vivo, mice specifically deficient in either IL-1α or IL-1β were
immunized with CFA/Ova and subsequently challenged intranasally with Ova. Markedly
diminished airway inflammation and a specific defect in Th17 responses but not Th1 responses
were observed in Il1a-/- mice (Fig 6C and 6D). In contrast, Il1b-/- mice developed similar
amounts of airway inflammation compared to WT mice (Fig 6E). Similarly, IFNγ and IL-17A
production by IL-1β-deficient LN cells also remained intact upon Ova restimulation (Fig 6F)
suggesting signaling through IL-1R1 by IL-1α, but not IL-1β, is critical for the CFA-induced
Th17 response. Taken together, these data suggest that the inflammatory airway response to
intranasal challenge with Ova initiated by CFA/Ova immunization requires signaling through
the IL-1R1 by IL-1α but not by IL-1β. Furthermore, the CFA-mediated Th17 response is
dependent on the production of IL-1α but not IL-1β.

Fig 5. CFA-induced Th17 responses are independent of the NLRP3 inflammasome.WT, nlrp3-/-, asc-/-,
and caspase-1-/- mice were injected subcutaneously with CFA/Ova on day 0; mice were then intranasally
challenged with Ova on days 15, 16 and 17. 24 h after the final intranasal differential cell counts in
bronchoalveolar lavage fluid were determined (A, C, E). Lung draining LN were collected and restimulated in
vitro with or without Ova (10 μM) for 72 h and cytokine levels in the supernatants analyzed (B, D, F). A, B, D,
F; values represent the mean ± SEM of three separate experiments, n = 9–15 mice per group. C, E; values
represent the mean ± SD and are representative of three separate experiments, n = 3–5 mice per group.

doi:10.1371/journal.pone.0151252.g005
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Immune complexes suppress IL-1α production in vivo
Given the demonstrated requirement for IL-1α in CFA/Ova-induced Th17 responses and that
dendritic cell IL-1α production is downregulated by IgG-immune complexes, we next asked if
this suppression of IL-1α production by IgG-immune complexes occurred in vivo. We first
examined the production of IL-1α in the skin 24 hours following immunization with either
CFA/Ova or CFA/IgG-Ova. Immunization with CFA/IgG-Ova resulted in significantly less IL-
1α production in the skin compared to mice immunized with CFA/Ova (Fig 7), thus demon-
strating that IgG-immune complexes were also capable of inhibiting IL-1α production in vivo.

Discussion
It is known the innate immune response to an antigen is dramatically altered when the antigen
is associated with an adjuvant. Here we show modification of the antigen by its incorporation
into a complex with antibodies also modifies the innate response and in fact can completely
override the adjuvant-induced signal. This initial innate immune response is critical in shaping

Fig 6. CFA-induced Th17 responses are dependent on IL-1R1 and IL-1α.WT, Il1r1-/-, Il1a-/-, and Il1b-/-

mice were injected subcutaneously with CFA/Ova on day 0; mice were then intranasally challenged with Ova
on days 15, 16 and 17. 24 h after the final intranasal differential cell counts in bronchoalveolar lavage fluid
were determined (A, C, E). Lung draining LN were collected and restimulated in vitro with or without Ova
(10 μM) for 72 h and cytokine levels in the supernatants analyzed (B, D, F). A, C, E, F; values represent the
mean ± SEM of the three separate experiments, n = 9–15 mice per group. B, D; values represent the
mean ± SD and are representative of three separate experiments, n = 3–5 mice per group.

doi:10.1371/journal.pone.0151252.g006
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the ensuing CD4+ T cell response to the antigen. Previous studies have demonstrated that
immune complexes signaling through activating FcγR on BMDC, and in particular FcγRIII, pro-
mote Th2 differentiation with a concurrent suppression of Th1 responses [3, 4]. In this study we
show that immunization with CFA and IgG-Ova immune complexes resulted in the suppression
of CFA-induced Th17 responses, with a concurrent enhancement of Ova-specific Th2 responses,
compared to mice immunized with CFA and Ova. The mechanism by which immune complexes
suppressed Th17 responses was a change in the cytokine environment in which the T cell was
activated. Dendritic cells activated in the presence of immune complexes produced enhanced IL-
10 production and suppressed IL-1α, favoring the development of Th2 rather than Th1 or Th17
effector cells despite the presence of the powerfully pro-inflammatory adjuvant CFA. Impor-
tantly, this finding that IgG immune complexes can wholly reprogram the Th1 and Th17 adap-
tive immune response typically induced by the potent pro-inflammatory adjuvant CFA was very
unexpected and has significant implications for vaccine development.

The pathology associated with collagen-induced arthritis triggered by injection of collagen
with CFA has been found to be independent of NLRP3 [27]. However, EAE and the associated
Th17 response induced by immunization with CFA and myelin oligodendrocyte glycoprotein
(MOG) is in part dependent on the NLRP3 inflammasome [28, 29]. A study by Inoue et al.
noted that in EAE models using CFA containing higher concentrations of heat-killedMycobac-
terium tuberculosis, the disease was more severe and was partially independent of the NLRP3
inflammasome [30]. Using an in vivomodel of inflammatory airway disease we demonstrated
that the CFA-driven Th17 response was dependent upon IL-1α signaling through the IL-1R1
but independent of inflammasome driven IL-1β production. This requirement for IL-1α in
Th17 development, and independence from IL-1β, differs from a recent study wherein IL-1β
played a dominant role [31]. The basis for these divergent findings is not clear but serves to
underscore the important role of timing and route of administration of adjuvant in the devel-
opment of adaptive immune responses.

Fig 7. Immune complexes suppress IL-1α production in vivo.WTmice were injected subcutaneously
with CFA/Ova or CFA/IgG-Ova; 24 h later skin at the injection site was harvested. IL-1α levels in tissue
homogenates were measure by ELISA; each point represents an individual mouse.

doi:10.1371/journal.pone.0151252.g007
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Together these data demonstrate that IgG-immune complexes can suppress Th17 responses
through the enhancement of dendritic cell IL-10 production. In addition, the generation of
Th17 responses following immunization with CFA and Ova were dependent on IL-1α and
immune complex-mediated modulation of dendritic cell IL-1α production may be an addi-
tional mechanism by which the generation of Th17 responses is regulated. Further studies will
be needed to define the means by which immune complexes can be exploited to tailor an adju-
vant-driven immune response to the benefit of the host.

Acknowledgments
We thank David Mosser and William Nauseef for helpful discussion and critical review of this
manuscript; Richard Flavell, David Chaplin, and Millennium Pharmaceuticals for providing
knockout mice; and Vickie Knepper-Adrian for technical assistance.

Author Contributions
Conceived and designed the experiments: CC JRJ CFB FSS SLC. Performed the experiments:
CC JRJ NJ SH CPS JJS. Analyzed the data: CC JRJ FSS SLC SH AKO. Contributed reagents/
materials/analysis tools: YI DMS. Wrote the paper: FSS SLC.

References
1. Sutterwala FS, Noel GJ, Clynes R, Mosser DM. Selective suppression of interleukin-12 induction after

macrophage receptor ligation. J Exp Med. 1997; 185(11):1977–85. Epub 1997/06/02. PMID: 9166427;
PubMed Central PMCID: PMC2196339.

2. Sutterwala FS, Noel GJ, Salgame P, Mosser DM. Reversal of proinflammatory responses by ligating
the macrophage Fcgamma receptor type I. J Exp Med. 1998; 188(1):217–22. Epub 1998/07/07. PMID:
9653099; PubMed Central PMCID: PMC2525554.

3. Anderson CF, Lucas M, Gutierrez-Kobeh L, Field AE, Mosser DM. T cell biasing by activated dendritic
cells. J Immunol. 2004; 173(2):955–61. Epub 2004/07/09. PMID: 15240682.

4. Bandukwala HS, Clay BS, Tong J, Mody PD, Cannon JL, Shilling RA, et al. Signaling through Fc
gamma RIII is required for optimal T helper type (Th)2 responses and Th2-mediated airway inflamma-
tion. J Exp Med. 2007; 204(8):1875–89. Epub 2007/08/01. doi: jem.20061134 [pii] doi: 10.1084/jem.
20061134 PMID: 17664287; PubMed Central PMCID: PMC2118666.

5. Yamane H, Paul WE. Early signaling events that underlie fate decisions of naive CD4(+) T cells toward
distinct T-helper cell subsets. Immunol Rev. 2013; 252(1):12–23. Epub 2013/02/15. doi: 10.1111/imr.
12032 PMID: 23405892; PubMed Central PMCID: PMC3578301.

6. Peters A, Lee Y, Kuchroo VK. The many faces of Th17 cells. Curr Opin Immunol. 2011; 23(6):702–6.
Epub 2011/09/09. doi: 10.1016/j.coi.2011.08.007 S0952-7915(11)00116-6 [pii]. PMID: 21899997;
PubMed Central PMCID: PMC3232281.

7. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. A crucial role for interleukin (IL)-1 in the induction
of IL-17-producing T cells that mediate autoimmune encephalomyelitis. J Exp Med. 2006; 203
(7):1685–91. Epub 2006/07/05. doi: jem.20060285 [pii] doi: 10.1084/jem.20060285 PMID: 16818675;
PubMed Central PMCID: PMC2118338.

8. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et al. Critical regulation of early
Th17 cell differentiation by interleukin-1 signaling. Immunity. 2009; 30(4):576–87. Epub 2009/04/14.
doi: 10.1016/j.immuni.2009.02.007 S1074-7613(09)00142-3 [pii]. PMID: 19362022; PubMed Central
PMCID: PMC2705871.

9. Ciraci C, Janczy JR, Sutterwala FS, Cassel SL. Control of innate and adaptive immunity by the inflam-
masome. Microbes Infect. 2012; 14(14):1263–70. Epub 2012/07/31. doi: 10.1016/j.micinf.2012.07.007
S1286-4579(12)00184-0 [pii]. PMID: 22841804; PubMed Central PMCID: PMC3511629.

10. Sutterwala FS, Haasken S, Cassel SL. Mechanism of NLRP3 inflammasome activation. Ann N Y Acad
Sci. 2014; 1319(1):82–95. Epub 2014/05/21. doi: 10.1111/nyas.12458 PMID: 24840700.

11. Gross O, Yazdi AS, Thomas CJ, Masin M, Heinz LX, Guarda G, et al. Inflammasome activators induce
interleukin-1alpha secretion via distinct pathways with differential requirement for the protease function
of caspase-1. Immunity. 2012; 36(3):388–400. Epub 2012/03/27. doi: 10.1016/j.immuni.2012.01.018
S1074-7613(12)00093-3 [pii]. PMID: 22444631.

Immune Complexes Inhibit Th17 Responses

PLOS ONE | DOI:10.1371/journal.pone.0151252 March 15, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9166427
http://www.ncbi.nlm.nih.gov/pubmed/9653099
http://www.ncbi.nlm.nih.gov/pubmed/15240682
http://dx.doi.org/10.1084/jem.20061134
http://dx.doi.org/10.1084/jem.20061134
http://www.ncbi.nlm.nih.gov/pubmed/17664287
http://dx.doi.org/10.1111/imr.12032
http://dx.doi.org/10.1111/imr.12032
http://www.ncbi.nlm.nih.gov/pubmed/23405892
http://dx.doi.org/10.1016/j.coi.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21899997
http://dx.doi.org/10.1084/jem.20060285
http://www.ncbi.nlm.nih.gov/pubmed/16818675
http://dx.doi.org/10.1016/j.immuni.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19362022
http://dx.doi.org/10.1016/j.micinf.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22841804
http://dx.doi.org/10.1111/nyas.12458
http://www.ncbi.nlm.nih.gov/pubmed/24840700
http://dx.doi.org/10.1016/j.immuni.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22444631


12. Kuida K, Lippke JA, Ku G, Harding MW, Livingston DJ, Su MS, et al. Altered cytokine export and apo-
ptosis in mice deficient in interleukin-1 beta converting enzyme. Science. 1995; 267(5206):2000–3.
Epub 1995/03/31. PMID: 7535475.

13. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS, Grant EP, et al. Critical role
for NALP3/CIAS1/Cryopyrin in innate and adaptive immunity through its regulation of caspase-1. Immu-
nity. 2006; 24(3):317–27. Epub 2006/03/21. doi: S1074-7613(06)00140-3 [pii] doi: 10.1016/j.immuni.
2006.02.004 PMID: 16546100.

14. LabowM, Shuster D, Zetterstrom M, Nunes P, Terry R, Cullinan EB, et al. Absence of IL-1 signaling
and reduced inflammatory response in IL-1 type I receptor-deficient mice. J Immunol. 1997; 159
(5):2452–61. Epub 1997/09/01. PMID: 9278338.

15. Horai R, Asano M, Sudo K, Kanuka H, Suzuki M, Nishihara M, et al. Production of mice deficient in
genes for interleukin (IL)-1alpha, IL-1beta, IL-1alpha/beta, and IL-1 receptor antagonist shows that IL-
1beta is crucial in turpentine-induced fever development and glucocorticoid secretion. J Exp Med.
1998; 187(9):1463–75. Epub 1998/06/06. PMID: 9565638; PubMed Central PMCID: PMC2212263.

16. Shornick LP, De Togni P, Mariathasan S, Goellner J, Strauss-Schoenberger J, Karr RW, et al. Mice
deficient in IL-1beta manifest impaired contact hypersensitivity to trinitrochlorobenzone. J Exp Med.
1996; 183(4):1427–36. Epub 1996/04/01. PMID: 8666901; PubMed Central PMCID: PMC2192516.

17. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-10-deficient mice develop chronic
enterocolitis. Cell. 1993; 75(2):263–74. Epub 1993/10/22. doi: 0092-8674(93)80068-P [pii]. PMID:
8402911.

18. Barnden MJ, Allison J, HeathWR, Carbone FR. Defective TCR expression in transgenic mice con-
structed using cDNA-based alpha- and beta-chain genes under the control of heterologous regulatory
elements. Immunol Cell Biol. 1998; 76(1):34–40. Epub 1998/04/29. doi: 10.1046/j.1440-1711.1998.
00709.x PMID: 9553774.

19. Goodridge HS, Shimada T, Wolf AJ, Hsu YM, Becker CA, Lin X, et al. Differential use of CARD9 by dec-
tin-1 in macrophages and dendritic cells. J Immunol. 2009; 182(2):1146–54. Epub 2009/01/07. doi:
182/2/1146 [pii]. PMID: 19124758; PubMed Central PMCID: PMC2718573.

20. Cohn L, Homer RJ, Niu N, Bottomly K. T helper 1 cells and interferon gamma regulate allergic airway
inflammation and mucus production. J Exp Med. 1999; 190(9):1309–18. Epub 1999/11/02. PMID:
10544202; PubMed Central PMCID: PMC2195688.

21. Herrick CA, MacLeod H, Glusac E, Tigelaar RE, Bottomly K. Th2 responses induced by epicutaneous
or inhalational protein exposure are differentially dependent on IL-4. J Clin Invest. 2000; 105(6):765–
75. Epub 2000/03/23. doi: 10.1172/JCI8624 PMID: 10727445; PubMed Central PMCID: PMC377464.

22. Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma M, et al. Cryopyrin acti-
vates the inflammasome in response to toxins and ATP. Nature. 2006; 440(7081):228–32. Epub 2006/
01/13. doi: nature04515 [pii] doi: 10.1038/nature04515 PMID: 16407890.

23. Huber S, Gagliani N, Esplugues E, O'Connor W Jr., Huber FJ, Chaudhry A, et al. Th17 cells express
interleukin-10 receptor and are controlled by Foxp3(-) and Foxp3+ regulatory CD4+ T cells in an inter-
leukin-10-dependent manner. Immunity. 2011; 34(4):554–65. Epub 2011/04/23. doi: 10.1016/j.immuni.
2011.01.020 S1074-7613(11)00129-4 [pii]. PMID: 21511184; PubMed Central PMCID: PMC3113617.

24. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich JM, et al. Interleukin-10 signaling in
regulatory T cells is required for suppression of Th17 cell-mediated inflammation. Immunity. 2011; 34
(4):566–78. Epub 2011/04/23. doi: 10.1016/j.immuni.2011.03.018 S1074-7613(11)00127-0 [pii]. PMID:
21511185; PubMed Central PMCID: PMC3088485.

25. Gu Y, Yang J, Ouyang X, Liu W, Li H, Bromberg J, et al. Interleukin 10 suppresses Th17 cytokines
secreted by macrophages and T cells. Eur J Immunol. 2008; 38(7):1807–13. Epub 2008/05/29. doi: 10.
1002/eji.200838331 PMID: 18506885; PubMed Central PMCID: PMC2733944.

26. Sutterwala FS, Mosser DM. The taming of IL-12: suppressing the production of proinflammatory cyto-
kines. J Leukoc Biol. 1999; 65(5):543–51. Epub 1999/05/20. PMID: 10331481.

27. Ippagunta SK, Brand DD, Luo J, Boyd KL, Calabrese C, Stienstra R, et al. Inflammasome-independent
role of apoptosis-associated speck-like protein containing a CARD (ASC) in T cell priming is critical for
collagen-induced arthritis. J Biol Chem. 2010; 285(16):12454–62. Epub 2010/02/24. doi: 10.1074/jbc.
M109.093252 [pii]. PMID: 20177071; PubMed Central PMCID: PMC2852983.

28. Shaw PJ, Lukens JR, Burns S, Chi H, McGargill MA, Kanneganti TD. Cutting edge: critical role for
PYCARD/ASC in the development of experimental autoimmune encephalomyelitis. J Immunol. 2010;
184(9):4610–4. Epub 2010/04/07. doi: 10.4049/jimmunol.1000217 [pii]. PMID: 20368281; PubMed
Central PMCID: PMC3001131.

29. Gris D, Ye Z, Iocca HA, Wen H, Craven RR, Gris P, et al. NLRP3 plays a critical role in the development
of experimental autoimmune encephalomyelitis by mediating Th1 and Th17 responses. J Immunol.

Immune Complexes Inhibit Th17 Responses

PLOS ONE | DOI:10.1371/journal.pone.0151252 March 15, 2016 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/7535475
http://dx.doi.org/10.1016/j.immuni.2006.02.004
http://dx.doi.org/10.1016/j.immuni.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16546100
http://www.ncbi.nlm.nih.gov/pubmed/9278338
http://www.ncbi.nlm.nih.gov/pubmed/9565638
http://www.ncbi.nlm.nih.gov/pubmed/8666901
http://www.ncbi.nlm.nih.gov/pubmed/8402911
http://dx.doi.org/10.1046/j.1440-1711.1998.00709.x
http://dx.doi.org/10.1046/j.1440-1711.1998.00709.x
http://www.ncbi.nlm.nih.gov/pubmed/9553774
http://www.ncbi.nlm.nih.gov/pubmed/19124758
http://www.ncbi.nlm.nih.gov/pubmed/10544202
http://dx.doi.org/10.1172/JCI8624
http://www.ncbi.nlm.nih.gov/pubmed/10727445
http://dx.doi.org/10.1038/nature04515
http://www.ncbi.nlm.nih.gov/pubmed/16407890
http://dx.doi.org/10.1016/j.immuni.2011.01.020
http://dx.doi.org/10.1016/j.immuni.2011.01.020
http://www.ncbi.nlm.nih.gov/pubmed/21511184
http://dx.doi.org/10.1016/j.immuni.2011.03.018
http://www.ncbi.nlm.nih.gov/pubmed/21511185
http://dx.doi.org/10.1002/eji.200838331
http://dx.doi.org/10.1002/eji.200838331
http://www.ncbi.nlm.nih.gov/pubmed/18506885
http://www.ncbi.nlm.nih.gov/pubmed/10331481
http://dx.doi.org/10.1074/jbc.M109.093252
http://dx.doi.org/10.1074/jbc.M109.093252
http://www.ncbi.nlm.nih.gov/pubmed/20177071
http://dx.doi.org/10.4049/jimmunol.1000217
http://www.ncbi.nlm.nih.gov/pubmed/20368281


2010; 185(2):974–81. Epub 2010/06/25. doi: 10.4049/jimmunol.0904145 [pii]. PMID: 20574004;
PubMed Central PMCID: PMC3593010.

30. Inoue M, Williams KL, Oliver T, Vandenabeele P, Rajan JV, Miao EA, et al. Interferon-beta therapy
against EAE is effective only when development of the disease depends on the NLRP3 inflammasome.
Sci Signal. 2012; 5(225):ra38. Epub 2012/05/25. doi: 10.1126/scisignal.2002767 5/225/ra38 [pii].
PMID: 22623753; PubMed Central PMCID: PMC3509177.

31. Shenderov K, Barber DL, Mayer-Barber KD, Gurcha SS, Jankovic D, Feng CG, et al. Cord factor and
peptidoglycan recapitulate the Th17-promoting adjuvant activity of mycobacteria through mincle/
CARD9 signaling and the inflammasome. J Immunol. 2013; 190(11):5722–30. Epub 2013/05/01. doi:
10.4049/jimmunol.1203343 [pii]. PMID: 23630357.

Immune Complexes Inhibit Th17 Responses

PLOS ONE | DOI:10.1371/journal.pone.0151252 March 15, 2016 15 / 15

http://dx.doi.org/10.4049/jimmunol.0904145
http://www.ncbi.nlm.nih.gov/pubmed/20574004
http://dx.doi.org/10.1126/scisignal.2002767
http://www.ncbi.nlm.nih.gov/pubmed/22623753
http://dx.doi.org/10.4049/jimmunol.1203343
http://www.ncbi.nlm.nih.gov/pubmed/23630357

