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Abstract

Cholera toxin (CT) is a potent adjuvant for inducing mucosal immune responses. However, the
mechanism by which CT induces adjuvant activity remains unclear. Here we show that the
microbiota is critical for inducing antigen-specific 1gG production after intranasal immunization.
After mucosal vaccination with CT, both antibiotic-treated mice and germ-free (GF) had reduced
antigen-specific 1gG, recall-stimulated cytokine responses, an impaired follicular helper T (Tgy)
response and reduced plasma cells. Recognition of symbiotic bacteria via Nod2 in CD11c™ cells
was required for the adjuvanticity of CT. Reconstitution of GF mice with a Nod2 agonist or
Staphylococcus sciuri having high Nod2-stimulatory activity was sufficient to promote robust CT
adjuvant activity whereas bacteria with low Nod2-stimulatory activity did not. Mechanistically, CT
enhanced Nod2-mediated cytokine production in DCs via intracellular cAMP. These results show
an important role for the microbiota and the intracellular receptor Nod2 in promoting the mucosal
adjuvant activity of CT.

Cholera toxin (CT), an enterotoxin secreted by Vibrio cholerathat is responsible for the
diarrhea associated with cholera, is a potent mucosal adjuvant for stimulating antigen-
specific responses when given by nasal or oral routes™. CT is composed of pentameric B
subunits that bind to the cell surface GM1 ganglioside receptor, and a monomeric A catalytic
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subunit that activates the heterotrimeric guanine nucleotide binding protein Gsa which in
turn stimulates cAMP production by adenylate cyclase1'4v5. Several studies have linked the
adjuvant effect of CT to the catalytic activity of the monomeric A subunit and the ADP-
ribosylation of Gs*. Although toxicity of CT prevents its implementation in the clinic,
understanding the mechanisms underlying its potent adjuvant activity may lead to the
development of nontoxic and effective adjuvants for mucosal vaccination.

A number of studies have revealed that mononuclear phagocytes including dendritic cells
(DCs) are critical targets for the adjuvant activity of cT>%’. CTis considered a potent T
helper type 2 (Tw2) adjuvant because it stimulates T2-associated cytokines and robust 19G;
production -0 CT can inhibit interleukin-12 (IL-12) production and differentiation of
plasmacytoid DCs and CD8a™ conventional DCs through the induction of intracellular ATP
in DC38~11. However, other studies have shown that intracellular cAMP and Gsa positively
regulate Tyl and Ty17 immune responsesuz. Furthermore, CT can act via Gsa within
CD11b* DCs to promote T1/TH2/TH17 responses, but IL-12 and IL-17 are dispensable for
the adjuvant activity of ct® Collectively, these studies indicate that CT acts on monuclear
phagocytes to mediate its adjuvant activity, but the precise cellular and molecular
mechanisms by which CT promotes antigen-specific antibody responses remain poorly
understood.

Members of the nucleotide-binding oligomerization domain-like receptor (NLR) family
function as intracellular pattern recognition receptors (PRRS) to activate immune responses
in response to microbial and damage-associated stimuli**. The NLR family member Nod2
recognizes peptidoglycan molecules containing muramyl dipeptide (MDP) that are produced
by both Gram-negative and Gram-positive bacteria’>*°. Upon MDP recognition, Nod2
induces the activation of the nuclear factor kB (NF-xB) and the mitogen-activated protein
kinases (MAPKS) via the receptor-interacting serine/threonine-protein kinase 2 (Ripk2) to
induce pro-inflammatory and anti-microbial molecules'’ 2. Upon systemic stimulation,
MDP-induced Nod2 activation induces predominantly Tn2-cell-dependent humoral immune
responses and in combination with toll-like receptor (TLR) agonists promotes Tyl and T2
immune responses in mice -2, However, the role of Nod2 in promoting mucosal adjuvant
activity remains poorly understood. Here, we show that the microbiota plays a role in the
mucosal adjuvant activity of CT. The effect of the microbiota was mediated through the
recognition of symbiotic bacteria by Nod2 in CD11c-expressing phagocytes.

Symbiotic bacteria promote the adjuvant activity of cholera toxin

The nasal cavity of mammals harbors a rich community of symbiotic bacteriazz. To assess
the role of such bacteria in the adjuvant activity of CT, mice were intranasally treated with a
cocktail of antibiotics (ampicillin, neomycin, metronidazole, and vancomycin) once one
week before immunization followed by administration of the same antibiotic cocktail in the
drinking water ad libitum for three weeks. The treatment resulted in a depletion of bacteria,
including a greater than 500-fold decrease of cultivatable bacteria in the nasal lavage fluid
(NALF) 2 weeks post immunization (data not shown). Antibiotic-treated and untreated mice
were intranasally immunized with the model antigen, human serum albumin (HSA), and CT
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and 2 weeks later sera were collected and analyzed for HSA-specific 1gG by ELISA. As
expected, no antigen-specific IgG was detected in the plasma of mice immunized with HSA
in the absence of CT (Supplementary Fig. 1) while immunization with HSA and CT induced
robust antigen-specific 1gG (Fig. 1a). Depletion of bacteria with antibiotics suppressed the
production of HSA-specific 1gG as compared to untreated mice (Fig. 1a). After ex vivo
restimulation of splenocytes with antigen, production of the Ty1 cytokine IFN-y and the
TH2 cytokine IL-5 were increased in splenocytes from mice untreated with antibiotics, but
not in splenocytes from antibiotic-treated mice (Fig. 1b).

To examine the contribution of the microbiota in mucosal immunization via a different route,
we performed oral immunization with HSA and CT in antibiotic-treated and untreated mice.
Similar to the results with nasal immunization, bacterial depletion impaired the induction of
HSA-specific IgG in plasma as well as the production of IL-5 and IFN-y by restimulated
splenocytes when mice were orally immunized with HSA and CT (Supplementary Fig. 2). In
contrast, intraperitoneal immunization with HSA induced comparable antigen-specific 1gG
responses in antibiotic-treated and untreated mice (Supplementary Fig. 3). In addition, we
assessed the role of symbiotic bacteria after intranasal immunization with HSA together
with CpG (a TLR9 agonist) or MALP-2 (a TLR2 agonist) instead of CT in antibiotic-treated
and untreated mice. Treatment with antibiotics reduced HSA-specific IgG production when
CpG was used as adjuvant, but had no or minimal effect in mice treated with MALP-2
(Supplementary Fig. 4). These results suggest that the route of immunization is important for
the ability of the microbiota to enhance the adjuvant activity of CT. Furthermore, the
microbiota can enhance the adjuvant activity of some, but not all, adjuvants in the nasal
cavity. To confirm a role for symbiotic bacteria in the mucosal adjuvanticity of CT, specific
pathogen-free (SPF) and germ-free (GF) mice were intranasally immunized with HSA and
CT. Primary and secondary HSA-specific 1gG responses were impaired in GF mice as
compared to SPF mice harboring a microbiota (Fig. 1c, d). Furthermore, the production of
IFN-y and IL-5 induced upon re-stimulation of splenocytes with antigen was abrogated in
splenocytes from GF mice (Fig. 1e). These results indicate that symbiotic bacteria play a
role in promoting the adjuvant activity of CT after intranasal immunization.

Nod2-Ripk2 mediates the adjuvant activity of cholera toxin

Bacteria are sensed by host PRRs including TLRs and NLRs which leads to the induction
immune responsesl4'23'24. To assess which PRR is involved in the recognition of bacteria
during intranasal immunization with CT, we intranasally immunized wild-type (WT) mice
and mutant mice deficient in Myd88, an adaptor for signaling via TLR and IL-1/18
receptors, and mice lacking Ripk2, the adaptor required for Nod1/Nod2 signaling“'
Deficiency in Ripk2, but not Myd88, impaired HSA-specific IgG responses induced by
intranasal immunization with CT (Fig. 2a, b). Because Ripk2 mediates both Nod1 and Nod?2
signaling, we next tested the ability of CT to promote antigen-specific 19G in NodZ™~ and
NodZ2 !~ mice. Antigen-specific 1gG responses induced by nasal immunization with HSA
and CT were impaired in Nod2”~ mice, but not in NodZ™/~ animals (Fig. 2c—e). HSA-
specific 19G1, 19G,p, and 1gM were also reduced in ModZ™/~ mice after intranasal
immunization with HSA and CT (Supplementary Fig. 5). Furthermore, the production of
IFN-y and IL-5 induced by restimulation of splenocytes with antigen was impaired in

23
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NodZ™!~ mice (Fig. 2f). When mice were intranasally immunized with higher amounts of
HSA and CT, HSA-specific IgG responses were still reduced in Nod2~ mice when
compared to WT mice (Supplementary Fig. 6a). Moreover, HSA-specific IgA production in
the nasal cavity was also reduced in Nod2”~ mice (Supplementary Fig. 6b). In contrast,
RipkZ™!~ and NodZ™!~ mice mounted normal antigen-specific 19G responses when
immunized intraperitoneally with HSA together with CT or alum, respectively
(Supplementary Fig. 7).

DCs play a role in promoting the adjuvant activity of cT™. Analyses of cells in the nasal-
associated lymphoid tissue (NALT) showed that the CD45*CD11c* cell population
expressed higher amounts of ANod2 mRNA than the CD45*CD11c¢c™ or CD45-CD11c™ cell
populations (Supplementary Fig. 8), suggesting that CD11c* DCs or macrophages could
play a role in response to Nod2 agonist. To determine whether Nod2 acts within phagocytes
including DCs, we immunized control mice and Ca21¢Ce; NoadZf! mice in which Nod2 was
deleted in CD11c™* cells (Supplementary Fig. 9). HSA-specific 1gG responses were impaired
in Ca11cC™; NodXT mice after intranasal immunization with CT (Fig. 2g). In contrast,
HSA-specific IgG production in response to immunization with CT was not altered in
K147 Nod X! mice with Nod2 deletion in keratinized epithelia (Supplementary Fig. 10).
These results indicate that Nod2 acts within CD11c* phagocytes to promote the adjuvant
activity of CT.

Nod2 is required for the generation of Tgy cells and plasma cells

Follicular helper T (Tgy) cells mediate the generation and maintenance of germinal centers
as well as the survival and selection of B cells that differentiate into plasma cells capable of
producing high affinity antibodies against foreign antigen25‘27. As Nod?2 was important for
antigen-specific 1gG production, we examined whether Nod2 regulates the generation of
Trn cells and plasma cells after intranasal immunization with CT. The percentage and total
number of Tgy cells (CXCR5*PD-1) and plasma cells (CD19*CD138*1gD™) were reduced
in the draining lymph nodes of Alod2~~ mice immunized intranasally with CT and HSA
when compared to WT mice (Fig. 3a—f). Furthermore, ELISPOT assay revealed that Nod?2
deficiency decreased the number of cells producing HSA-specific 1gG in the draining lymph
nodes of immunized mice (Fig. 3g). These results indicate that Nod2 regulates the
generation of Tgy cells and plasma cells after intranasal immunization with CT.

Cholera toxin enhances Nod2-induced cytokine production in DCs

Pretreatment of DCs with CT inhibits the ability of DCs to produce cytokines in response to
TLR agonists including Iipopolysaccharides'll. To determine whether CT regulates Nod2-
induced cytokine production, we treated DCs with CT in the presence or absence of MDP, a
Nod2 agonist. Treatment with CT enhanced MDP-induced IL-6, IL-23, and 1L-12p40
production in DCs (Fig. 4a). The ability of CT to enhance MDP-induced cytokine
production required Nod2 (Fig. 4a) and Ripk2, the adaptor kinase required for Nod?2
signaling (Fig. 4b). Thus, CT enhances Nod2-induced cytokine production in DCs.
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Cholera toxin enhances Nod2 activation via cAMP/PKA

CT activates adenylate cyclase resulting in increased concentrations of intracellular
cAMP™>. To determine whether CAMP regulates Nod2-induced cytokine production, we
treated DCs with 8-Br-cAMP, a cell-permeable cAMP analog, in the absence or presence of
MDP. As observed with CT, 8-Br-cAMP enhanced the secretion of IL-6, IL-23, and
IL-12p40 cytokines in the presence of MDP (Fig. 5a). Moreover, both CT and cAMP
enhanced the expression of Nod2 mRNA in DCs (Supplementary Fig. 11).

The effects of increased intracellular cAMP are mediated by protein kinase A (PKA) and
exchange protein directly activated by cAMP (EPAC)7»12. To clarify the pathway involved in
the regulation of MDP-induced responses by CT, DCs were treated with specific activators
of each pathway together with MDP. Co-treatment with N6-benzoyl-cAMP, an activator of
PKA, and MDP enhanced cytokine production, whereas 8-CPT-2’-O-Me-cAMP, an activator
of Epac, did not (Fig. 5b). These results suggest that CT enhances Nod2-induced cytokine
production via a cAMP/PKA-dependent mechanism in pcs®,

NOD2-stimulatory bacteria boost the adjuvanticity of cholera toxin

To test whether MDP can mediate the adjuvant activity of CT in the absence of a microbiota,
we immunized GF mice intranasally with HSA in the presence of MDP, CT, or MDP plus
CT and anti-HSA 1gG responses were measured after intranasal stimulation. The
combination of MDP and CT induced robust antigen-specific 1gG, but MDP or CT alone did
not (Fig. 6a). There was a marginal increase in HSA-specific 1gG in GF mice stimulated
with CT when compared with MDP alone (Fig. 6a), suggesting that CT can induce low
amounts of antigen-specific IgG in the absence of the microbiota.

We next assessed the presence of Nod2-stimulatory activity in the NALF using a reporter
assayzg. Nod2-stimulatory activity was detected in the NALF from SPF mice (Fig. 6b).
These experiments suggested that the nasal cavity is inhabited by bacteria which produce
peptidoglycan molecules containing MDP. To identify bacteria producing Nod2-stimulatory
activity, we isolated bacterial colonies from the NALF of mice and analyzed individual
bacteria for Nod2-stimulatory activity and their taxa by 16S RNA gene sequencing. Some
bacterial species isolated from the nasal cavity including Staphylococcus sciuriand Bacillus
clausii exhibited robust Nod2-stimulatory activity whereas Bordetella hinzii, Staphylococcus
gallinarum and Bacillus pumilus stimulated less Nod?2 activity (Fig. 6¢). To compare the
contribution of bacteria possessing high and low Nod2-stimulatory activity to the
adjuvanticity of CT, we intranasally inoculated SPF mice with live S. sciurior S. gallinarum
together with HSA and CT. Colonization of the nasal cavity of mice with S. sciuri, that
exhibited robust Nod2-stimulatory activity, enhanced antigen-specific 1gG response after
immunization with HSA and CT whereas colonization with S. gallinaum induced little or no
significant adjuvant activity (Fig. 6d and Supplementary Fig. 12). Furthermore,
monocolonization of the nasal cavity of GF mice with S. sciurienhanced the adjuvanticity of
CT (Fig. 6e). To test whether bacteria can act locally, we inoculated the nasal cavity of GF
mice with small amounts of individual UV-inactivated bacteria in addition to HSA and CT.
Inoculation of GF mice with S. sciurior B. clausii having high Nod2-stimulatory activity
enhanced the adjuvant activity of CT, whereas inoculation with S. gallinaum or E. colidid
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not (Fig. 6f and Supplementary Fig. 13). S. sciuri enhanced the adjuvant activity of CT in
GF WT mice but not GF Nod2™'~ mice (Fig. 6g). Taken together, these results indicate that
nasal bacteria promote the adjuvant activity of CT through Nod2 in the nasal cavity.

Discussion

There is mounting evidence that the microbiota plays a critical role in the development and
function of the host immune system including the development of Ty17 cells, regulatory T
(Treg) cells, and IgA-producing B cells®®3", Furthermore, the microbiota can influence the
immune response to viral and bacterial infections>>>. A notable finding of our studies is the
role of the microbiota and Nod2 in the regulation of the adjuvant activity of CT. MDP, the
Nod2 agonist, was originally identified as the active component of complete Freund's
adjuvant and is sufficient for eliciting adjuvant activity34. MDP acts predominantly as a
Tn2-polarizing adjuvant, but enhances Tyl and T2 immune responses in the presence of
TLR agonistslg‘21. Thus, the ability of CT to promote T2-skewed humoral immunity could
be explained, at least partly, by MDP-induced immune responses via Nod2. Administration
of MDP in the nasal cavity of GF mice was sufficient for CT to elicit adjuvant activity.
Furthermore, the adjuvant activity of CT was restored in WT but not Nod2~ GF mice
colonized with nasal bacteria producing MDP. Collectively, these results indicate that the
presence of Nod2-stimulatory bacteria colonizing the nasal cavity is critical for the adjuvant
activity of CT. However, it is possible that the adjuvant activity of CT also involves
stimulation via TLRs, given that MDP promotes broader immune responses in the presence
of TLR agonistslg‘21. In contrast to the immunization via nasal and oral routes, we found no
role of the microbiota and Nod2 in the adjuvanticity of CT via intraperitoneal route. Because
the intraperitoneal cavity is considered to be free of bacteria, the results suggest that the
microbiota may be not essential for the adjuvanticity of CT. However, the microbiota
enhances the adjuvant ability of CT via Nod2 stimulation. This function is important in
mucosal surfaces where there are abundant symbiotic bacteria producing Nod2 ligands
including nasal and gastrointestinal cavities, but not in the peritoneum that is devoid of
bacteria. Additionally, it is possible that small amounts of microbial molecules present in the
CT preparation may contribute to the adjuvanticity of CT after intraperitoneal immunization,
because typically higher doses of CT are used to induce systemic adjuvant activity.

Mononuclear phagocytes including DCs are critical cellular targets of CT to mediate its
adjuvant activity /in vivo %’ In line with these findings, we found that Nod2 deficiency in
CD11c™ cells impaired the ability of CT to promote antigen-specific 1gG after intranasal
immunization. Thus, the adjuvanticity of CT may be explained by its ability to stimulate
MDP-mediated immune responses in CD11c* phagocytes like DCs. Consistent with this
notion, stimulation of DCs with CT enhanced MDP-induced cytokine responses through a
cAMP/PKA-dependent mechanism. CT enhanced MDP-induced IL-6, IL-23, and I1L-12p40
production in DCs. However, the MDP-induced immune responses that are critical for the
adjuvant activity of CT remain unclear. In models of systemic immunization, Nod2
stimulation by MDP induces OX40 ligand, which is important for Ty2-cell-oriented
acquired immunity35'36. IL-6 in conjunction with IL-21 promotes optimal Tg responses
and development of germinal center B cells?®#" | 1L-12 facilitates the differentiation of TEH
cells accompanied by the increase of IL-21, CXCR5 and ICOS, and promotes antibody
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production37v38. However, IL-12 and I1L-17 are dispensable for adjuvant activity CT induced
after intranasal immunizationlg. Thus, it is likely that the ability of CT to induce adjuvant
activity involves multiple cytokines or activities that remain to be identified. Because both
CT and cAMP increased the expression of Nod2 mRNA in DCs, the ability of CT to induce
Nod2 expression in DCs may explain, at least partly, the enhancement of MDP-mediated
immune responses induced by CT.

One implication of our results is that the microbiota plays a role in immune responses
induced by immunization with adjuvants. In developing countries, there is evidence of
reduced efficacy of humoral immune responses induced by oral vaccines when compared to
industrialized countries®>~*". Although the reasons for the reduced efficacy of vaccines in
developing countries is likely complex, the wide variation in antigen-specific antibody
responses cannot be explained solely by nutritional differences42‘44. Given that the
composition of the microbiota in each individual is normally stable throughout life but
highly variable among individuals45, it is possible that the microbiota impacts the
effectiveness of vaccines4o'46. Likewise, changes in the microbiota that occur during lifetime
including antibiotic treatment, infection, or subtle changes during aging22140'45 may
contribute to individual variability and efficacy of vaccination. Consistent with this notion,
probiotics can influence immune responses induced by vaccines in animal models®’. We
found that the microbiota can enhance the adjuvant activity of CpG in the nasal cavity,
indicating that the ability of the microbiota to regulate adjuvanticity is not limited to CT.
Likewise, TLR5 recognition of the microbiota contributes to antibodies responses in
response to parenteral influenza vaccination™. TLR5-mediated recognition of the
microbiota regulated 1gG responses in unadjuvanted vaccines, but not those induced by alum
or attenuated viral vaccines™. In the unadjuvanted influenza subunit vaccines, the
microbiota appears to provide adjuvant activity via TLR5 stimulation®. In contrast, the
adjuvanticity of CT in the nasal cavity is enhanced by the presence of bacteria producing
Nod2 agonists and involves increased Nod2 activation in CD11c* phagocytes. Collectively,
these studies suggest that the microbiota can influence humoral immune responses to
vaccination via different mechanisms. Although more studies are needed, our studies suggest
that environmental and genetic factors that affect the composition of the microbiota may be
important factors in determining the capacity of mucosal vaccines to develop protective
immunity. Furthermore, understanding of the microbial populations and factors that regulate
the immune responses to vaccines may provide insight for the development of more effective
vaccination protocols.

Online Methods

Mice

WT C57BL/6, Myd88™'~, RipkZ™!~, Nod1™~, Nodz™!=, Cd11cC™¢; NodZ' and

K14°'¢; NodXT! mice on the C57BL/6 background were bred and kept under specific
pathogen-free (SPF) conditions at the University of Michigan Animal Facility. Conditional
Nod2™f mice were generated in collaboration with GenOway, France using 129SV ES cells.
The proximal loxP site was inserted within intron 1 of the Mod?2 gene, the distal loxP site
was introduced together with an FRT flanked neomycin selection cassette within intron 3.
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The resultant mouse line was bred with FLP deleter-mice ubiquitously expressing Flp-
recombinase to remove the neomycin selection cassette, creating a ModZ* mouse in which
the region between exon 2 and 3 was flanked by two loxP sites. We backcrossed mice onto
the C57BL/6 background for 10 generations. Conditional deletion of the allele using Cre-
recombinase results in a deletion of a genomic region of approximately 2 kb carrying both
exon 2 (cryptic start codon) and 3 (canonical start codon). GF WT and Nod2”~ mice on the
C57BL/6 background were bred and maintained at the Germ Free Animal Core Facility of
the University of Michigan. Mice were allocated randomly into experimental groups. No
blinding was done for animal experiments. We performed all the experimental procedures in
accordance with the protocols approved by the University Committee on Use and Care of
Animals (UCUCA) at University of Michigan.

Cholera toxin (CT; List Biological Laboratories), clinical-grade human serum albumin
(HSA; Talecris Biotherapeutics), MDP (Bachem), 8-Br-cAMP (Sigma), N6-benzoyl-cAMP
(BioLog Life Science Institute), 8-CPT-2'-O-Me-cAMP (Enzo life sciences), CpG
(ODN-1826; Invivogen), MALP-2 (Enzo Life Sciences), and alum (SIGMA) were
purchased from the indicated commercial sources.

Immunization protocol and treatment of mice with antibiotics

We anesthetized 6~8-week old age- and sex-matched mice with isoflurane and intranasally
immunized the mice with 30 pl of PBS (Gibco) containing 30 pug of HSA and 100 ng of CT
using a pipette and tip. For secondary immunization, mice were challenged with HSA (30
ug) and CT (100 ng) four weeks after the primary immunization. Mice were not allocated
randomly into experimental groups. The number of animals per group was chosen as the
minimum likely required for conclusion of biological significance, established from prior
experience. The investigators were not blinded to group allocation during experiments. Mice
were euthanized 2 weeks after immunization and plasma, cervical lymph node (CLN), and
spleen were obtained for analysis. For experiments involving antibiotic treatment, 5~6 week-
old age-and sex-matched mice were intranasally treated with 30 pl of PBS containing
ampicillin (1 mg/ml; Sigma), vancomycin (0.5 mg/ml; Pfizer), metronidazole (1 mg/ml;
Fagron), and neomycin (1 mg/ml; A.G. Scientific) a week before immunization and given
the same antibiotic cocktail in the drinking water ad libitum from one week before
immunization to 2 weeks after immunization. For oral immunization, mice were given the
same antibiotic cocktail in the drinking water from 4 weeks before immunization to sacrifice
and, in the meantime, were intragastrically immunized with 200 pl of PBS containing 10 mg
of HSA and 10 pg of CT. For systemic immunization, mice were intraperitoneally injected
with 100 pl of PBS containing 100 pg of HSA and various concentrations of CT or 30 ug of
HSA and 100 pl of alum. To assess the probiotic effect of isolated bacteria, 5 x 10° c.f.u. of
live bacteria were intranasally injected into the nasal cavity together with HSA and CT. In
GF experiments, all reagents were autoclaved or passed through 0.2 pm filters (Corning)
before immunization. GF mice were given intranasally 30 pug of HSA together with 100 ng
of CT, 100 ng of MDP, or 5 x 103 c.f.u. of UV-inactivated bacteria. For establishing S. sciuri
gnotobiotic mice, 1 x 10° c.f.u./mouse of S. sciuriwere injected into the nasal cavity of GF
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mice 5 days before immunization. No animals or samples were excluded for analyses in the
described mouse experiments.

Measurement of HSA-specific antibodies

We measured the levels of HSA-specific total 19G, 19G4, 19G2p, and IgM in serially diluted
serum using a sandwich ELISA method according to the manufacturer’s instructions (SBA
Clonotyping™ System/AP; SouthernBiotech). The investigators were not blinded to group
allocation during experiments.

Restimulation of splenocytes

Splenocytes were isolated from spleen on day 14 after a single immunization as described49.
Briefly, spleens were mashed through a cell strainer (Falcon) and then the cells were spun
down and resuspended in RBC lysis buffer (eBioscience). After 5 m, the cells were rinsed
with complete RPMI medium containing 10% heat-inactivated fetal bovine serum, 2-f-
mercaptoethanol (50 uM), L-glutamine (2 mM), sodium pyruvate (1 mM), MEM non-
essential amino acids, and penicillin-streptomycin (Gibco) and pushed through the cell
strainer. Isolated splenocytes (2 x 106 cells/well/48 well plate in 200 pl) were resuspended in
complete RPMI medium and restimulated with 500 pg/ml of HSA. After 4 days, culture
supernatants were harvested and analyzed for cytokines by ELISA. The investigators were
not blinded to group allocation during experiments.

NALT isolation and cell sorting

NALT was isolated from the palate of mice as describedso. The lymphoid cells were
dissociated from NALT by scraping with a surgical knife and forceps, followed by RBC
lysis. The cells were then sorted using a FACSAria Il (BD Biosciences) instrument and the
data analyzed using FlowJo software (TreeStar).

Flow cytometric analysis

Fluorescence-labeled mAb against CD19 (1D3), CD138 (281-2), and IgD (11-26¢), CD3
(145-2C11), CD4 (GK1.5), CXCR5 (SPRCL5) PD-1(J43), and CD11c (N418) were from
eBioscience. All antibodies were used at 1:200 dilution. Antibody for CD45 (30-F11) was
purchased from BD Phamingen. Cell surface fluorescence was measured using a
FACSCanto Il (BD Biosciences) instrument and the data analyzed using FlowJo software
(TreeStar).

ELISPOT assay

ELISPOT assays were performed on the day of CLN isolation to examine antigen-specific
1gG producing cells. Immobilon-IP PVVDF-based 96-well plates (Millipore) were coated with
100 pg/well of HSA overnight at 4 °C. The plates were blocked with 1% bovine serum
albumin for 1 h at room temperature (RT) and then washed 4 times with PBS containing
0.05% Tween 20 (PBST). Lymphocytes from CLNs were incubated with 4 x 10° cells/well
for 3 days at 37 °C in a 5% CO, incubator. ELISPOT plates were washed 3 times with PBST
and 100 pl of biotinylated anti-mouse 1gG antibody (Southern biotech) diluted 1:500 in
PBST was added to each well. After 2 h incubation at RT, plates were washed 4 times with
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PBST and 100 pl of streptavidin-alkaline phosphatase (Southern biotech) diluted 1:1,000 in
PBST was added for 2 h. Following washing, ELISPOT plates were developed with Vector
blue substrate kit (Vector laboratories Inc.). To stop the reaction, the plates were washed and
dried. Spot patterns were analyzed using an ImmunoSpot image analyzer (Cellular
Technology). Data are presented as the mean numbers of antigen-specific HSA-specific 1gG
producing cells per 108 lymphocytes from quadruplicate wells.

BMDC in vitro stimulation

Bone-marrow-derived dendritic cells (BMDCs) were prepared as previously described51.
Briefly, bone marrow cells were cultured with media containing 20 ng/ml of GM-CSF
(PeproTech) and supplemented with fresh media on day 3 and 5. After 7 days, non-adherent
cells were collected as differentiated BMDCs by vigorous aspiration. BMDCs (4 x 10° cells/
well/48 well plate in 200 pl) were stimulated with MDP (10 pg/ml), CT (500 ng/ml), and
CAMP derivatives (8-Br-cAMP (100 pM), 6-Bnz-cAMP (50 uM), 8-CPT-2'-O-Me-cAMP
(50 uM)) for 24 h. Culture supernatants were harvested and cytokines were analyzed by
ELISA.

Measurement of Nod2-stimulatory activity

HEK?293 cells stably expressing human NOD2 (HEK293-NOD?2) and an NF-«xB luciferase
reporter have been describedzg. The reporter cells (4 x 104 cells/well/96 well plates) were
plated in DMEM supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-
glutamine, 1 mM sodium pyruvate, and 1x penicillin-streptomycin (Gibco). The next day,
100 pl of samples including NALF, live bacteria, or UV-inactivated bacteria at a bacterium/
HEK?293-NOD?2 cell ratio of about 1:1 were added to the cells. For live bacteria, gentamicin
(50 ng/ml, Gibco) was added to the media 2 h after infection. After 24 h, the reporter cells
were lysed with lysis buffer (Promega) and luciferase activity were measured in the lysate
according to the manufacturer’s instructions (Promega).

Isolation, identification and quantification of bacteria from the nasal cavity

NALF obtained with 100 pl of PBS was collected from adult mice immediately after
sacrifice and the NALF was spread on BHI agar plates and cultured at 37 °C under aerobic
conditions. Individual bacterial colonies with different morphology were isolated and
characterized. The identification of bacterial species was determined by 16S rDNA
sequencing of V3-V4 regions as describedsz. Bacterial DNAs were extracted from NALF
using E.Z.N.A Stool DNA kit (Omega bio-tek) and then used for real-time PCR with primer
sets of universal 16S rDNA.

Real-time PCR

RNA was extracted by using E.Z.N.A. Total RNA kit | (Omega bio-tek) and cDNAs were
then made from the isolated RNAs by using the high capacity RNA-to-cDNA kit (Applied
Biosystems). The cDNA were used for real-time PCR with primer sets and SYBR Green
PCR Master Mix (Applied Biosystems) according to the manufacturer’s instruction using
the StepOnePlus Real-Time PCR systems (Applied Biosystems). Real-time PCR primers
(Invitrogen) were as follows: Nod2 (5’-AACTGTCCAACAATGGCATCAC-3’; 5’-
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TTCCCTCGAAGCCAAACCT-3’), GAPDH (5’-TGCGACTTCAACAGCAACTC-3’; 5’-
GCCTCTCTTGCTCAGTGTCC-3’) and universal 16S rDNA (5’-
AGAGTTTGATCCTGGCTCAG-3’; 5’-TGCTGCCTCCCGTAGGAGT—S’)53. The PCR
conditions for mRNA quantification were 95 °C for 10 m, followed by 40 cycles with
denaturation at 95 °C for 10 s and annealing and extension at 60 °C for 1 m. An
amplification program for bacterial quantification consisted of one cycle at 95 °C for 10 m,
40 cycles at 94 °C for 20 s, 55 °C for 20 s and 72 °C for 50 s, and final one cycle at 94 °C
for 15 s. Cycle threshold (Ct) of respective samples were normalized internally using the
average Ct value of GAPDH.

Statistical Analyses

No statistical methods were used to predetermine sample size. Statistical analyses were
performed using GraphPad Prism software (GraphPad Software). For cytokine comparisons,
linear regression with a 95% confidence interval, and unpaired, two-tailed Student’s #test
were used. When the results from individual animals were analyzed, we examined
differences between groups using the non-parametric Mann—Whitney test or Kruskal-Wallis
test with a Dunn’s post hoc test for multiple comparisons. No samples or animals were
excluded from the analyses. Differences at Z< 0.05 were considered to be statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Symbiotic bacteria promote the adjuvant activity of cholera toxin after nasal
immunization

(a) Relative amount of HSA-specific 1IgG (ODgsp) in serially diluted plasma from antibiotic
(Abx)-treated mice and untreated group (each group /7= 4) on day 14 after intranasal
immunization with HSA and CT. (b) Concentration of IFN-y and IL-5 in the supernatant of
splenocytes (measured in triplicate) from antibiotic-treated mice and untreated group on day
14 post-immunization, after restimulation with or without HSA for 4 d. (c, d) HSA-specific
IgG in the plasma of GF and SPF mice (each group /7= 5) on day 14 after primary and
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secondary immunization. (e) Concentration of IFN-y and IL-5 (measured in triplicate) in the
supernatant of splenocytes isolated from immunized GF and SPF mice on day 14 post-
primary immunization, after restimulation with and without antigen for 4 d. The results are
representative of at least two independent experiments. Values represent mean + s.e.m. (a, c,
d) or £s.d. (b, e). *P<0.05, **P< 0.01, and ***P < 0.001 by Mann-Whitney test (a, c, d)
and by Student’s #£test (b, ). n.d., not detected.
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Figure 2. The adjuvant activity of cholera toxin is mediated by CD11c" cells via Nod2
(a—c) Relative amounts of HSA-specific 1gG (ODysp) in serially diluted plasma from

Myd88'= (n=5) (), Ripkz™"~ (n=4) (b), NodZ™!~ (n=5) (c~d), Nod1™'~ (n=5) (e) and
Cd11cCme; NodZXM mice (n= 4) (g), and WT (7= 4 or 5) or NodZVT! littermates (7= 4) on
day 14 after intranasal immunization with HSA and CT (a—c, €, g) or after secondary
challenge with HSA and CT (d). (f) Concentration of IFN-y and IL-5 in the supernatants of
splenocytes (measured in triplicate) from Aod2”'~ mice and WT animals on day 14 post-
primary immunization, after restimulation with and without antigen for 4 d. The results are
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representative of at least two independent experiments. Data are shown as means + s.e.m.
(a—e, g) or £ s.d. (f). *P<0.05, **P< 0.01, and ***P< 0.001 by Mann-Whitney test (a—e,
g) and by Student’s #test (f).

Nat Med. Author manuscript; available in PMC 2016 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.
a b "
= 1.5 1
X
T _ = fex
=2 —
+ DI 8 1.0 1 L
a e °
oA 2o ot
o o O i °
a O+ 05
X ™
o oo
‘ o
£ 9 . .
WT Nod2"-
d e .
0.4 7
X
T ng031 °
+ o ?0) ®
2 (V‘_') 8 + 02 T
8 8 a2 .. |
)
20 0.1 - ° e
= — v
| : -
0 T T
WT Nod2/-
g
WT
Nod2~-

0

100 200 300 400
HSA-specific IgG producing cells
/108 cells from CLNs

CXCR5*PD-1hi
in CD3*CD4* cells (x104)

IlgD-CD138*
in CD19* cells (x105)

[}
—_a®
[ J
) [ J
!..
[ J

WT Nod2~

Figure 3. Nod2 is required for the generation of Tgy and plasma cells after nasal immunization

with antigen and cholera toxin

The percentage and total number of Tg cells (CXCR5PD-1M) (a—c) and plasma cells
(CD138*1gD"~) (d-f) from the cervical lymph nodes (CLNs) on day 14 post-immunization.
(a, d) The plots shown for Ty cells were gated on CD3*CD4* T cells and the plots for
plasma cells were gated on CD19* cells (left panels, WT and right panels, Nod2 ). (b, c, e,
f) Each dot represents an individual mouse and the means are displayed by a line. (g)
Number of cells producing HSA-specific IgG among total cells obtained from CLNs of WT

or NodZ™!~ mice on day 14 post-immunization. Results are representative of at least two

independent experiments. *~ < 0.05 and **P< 0.01 by Mann-Whitney test (b, c, ¢, f) and by

Student’s #test (g).
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Figure 4. Cholera toxin enhances MDP-induced cytokine production in DCs
Concentration of cytokines in the supernatant of bone-marrow-derived dendritic cells

(BMDCs) (measured in triplicate) from WT and Nod2™~ (a) or RipkZ™!~ (b) mice, after
treatment with indicated stimuli for 24 h. Results are representative of at least three
independent experiments. Data are expressed as the mean = s.d. ***P< 0.001 by Student’s
ttest.
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Figure 5. Cholera toxin promotes Nod2 activation via CAMP/PKA signaling
(a) Concentration of cytokines in the supernatant of BMDC (measured in triplicate) treated

with the indicated stimuli for 24 h. (b) Concentration of cytokines in the supernatant of
BMDM (measured in triplicate) treated with 8-Br-cAMP (cAMP), N6-benzoyl-cAMP (Bnz-
cAMP), or 8-CPT-2'-O-Me-cAMP (CPT-cAMP) in the presence or absence of MDP for 24
h. The results are representative of at least three independent sets of experiments. Data are
expressed as the mean + s.d. ***£ < 0.001 by Student’s #test.
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Figure 6. Nod2-stimulatory bacteria promote the adjuvant activity of cholera toxin
(a) Relative levels of HSA-specific 1gG in plasma of GF mice (each group /7= 5)

intranasally immunized with indicated stimuli in the presence HSA on day 14 post-
immunization. (b) Nod2-stimulatory activity in NALF from SPF or GF mice. Each dot
represents an individual mouse and the mean value is displayed by a line (c) Nod2-
stimulatory activity in indicated bacteria isolated from NALF. B. h., Bordetella hinzir, S. g.,
Staphylococcus gallinarum, S. s., Staphylococcus sciuri, B. c., Bacillus clausii, B. p.,
Bacillus pumilus. (d—f) Relative amounts of HSA-specific 1gG were analyzed in plasma on
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day 14 post-immunization. (d) SPF mice (each group /7= 5) were intranasally immunized
with HSA and CT together with live S. sciurior S. gallinarum. (e) GF (n=5) and
gnotobiotic mice (7= 6) monocolonized with S. sciuri were intranasally given HSA and CT
on day 5 after monocolonization. (f) GF mice were intranasally treated with HSA and CT
together with UV-inactivated S. sciuri, S. gallinarum, or B. clausii. (g) The relative levels of
HSA-specific 1gG were examined in plasma on day 14 post-immunization of WT GF (/7= 5)
and NodZ™'~ GF (n= 6) mice given UV-inactivated S. sciuri HSA, and CT. Data represent
means + s.e.m. (a, d—g) or + s.d. (c). *~< 0.05 and **P < 0.01 by Kruskal-Wallis test with
post-hoc Dunn’s test (a, d, f), by Mann-Whitney test (b, g) and by Student’s #test (¢). *P<
0.05 between CT and MDP groups by Mann-Whitney test (a).
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