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Abstract: Elevated levels of immunoglobulin E (IgE) are associated with allergies and other immunological 13 
disorders. Experimentally, sensitization with alum adjuvant favors IgE production while CpG-ODN adjuvant, 14 
a synthetic toll-like receptor 9 (TLR9) agonist, inhibits it. The cellular mechanisms underlying TLR-regulation 15 
of immunoglobulin production are still controversial. Specifically, TLR-mediated IgE regulation in vivo is not 16 
yet known. We show that augmented levels of IgE induced by sensitizations to OVA with or without alum 17 
adjuvant or with OVA-pulsed dendritic cells (DCs) were inhibited when sensitization to OVA was performed 18 
in the presence of CpG. Notably, CpG-mediated suppression of IgE production required MyD88-expression 19 
on DCs but not on B-cells. This contrasts with previous reports of in vitro regulation IgE where CpG acted 20 
directly on B cells via MyD88 pathway. In addition, CpG also inhibited IgE production in a MyD88-dependent 21 
manner when sensitization was performed with OVA-pulsed DCs. Finally, CpG signaling through MyD88 22 
pathway was also necessary and sufficient to prevent anaphylactic antibody production involved in active 23 
cutaneous anaphylaxis. 24 
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1. Introduction 27 

Over the past five decades the incidence and prevalence of allergic disease worldwide have been increasing. 28 
Atopy is a term used to describe a group of diseases such as allergic rhinitis, hay fever, asthma, atopic eczema 29 
and food allergy in individuals that are genetically predisposed to develop an immediate immunoglobulin E 30 
(IgE)-mediated hypersensitivity to otherwise harmless environmental antigens [1]. The work of Shirakawa et 31 
al. showing that among Japanese schoolchildren, there was a strong inverse association between serum levels 32 
of IgE and delayed type hypersensitivity to Mycobacterium tuberculosis antigens [2] lend support to the 33 
“hygiene hypothesis” that postulated an inverse relationship between allergy and infections [3]. Classically, 34 
IgE and IgG1 antibody switching is mediated by interleukin-4 (IL-4)-producing T helper 2 (Th2) cells while 35 
interferon gamma (IFN)-producing Th1 cells favor IgG2a switching [4]. Therefore, it is expected that Toll-like 36 
receptors (TLRs) agonists that are viewed as Th1 adjuvants would induce Th1-associated isotypes while alum, 37 
that is considered a Th2 adjuvant, would favor IgE production [5]. However, despite its Th2-promoting 38 
activities, alum has been used empirically in many anti-microbial vaccines formulations [6]. We have 39 
previously shown that adsorption of lipopolysaccharide (LPS), a TLR4 agonist, to alum-based tetanus toxoid 40 
vaccine dampens toxoid-induced IgE production but enhances IgG1 and IgG2a antibody production [7]. More 41 
recently, using a similar approach of absorbing TLRs agonists to alum, we found the TLR9 agonist composed 42 
of oligodeoxynucleotides (ODN) containing CpG motifs (hereafter referred to as CpG) was the most effective 43 
among the TLRs agonists in dampening IgE production [8]. Since CpG is another TLR adjuvant approved for 44 
use in humans [9] we were interested in dissecting the mechanism(s) by which alum-based CpG formulation 45 
regulates immunoglobulin class switching. Moreover, studies to ascertain the molecular mechanisms 46 
governing IgE production and its regulation by adjuvants in vivo have not been addressed. Here we used an 47 
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established OVA-model of respiratory allergy that course with high levels of total and OVA-specific IgE and 48 
low levels of IgG2c antibodies and focused on the role of MyD88 molecule expressed on CD19-positive B cells 49 
or on CD11c-positive DCs in CpG-mediated regulation of isotype class switching. We show that addition of 50 
CpG to OVA/alum suppressed IgE production and increased IgG2c production in mice selectively deleted for 51 
MyD88 molecule in B cells but not in DCs indicating that MyD88-expressing DCs are necessary and sufficient 52 
to suppress IgE and enhance IgG2c production induced by sensitization with CpG in the formulation.  53 

  54 

2. Materials and Methods 55 

Animals  56 

Six-to-eight-week-old female C57BL/6 mice (WT), MyD88-KO, RAG-KO or Myd88 fl/fl and mice 57 
expressing the recombinase Cre under the control of the CD19 or Itgax (CD11c) promoter [10] were 58 
originally purchased from Jackson Laboratories (Bar Harbor, ME) and kept at a specific 59 
pathogen-free breeding unit at the Institute of Biomedical Sciences of the University of Sao Paulo 60 

(ICB IV-USP). CD11cMyD88-/- (DC-MyD88-/-) or CD19cMyD88-/- (B-MyD88-/-) mice with specific 61 
deletion of MyD88 adaptor molecule in CD11c-positive or CD19-positive cells were generated by 62 
breeding respectively CD11c-Cre or CD19-Cre with Myd88flox mice. Proper littermates for the 63 
DC-MyD88-/- group (CD11cMyD88+/+, hereafter referred as DC-MyD88+/+) were also generated. All 64 
mice (five animals per cage with a ventilated system Alesco, Monte Mor, São Paulo, Brasil) were 65 

kept in 12h light/dark cycle, temperature controlled rooms, food and water ad libitum, and towel 66 
paper used for environment enrichment. Mice were treated according to animal welfare guidelines 67 
of ICB (Ethic Protocol 009/2015) under National Legislation-11.794 Law. 68 

Alum gel preparation 69 

The aluminum gel (Al(OH)3) was prepared by precipitation of ammonium aluminum sulfate 70 

dodecahydrate (AlH4(SO4)2-12 H2O, Alfa Aesar, MA, USA) with an excess of 1N NaOH (Synth, SP, 71 
Brazil). Aluminum hydroxide (Alum) was suspended in water (Milli Q, Ontario, Canada), washed 72 
five times and centrifuged at 3000 rpm for 15 min. The final precipitate was suspended again in 73 
water and the final concentration was determined by calculating 1 mL of dry solution. 74 

Experimental Protocol  75 

Mice were sensitized subcutaneously (s.c.) with 4 µg of ovalbumin (OVA) (Sigma-Aldrich, St. Louis, 76 
MO, USA) or with OVA plus 10 µg CpG (CpG-ODN 2395 Class C, a TLR9 agonist purchased from 77 
Invivogen San Diego, CA, USA) with or without alum adjuvant gel (1.6 mg) on days 0 and 7. Mice 78 
were intra-nasally (i.n.) challenged with 10 µg of OVA in 40 µL of PBS on days 14 and 21. Control 79 

mice consisted of naïve non-manipulated animals. In some experiments mice were sensitized with 80 
bone marrow-derived dendritic cells pulsed with OVA or OVA plus CpG on days 0 and 7 (see 81 
methods bellow). All treatment procedures were done under anesthesia with Ketamine 10mg/kg 82 
(Rhobifarma, São Paulo, Brazil) plus Xylazine 100mg/kg (Rhobifarma, São Paulo, Brazil) in the 83 
intraperitoneal (i.p.) route diluted in PBS. Animals were euthanized by inhaled isoflurane (Cristália, 84 

São Paulo, Brasil) 24 h after the last challenge and samples were collected. The OVA used 85 
throughout the study was diluted in PBS (2 mg/mL) and depleted of the endotoxin (LPS) activity 86 
(measured by Limulus amoebocyte lysate QCL-1000 kit from BioWhittaker, Walkersville, MD, USA) 87 
using six to eight cycles of Triton X-114 extractions. The endotoxin level of purified OVA (2 mg/mL) 88 
was below the limit of detection of Limulus assay lysate (less than 0.1 Endotoxin Units). 89 

Generation of Bone Marrow Derived Dendritic Cells 90 

Briefly, bone marrow-derived dendritic cells (BM-DCs) were obtained from femurs of C57BL/6 or 91 
DC-MyD88-/- mice. Both ends of the femurs were cut after removing the femurs under sterile 92 
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conditions and femur was flushed with a syringe containing 5 mL of RPMI-1640 medium 93 

(Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, 94 
MO, USA). Bone marrow cells were plated into 6-well plates at a concentration of 1×106 cell/well and 95 
cultured at 37ºC in 5% CO2 from day 0 to 4 with 20 ng/mL of GM-CSF (BioLegend, San Diego, CA, 96 
USA) and supplemented with more GM-CSF on day 4 [11]. On day 6, the cells were primed with 97 

OVA (100ug/well) or OVA plus CpG (1ug/well). On day 7, BM-DCs were harvested, washed with 98 
PBS, counted and 1×106 cells were used for the subcutaneous sensitization.  99 

ELISA For Antibody Determinations 100 

Blood samples were collected by cardiac puncture, centrifuged and serum was stored at −20°C. 101 
Serum antibodies were determined by Enzyme-linked immunosorbent assay (ELISA). Total IgE 102 

concentrations were determined by sandwich-ELISA using kit BD OptEIA ELISA Set (BD, San Diego, 103 
CA, USA). OVA-specific IgE levels were determined by adding serum samples at 1/10 dilutions to 104 
plates with rat anti-mouse IgE (SouthernBiotech, Birmingham AL, USA). After washing, 105 
biotin-labeled OVA was added and revealed with ExtrAvidin (Sigma-Aldrich, St. Louis, MO, USA) 106 
plus substrate. OVA-specific IgE serum concentrations were deduced using Chondrex kit (Chondrex, 107 

WA, EUA) with known concentrations of OVA-specific monoclonal IgE antibody. OVA-specific 108 
IgG1 and IgG2c were measured by coating the plates with 20 µg/mL of OVA. Serum samples were 109 
added at multiple dilutions and revealed with goat anti-mouse IgG1 or IgG2a conjugated to HRP 110 
(SouthernBiotech, Birmingham AL, USA), which also reacts with IgG2c isotype. Standard 111 

OVA-specific curves for IgG1 and IgG2c were purchased from Chondrex. All ELISA were 112 
performed in 96-well maxisorp plates (Thermo Fisher Scientific, Rochester, NY).  113 

Active Cutaneous Anaphylaxis (ACA) Assay 114 

Mice were sensitized as described above and challenged intranasally on day 14. On day 20, the 115 
dorsal region was shaved with a trimmer ER389 (Panasonic, Japan).  Twenty- four hours later, the 116 

animals received an intradermal injection of OVA (10ug) or PBS and immediately after an 117 
intravenous injection of 100 l of Evans Blue dye (1mg/mL). Thirty minutes later, the animals were 118 
sacrificed and skin of the dorsal region was removed for photographic registration.  Skin spots were 119 
excised, weighted and dye extraction performed with formamide (8ml/mg of dry weight) for 72 120 
hours [12] and quantified by measuring dye absorbance at 620 nm. Results are expressed as g/mL 121 

determined by a standard curve with known concentrations of Evans blue dye. 122 

Statistical Analysis  123 

Statistical analyses were performed using GraphpadPrism (V.5; GraphPad Software, USA). 124 
One-way ANOVA followed by Tukey post-test was performed, as appropriate. Differences were 125 

considered statistically significant when p value ≤ 0.05. Data represent the mean ± SD. 126 

3. Results 127 

3.1. Sensitization to OVA in the presence of CpG inhibits IgE production and increases OVA-specific IgG2c 128 
isotype 129 

To determine the influence of CpG on OVA sensitization and consequent OVA-induced airway 130 

eosinophilic allergic inflammation or OVA-specific antibody production we subcutaneously 131 
sensitized C57BL/6 mice to OVA or to OVA plus CpG in the presence or absence of alum adjuvant 132 
and then challenged with OVA as depicted in Fig. 1A. We found that sensitization to OVA induced 133 
eosinophilic allergic inflammation that was more intense in the presence of alum as revealed by total 134 
cell and eosinophil counts (Fig. 1B-C). Addition of CpG to OVA sensitization, in presence or absence 135 

of alum decreased allergic inflammation (Fig. 1B-C), confirming and extending previous results [8]. 136 
Analysis of antibody isotype production showed that sensitization to OVA with alum adjuvant 137 
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resulted in roughly 3-fold higher levels of total and OVA-specific IgE than that obtained in mice 138 

sensitized to OVA without alum adjuvant (Fig. 1D-E). In contrast, sensitization to OVA in the 139 
presence of CpG inhibited IgE production (Fig. 1D-E). Sensitization to OVA with alum induced 140 
respectively low and high concentrations OVA-specific IgG2c and IgG1 antibodies (Fig. 1F-G) while 141 
in mice sensitized to OVA without alum the concentrations of both OVA-specific IgG2c and 142 

IgG1isotypes were negligible (Fig. 1F-G). Notably, sensitization to OVA with alum in the presence of 143 
CpG significantly augmented OVA-specific IgG2c, but not IgG1 antibody production (Fig. 1F-G) 144 
while in mice sensitized to OVA without alum adjuvant, the production of OVA-specific IgG2c as 145 
well as OVA-specific IgG1 significantly increased compared to OVA group  (Fig. 1F-G). 146 
Collectively, we conclude that high levels OVA-specific IgG1 production were obtained when alum 147 

adjuvant was used whereas in adjuvant-free conditions its production was only induced by addition 148 
of CpG. Therefore, it is clear that CpG negatively regulates IgE production while IgG2c production is 149 
positively regulated, independently of whether alum is used or not for OVA sensitization. Therefore, 150 
in all subsequent experiments we focused on IgE and IgG2c production. 151 

 152 

3.2. MyD88 expression on B cells is not essential for CpG-mediated regulation of IgE and IgG2c 153 
isotype production in vivo 154 

We first determined the requirement of MyD88 molecule using mice with complete lack of MyD88 155 
molecule since CpG is thought to signal mainly via MyD88 pathway. We found that sensitization to 156 

OVA in the presence of CpG did not block IgE production in MyD88-/- mice when compared to WT 157 
mice (Fig. 2A-B), indicating the essential role of MyD88 molecule in mediating the inhibition of IgE 158 
production. In the same vein, CpG did not enhance IgG2c production in MyD88-/- mice (Fig. 2C). 159 
Therefore MyD88 molecule is essential for isotype class switching regulation by CpG. However, the 160 
target cell type involved in this regulation remained elusive. It has been shown in vitro that CpG acts 161 

directly on purified B cells inhibiting IgE production and enhancing IgG2a production [13]. 162 
Importantly, sensitization to flagellin (an antigen protein and a TLR5 agonist) adsorbed to alum, 163 
resembling our protocol (OVA+ CpG/alum) of sensitization, suggested that the generation of T 164 
cell-dependent antigen-specific antibody responses required the activation of B cells via MyD88 165 
pathway [14]. Therefore, we next determined the effect of CpG in mice with selective deficiency of 166 

Myd88 gene in B cells using Cre-lox technology to delete Myd88 gene in CD19-positive cells 167 
(B-MyD88-/-). We found that CpG inhibited IgE production in mice bearing Myd88-deficient B cells 168 
(Fig. 2A-B) clearly indicating that Myd88 expression on B cells is dispensable for the inhibition of IgE 169 
production. We conclude that Myd88 expression is fundamental for down regulation of IgE 170 

production by CpG, but Myd88 expression on B cells is not necessary for CpG-induced IgE 171 
inhibition.  172 

3.3. MyD88-expressing CD11c-positive dendritic cells molecule are necessary and sufficient for 173 
CpG-induced inhibition of IgE and augmented IgG2c production  174 

Our results indicated that B cells were dispensable for CpG-mediated regulation of IgE and IgG2c 175 

isotypes. Therefore, we focused our study on the role of Myd88 expression on other cell type that 176 
respond to CpG signaling and is involved antigen presentation, namely dendritic cells (DCs). For 177 
this we used mice with specific deletion of Myd88 gene on cells expressing CD11c integrin 178 
(DC-MyD88-/-). As control group we used WT and littermates mice with MyD88-expressing MyD88  179 
CD11c-positive cells (DC-Myd88+/+). Sensitization with OVA plus CpG adsorbed on alum inhibited 180 

IgE production in WT and DC-Myd88+/+ littermates, but not in DC-Myd88-/- mice (Fig. 3A-B). 181 
Likewise, OVA-specific IgG2c production was increased in WT and DC-MyD88+/+ but not in 182 
DC-MyD88-/- mice in OVA+CpG group when compared to OVA group (Fig. 3C). Therefore, we 183 
conclude that CpG signaling through MyD88 molecule expressed on CD11c+ putative DCs is 184 
necessary and sufficient for IgE inhibition and enhancement of IgG2c production in vivo. In order to 185 

characterize functionally anaphylactic antibody activity we determined the magnitude of active 186 
cutaneous anaphylaxis (ACA) that was induced in mice upon intradermal OVA administration in 187 
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WT or DC-MyD88-/- mice sensitized with OVA/alum or OVA+CpG/alum. We found that both WT 188 

and DC-MyD88-/- mice sensitized with OVA/alum developed ACA of similar magnitude as revealed 189 
by ACA score based on Evans blue dye extravasation (Fig. 3D, left panel and E). In contrast, 190 
sensitization with OVA+CpG/alum inhibited ACA in WT but not DC-MyD88-/- mice (Fig. 3, right 191 
panel and E). These results reinforce that CpG inhibits the production of anaphylactic antibodies.  192 

3.4. CpG-induced inhibition of IgE and augmented IgG2a production is independent of type I or 193 
type II interferon receptors 194 

We have previously shown that type I cytokines or type I and II interferon (IFN) receptors were not 195 
required for CpG-induced inhibition of IgE production [8], however we have not determined the 196 
regulation of IgG2a/c isotype in these experiments. Therefore we performed experiments using thee 197 

129 mouse strain with deficiencies in type I or type II IFN receptors. The 129 strain mice carry the 198 
Igha haplotype and therefore produce IgG2a and not the IgG2c isotype [15]. We found that CpG 199 
inhibited IgE production in WT as well as in IFNAR-/- or IFNGR-/- 129 mice (Fig. 4A-B), confirming 200 
our previous results that type I or type II INF receptors are not involved in CpG-mediated inhibition 201 
of IgE [8]. Notably, we found that CpG augmented IgG2a antibody production in these mouse 202 

strains (Fig. 4C). We conclude that deficiency of type I or type II interferon receptors per se did not 203 
significantly influence the regulation of isotype class switching by CpG.    204 

3.5. MyD88 expression on OVA-primed dendritic cells is essential for inhibition IgE production by 205 
CpG 206 

Given the crucial role that MyD88 molecule expressed on DCs exerts on CpG-induced 207 
immunoglobulin class switching we next determined whether similar regulation could be obtained 208 
using purified DCs for sensitization. For this, bone marrow derived dendritic cells (BM-DCs) were 209 
differentiated in vitro from WT or DCs-Myd88-/- donor mice and were pulsed with OVA alone or 210 
OVA plus CpG and injected subcutaneously in WT or DC-Myd88-/- recipients respectively using the 211 

protocol depicted in Figure 5A. We found that sensitization with DCs pulsed with OVA, expressing 212 
or not MyD88 molecule, induced upon intranasal OVA challenge an increase of total and 213 
OVA-specific IgE antibodies upon intranasal OVA challenge (Fig. 5B-C). Notably, animals sensitized 214 
with WT BM-DCs pulsed with OVA plus CpG, but not with DC-Myd88-/-, inhibited IgE production 215 
(Fig. 5B-C) indicating that MyD88 expression on DCs is fundamental for CpG-induced IgE inhibition. 216 

Surprisingly, OVA-specific IgG1 antibodies were bellow detection in all groups groups studied (data 217 
now shown). Moreover, OVA plus CpG-pulsed DCs obtained from WT but not from DC-Myd88-/- 218 
donor mice induced very low concentrations (~5 g/mL) of OVA-specific IgG2c antibodies (Fig. 5C). 219 
The results with OVA-pulsed DCs indicate that this type of sensitization is not sufficient to induce 220 

significant production of IgG isotypes and reinforce our results indicating that Myd88 expression on 221 
DCs is necessary and sufficient for CpG-mediated inhibition of IgE production.  222 

4. Discussion 223 

In the present work we focused on the regulation of immunoglobulin class switching in mice 224 
sensitized to OVA in the presence or absence of alum or CpG. We found that independently of 225 

whether alum adjuvant was used for OVA sensitization, addition of CpG to OVA resulted in 226 
inhibition of total and OVA-specific IgE production and in augmented OVA-specific IgG2a/c 227 
production. Therefore, it is clear that CpG inhibits IgE and enhance IgG2a/c isotype production. The 228 
effect of CpG on OVA-specific IgG1 production was dependent on whether alum adjuvant was used 229 
or not for OVA sensitization. In alum-free OVA sensitization, OVA-specific IgG1 antibodies were 230 

almost absent while in sensitization to OVA in the presence of CpG, IgG1 levels were significantly 231 
higher than that observed with sensitization to OVA alone. In contrast, when alum was used for 232 
OVA sensitization, OVA-specific IgG1 production reached high levels that were not further 233 
increased significantly with the addition of CpG. Since OVA-specific IgG1 isotype was significantly 234 
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increased in sensitization to OVA in the presence of CpG, a TLR9 agonist that is considered a 235 

pro-Th1 adjuvant in mice, the IgG1 isotype cannot be viewed solely as Th2-associated isotype [4]. In 236 
this regard, there is a controversy in the literature as to whether TLR signaling is fundamental or not 237 
for enhanced production of IgG isotypes [16,17]. Our results reconcile in part this controversy since 238 
sensitization to OVA with alum adjuvant induces high levels OVA-specific IgG1 antibodies and as 239 

such its production seems to be TLR-independent, a finding that is in line with the work of Gavin et 240 
al. [17] while in alum-free sensitization, substantial levels of OVA-specific IgG1 production only 241 
occurred in the presence of CpG indicating the involvement of TLR signaling in IgG1 production, 242 
which is in agreement with the work of Pasare and Medzhitov [16]. In addition, our data confirm 243 
previous findings showing that sensitization to OVA with alum adjuvant induced high levels of 244 

IgG1 that were significantly decreased in alum-free sensitization [18]. Regarding IgG2a/c isotype, 245 
our results clearly showed that irrespective of the usage or not of alum adjuvant, CpG augmented 246 
significantly OVA-specific IgG2c reinforcing the notion of the potentiating role of TLR signaling for 247 
IgG2a/c production.  248 

It was previously shown that CpG induces murine B cells to proliferate and secrete immunoglobulin 249 

in vitro and in vivo [19]. Indeed, B cells express TLRs and respond to TLR agonists by differentiating 250 
into antibody-secreting cells [20]. In vitro experiments with purified B cells showed that CpG inhibits 251 
IgG1 and IgE switching induced by IL-4 and CD40 signaling [13]. This effect correlated with the 252 
expression of T-bet mRNA on purified B cells [13]. Another study showed CpG redirects Ig isotype 253 

production by regulating the specificity of class switch recombination directly on B cells in a manner 254 
critically dependent on TLR9 and myeloid differentiation molecule 88 (MyD88) expression [21]. 255 
However, the requirement of TLR-MyD88 signaling in IgG isotype class switching induced in vivo 256 
by sensitizations with different adjuvants indicated that MyD88 pathway is either essential or 257 
dispensable for enhanced IgG isotype production [16]. Interestingly, it was shown that for regulation 258 

of IgG2c isotype by CpG, that is encoded by IgH-1a haplotype [22], the requirement of Myd88 259 
expression on B-cells or dendritic cells (DCs) and/or other cell types varies according to the type or 260 
physical form of CpG formulation used [23–25]. We found that Myd88 expression is fundamental for 261 
down regulation of IgE production by CpG, but Myd88 expression on B cells was not necessary for 262 
CpG-induced IgE inhibition. In the same vein, enhancement of IgG2c switching by CpG did not 263 

require MyD88 molecule on B cells. Our results obtained in vivo with IgE regulations stand in 264 
contrast with experiments performed in vitro where CpG inhibited IgE switching induced by IL-4 265 
and CD40 signaling [13] or with a study showing that CpG redirected Ig isotype production towards 266 
IgG isotypes by regulating the specificity of class-switch recombination directly on B cells in a 267 

manner critically dependent upon TLR9 and MyD88 expression [21] and with studies that suggested 268 
the requirement of direct B-cell stimulation by TLR ligands performed in reconstituted B-cell 269 
deficient mice with MyD88-deficient B lymphocytes [14]. Our results clearly indicated that CpG 270 
signaling through MyD88 molecule expressed on CD11c-positive putative DCs is necessary and 271 
sufficient for IgE inhibition and enhancement of IgG2c production in vivo. Pioneering studies of 272 

IgG2a/c regulation reported that all viral infections introduce a unique bias in the subclass selection 273 
process that makes IgG2a the predominant antiviral IgG antibody in the mouse in contrast to IgG1 274 
predominance when soluble proteins are used for sensitization [26]. Recent studies with virus like 275 
particles (VLPs) or soluble antigens with TLRs agonists clarified the requirement of Myd88 276 
expression on B cells or DCs and/or other cells for IgG isotypes antibody production [25,27]. Notably, 277 

Myd88 expression on B cells was critical for the production of high levels of IgG2a/c or IgG2b 278 
isotypes when VLPs containing TLR9 or TLR7 ligand or inactivated virus were used for 279 
immunizations [25,27]. In contrast and in line with our findings, it was shown that TLR-MyD88 280 
signaling on DCs, but not on B-cells, was required for augmented production of IgG isotypes to a 281 
soluble protein either mixed with a soluble TLR9 ligand or chemically conjugated to it [25]. However, 282 

the DCs-dependency for augmented switching towards IgG2c isotype was lost when the physical 283 
form of CpG was changed to a more aggregated form [25]. These findings indicate that the adjuvant 284 
used, the site where sensitization is performed and the physical nature of the antigen determine the 285 
role of different cell types expressing Myd88 on the enhancement of IgG production. In our model, 286 
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up-regulation of IgG2c production clearly required Myd88 expression on DCs. Reports regarding the 287 

effect of CpG on IgE regulation in vivo and anaphylaxis are lacking. We found that sensitization to 288 
OVA with CpG consistently inhibited the production of OVA-specific IgE and/or anaphylactic 289 
antibodies by a mechanisms that was dependent on MyD88 expression on CD11c-positive putative 290 
DCs. Another intriguing finding was the fact that that CpG regulation of IgE or IgG2a/c isotype 291 

switching was independent of type I or type II interferon receptors. Our findings with IgE regulation 292 
corroborate previous work showing that type 1 cytokines are dispensable for the suppression of 293 
Th2-like immune responses by CpG [28]. In addition our data support the notion that IgG2a 294 
antibody production might proceed independently of type I IFN or of type II interferons as 295 
previously reported [29]. We speculate that regulation of class-switching by CpG might be mediated 296 

by the redundant effect of different types of inflammatory cytokines or by lipid inflammatory 297 
mediators [30]. 298 

The results obtained with sensitization to OVA with OVA-pulsed BM-DCs confirmed our results 299 
showing that Myd88 expression on DCs is necessary and sufficient for CpG-mediated inhibition of 300 
IgE production. However, the CpG regulation of IgG1 or IgG2c isotypes in sensitization with 301 

OVA-pulsed DCs appears to be a much more complex process since we could not detect substantial 302 
production of IgG1 or IgG2c antibodies with OVA-primed DCs. Since IgG1 production was 303 
negligible in mice sensitized with OVA-primed DCs we suggest that induction IgE antibodies with 304 
OVA-pulsed DCs did not result from sequential switching from IgG1-positive B cells and as such the 305 

produced IgE antibodies probably did not suffer affinity maturation [31]. 306 

All in all, we demonstrate that DCs are the target cells governing in vivo regulation of IgE and IgG2c 307 
antibodies induced by sensitization to OVA with alum-based CpG formulation (see graphical 308 
abstract). Our findings might pave the way for the rational use of anti-allergic or anti-microbial 309 
vaccine formulations. 310 
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 334 

FIGURE 1: CpG inhibits IgE and enhances IgG production. C57BL/6 wild-type (WT) mice were 335 
sensitized subcutaneously with ovalbumin (OVA) or OVA plus CpG (OVA+CpG) with or 336 
without alum adjuvan on days 0 and 7 and challenged intranasally with OVA on days 14 and 21. 337 

Experiments were performed on day 22. (A) Schematic experimental protocols. Numbers of (B) 338 

Total Cells and (C) Eosinophils in BAL. Serum levels of (D) total IgE, (E) OVA-specific IgE, (F) 339 

OVA-specific IgG2c or (G) OVA-specific IgG1. OVA groups (n = 5) and OVA+CpG groups (n = 5). 340 
Values represent the mean ± SD and are representative of two independent experiments. 341 

One-way ANOVA: **p < 0.01; ***p < 0.001. 342 

 343 

 344 
FIGURE 2: Myd88 expression on B-cells is dispensable for CpG-mediated inhibition of IgE 345 

production. C57BL/6 wild-type (WT) or mice lacking total Myd88 expression (MyD88-/-) or on B 346 
lymphocytes (B-MyD88-/-) mice were subcutaneously sensitized with ovalbumin (OVA) or OVA 347 
plus CpG using alum as adjuvant on days 0 and 7 and challenged intranaselly with OVA on days 348 

14 and 21. Experiments were performed on day 22. Serum levels of (A) Total IgE, (B) 349 

OVA-specific IgE and (C) OVA-specific IgG2c. OVA groups (n = 5) and OVA+CpG groups (n = 5). 350 
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Values represent the mean ± SD and are representative of two independent experiments. 351 

One-way ANOVA:**p < 0.01; ***p < 0.001. 352 

 353 

 354 
FIGURE 3: Myd88 expression on CD11c-positive cells mediates CpG-induced regulation of IgE 355 
and IgG2c production. C57BL/6 wild-type (WT) or mice lacking total Myd88 expression on 356 

CD11c-positive dendritic cells (DC-MyD88-/-) or their control littermates (DC-MyD88+/+) mice 357 
were subcutaneously sensitized with ovalbumin (OVA) or OVA plus CpG using alum as 358 
adjuvant on days 0 and 7 and challenged intranasally with OVA on days 14 and 21. Experiments 359 

were performed on day 22. Serum levels of (A) total IgE, (B) OVA-specific IgE or (C) 360 
OVA-specific IgG2c. Active cutaneous anaphylaxis (ACA) assay measured by Evans blue dye 361 

extravasation upon intradermal OVA injection was determined on day 21. (D) Representative 362 
skin pictures of Evans blue extravasation and (E) ACA score determined by measuring Evans 363 
blue extracted from the tissue. Experiments performed in 129 WT strain or mice lacking type I 364 
interferon receptor (IFNAR-/-) or type II interferon receptor (IFNGR-/-) on 129 background used 365 
the same protocol of OVA sensitization and challenge. Experiments were performed on day 22. 366 

Serum levels of (F) total IgE, (G) OVA-specific IgE or (H) OVA-specific IgG2c. OVA groups 367 

(n = 5) and OVA+CpG groups (n = 5). Values represent the mean ± SD and are representative of 368 

two independent experiments. One-way ANOVA: ***p < 0.001. 369 

 370 

 371 

FIGURE 4: CpG-induced inhibition of IgE and augmented IgG2a production is independent of 372 

type I or type II interferon receptors. 129 WT strain or mice lacking type I interferon receptor 373 
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(IFNAR-/-) or type II interferon receptor (IFNGR-/-) on 129 background used the same protocol of 374 

OVA sensitization and challenge. Experiments were performed on day 22. Serum levels of (A) 375 

total IgE, (B) OVA-specific IgE or (C) OVA-specific IgG2c. OVA groups (n = 5) and OVA+CpG 376 

groups (n = 5). Values represent the mean ± SD and are representative of two independent 377 

experiments. One-way ANOVA: ***p < 0.001. 378 

 379 

 380 

FIGURE 5: Myd88 expression on CD11c-positive dendritic cells is essential for CpG-induced 381 
suppression of IgE production. Bone marrow-derived dendritic cells (BM-DCs) obtained from 382 
C57BL/6 wild type (WT) or mice lacking Myd88 on CD11c-positive dendritic cells (DC-MyD88-/-) 383 
donors were pulsed with OVA or OVA plus CpG and injected subcutaneously on days 0 and 7 384 

respectively to DC-MyD88-/- or WT recipient mice. On days 14 and 21 recipient mice were 385 

challenged intranasally with OVA Experiments were performed on day 22. (A) Schematic 386 

experimental protocol. Serum levels of (B) total IgE, (C) OVA-specific IgE or (D) OVA-specific 387 

IgG2c. OVA groups (n = 5) and OVA+CpG groups (n = 5). Values represent the mean ± SD and are 388 
representative of two independent experiments. b.d.- bellow detection level and One-way 389 

ANOVA: ***p < 0.001, different from respective OVA group 390 

 391 
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 392 

Graphical Abstract: Mice sensitized with OVA/Alum develop a high production of IgE and low 393 
production of IgG2c antibodies whereas in mice sensitized with OVA+CpG/Alum IgE 394 

production is abrogated and OVA-specific IgG2c antibody production increases. However, IgE 395 
inhibition and augmented IgG2c production does not occur after sensitization with 396 
OVA+CpG/Alum in mice lacking Myd88 gene expression on CD11c-positive dendritic cells 397 
(DC-MyD88-/-). 398 

399 
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