
Pollutants enhance IgE sensitization in the gut via local 
alteration of vitamin D-metabolizing enzymes

Eunsoo Kim1, Astrid Bonnegarde-Bernard1, Stephen O. Opiyo2, Marisa R. Joldrichsen1, 
Zayed Attia1, Brian H. Ahmer3, Estelle Cormet-Boyaka1, Prosper N. Boyaka1,3,4,*

1Department of Veterinary Biosciences, The Ohio State University, Columbus, OH, USA

2Molecular, Cellular Imaging Center – Columbus, The Ohio State University, Columbus, OH, USA

3Department of Microbial Infection and Immunity, The Ohio State University, Columbus, OH, USA

4Infection Diseases Institute, The Ohio State University, Columbus, OH, USA

Abstract

Mechanisms linking ingested pollutants to increased incidence of allergy are poorly understood. 

We report that mice exposed to low doses of cadmium develop higher IgE responses following 

oral allergen sensitization and more severe allergic symptoms upon allergen challenge. The 

environmentally relevant doses of this pollutant also induced oxidative/inflammatory responses 

in the gut of SPF, but not germ-free mice. Interestingly, the increased IgE responses correlated 

with stimulation of the vitamin D3-metabolizing enzymes CYP27B1 and CYP24A1 in the gut, and 

increased luminal levels of oxidized vitamin D3 metabolites that are not ligands of the vitamin 

D receptor. Inhibition of CYP27B1 and CYP24A1 via oral administration of pharmacological 

inhibitors reduced IgE responses induced in mice orally exposed to cadmium. Our findings 

identify local alteration of vitamin D signaling as a new mechanism for induction of IgE responses 

by environmental pollutants. They also identify vitamin D3-metabolizing enzymes as therapeutic 

targets for treatment of allergy.
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INTRODUCTION

Food allergies are IgE-mediated hypersensitivity reactions with clinical symptoms that are 

capable of affecting multiple tissues, including the skin, airways, and gastrointestinal tract. 

The increased incidence of allergic diseases over the last few decades demonstrates that both 

genetic predisposition (1) and nongenetic factors, including the excessive use of antibiotics, 

especially during early life, contribute to the development of allergies (2, 3). Environmental 

factors, such as pollutants and drugs, are also viewed as major contributors to the 

growing number of allergic individuals (4, 5); however, how environmental pollutants affect 

allergic sensitization and the development of allergen-specific IgE responses and/or immune 

mechanisms during the effector phase of allergic responses remains poorly understood.

Cadmium (Cd) is a cationic heavy metal that is commonly used for metal plating, or for 

making pigments and batteries. Cd can remain in the air, soil, and water (6), and can 

be ingested through contaminated water, leafy vegetables, fish, or grains (6, 7). Average 

daily intake of Cd through water and food has been estimated to be around 8–25 μg (7). 

Approximately 20% of arable land in China is reportedly contaminated with heavy metals 

(8). Furthermore, Cd content in contaminated rice paddy fields was found to range between 

5 and 145 mg/kg, with Cd accumulation in brown rice between 1.9 and 9.4 mg/kg (9). 

Because Cd has a low rate of excretion and a half-life in the body greater than 15 years (6), 

the chronic ingestion of subtoxic doses may have important health implications. Exposure 

to toxic doses of Cd has been shown to induce inflammatory responses (10, 11) and impair 

immune cell function via mechanisms involving the production of reactive oxygen species 

(ROS) (12). With the exception of occupational exposure, the general adult population is 

more likely to be exposed to subtoxic doses of Cd. However, how Cd affects T helper cell 

differentiation, immunoglobulin (Ig) class switching, and production of IgE remain largely 

unknown.

Here, we report that chronic ingestion of subtoxic, and environmentally relevant, doses of 

Cd (6, 13, 14), enhances the production of IgE and the severity of subsequent allergic 

symptoms. We also show that Cd enhances the expression of the vitamin D3-oxidizing 

enzymes CYP27B1 and CYP24A1. The subsequent increased levels of oxidized vitamin D3 

metabolites that are not ligands of vitamin D receptor drive IgE responses in hosts exposed 

to subtoxic doses of this heavy metal.

RESULTS

Chronic ingestion of subtoxic doses of Cd enhances IgE responses

The gut is the primary target of ingested and inhaled Cd (7). To mimic chronic exposure 

to subtoxic and environmentally relevant doses of Cd (13–15), groups of mice were given 

drinking water containing 10 μM CdCl2 (Cd10) or 25 μM CdCl2 (Cd25) for 28 days. 

Compared to controls (NoCd), mice exposed to Cd ingested the same amount of water and 

had the body weight. They also had similar numbers of T and B lymphocytes in tissues 

(Figure S1A), suggesting that the doses of Cd ingested had no major effect on the overall 

number of cells of adaptive immunity in Gut-Associated Lymphoid Tissues or in the spleen.

Kim et al. Page 2

Mucosal Immunol. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To determine whether such exposure to Cd could modulate allergic sensitization and 

promote IgE responses, age-matched controls and mice exposed to Cd for 28 days were 

sensitized by oral administration of ovalbumin (OVA) and the Th2-promoting adjuvant 

cholera toxin (Figure 1A). Cd-exposed mice produced higher levels of OVA-specific serum 

IgE antibody (Ab) responses than control mice (Figure 1B). However, antigen-specific 

IgG1 and IgA responses were unchanged in Cd-exposed mice, indicating that Ig classes 

were differentially affected by this pollutant (Figure 1B). We also found that a four weeks 

exposure of mice to Cd doses lower than Cd10 (i.e., Cd4) did not enhance IgE responses 

in this experimental model (Figure S1B). The allergen-specific Ab responses in Cd-treated 

mice were associated with elevated frequencies of IL-4+CD4+, IFNγ+CD4+, IL-17+, and 

IL-21+ CD4+ T cells in the spleens (Figure 1C and Figure S1C).

Chronic ingestion of subtoxic doses of Cd enhances allergic responses

To determine whether ingestion of cadmium could affect the severity of allergic responses, 

mice orally-sensitized were nasally challenged with the allergen. This nasal allergen 

challenge triggered a greater drop in body temperature in Cd-exposed mice than in 

controls, indicating more severe signs of allergy (Figure 1D). Allergen challenge also 

increased the frequencies of CD4+ T cells, SSChiCD11cloGR1loCD3−CD19− eosinophils 

and macrophages, including CD38+ M1 macrophages, in the bronchoalveolar lavage fluid 

(BALF) of mice exposed to Cd (Figure S2A). The increased number of eosinophils in 

the lungs of Cd-treated mice was further confirmed by the levels of eosinophil-associated 

Siglec-F and peroxidase (Epx) mRNA (Figure S2B). When T cell collected from BALF 

were re-stimulated with allergen in vitro, they showed increased frequency of Th2 (IL-4), 

and Th1 (IFNγ) cells (Figure S2C). This profile was consistent with elevated levels of IL-4, 

IFNγ, and TNFα measured in the BALF of mice exposed to Cd10 (Figure S2D) which 

also exhibited lung inflammation as indicated by increased leukocyte infiltrates and mucus 

production after nasal allergen challenge (Figures 1E and 1F).

We addressed whether stimulation of IgE responses by ingested Cd was mediated by events 

that occurred in mucosal tissues of the gut or the systemic compartment. In contrast with 

mice sensitized orally, mice sensitized via the systemic route (i.e., intraperitoneal, (i.p.)) 

route by injection of OVA and cholera toxin as adjuvant showed no increase in OVA-specific 

IgE responses or other Ig isotype responses (Figure S2E). Together, these data indicate that 

chronic ingestion of subtoxic doses of Cd enhances the magnitude of IgE responses via 

events that occur locally in gut tissues.

Chronic ingestion of subtoxic doses of Cd promotes oxidative stress and inflammatory 
responses in the intestines

Consistent with reports that Cd induces reactive oxygen species (ROS) production and 

oxidative stress responses(12), intestines of mice chronically exposed to subtoxic doses 

of Cd had higher mRNA levels of dual oxidase 2 (Duox2) and dual oxidase maturation 

factor 2 (Duoxa2) than controls (Figure 2A). Antioxidants and phase II-detoxifying enzymes 

are under the control of the transcription factor nuclear factor erythroid 2-related factor 

2 (NRF2) (12), and dysregulation of the NRF2 pathway stimulates the expression of 

inflammatory cytokines. Accordingly, mice exposed to subtoxic doses of Cd exhibited a 
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dose-dependent induction of NRF2 in intestinal epithelial cells (Figures 2B and 2C) and 

increases in proinflammatory (i.e., Ifnγ, Il-1β, Mip2, and Kc) and anti-inflammatory (i.e., 

Il-10 and Tgfβ mRNA responses (Figure 2D). Furthermore, mice exposed to Cd does not 

increase the expression of Th2 (i.e., IL-4 and IL-5) cytokines, but IL-33 and TSLP were 

elevated by Cd exposure (Figure 2D). Oxidative stress responses were recently shown to 

induce PGE2 (16), and PGE2 can promote IgE in vivo (17, 18). Thus, we examined PGE2 

production in intestinal tissues by immunofluorescence staining (Figures 2E and 2F). The 

higher levels of PGE2 detected in tissues of mice treated with Cd10 and to a lesser extend 

Cd25 was confirmed by quantification of PGE2 in small intestinal tissues by ELISA (Figure 

2G).

IgE-promoting effects of low doses of Cd are lost in the absence of gut microbiota

We next used germ-free (GF) mice to address whether the increased IgE responses observed 

in Cd-treated mice reflected direct host response to Cd or indirect effects mediated through 

the gut microbiota (Figure 3A). As observed in conventional specific pathogen-free (SPF) 

mice, chronic exposure to subtoxic doses of Cd did not change the frequency of T and B 

cells in lymphoid tissues of GF mice (Figures 3B). Interestingly, prior exposure to subtoxic 

doses of Cd did not enhance allergen-specific IgE responses in GF mice (Figure 3C). 

However, allergen-specific serum IgA (Figure 3D) and IgG subclass (Figure 3E) responses 

were increased in Cd-treated mice, suggesting that IgE responses are differentially regulated 

by Cd than other Ig isotypes. To better understand the inability of Cd to enhance IgE 

responses in germ-free mice, we examined oxidative stress and inflammatory responses in 

their gut tissues prior to allergic sensitization. NRF2 was not induced (Figure 3F) and we 

detected minimal levels of inflammatory and type 2 cytokine mRNA responses with the 

exception of Tnfα mRNA which were significantly enhanced (Figure 3G). Finally, both 

Cd-treated and control germ-free mice expressed similar levels of PGE2 in gut tissues 

(Figure 3H and 3I).

Chronic ingestion of subtoxic doses of Cd alters the gut microbiome

Increased intestinal permeability is known to facilitate allergic sensitization. We found no 

difference in the absorption of orally administrated FITC-dextran by gut tissues of control 

and Cd-treated mice either at the basal level (groups no CT, Figure 4A). Furthermore, 

Cd-treated mice did not show higher intestinal permeability than control mice after oral 

administration of the adjuvant cholera toxin (CT) (group CT 16h, Figure 4A). These results 

indicate that the ingestion of Cd at these levels does not increase intestinal permeability. 

Although Cd has no known nutritional role in bacterial growth, it may interfere with divalent 

cationic metal ions that limit the growth of certain bacteria. Microbial colonization is the 

single most important event that controls intestinal secretory IgA (SIgA) levels (19, 20), and 

reduction of SIgA levels is a potential marker of dysbiosis (21, 22). Intestinal SIgA levels 

were reduced after 2 weeks of ingestion of subtoxic doses of Cd and remained low after 28 

days of exposure (Figure 4B). Proteomic analyses of intestinal contents showed that mice 

treated with low doses of Cd (Cd10) expressed higher levels of the antimicrobial peptide 

regenerating islet-derived protein 3 beta (Figure S3A). Other luminal proteins increased after 

Cd10 ingestion, including ferritin, laminin, and histone (Figures 4C and S3A). In contrast, 

Cd exposure reduced overall levels of mucins, kallikrein-1, and proteins associated with 
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the digestive function of epithelial cells (e.g., aminopeptidase, alkaline phosphatase, sucrose 

isomaltase) (Figures 4C and S3A and S3B). Proteomics data also showed that Cd stimulates 

antimicrobial responses and impairs the function of goblet cells. Reduced levels of mucus 

may facilitate sensitization, since mucus has been reported to deliver regulatory signals that 

enhance oral tolerance (23). Kallikrein-1 cleaves kininogens into kinins that enhance the 

permeability of capillaries and epithelial cell layers (24). Thus, reduced levels of kallikrein-1 

in fecal samples of mice exposed to Cd support the conclusions our FITC-dextran absorption 

studies (Figure 4A), that intestinal permeability was not increased in these mice.

Ingestion of Cd did not affect the number of cultivable bacteria in the gastrointestinal tract 

(Figure 4D) but did induce dysbiosis (Figure 4E). The relative abundance of gut microbiota 

(Figures 4E and S3C and S3D) and a linear discriminant analyses (LDA) (Figure S3E) 

showed that Cd most significantly reduced bacteria of the genus Prevotella, whereas bacteria 

in genera Tannerella and Turicibacter increased the most in mice exposed to Cd10 and Cd25, 

respectively.

Chronic ingestion of subtoxic doses of Cd alters metabolite composition and protein 
expression in the gut

Consistent with the notion that dysbiosis is generally associated with changes in the 

composition of metabolites in the gut, Cd-treated mice exhibited profiles of metabolites 

that differed from control mice (Figures 4F and G). Statistical differences in metabolite 

composition between NoCd mice and at least one of the Cd-treated groups are depicted in 

Figure 4G. In general, samples from Cd-treated mice exhibited reduced levels of metabolites 

related to food consumption and amino acid metabolism. A main feature of Cd-treated mice 

was a major increase in the levels of lipids and lipid-like molecules (Figure 4G), principally, 

the vitamin D3 metabolite 24,25,26,27-tetranor-23-oxo-hydroxyvitamin D3 (Figure 4G and 

Table S2). This finding was of high significance, since mice exposed to Cd10, which contain 

the highest levels of 24,25,26,27-tetranor-23-oxo-hydroxyvitamin D3 (oxo-VD3) in the gut, 

were also those that exhibited the highest IgE responses upon oral sensitization (Figure 

2B). In this regard, vitamin D3 metabolites were shown to be associated with increased 

production of PGE2 (25), and PGE2 promotes IgE production (17, 18).

IgE-enhancing effects of Cd can be transferred by fecal transplantation

To address the role of Cd-induced luminal metabolites/proteins and/or bacteria in increasing 

allergic sensitization, fecal materials from Cd-treated mice were transferred to groups of 

SPF mice, which were subsequently orally sensitized by the administration of OVA and 

cholera toxin as adjuvant (Figure 5A). OVA-specific serum IgE responses (Figure 5B), 

but not OVA-specific IgG subclasses or IgA (Figure 5C and S4A), were enhanced in 

recipients of fecal material transplantation (FMT) from mice exposed to Cd. Furthermore, 

subsequent nasal allergen challenge resulted in higher lung inflammatory responses and 

mucus production in recipients of FMT from mice chronically exposed to Cd (Figure 

S4B). In the reverse experiment (Figure S4C–H), fecal material from control untreated mice 

reduced allergen-specific IgE responses in recipient Cd-treated mice (Figure S4D) but had 

no effect on the other Ig isotypes (Figure S4E). In addition, Cd-treated mice, which received 

fecal material from untreated mice, developed fewer signs of allergy after nasal allergen 
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challenge, as manifested by a less significant drop in body temperature (Figure S4F) and 

lower numbers of IFNγ+CD4+T and IL-4+CD4+T cells in the BALF (Figures S4G and H). 

Taken together, these results show that fecal materials of Cd-treated mice contain factors that 

regulate IgE responses.

The Cd-induced gut microenvironment enhances IgE responses via stimulation of PGE2

The FMT experiments described above did not elucidate whether bacteria, bacteria product, 

or host molecule mediated the IgE-promoting effects. To elucidate the mechanism(s) driving 

IgE responses in Cd-treated mice, bacteria-free fecal extracts were added to spleen cells 

stimulated in vitro with anti-CD40 in the presence of IL-4, and secretion of IgE was 

assessed in cell culture supernatants. Cells cultured in the presence of fecal extracts from 

Cd-treated mice produced more IgE than cells exposed to fecal extracts from mice that 

did not receive Cd (Figure 5D). This effect was unlikely due to cytokines which were 

either unchanged or reduced (IL-6 and GM-CSF) in the fecal extracts from Cd-treated mice 

(Figure S5A). Fecal extracts from Cd-treated mice increased the mRNA levels of April and 

Baff members of the TNF family that support Ig class switching (26–28), in macrophages 

from Myd88 KO mice (Figure 5E) and enhanced APRIL and C4BP mRNA responses 

in human epithelial HT-29 cells (Figure S5B). These findings indicate that the luminal 

contents of Cd-treated mice stimulate APRIL/BAFF expression via molecules distinct from 

microbial PAMPs and can induce similar responses in human epithelial cells. Finally, BAFF 

expression was upregulated in vivo in small intestinal tissues of naïve mice exposed for 28 

days to subtoxic doses of Cd (Figure 5F).

Gut expansion of fungi was reported to stimulate PGE2 and promote allergic inflammation 

(29) and PGE2 supports the production of IgE but not IgG1 (18). Control and Cd-treated 

mice had similar levels of PGE2 in their feces (Figure S5C), and showed no evidence 

of Candida overgrowth (Figure S5D). On the other hand, bacteria-free fecal extracts from 

Cd-treated mice enhanced PGE2 production in both human HT-29 cells (Figure 5G) and in 

LPS-unresponsive Trif/Tram double-KO murine macrophages (Figure S5E). To determine 

the link between PGE2, BAFF/APRIL, and IgE production, we added the specific COX2 

inhibitor celecoxib to cultures of spleen and mesenteric lymph node cells (MLN) stimulated 

with anti-CD40 in the presence of IL-4 and bacteria-free fecal extracts from Cd-treated 

mice. Celecoxib suppressed the transcription of PGE2 synthase (Ptges), Baff, and April 
(Figures 5H, S5F and S5G) and the production of IgE by these cells (Figure 5I). Together, 

these results indicate that a product(s) found in fecal extracts stimulated the production of 

PGE2 in vivo by intestinal epithelial cells and myeloid cells, and that inhibition of PGE2 

response by COX-2 inhibitor limits the production of BAFF and APRIL and associated high 

IgE responses

Host vitamin D3-metabolizing enzymes play key roles in the Cd-mediated increase in IgE 
responses

The main feature of fecal samples obtained from Cd-treated mice was the presence of high 

levels of oxo-VD3, an oxidized vitamin D3 metabolite. Oxidized vitamin D3 metabolites can 

be induced by oxidation of active vitamin D3 by 25-hydroxyvitamin D3 1-alpha-hydroxylase 

(CYP27B1) and the steroid 21-hydroxylase (CYP24A1) (Figure S5H) (30, 31). Interestingly, 
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Cyp27b1 mRNA levels were significantly enhanced in the intestines of mice chronically 

exposed to subtoxic doses of Cd (Figure 6A). An inverse relationship has been reported 

between vitamin D3 receptor (VDR) signaling and PGE2 production (32). Consistent with 

the fact that oxo-VD3 is not a ligand of the VDR, and that expression of VDR is stimulated 

by its ligands (32), the addition of bacteria-free fecal extracts from Cd-treated mice to J774 

macrophages cultures reduced Vdr mRNA levels (Figure S5I).

To determine the sequence of events that led to the increase in IgE responses in mice 

exposed to Cd, control and Cd-treated mice were orally treated with inhibitors of oxidative 

stress (N-acetyl cysteine, NAC) or PGE2 (the COX2 inhibitor aspirin, ASA). Treatment 

with NAC reduced the mRNA levels of Ptges, Baff, April, and Cyp24a1 in Cd-treated mice 

(Figure 6B). The COX2 inhibitor downregulated the mRNA levels of Ptges, Baff, and April 
in the intestines of Cd-treated mice but failed to reduce the expression of Cyp24a1 (Figure 

6B). We next used in vitro cultures of spleen, mesenteric lymph node or Peyer’s patch cells 

from IgE Veregem mice to determine whether treatment with these inhibitors affect the 

IgE-promoting effects of the gut luminal microenvironment of Cd-treated mice. As depicted 

in Figure 6C, NAC completely suppressed the IgE-promoting effects of fecal materials from 

Cd-treated mice while Cd-treated mice that had been administered ASA orally retained their 

IgE-promoting capabilities in vitro. These findings indicate that products of the vitamin 

D3-metabolizing enzymes that were present in the fecal materials of mice given ASA drove 

IgE responses. Furthermore, oral sensitization with OVA in the presence of cholera toxin 

induced the same levels of IgE in control and Cd-exposed mice that were treated with aspirin 

prior to sensitization (Figure 6E). These results demonstrate that PGE2 is a central check 

point, downstream of vitamin D3-metabolizing enzymes, in the increase in IgE responses in 
vivo in hosts exposed to subtoxic doses of Cd.

To conclusively demonstrate the role of vitamin D3-metabolizing enzymes, mice exposed 

to Cd were treated orally with ketoconazole, a pharmacological inhibitor of CYP27B1 

and CYP24A1 (Figure 6F). This treatment suppressed the mRNA expression of Cyp27b1, 

Cyp24a1, Ptges, Baff, and April in intestinal tissues of Cd-treated mice (Figure 6F). It also 

reduced the levels of allergen-specific IgE induced after oral sensitization to levels seen 

in control mice that were not exposed to Cd (Figure 6G). These results show that vitamin 

D3-metabolizing enzymes are previously unknown regulators of allergic sensitization in 

hosts chronically exposed to low, but environmentally relevant, doses of this heavy metal 

pollutant (Figure 7).

DISCUSSION

Extensive use of antibiotics early in life is often mentioned as a leading factor driving the 

increased prevalence of allergic diseases. But other factors including diet and environmental 

pollutants are also believed to play roles in steady increase of allergic diseases worldwide 

(3, 4, 33). Results summarized herein reveal a previously unknown mechanism for increased 

allergic sensitization in the gut and possibly other mucosal tissues. More specifically, using 

chronic exposure to subtoxic dose of Cd as an experimental system that induces oxidative 

responses, we have identified the induction of vitamin D3-metabolizing enzymes in gut 

tissues and the subsequent increased luminal levels of vitamin D3-oxidized metabolites 
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which are not ligands of the VDR as central mechanisms for selective enhancement of IgE 

responses.

Production of IgE is initiated by IL-4 and IL-13, which provide the signals for the 

transcription of the IgE (ε) germline (34). Engagement of CD40 on the B cell surface 

by CD40L expressed on activated T cells further enables Ig isotype switching to IgE and 

subsequent IgE production. In vitro studies have shown that exposure of B cells to low 

doses of Cd (0.1 μM) inhibits IgE production (35). We show that oral allergen sensitization 

of mice exposed to environmentally relevant doses of Cd actually increased IgE responses. 

Cd-treated mice also had increases allergen-specific Th1 and Th17 cells, which further 

enhance histological and clinical signs of allergy after allergen challenge. It was reported 

that splenocytes of the offspring from C57BL/6 mice exposed to 10 ppm Cd, produced 

lower amounts of IFNγ upon in vitro stimulation than cells from control mice (36). 

Nonetheless, upon vaccination, these offspring developed higher levels of both T-dependent 

and -independent serum antibodies compared to control animals (36). Although, other Ig 

isotypes can contribute to allergic responses, in our study, Cd did not alter IgG1 or IgA 

responses. This suggests that IgE-promoting signals are selectively targeted/stimulated by 

this heavy metal in the gastrointestinal tract.

It is important that Cd did not alter intestinal barrier function or increased intestinal 

permeability as indicated by absorption of FITC-dextran and reduced levels of kallikrein-1in 

the intestinal contents of mice exposed to Cd. On the other hand, subtoxic doses of Cd 

induced oxidative stress and increased the levels of the oxidative stress-sensing transcription 

factor NRF2 in the small intestinal tissues. These oxidative stress responses are associated 

with the stimulation of inflammatory cytokines and PGE2 production. These findings are 

consistent with the reported ability of Cd to induce oxidative stress (12), and that oral 

exposure to high doses of Cd through drinking water in early life promotes systemic 

inflammation and subsequent fat accumulation in male mice (37). Interestingly, the effects 

of Cd on oxidative stress, inflammatory responses, and PGE2 were not observed in germ-

free mice. Accordingly, exposure to Cd failed to enhance the IgE responses in germ-free 

mice. In this regard, Duox2 expression in the intestine was shown to depend on microbial 

colonization (38, 39) and to be partially induced by TRIF and canonical NF-κB signaling 

(39). The cationic metal manganese was recently shown to increase the sensitivity of cGAS 

to dsDNA and STING activation (40). Thus, Cd, which is also a cationic metal that can 

accumulate in the cytosol, likely enhanced the reactivity of intestinal epithelial cells to TLR 

ligands from commensal microbes.

It was previously reported that PGE2 produced by Candida overgrowth in the gut tissues of 

mice treated with antibiotics increases allergic airway inflammation via the induction of M2 

macrophages (29). The low doses of Cd used in our study did not affect the bacterial load, or 

result in Candida overgrowth or PGE2 secretion in fecal materials. On the other hand, overall 

fecal IgA levels were reduced by Cd ingestion. The two main events that regulate the levels 

of fecal IgA are the bacterial load in the intestine and the composition of the microbiome 

(19, 21, 22). Accordingly, Cd-induced dysbiosis was characterized by increased levels of 

the genera Tannerella and Turicibacter in mice exposed to Cd10 and Cd25, respectively. 

Our findings are consistent with previous reports that oral exposure to 100 ppm of Cd 
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reduces the proportion of Bifibacterium and Lactobacillus (11) and increases the numbers of 

Lactobacillaceae and Erysipelotrichaceae, especially Turicibacter in the Erysipelotrichaceae 

family (41). However, it is unlikely that these changes alone could selectively enhance IgE 

responses.

The most striking and unexpected findings from this work were that Cd (a) stimulates the 

expression of the vitamin D3-metabolizing enzymes CYP27B1 and CYP24A1 in the gut and 

(b) enhances the levels of oxidized vitamin D3 metabolites, that are not ligands of the VDR. 

Since bacteria-free fecal extracts from Cd-treated mice downregulate Vdr mRNA expression 

by macrophage, collectively our data suggest that exposure to subtoxic doses of Cd mimics 

vitamin D deficiency. In this regard, epidemiologic data and animal studies have linked 

vitamin D deficiency to atopy, asthma, and food allergy (42–44) and vitamin D is believed 

to protect against allergic diseases, via inhibition of T cell proliferation, IFNγ and Th17 

responses (45), and ILC2 (46), or stimulation of Treg (47). Vitamin D supplementation has 

been investigated as a strategy to mitigate or prevent allergic diseases. The timing and dose 

of Vitamin D used for supplementation were found to be crucial. Thus, vitamin D only 

protected when it was given before the allergy develops (i.e., before or early after birth) (42). 

Furthermore, high-dose vitamin D supplementation failed to prevent allergic sensitization of 

infants (48).

Our study suggests that activation of vitamin D-metabolizing enzymes is perhaps the 

missing link in our understanding of allergic sensitization and the efficacy of vitamin D 

supplementation therapy. In fact, we show that conditions of vitamin D deficiency and 

enhanced allergic sensitization can be induced in vitamin D-sufficient hosts by the activation 

of vitamin D-metabolizing enzymes and thus, depletion of functional vitamin D. The fact 

that these enzymes are inducible and that their expression is regulated by the concentration 

of vitamin D could explain the reported failure of high-dose vitamin D supplementation 

to prevent allergic sensitization (48). It is also important to note that Cd-induced oxidative 

stress responses were the main drivers of CYP27B1 and CYP24A1 expression in gut tissues. 

Diesel exhaust particles, which contain heavy metals and induce oxidative stress responses 

in the airways (49), are known to promote Th2-mediated allergic asthma (50, 51). Thus, 

induction CYP27B1 and CYP24A1 could represent a common mechanism to increase of 

allergic sensitization after oxidative stress responses in mucosal tissues. Taken together, our 

findings reveal a new mechanism for the promotion of IgE responses by environmental 

pollutants (Figure 7). These insights also have important implications for the prevention 

and treatment of allergic diseases since they identify CYP27B1 and CYP24A1 as potential 

targets for the prevention of allergic sensitization.

MATERIALS AND METHODS

Mice.

Specific pathogen-free (SPF) C57BL/6 mice (Jackson Laboratory (Bar Harbor, ME) were 

maintained at the Ohio State University animal care facility. Germ-free C57BL/6 mice were 

obtained by cesarean derivation and maintained in sterile isolators. The Verigem IgE reporter 

(IgE Verigem) mice were obtained from Dr. Christopher Allen (University of California at 
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San Francisco). All animal experiments were approved by the OSU Animal Care and Use 

Committee.

Exposure of mice to subtoxic doses of Cd in vivo.

Mice aged 8–12 weeks received cadmium chloride (CdCl2, MW = 183.3; Sigma-Aldrich, 

St. Louis, MO) in drinking water for 4 weeks. Cd was given at the environmentally relevant 

doses of 10 μM (Cd10) or 25 μM (Cd25) (equivalent to 2 or 5 ppm (μg/L), based on previous 

studies (10).

Allergen sensitization and allergen challenge.

Mice were sensitized orally on days 0 and 7 by intragastric gavage of 1 mg of ovalbumin 

(OVA) and 15 μg cholera toxin in 250 μL of phosphate-buffered saline (PBS). Blood 

samples were collected on day 14 for analysis of serum IgE and other immunoglobulin 

isotypes. Nasal antigen challenges (200 μg of OVA in PBS 100 μL) were performed on 

days 15, 16, and 19 on mice anesthetized by intraperitoneal injection of ketamine/xylazine. 

The hypothermia associated with allergic responses was measured on the skin with a digital 

thermometer (Heat Spy infrared thermal imaging camera, Wahl, Culver City, CA).

In vivo treatment with pharmacological inhibitors of specific pathways.

To address the role of oxidative stress, PGE2 and Vitamin D3-metabolizing enzymes, mice 

received orally by intragastic gavage 250 uL of saline containing 250 mg/kg of N-acetyl 

L-cysteine, 25 mg/kg of aspirin, or 10 mg/kg of ketoconazole (Sigma-Aldritch, Saint Louis, 

MO).

Statistical analyses.

Results are expressed as mean ± SD. Statistical significance was determined by one- or 

two-way ANOVA, followed by the Tukey’s multiple range test. All statistical analyses were 

performed with the StataSE 12.0 software (StataCorp LLC, College Station, TX) and Prism 

7 software (GraphPad Software, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prior chronic ingestion of subtoxic doses of Cd enhances IgE responses and allergy 
severity.
(A) Experimental scheme. Mice (n=5 per group) were provided CdCl2 [10 μM (Cd10) or 25 

μM (Cd25)] in drinking water for 28 days and sensitized by the oral administration of OVA 

(1 mg) and cholera toxin (CT 15 μg). (B) OVA-specific serum Ab titers 1 week after the last 

sensitization (Day 14). (C) Allergen-specific CD4+ T cell responses. Spleens were collected 

on day 14 and restimulated in vitro with 1 mg/mL of OVA before flow cytometry analysis of 

CD4+ T cell cytokine responses. (D) Surface body temperatures of anesthetized mice before 

and 1 h after nasal allergen challenge with OVA (200 μg). (E) Lung inflammation and mucus 

production, and (F) quantification of mucus production. Data represent one of at least four 

independent experiments with five mice per group. Data are expressed as the mean ± SD. *p 
< 0.05; **p < 0.01 compared to No Cd.

Kim et al. Page 14

Mucosal Immunol. Author manuscript; available in PMC 2023 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Chronic ingestion of subtoxic doses of Cd induces oxidative stress and inflammatory 
responses.
Mice (n=5 per group) were provided CdCl2 [10 μM (Cd10) or 25 μM (Cd25)] in drinking 

water for 28 days. (A) Expression of mRNA levels of the oxidase subunits Duox1, Duox2, 

Duoxa1, and Duoxa2. cDNAs were generated from small intestines, and mRNA responses 

were analyzed by qRT-PCR. (B and C) Expression of NRF2. Sections of small intestinal. 

(C) Quantification of NRF2 staining. (D) Cytokine mRNA responses in intestinal tissues. 

qRT-PCR data represent one of at least four independent experiments with five mice per 

group and are expressed as the mean ± SD. (E-G) Expression of PGE2 in small intestinal 

tissues. (E) Representative immunofluorescence staining. Sections of small intestines were 

stained with anti-PGE2 antibody and counterstained with DAPI to visualize nuclei. (F) 

Quantification of PGE2 staining. (G) Analysis of PGE2 levels in small intestinal tissues by 

ELISA (n=5 per group). *p < 0.05; **p < 0.01 compared to NoCd.
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Figure 3. IgE-promoting effects of low doses of Cd are lost in the absence of gut microbiota.
(A) Scheme of experiments. Germ-free mice (n=5 per group) were provided CdCl2 [10 

μM (Cd10) or 25 μM (Cd25)] in drinking water for 28 days. (B) Frequency of B and 

T lymphocytes in mucosal (Peyer’s patches (PP); mesenteric lymph node (MLN)) and 

peripheral (spleen) lymphoid tissues from germ-free mice exposed to subtoxic doses 

of Cd. (C-E) Allergen-specific antibody responses after oral sensitization. (C) Allergen-

specific serum IgE responses. (D) Allergen-specific serum IgA responses. (E) Allergen-

specific serum IgG subclass responses. (F-I) Gut innate responses before sensitization. (F) 

Expression of NRF2. Sections of small intestines were stained with anti-NRF2 antibody and 

counterstained with DAPI to visualize nuclei. (G) Cytokine mRNA responses in intestinal 

tissues. (H and I) Expression of PGE2. (H) Sections of small intestines were stained with 

anti-PGE2 antibody and DAPI. (I) Quantification of PGE2 levels in small intestinal tissues 

by ELISA. Data are expressed as mean ± SD. *p < 0.05; **p < 0.01 and represent one of 

at least four independent experiments with five mice per group. Immunofluorescence images 

are representative of five mice per group.
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Figure 4. Chronic ingestion of subtoxic doses of Cd alters the gut microbiome, and luminal 
metabolite and proteomic profiles.
Mice (n=5 per group) were provided CdCl2 [10 μM (Cd10) or 25 μM (Cd25)] in drinking 

water for 28 days. (A) Intestinal permeability was analyzed by measuring serum FITC-

dextran (4 kDa). (B) Fecal IgA levels. Total IgA levels in freshly emitted feces were 

analyzed by ELISA. The amounts of IgA were normalized by total protein content. (C) 

Relative proteins expression in mice treated with Cd10 vs. NoCd mice. (D) Bacterial load in 

fecal extracts. Dilution of fecal pellets were normalized by mass (g) of feces and plated on 

blood agar, and bacteria (CFU) were counted after 48 h of culture. (E) Relative abundance 

of Firmicutes to Bacteroidetes (upper) and other less dominant phyla (lower). (F and G) 

Metabolites in fecal extracts. (F) Principal component analysis of metabolite profiles. (G) 

Heat map of relative expression of metabolites with significantly different concentrations in 

samples from Cd-treated mice vs. NoCd mice (*p < 0.05). Data are expressed as the mean ± 

SD. *p < 0.05; **p < 0.01 (4–5 mice per group).
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Figure 5. Cd-induced gut microenvironment enhances IgE responses via stimulation of PGE2.
(A) Experimental scheme for the transfer of fecal materials from Cd-treated mice. Allergen-

specific serum IgE (B) and IgG1 (C) responses after oral sensitization of recipient mice 

not exposed to Cd. (D) IgM and IgE production in culture supernatants of naïve murine 

spleen cells cultured for 4 days in the presence of IL-4 (10 ng/ml), anti-CD40 (1μg/ml), 

and bacteria-free fecal extracts (n = 4). (E) Baff and April mRNA responses in Myd88 
KO macrophages cultured 24 h in the presence of bacteria-free fecal extracts (n=5). (F) 

Expression of BAFF in small intestinal tissues of naïve mice or mice exposed to subtoxic 

doses of Cd for 28 days (n=5). (G) PGE2 secretion from HT-29 cells 4 h after the addition 

of bacteria-free fecal extracts (n=5). (H) Baff, April, and Ptges mRNA responses by MLN 

lymphocytes (2×106 cells/mL) stimulated for 24 h with anti-CD40 and IL-4 in the presence 

of bacteria-free fecal extracts only, or together with the COX2 inhibitor celecoxib (10 

μM) (n=3). (I) Effects of celecoxib on IgE production by MLN lymphocytes stimulated 

as described in (H) (n=3). Data are from at least four independent experiments and are 

expressed as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

compared to NoCd. ## p < 0.01; ##p < 0.001; ####p < 0.0001 compared to no celecoxib.
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Figure 6. Vitamin D3-metabolizing enzymes and oxidized vitamin D3 metabolites regulate IgE 
production in mice exposed to Cd.
(A) Cyp27b1 and Cyp24a1 mRNA responses in small intestines from control mice or 

mice exposed to Cd for 28 days (n=5 per group). (B) COX2 inhibitor (ASA; aspirin)- or 

antioxidant (NAC; N-acetyl cysteine)-mediated regulation of cytokine (Baff and April) and 

vitamin D3-metabolizing enzyme (Cyp24a1) mRNAs in mice exposed to subtoxic doses of 

Cd. Ptges and Duox2 mRNAs were measured to confirm inhibitor specificity. (C and D) 

Numbers of IgE+CD19+ cells in cultures of cells from spleen (C) and mesenteric lymph 

node (D) from IgE Verigem mice stimulated in vitro with anti-CD40 and IL-4 in the 

presence of bacteria-free fecal extracts from mice exposed to Cd, mice exposed to Cd and 

treated with a COX2 inhibitor (Cd+ASA), or mice exposed to Cd and treated with an 

antioxidant (Cd+NAC). (E) Antigen-specific IgE responses in Cd-treated mice treated with 

a COX2 inhibitor before allergic sensitization (n=4). (F) In vivo regulation of Baff, April, 
and Ptges mRNA responses in mice exposed to subtoxic doses of Cd by ketoconazole, an 

inhibitor of vitamin D3 metabolism (n=5). (G) Antigen-specific IgE responses in Cd-treated 

mice treated with an inhibitor of vitamin D3-metabolizing enzymes. Data are from at least 

four independent experiments and are expressed as mean ± SD. *p < 0.05; **p < 0.01 

compared to control NoCd mice. ##P < 0.001 compared to Cd alone.
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Figure 7. Mechanisms of enhanced IgE sensitization by ingested cadmium.
Chronic ingestion of subtoxic doses of Cd stimulate expression of the Vitamin D 

metabolizing enzymes CYP27B1 and CYP24A1 leading to increased levels of oxidized 

Vit D3 metabolites. This results in enhanced PGE2 responses to allergic sensitization and 

higher IgE responses.
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