
Accepted Manuscript

Vitamin D Supplementation Attenuates Asthma Development Following Traffic-
Related Particulate Matter Exposure

Paige Bolcas, BS, Eric Brandt, PhD, Zhonghua Zhang, PhD, Jocelyn Biagini Myers,
PhD, Brandy Ruff, BS, Gurjit K. Khurana Hershey, MD, PhD

PII: S0091-6749(18)30898-4

DOI: 10.1016/j.jaci.2018.04.042

Reference: YMAI 13489

To appear in: Journal of Allergy and Clinical Immunology

Received Date: 23 August 2017

Revised Date: 9 February 2018

Accepted Date: 4 April 2018

Please cite this article as: Bolcas P, Brandt E, Zhang Z, Biagini Myers J, Ruff B, Khurana Hershey GK,
Vitamin D Supplementation Attenuates Asthma Development Following Traffic-Related Particulate
Matter Exposure, Journal of Allergy and Clinical Immunology (2018), doi: 10.1016/j.jaci.2018.04.042.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jaci.2018.04.042


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Traffic-Related Air 
Pollution (TRAP) Allergen

High Risk for 
Asthma Development

Vitamin D 
Deficiency

Exacerbated Risk

Postnatal Vitamin D SupplementationPrenatal 

Prevents Asthma 
Development



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Vitamin D Supplementation Attenuates Asthma Development Following Traffic-Related 1 

Particulate Matter Exposure  2 

 3 

Paige Bolcas, BSbc, Eric Brandt, PhDb, Zhonghua Zhang, PhDb, Jocelyn Biagini Myers, PhDab, 4 

Brandy Ruff, BSb and Gurjit K. Khurana Hershey, MD, PhDab   5 

 6 

aDepartment of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH 7 

bDivision of Asthma Research, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 8 

cImmunology Graduate Program, Cincinnati Children's Hospital Medical Center and the 9 

University of Cincinnati College of Medicine 10 

 11 

Corresponding author: Gurjit K. Khurana Hershey, Division of Asthma Research, Cincinnati 12 

Children’s Hospital Medical Center, Cincinnati, OH 45229. E-mail address: 13 

Gurjit.Hershey@cchmc.org, Tel: (513)636-7054, Fax: (513)636-1657. 14 

 15 

Conflict of interest: The authors have declared that there are no conflicts of interest 16 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Abstract  17 

Background: Recent literature suggests that children who are vitamin D deficient are uniquely 18 

susceptible to the effects of traffic-related air pollution (TRAP) exposure. This is highly 19 

significant because large segments of the population reside in zones of high TRAP exposure. 20 

Objective: To determine whether vitamin D supplementation mitigates the impact of TRAP 21 

exposure on asthma development, asthma exacerbation, and/or airway inflammation, and to 22 

determine the timing of vitamin D supplementation that confers maximal health benefit.  23 

Methods: Using established mouse models of asthma, we examined the impact of pre-and 24 

post-natal vitamin D supplementation on asthma development as well as the utility of vitamin D 25 

as a treatment for established asthma in the context of diesel-exhaust particle (DEP) exposure.  26 

Results: DEP and allergen co-exposure resulted in increased airway hyperresponsiveness 27 

(AHR) and accumulation of pathogenic Th2/Th17 cells in the lungs of vitamin D deficient mice 28 

compared to control mice. Prenatal and postnatal vitamin D supplementation significantly 29 

attenuated the development of AHR, and decreased pulmonary accumulation of Th2/Th17 cells 30 

following co-exposure to TRAP and allergen, but not allergen alone. Restoration of normal 31 

vitamin D status had no impact on AHR once asthma was already established. 32 

Conclusions: Our data establish that vitamin D confers protection against asthma development 33 

specifically in the context of TRAP exposure. While vitamin D replacement did not reverse 34 

established asthma, restoration of normal vitamin D status in early life significantly attenuated 35 

the development of AHR in DEP-exacerbated allergic asthma and reduced lung Th2/Th17 cells, 36 

which portend the development of severe asthma.   37 

 38 

Clinical Implications:  39 

Early vitamin D supplementation may be an effective preventive strategy for the development of 40 

TRAP-induced asthma. 41 

 42 
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Capsule Summary:  43 

The authors show that restoration of normal vitamin D status in early life attenuates the 44 

development of allergic asthma in mice exposed to traffic-related diesel exhaust particles 45 

(DEPs).  46 

 47 
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AHR: airway hyperresponsiveness  56 

BALF: bronchoalveolar lavage fluid  57 

DEP: diesel exhaust particle  58 

HDM: house dust mite extract  59 
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Introduction  62 
 63 

Vitamin D insufficiency (<30ng/mL) affects at least 50% of children and 39% of adults 64 

within the United States(1, 2). Widespread vitamin D deficiency has been postulated to be a 65 

contributing factor to the rise in asthma seen in the past 2 decades(3). As such numerous trials 66 

have been conducted to examine the efficacy of vitamin D supplementation on preventing or 67 

attenuating asthma symptoms and the results have been mixed. A recent review concluded that 68 

“limited information is available addressing primary prevention of allergic diseases after vitamin 69 

D supplementation, and its potential impact remains uncertain(4).” Part of the reason for this, is 70 

the lack of understanding of who would benefit most from vitamin D supplementation and when 71 

supplementation would be most effective.  72 

Traffic-related air pollution (TRAP) is a significant contributor to particulate matter (PM) 73 

exposure levels in children(5). A recent comprehensive and systematic review of worldwide 74 

traffic emissions and health science by a Special Panel convened by the Health Effects Institute 75 

found sufficient evidence that exposure to TRAP causes asthma exacerbation in children and 76 

likely promotes asthma development in early life(6). Diesel exhaust particles (DEP), the 77 

predominant particulate matter component of TRAP, have the unique ability to reach small 78 

airways including the alveolar gas exchange region further exacerbating asthma symptoms(7, 79 

8). DEPs are composed of elemental carbon cores with large surface areas capable of binding 80 

organic polycyclic aromatic hydrocarbons, transition metals, and airborne allergens, which have 81 

the potential to induce reactive oxygen species and inflammation(9, 10). A recent study revealed 82 

that children who were both vitamin D deficient and living near a major roadway were 5 times 83 

more likely to experience asthma exacerbations in comparison to children who were vitamin D 84 

sufficient and living in the same high TRAP exposure regions(11). These data suggest that 85 

vitamin D deficiency may render children uniquely susceptible to the adverse effects of TRAP. 86 

This is highly significant because 45% of the US population, including children, resides in zones 87 

of high exposure(12), and TRAP exposure leads to more severe allergic asthma characterized 88 
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by Th2/Th17 cells which are crucial in mediating DEP-exacerbated allergic asthma 89 

exacerbations(13-15). These double producing T effector cells have been associated with 90 

severe asthma by numerous studies and have been shown to be refractory to steroid 91 

treatment(16, 17). Th17 cells isolated from steroid refractory asthmatics and treated with vitamin 92 

D have been shown to produce significantly decreased IL-17A(18). This study and others have 93 

shown that vitamin D has immunosuppressive effects on Th17 cells(18-20).  94 

 Based on these data, we sought to establish whether vitamin D supplementation 95 

mitigates the impact of TRAP exposure on asthma development, asthma exacerbation, and/or 96 

airway inflammation, and to determine the timing of vitamin D supplementation that confers the 97 

most beneficial health impact. We also examined the impact of vitamin D supplementation on 98 

the accumulation of T effector cells in the lungs.   99 
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Methods  100 

Murine Asthma Model 101 

Two different models of vitamin D supplementation were used- postnatal and prenatal 102 

supplementation. For postnatal supplementation, wild-type 3-week-old BALB/c mice were 103 

purchased from Jackson Laboratories (Bar Harbor, ME) and mice were placed on a normal 104 

chow diet. Mice were given either control water or water supplemented with 20,000 IU 105 

cholecalciferol (Sigma) ad libitum for 4 weeks prior to intratracheal challenges. After 4 weeks, 106 

mice underwent intratracheal challenges of saline, HDM (10µg comprising 3.3 µg of protein, 1.1 107 

µg of Der p1), DEP (100 µg), or both and were challenged 3 times a week for 3 weeks as 108 

previously described(13). HDM extract (Dermatophagoides pteronyssinus) was purchased from 109 

Greer Laboratories (Lenoir, NC). DEPs were generated from a 4-cylinder Deutz diesel engine at 110 

the Environmental Protection Agency (Research Triangle Park, NC); detailed characterization of 111 

this compressor DEP has been described previously and compared with other sources of 112 

DEPs(21). The mice were sacrificed 24 hours after the last challenge. For the prenatal 113 

supplementation model, parents were placed on a normal chow diet and a subset of mice were 114 

given water supplemented with 20,000 IU cholecalciferol (Sigma) ad libitum. Pups were 115 

continued on supplemented or control water consistent with their parents’ diet and underwent 116 

the murine asthma model described above between 7-8 weeks of age.  All mice were housed in 117 

a specific pathogen-free environment in the animal facility at Cincinnati Children’s Hospital 118 

Medical Center. All procedures were performed in accordance with the ethical guidelines in the 119 

Guide for the Care and Use of Laboratory Animals of the Institutional Animal Care and Use 120 

Committee approved by the Veterinary Services Department of the Cincinnati Children’s 121 

Hospital Medical Center. 122 

 123 

Vitamin D Measurement 124 
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Plasma was obtained from mice retro-orbitally and 25(OH)D levels were measured by ELISA 125 

(DEIA 4458, Creative Diagnostics, Shirley, NY).  126 

Airway responsiveness 127 

To measure airway responsiveness, invasive measurements were made with the FlexiVent 128 

apparatus (SCIREQ, Montreal, Quebec, Canada). Mice were anesthetized with ketamine, 129 

xylazine, and acepromazine (100, 20, and 10 mg/mL, respectively, mixed at a ratio of 4:1:1). 130 

Mouse tracheas were cannulated with a 19-gauge blunt needle, and the mice were ventilated at 131 

150 breaths/min and 3.0 cm H2O positive end-expiratory pressure. Two total lung capacity 132 

perturbations were then performed for airway recruitment before baseline measurement, and 133 

subsequent methacholine challenges were performed. Dynamic resistance was assessed after 134 

exposure to increasing concentrations of aerosolized methacholine (0, 3, 6.25, and 12.5 135 

mg/mL). The average of the 3 highest dynamic resistance values with a coefficient of 136 

determination of 0.9 or greater (as determined by using FlexiVent software) was used to 137 

determine the dose-response curve. 138 

 139 

Bronchoalveolar lavage fluid (BALF) collection and analysis 140 

Bronchoalveolar lavage was performed by means of tracheal cannulation. Lungs were lavaged 141 

with 1 mL of MACs buffer (1X PBS, 0.5% BSA, 2mM EDTA). The collected BALF was 142 

centrifuged, and total cell numbers counted with a hemocytometer. Cells were spun onto slides 143 

and stained with the HEMA3 stain set (Fisher Scientific, Kalamazoo, MI). After the slides were 144 

cover slipped and de-identified, 200 cells were counted, and the total number of each cell type 145 

was calculated. 146 

 147 

Flow Cytometry 148 

Lungs were removed, and the upper right lobe was minced and incubated at 37°C for 30 149 

minutes in 1 mL of RPMI 1640 containing Liberase TL (0.5 mg/mL; Roche Diagnostics, 150 
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Indianapolis, IN) and DNAse I (0.5 mg/mL; Sigma, St Louis, MO). Lung cells were passed 151 

through a 70-µm cell strainer with a syringe rubber, and the strainer was washed with 5 mL of 152 

RPMI plus DNAse I media. Cells were centrifuged and re-suspended in 1 mL of PBS plus 0.5% 153 

BSA plus 2 mmol/L EDTA before being counted on a hemocytometer. To observe Th2/Th17 154 

cytokine production, lung cells were ex vivo stimulated with phorbol 12-myristate 13-acetate 155 

(PMA) +ionomycin (.05 µg/mL and .5 µg/mL, respectively) for an hour prior to the addition of 156 

Brefeldin-A (Biolegend, San Diego, CA) for an additional two and a half hours. Approximately 157 

500,000 lung cells were transferred to a 96-well plate with V-shaped wells on ice, centrifuged, 158 

and re-suspended in PBS containing Fc Block (2.4G2 mAb). T cells were stained with 159 

combinations of CD4–FITC, γδT-cell receptor–PE/Cy7, CD25-AF647, CD3-AF700, and CD44–160 

Pacific Blue (BioLegend, San Diego, CA). Cells were labeled with the LIVE/DEAD Fixable Aqua 161 

Dead Cell Stain Kit, according to the manufacturer’s instructions (Invitrogen by Life 162 

Technologies, Carlsbad, CA). Intracellular staining for IL-13–PE, IL-17A–AF647, IFN-γ–163 

PerCP5.5, and forkhead box protein 3(FOXP3)–PerCP5.5 were conducted, according to the 164 

manufacturer’s instructions (eBioscience, San Diego, CA). Acquisition was done on a 165 

FACSCanto III (Becton Dickinson, Mountain View, CA) and analyzed with FlowJo software 166 

(Tree Star, Ashland, OR). 167 

Statistical Analysis 168 

All statistical analyses were done using PRISM software (GraphPad Software Inc., La Jolla, 169 

CA). Statistical significance was assessed using one-way ANOVA followed by a Bonferroni 170 

post-test, except when mentioned otherwise in the figure legend.  171 
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Results 172 

Vitamin D supplementation significantly attenuates development of AHR in mice co-173 

exposed to HDM+DEP. 174 

Three-week old BALB/c mice (juvenile age) were placed on a normal chow diet with vitamin D 175 

supplemented water or control water for 4 weeks to correct vitamin D levels to sufficient 176 

(>30ng/mL) or deficient (<20 ng/mL) levels(22). After 5 weeks, the mice underwent 9 177 

intratracheal challenges to saline, diesel exhaust particles (DEP), house dust mite (HDM) or 178 

both HDM+DEP. The mice were continued on their respective diets throughout challenges to 179 

maintain vitamin D sufficiency or deficiency. Twenty-four hours after the last challenge, airway 180 

hyperresponsiveness was measured. Consistent with previously published data by our group 181 

and others, mice co-exposed to HDM+DEP develop significantly increased airway 182 

hyperresponsiveness in comparison to mice exposed to only HDM(13). Supplementation with 183 

vitamin D resulted in attenuated airway hyperresponsiveness in mice co-exposed to HDM and 184 

DEP, (Figure 1A, B), in comparison to co-exposed vitamin D deficient mice. Vitamin D 185 

supplementation had no/minimal impact on mice exposed to HDM alone suggesting that vitamin 186 

D supplementation offers protection specifically in the context of DEP exposure. Vitamin D 187 

supplementation had no impact on the total lung inflammation. There were no differences in the 188 

total lung cells, BALF cell counts, eosinophils or neutrophils present in the lungs between the 189 

groups (Figure 1D-G).  There was a significant increase in lung neutrophilia and eosinophilia in 190 

HDM+DEP co-exposed mice compared to mice exposed to HDM alone as we have shown 191 

previously(13) (Figure 1F, G).  192 

 193 

Vitamin D supplementation significantly decreases Th2 and Th2/Th17 double producing 194 

populations in the lungs. 195 

We have previously shown that Th2, Th17, and Th2/Th17 double-producing populations are 196 

increased in mice co-exposed to HDM+DEP(13). Lung cells were characterized by flow 197 
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cytometry to elucidate the impact of vitamin D supplementation on the presence of effector T-198 

cells in the lungs.  Vitamin D supplementation resulted in significantly decreased numbers of 199 

Th2 and Th2/Th17 double-producing populations in the lungs of mice co-exposed to DEP and 200 

allergen (Figure 2A, C). The frequency of Treg cells in the lungs was not affected by vitamin D 201 

supplementation (Figure 2D). Also, vitamin D treatment did not significantly alter the MFI of the 202 

positive Th2 or Th17 cells within the challenge groups (data not shown).   203 

 204 

Prenatal vitamin D supplementation also significantly decreases development of AHR in 205 

mice exposed to HDM and co-exposed to HDM+DEP.  206 

In the experiments above, vitamin D supplementation was initiated in early life, at 3 weeks of 207 

age. We next examined whether in utero prenatal supplementation was equivalent to postnatal 208 

early life supplementation or whether it may confer increased protection. BALB/c mice bred from 209 

parents on a vitamin D replete or control water underwent 9 intratracheal challenges around 6-7 210 

weeks of age (Figure 3A). The mice continued on their respective water source and their serum 211 

vitamin D levels were >30 ng/mL and <20ng/mL, respectively, at the start of the challenges. 212 

Vitamin D supplemented mice co-exposed to HDM+DEP develop attenuated airway 213 

hyperresponsiveness compared to vitamin D deficient co-exposed mice (Figure 3B, C). A similar 214 

effect of vitamin D supplementation was observed in mice exposed to HDM alone, but the 215 

impact of vitamin D supplementation was most evident in the co-exposed group (Figure 3B, C). 216 

Mice co-exposed to HDM+DEP had increased BALF neutrophilia and eosinophilia compared to 217 

mice exposed to HDM alone, but vitamin D supplementation had no impact on total lung cell 218 

counts, BALF total cell counts, BALF eosinophils, or BALF neutrophils (Figure 3D-G). 219 

 220 

Prenatal vitamin D supplementation significantly decreases Th2 and Th2/Th17 double 221 

producing populations in the lungs.  222 
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We next examined whether prenatal vitamin D supplementation impacted the pattern of lung 223 

effector T-cells similar to what we observed with postnatal vitamin D supplementation. Mice co-224 

exposed to HDM+DEP had significantly increased Th2, Th17, and Th2/Th17 double producing 225 

cells as we previously published(13). Allergen and DEP co-exposed mice prenatally and 226 

continuously supplemented with vitamin D water had significantly decreased Th2 and Th2/Th17 227 

double producing populations present in the lung (Figure 4A, C) compared to deficient mice. 228 

The frequency of Treg cells in the lungs was not different between the subgroups (Figure 4D). 229 

  230 

Prenatal vitamin D supplementation is superior at attenuating the development of AHR in 231 

mice co-exposed to HDM+DEP.  232 

While both prenatal and postnatal supplementation were effective in preventing the 233 

development of AHR, we next directly compared the 2 treatments to determine if one conferred 234 

increased health benefit. The vitamin D levels were similar at the start of both the prenatal and 235 

postnatal experimental protocols (Figure 5A).  Prenatal supplementation resulted in a 75.5% 236 

decrease in observed AHR between supplemented and deficient mice while postnatal 237 

supplementation resulted in a decrease of 66.5% (Figure 5B). Thus, while both prenatal and 238 

postnatal supplementation were effective, prenatal care conferred increased health benefit.  239 

 240 

Vitamin D does not confer protection against DEP-induced asthma exacerbation once 241 

asthma is established. 242 

To determine whether vitamin D supplementation would attenuate AHR once asthma was 243 

already established, BALB/c mice were exposed to allergen or allergen+DEP to induce asthma 244 

as previously published(13). Once asthma was established, the mice were started on vitamin D 245 

supplementation to achieve sufficient levels, >30 ng/mL (Supplemental Figure 1A). There were 246 

no significant differences observed in AHR or airway inflammation between vitamin D 247 

supplemented and deficient mice in either HDM or HDM+DEP co-exposed mice (Supplemental 248 
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Figure 1B).  Thus, while vitamin D supplementation prevented DEP-induced allergic asthma 249 

development, it had no benefit once asthma was established.  250 
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Discussion  251 

Recent epidemiologic studies have suggested that vitamin D deficiency specifically makes 252 

children susceptible to the effects of TRAP exposure. Our results offer the first evidence that 253 

this is the case. Specifically, our data demonstrate that co-exposure to TRAP and allergen in 254 

context of the vitamin D deficiency results in increased asthma development and asthma 255 

severity. Further, prenatal or postnatal supplementation with vitamin D confers protection 256 

against this negative health effect of TRAP exposure. These findings have tremendous public 257 

health impact because in large cities in North America, up to 45% of the population resides in 258 

zones that are most impacted by TRAP and over 30% of schools are located in high TRAP 259 

exposure areas(12). Further, although truck engines are being designed to decrease particle 260 

emissions, air quality and engine exhaust control policies implemented in 2005-2010 have not 261 

produced significant changes in traffic air pollution levels(23).  262 

 263 

Given the suggestive evidence of protective effects of vitamin D from observational studies, 264 

numerous clinical trials have been conducted to examine the impact of vitamin D 265 

supplementation on asthma outcomes. Tachimoto et al. found improved asthma control in 266 

asthmatic children supplemented with 800 IU vitamin D3 for 2 months(24). Other studies, 267 

however, show a lack of, or even adverse, effects of vitamin D in individuals with established 268 

asthma(25-28). This is not surprising given our findings that vitamin D confers no health benefit 269 

once asthma is established. Indeed, the recently published Vitamin D and Asthma (VIDA) trial in 270 

adults found no significant differences in treatment failure and time to first exacerbation(29). 271 

Recent studies have also examined the potential for prenatal vitamin D supplementation as a 272 

preventive strategy. The Vitamin D Antenatal Asthma Reduction Trial (VDAART) was designed 273 

to determine whether prenatal vitamin D (cholecalciferol) supplementation could prevent asthma 274 

or recurrent wheeze in early childhood(30). The incidence of asthma and recurrent wheezing in 275 

their children at age 3 years was lowered by 6.1% in the group supplemented with 4400 IU/d of 276 
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vitamin D, however, this did not meet statistical significance. Unfortunately, the groups were not 277 

stratified by TRAP exposure and as the authors note, the study may have been underpowered. 278 

A recent meta-analysis was published to examine the current literature and observe the 279 

associations between 25(OH)D levels in cord or maternal blood and risk of childhood asthma, 280 

wheeze, and respiratory infections(31). Feng et al found that increased in utero exposure to 281 

25(OH)D decreases the risk of persistent wheeze and asthma upon analysis of 16 birth 282 

cohorts(31). Similarly, another meta-analysis revealed that prenatal intake of vitamin D may 283 

protect against the development of recurrent wheeze in children(32). While these epidemiologic 284 

studies are consistent with our findings, our data suggest that the observed health benefit of 285 

vitamin D supplementation is likely to be most evident among children and mothers exposed to 286 

high levels of TRAP.  Indeed, several recent reviews and editorials have concluded that 287 

additional studies are needed to determine whether vitamin D would benefit patients with 288 

specific exposures or asthma disease endotypes. Ethical issues also arise when participants 289 

remain vitamin deficient to serve as controls for these studies(33). Our data strongly support 290 

that children and pregnant mothers exposed to high levels of TRAP would benefit most from 291 

vitamin D intervention. This lack of attention to TRAP exposure may in part explain the disparate 292 

findings.  293 

 294 

We found that both prenatal and early life continuous vitamin D supplementation attenuated the 295 

development of AHR in mice. Prenatal supplementation offered the most protection, but 296 

additional studies are necessary to determine whether the observed differences between 297 

prenatal and postnatal supplementation are clinically relevant. Future studies will also need to 298 

address how long the protection lasts following normalization of Vitamin D status and whether 299 

supplementation must be continued to protect against future persistent DEP challenges. Our 300 

data suggest that the optimal window for vitamin D’s protective effects is in early life, perhaps 301 

prior to allergen sensitization. To test this, we challenged vitamin D sufficient and deficient mice 302 
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to saline, HDM, or HDM+DEP once a week for three weeks to determine whether vitamin D has 303 

an impact on sensitization (Supplemental Figure 2A). There were no significant differences in 304 

HDM-specific antibodies IgG1 and IgE (Supplemental Figure 2B, C). Lung, spleen, and 305 

mediastinal lymph nodes were then ex vivo stimulated with HDM for 6 days and culture 306 

supernatants were analyzed for IL-5 and IL-13 production. No significant differences were noted 307 

in spleen or lymph node cultures (data not shown). Thus, vitamin D does not have a major effect 308 

on allergen sensitization in this model. It remains possible that vitamin D has an impact on 309 

sensitization at lower doses. Interestingly, lung cells from mice challenged with H+D secreted 310 

significantly more IL-13 upon ex vivo stimulation and this was significantly decreased in mice 311 

that were supplemented with vitamin D (Supplemental Figure 2D). This further suggests that the 312 

protective effects of vitamin D are mediated, at least in part, by decreased numbers of effector 313 

Th2 and Th2/Th17 cells. While vitamin D was able to prevent asthma development, once 314 

asthma was established, there was no significant benefit of vitamin D supplementation on future 315 

asthma exacerbations in either HDM or HDM+DEP challenged mice (Supplemental figure 1B). 316 

These results may explain why vitamin D treatment has not been successful in treatment 317 

studies(25-28).  318 

 319 

In children, TRAP exposure is associated with increased serum IL17A levels and increased 320 

asthma severity(13). Consistent with this, in mice, DEP exposure results in more severe allergic 321 

asthma, and the accumulation and persistence of allergen specific Th2/Th17 cells in the 322 

lungs(34). These cells rapidly produce Th2 and Th17 cytokines upon re-exposure to antigen. 323 

The persistence of these resident memory effector cells in the lungs following TRAP exposure 324 

may be responsible, in part, for asthma-promoting effects of TRAP exposure. Given recent 325 

reports demonstrating that vitamin D downregulates IL-17 production, it is possible that vitamin 326 

D may have a direct impact on Th17 cells. One study found that vitamin D deficiency is 327 

associated with enhanced production of IL-17A in patients with asthma and that IL-17A 328 
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production is inhibited by vitamin D treatment independent of steroids(18). Another study found 329 

that vitamin D reduces the differentiation and expansion of Th17 cells in asthmatic children(19). 330 

Herein, we observed that Th2 and Th2/Th17 cells were uniquely affected by vitamin D 331 

supplementation. In contrast, eosinophils, neutrophils, and Treg numbers were unaffected. 332 

Th2/Th17 double producing cells have been shown to be more pathogenic in their ability to 333 

secrete cytokines and exacerbate allergic asthma(35). They have also been associated with 334 

severe steroid resistant asthma(16). In summary, our data reveal that in the context of vitamin D 335 

deficiency, these pathogenic effector cells, which promote the development and persistence of 336 

asthma, accumulate in the lungs. Early supplementation with vitamin D prevents the 337 

accumulation of these cells and prevents asthma development. These data have obvious 338 

clinical implications and support the need for a trial to examine the efficacy of vitamin D 339 

supplementation in preventing asthma development in children exposed to high levels of TRAP. 340 

 341 

 342 
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Figure Legends 458 

Figure 1. Postnatal vitamin D supplementation decreases AHR in mice co-exposed to 459 

HDM+DEP.  460 

(A) Protocol: BALB/c mice were placed on a vitamin D supplementation or control water for 4 461 

weeks, and then exposed intratracheally to saline, DEP (100µg) and/or house dust mite (HDM; 462 

10µg) three times a week over 3 weeks. (B) Airway Resistance was measured 24 hours after 463 

last challenge. (n=4-12 mice per group; 2-way ANOVA, ****p< 0.0001, ***p <.001, **p <.01, *p < 464 

0.05). (C) Resistance after exposure to 12.5 mg/mL methacholine. (D) Total lung cell counts. (E) 465 

BALF cell counts. (F) BALF eosinophils. (G) BALF neutrophils.  466 

 467 

Figure 2. Vitamin D deficiency increases the presence of IL-13+ and IL-13+IL-17A+ 468 

pulmonary CD4+ effector T-cells.  469 

Intracellular staining for CD4+CD44+T-cells producing (A) IL-13, (B) IL-17A, or (C) IL-13/IL-17A; 470 

or (D) staining for CD25+Foxp3+ Treg cells. (E) Representative dot plots (n=4-12 mice per 471 

group). ****p< 0.0001, ***p <.001, **p <.01, *p < 0.05 using 1-way ANOVA with Bonferroni’s 472 

multiple comparison test. (n=4-12 mice per group) 473 

 474 

Figure 3. Prenatal vitamin D supplementation attenuates the development of AHR in mice 475 

co-exposed to HDM+DEP. 476 

(A) Protocol: BALB/c pups bred from vitamin D supplemented or deficient parents were 477 

subjected to 9 IT challenges of saline, DEP and or HDM over 3 weeks while continued on 478 

vitamin D supplemented or control water. (B) Airway Resistance. (n=4-8 mice per group; 2-way 479 

ANOVA, ****p< 0.0001, ***p <.001, **p <.01, *p < 0.05). (C) Resistance after exposure to 12.5 480 

mg/mL methacholine. (D) Total lung cell counts. (E) Total BALF counts. (F) BALF eosinophils. 481 

(G) BALF neutrophils.  482 
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 483 

Figure 4. Prenatal vitamin D supplementation decreases the presence of IL-13+ and IL-484 

13+IL-17A+ lung CD4+ effector T-cells. 485 

Intracellular staining for CD4+CD44+T-cells producing (A) IL-13, (B) IL-17A, or (C) IL-13/L-17A; 486 

or (D) staining for CD25+Foxp3+ Treg cells. (E) Representative dot plots.  ****p< 0.0001, ***p 487 

<.001, **p <.01, *p < 0.05 using 1-way ANOVA with Bonferroni’s multiple comparison test. (n=4-488 

8 mice per group).  489 

 490 

Figure 5. Prenatal vitamin D supplementation is superior at attenuating AHR in HDM+DEP 491 

co-exposed mice. 492 

(A) Vitamin D levels of mice from both experimental models. (n=8-15) (B) The difference in AHR 493 

between vitamin D supplemented and deficient co-exposed mice was measured. The average 494 

AHR response of deficient co-exposed mice was normalized to 100 and compared to 495 

supplemented mice. ****p< 0.0001, ***p <.001, **p <.01, *p < 0.05; t-test.  496 

 497 

 498 
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Online Repository Materials  1 

Supplemental Methods 2 

Murine Models 3 

To assess vitamin D as a treatment, BALB/c mice were challenged intratracheal with saline, 4 

HDM, and H+D three times a week for three weeks to establish airway disease. Then a subset 5 

of mice was given either control water or water supplemented with 20,000 IU cholecalciferol 6 

(Sigma) ad libitum for 6 weeks (to attain sufficient vitamin D levels) prior to a single HDM (10µg) 7 

intratracheal challenge. For the vitamin D sensitization experiment, mice were challenged once 8 

a week for three weeks with saline, HDM, or HDM+DEP. Six days after the last intratracheal 9 

challenge, lungs, spleen, and mediastinal lymph nodes were plated at 100,000 cells per well in 10 

triplicate and ex vivo stimulated with HDM (25µg) for six days prior to supernatant collection.  11 

 12 

ELISA 13 

Plasma HDM-specific IgE and IgG1 levels and supernatant IL-13 levels (free and IL-14 

13Rα2-bound) were assessed as previously described(13). IL-5 levels were determined 15 

using the IL-5 ELISA kit (Biolegend, San Diego, CA). 16 

 17 

 18 

Supplemental Figure 1. Vitamin D restoration after established asthma had no impact on 19 

AHR upon re-challenge with HDM.  20 

(A) Protocol: BALB/c mice were exposed to saline, HDM, or HDM+DEP. A subset of mice were 21 

placed on vitamin D supplemented water for 6 weeks to restore vitamin D levels. The mice then 22 

received a single challenge of HDM (10µg). (B). Airway responsiveness was measured 48 hours 23 

after the last challenge. (n=4-8 mice per group).  24 

 25 
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Supplemental Figure 2. Vitamin D does not significantly impact sensitization.  26 

(A) Protocol: Vitamin D supplemented or deficient BALB/c mice were exposed to saline, HDM, 27 

or HDM+DEP once a week for three weeks. Mice were sacrificed six days later and lung cells 28 

were ex vivo stimulated with HDM for 6 days prior to culture supernatant collection. (B) HDM 29 

specific IgG1 levels. (C) HDM specific IgE levels. (D) IL-13 O.D. levels (E) IL-5 O.D. levels .  30 

****p< 0.0001, ***p <.001, **p <.01, *p < 0.05 using 1-way ANOVA with Bonferroni’s multiple 31 

comparison test. (n=4-9 mice per group).   32 
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