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Background: Vitamin D5 (VitD;) is known to have
immunomodulatory functions, and VitD; deficiency is
associated with more severe asthma.

Objective: We aimed to assess the immunoregulatory effects of
VitD; food supplementation on asthma manifestation, with
particular focus on T cells and type 2 innate lymphoid cells.
Methods: Preschool children and adult asthmatic cohorts were
analyzed in the context of VitD; supplementation and serum
levels. In a murine model of ovalbumin-induced asthma, effects
of diet VitD; sufficiency and deficiency on T cells and type 2
innate lymphoid cells immune mechanisms were investigated.
Results: We found less severe and better-controlled asthma
phenotypes along with reduced need for steroid medication in
preschool children and asthmatic adults with VitD;
supplementation. VitD3 serum levels correlated with B
lymphocyte-induced maturation protein 1 (Blimp-1) expression
in blood peripheral mononuclear cells. VitD;-supplement—fed
mice showed decreased asthmatic traits, with a decrease in IgE
serum levels, reduced airway mucus, and increased IL-10
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production by lung cells. Furthermore, we discovered an
upregulation of effector T cells and Blimp-1* lung tissue-resident
memory T cells as well as induction of anti-inflammatory Blimp-
1* lung innate lymphoid cells producing IL-10.

Conclusion: Supplementing VitD; resulted in amelioration of
clinical asthma manifestations in human studies as well as in
experimental allergic asthma, indicating that VitD; shifts
proinflammatory immune responses to anti-inflammatory
immune responses via upregulating Blimp-1 in lung innate
lymphoid cells and tissue-resident memory cells. (J Allergy Clin
Immunol Global 2023;2:100099.)

Key words: Allergic asthma, pediatric asthma, adult asthma,
vitamin D3, vitamin D3 supplementation, TRM, ILC2s, Blimp-1, res-
olution of asthma

Allergic asthma is a chronic inflammatory disease of the
airways with heterogenous clinical manifestation, affecting
millions of people worldwide and considerably limiting their
quality of life. In Germany, approximately 7% of the popu-
lation has asthma, and worldwide prevalence has increased in
the last decades. In most cases, asthma first manifests in early
infancy.'”

The pathophysiology of allergic asthma is highly heterogenous
thanks to the different endotypes and/or phenotypes, and it is not
fully understood.” As major mediators in type 2 inflammation—
mediated asthma, Ty?2 cells are chronically activated in the lung
of asthmatic subjects, leading to an increase in secretion of type
2 cytokines—for example, IL-5 and IL-13. Additionally, T2
memory cells have been described to play an important role in
the pathogenesis of allergic asthma. Ty2 memory cells are
antigen-experienced cells that can reside in the lung as tissue-
resident memory T (TRM) cells and, on allergen re-exposure,
develop into activated effector cells and induce rapid inflamma-
tory immune responses.””’

In addition to Ty2 cells, group 2 innate lymphoid (ILC2) cells
have become a focal point in asthma research in the past years.
ILC2 are directly activated by alarmins, such as IL-33, IL-25,
or thymic stromal lymphopoietin, secreted by epithelial cells on
allergen stimulation or epithelial cell barrier damage without
the interaction with antigen-presenting cells.® ILC2 do not ex-
press lineage-specific markers such as CD4, CDS8, CD19, or
CDI11b but express Ty2-similar effector transcription factors
like GATA3, and they secrete similar proinflammatory cytokines
(IL-5, IL-13) on stimulation.” Studies have described subgroups
of ILC2 that respond to different cytokine stimuli and exhibit
different functions. Inflammatory ILC2 (iILC2) are specified as
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Abbreviations used
AZCRA: Investigation of the role of cytokines, chemokines, and their
receptors in the inflammatory process in asthma patients
Blimp-1: B-lymphocyte—induced maturation protein 1
HE: Hematoxylin and eosin
HPRT: Hypoxanthine guanine phosphoribosyl transferase
iILC2: Inflammatory ILC2
ILC2: Group 2 innate lymphoid cell
nILC2: Natural ILC2
OVA: Ovalbumin
PAS: Periodic acid—Schiff
PBMC: Peripheral blood mononuclear cell
PreDicta: Postinfectious immune reprogramming and its association
with persistence and chronicity of respiratory allergic
diseases
TCM: Central T memory
TEM: Effector T memory
TRM: Tissue-resident T memory
VitD5: Vitamin D5

the proinflammatory subset, which develops on IL-25 stimula-
tion; natural ILC2 (nILC2) are specified as the tissue-resident ho-
meostatic subset, which is increased by IL-33 stimulation.'*!"!
Additionally, a novel IL-10-producing ILC subset has been
reported to be involved in inflammatory immune responses acting
in an immunosuppressive manner and expressing B lymphocyte—
induced maturation protein 1 (Blimp-1) as a key transcription
factor for IL-10 production.'” "

Blimp-1, a zinc finger—containing transcriptional factor, is
expressed in various cell subsets, including B and T cells. Blimp-1
has been reported to be a key regulator of T-cell homeostasis and
survival. The highest transcription of Blimp-1 was found in
antigen-experienced cells.'” In regulatory T cells, Blimp-1 has
been found to be critically important for the expression of IL-
10. Blimp-1 therefore seems to be important for peripheral toler-
ance. Recent studies have shown that Blimp-1 also mediates TRM
cell formation in the lung.'®"”

Vitamin Dj (VitD3), also termed cholecalciferol, is a prohor-
mone that is mainly produced by sunlight exposure but can be
found in food (eg, fish, eggs, or dairy products) or can be taken
as a supplement. 1,25-Dihydroxyvitamin D3, the biologically
active form, can bind to the vitamin D receptor, which acts as a
nuclear transcription factor and can either enhance or suppress
its target genes.'® Vitamin D receptor expression has been found
in various immune cells such as mast cells, dendritic cells, and T
cells.'” VitDy5 in the context of asthma has been extensively dis-
cussed in the past decades. Previous studies have shown that
VitD; deficiency is associated with more severe asthma pheno-
types, especially in children, as well as with ineffective medica-
tion and with increase in exacerbations.””>* The mechanism by
which VitD; might modulate the immune response in patients
with asthma requires further investigation.

Therefore, in this study, we investigated the importance of
sufficient VitD;3 serum levels in patients with asthma. To further
investigate the mechanisms of the immunoregulatory effects of
VitD;, we set up a murine model of allergic asthma to compare
the immune response in VitD3 deficiency to VitD; sufficiency
in vivo. We discovered an anti-inflammatory effect of VitD; sup-
plementation in the diet, resulting in less severe asthma in humans
and in a murine model of allergic asthma. The mechanism of
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interest was found to be associated to a VitDs-induced shift to
anti-inflammatory immune responses via upregulating Blimp-1
in lung ILC2 and TRM cells.

METHODS

Human study PreDicta

The European PreDicta (Postinfectious immune reprogramming and its
association with persistence and chronicity of respiratory allergic diseases)
study assessed 2 cohorts of healthy and asthmatic preschool children aged 4 to
6 years. The study was performed in collaboration with the Department of
Allergy and Pneumology at the Children’s Hospital in Erlangen. The PreDicta
study was approved by the ethics committee of Friedrich-Alexander
University Erlangen-Niirnberg, Germany (approval 4435) and is registered
in the German Clinical Trials Register (www.germanctr.de; approval
DRKS00004914). Cohort recruitment, inclusion and exclusion criteria, and
data collection have been described previously.”* Relevant clinical character-
istics of the study cohort are presented in Table E1 in this article’s Online Re-
pository at www.jaci-global.org.

Human study AZCRA

The AZCRA (Investigation of the role of cytokines, chemokines, and their
receptors in the inflammatory process in asthma patients) study assessed 2
cohorts of adult asthmatic and control patients aged between 18 and 65 years.
At the baseline visit, all patients answered a questionnaire about, among other
things, their family’s predisposition to asthma, their housing situation, and
their clinical manifestations. The asthmatic patient cohort was divided into 2
subgroups, those with and without VitD; supplementation, according to their
answer to the questionnaire at the baseline visit. Additionally, blood was
taken, and lung function was measured by spirometry.

The study was performed in collaboration with Medical Clinic 1 at
University Hospital Erlangen and was registered in the German Clinical Trials
Register (DRKS00023843). The study was approved by the ethics committee
of the Friedrich-Alexander-University Erlangen-Niirnberg Germany
(approval 315-20B). Relevant clinical characteristics of this study cohorts
are presented in Table E2 in this article’s Online Repository at www.jaci-
global.org. Characteristics of subjects in asthmatic subgroups are presented
in Table E3 in the Online Repository. Finally, recruitment, inclusion and
exclusion criteria, and data collection are described in Table E4, also in the
Online Repository.

Human PBMC isolation and cell culture

For human peripheral blood mononuclear cell (PBMC) isolation and cell
culture, we provide detailed information about the reagents used in the
experiments in the Methods section in the Online Repository at www.jaci-
global.org.

In the PreDicta study, PBMCs were isolated with Ficoll using density
centrifugation from heparinized blood samples. Afterward, cells were
cultured at 10° cells/mL for 48 hours in complete culture medium as described
above at 37°C and 5% CO..

Additionally, whole blood was collected in Tempus Blood RNA Tubes
(Life Technologies, Darmstadt, Germany), and RNA was extracted with
MagMax (Thermo Fisher Scientific, Waltham, Mass) for the stabilized blood
tube RNA isolation kit. Synthesis of cDNA and then real-time reverse
transcriptase PCR were performed as described for the murine cells below.

In the AZCRA study, PBMCs were isolated in SepMate tubes (STEM-
CELL Technologies, Vancouver, British Columbia, Canada) according to the
manufacturer’s recommended protocol.

PBMCs were cultured as 1 X 10° viable cells in RPMI 1640 complete cul-
ture medium (Thermo Fisher Scientific) supplemented with HEPES 1:40, 3-
mercaptoethanol 1 mol solution 1:20, penicillin—streptomycin 1:100, L-gluta-
mine 1:100, sodium pyruvate 1:100, Mem Vitamin 1:100, Mem Non Essential
Amino Acid 1:100, and FCS 10% (see the Methods section in the Online Re-
pository at www.jaci-global.org) in a 48-well plate for 96 hours at 37°C and
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5% CO? either unstimulated or stimulated with 10 nmol 1,25-OH-VitD; (Toc-
ris Bioscience, Bristol, United Kingdom). Addition of 1,25-OH-VitDj; to the
culture condition was performed under as little light exposure as possible. Af-
ter 96 hours, all supernatants were removed carefully and stored at —80°C.
PBMCs were diluted in QIAzol Lysis Reagent (Qiagen, Venlo, The
Netherlands) and stored at —80°C for RNA isolation.

Mice

Five-week-old female BALB/c wild-type mice were obtained from Janvier
Labs (Saint-Berthevin, France). The mice were maintained under specific-
pathogen—free conditions in our animal facility and had free access to food and
water. Mice were continuously fed, starting 3 weeks before the start of the
asthma model, with either a VitD;-supplemented (1324 supplemented with 1 g
VitDj; per kilogram of food; Altromin, Lage, Germany) diet containing a theo-
retical level of 5600 IU/kg, or a VitDs-deficient diet (C 1017, Altromin) con-
taining 0 IU/kg VitD; according to the manufacturer until the animals were
humanely killed. In total, all mice were fed with VitDs-deficient or -supple-
mented diet for 42 days. Actual VitD; levels in the diet might vary as a result
of sensitivity to light, sensitivity to humidity, and/or ambient temperature. The
experiments were approved by the government of Mittelfranken, Bavaria
(approval Az. 55.2.2-2532.2-633) and were performed in accordance with
German and European laws for animal protection.

Murine model of allergic asthma

For murine asthma induction, we used an ovalbumin (OVA)-induced
asthma model. Mice were subdivided and fed for 3 weeks either VitD3-defi-
cient or VitDs-supplemented food. After this prefeeding period, animals
were sensitized via 2 intraperitoneal injections of 100 pg OVA/alum (500
ng/mL OVA; Sigma-Aldrich, St Louis, Mo) complexed with 10% aluminum
potassium sulfate (Sigma-Aldrich) at pH 6.5 and dissolved in NaCl (0.9% so-
lution) on experimental days O and 7. On experimental days 18, 19, and 20,
mice were challenged intranasally with 50 wg OVA dissolved in PBS (2 mg
OVA/mL PBS) after receipt of light isoflurane anaesthesia.

Noninvasive and invasive airway

hyperresponsiveness measurement

To measure airway hyperresponsiveness, we used noninvasive whole-body
plethysmography with Buxco Electronics apparatus (Buxco Research Sys-
tems, Wilmington, NC) at day 20 at 3 hours after allergen challenge. Mice
were placed into an exposition chamber and challenged with PBS and
increasing doses of aerosolized methacholine (Sigma-Aldrich) dissolved in
PBS (0, 5, 10, 25, 50 mg/mL) while enhanced pause was measured. Invasive
airway resistance was measured with a FlexiVent FX device (SCIREQ,
EMKA Technologies, Paris, France) and FlexiWare software. After injection
of 200 pL Pentobarbital solution, a small cannula was inserted into the trachea
and attached to the FlexiVent device afterward. Airway resistance was
measured during mechanical ventilation with aerosolized PBS and increasing
doses of methacholine (0, 5, 10, 25, and 50 mg/mL) dissolved in PBS.

Total murine lung cell isolation

Nine-week-old mice were humanely killed at day 21 for the asthma model,
immediately before invasive measurement of airway resistance. Whole lungs
were taken, cut into small pieces with a scalpel under sterile conditions, and
digested with 300 U/mL collagenase type Ia and 0.015% DNAse, 10 mg/mL in
PBS (37°C for 45 min). The digested lung was pressed through a 40 pm cell
strainer; the cell strainer was then rinsed with 5 mL RPMI 1640 medium to
dissolve any residue. After centrifugation (1500 rpm, 10 minutes, 4°C), the su-
pernatant was removed and the pellet resuspended in 10 mL ACK-Lysis buffer
(0.15 mol NH4CI, 0.1 mmol KHCOs3, and 0.1 mmol Na,-EDTA dissolved in
ddH,0) and incubated for 2 minutes at room temperature for erythrocyte lysis.
After another centrifugation step, cells were washed with PBS and dissolved to
1 Mio cell/mL.
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Total murine lung cell culture and ILC2 culture

conditions

Total lung cells were adjusted to 1 Mio cell/mL in RPMI 1640 medium
containing 100 IU/mL penicillin, 100 pg/mL streptomycin (all from anprotec,
Bruckberg, Germany), and 10% FCS (Biochrom, Berlin, Germany) and
cultured in 48-well plates at 37°C 5% CO?. For OVA restimulation, total
lung cells were stimulated with 500 pg/mL OVA for 48 hours. For cell differ-
entiation and expansion of ILC2 in vitro, total lung cells were either cultured
with recombinant murine 20 ng/mL IL-2 (rmIL-2), 20 ng/mL rmIL-7
and 10 ng/mL rmIL-33 or with 20 ng/mL rmIL-2, 20 ng/mL rmIL-7 and
20 ng/mL rmIL-25 (all Immunotools, Friesoythe, Germany) for 120 hours
in 48-well plates at 37°C and 5% CO,.

Histologic sections, inflammation score, and

periodic acid-Schiff score

Pieces of mice total lungs were fixed in 4% formaldehyde, dehydrated, and
embedded in paraffin. Sections were cut 3 wm thick and stained with hematox-
ylin and eosin (HE) or periodic acid—Schiff (PAS) at the Institute of Pathology,
Universitatsklinikum Erlangen. Determination of lung inflammation score
was performed on HE-stained lung sections by a pathologist without knowl-
edge of the group affiliation as previously published.”” PAS scoring was per-
formed semiquantitatively; the score was determined by classifying bronchi
according to the size of PAS-positive areas.”®

Flow cytometric cell staining and analysis

Murine isolated total lung cells, murine cultured total lung cells, and
murine cultured cells of ILC2 skewing conditions were washed once with 200
wL FACS-Buffer (PBS + 1% FCS; catalog S0615; Sigma-Aldrich), centri-
fuged (5 minutes, 1500 rpm), and preincubated with murine anti-CD16/
CD32 (1:100, BD Biosciences, Franklin Lakes, NJ) for 5 minutes at 4°C to
prevent unspecific binding. Afterward, samples were centrifuged and the su-
pernatants discarded. For surface staining, samples were stained with
fluorochrome-conjugated antibodies for 30 minutes at 4°C in FACS-Buffer
in the dark. For intracellular staining, cells were then fixed and permeabilized
with FoxP3 fixation/permeabilization reagent (catalog 00-5523-00; Thermo
Fisher Scientific) according to the manufacturer’s protocol for 35 minutes at
4°C in the dark, followed by intracellular staining in permeabilization buffer
for 30 minutes at 4°C in the dark. Finally, cells were washed with FACS-
Buffer and measured by a FACS-Canto II device (BD Biosciences) and
analyzed by FlowJo v10 software (Treestar, Ashland, Ore). For ILC2 staining,
samples were prestained with lineage cocktail (containing biotinylated anti-
CDS5, anti-CD11b, anti-CD45R, anti-7-4, anti-Grl, and anti-Ter119, pre-
mixed by Miltenyi Biotec, San Diego, Calif). In the surface staining step, addi-
tional lineage markers (anti-CD3, anti-CD4, anti-CDl11c, anti-SiglecF)
conjugated to allophycocyanin (APC) and streptavidin-conjugated APC
were applied because they could exclude lineage-associated cell types in
further analysis steps. All antibodies used for flow cytometric analyses are
listed in Table ES in the Online Repository at www.jaci-global.org.

Statistical analysis

All statistical analyses were performed by GraphPad Prism v8 software for
Windows (GraphPad Software, La Jolla, Calif). Statistical significance was
calculated by 2-tailed Student ¢ test (Gaussian distribution) or Mann-Whitney
test (not normally distributed) for the analysis of 2-group comparisons and 1-
way ANOVA (Gaussian distribution), Kruskal-Wallis test (not normally
distributed), or 2-way ANOVA for multiple comparisons to generate P value
data (*P <.05, **P <.01, ***P <.001, ****P <.0001). For post hoc analysis,
we used the Tukey method test (1-way ANOVA) and the Sidak method test (2-
way ANOVA), respectively. P <.05 was considered statistically significant.
Unless otherwise indicated, data are presented as means = SEMs. Statistical
details (eg, number of animals or subjects per group) are provided in the figure
captions.
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FIG 1. VitD; supplementation in asthmatic preschool children leads to less severe asthma and less steroid
treatment. High VitD3 serum levels correlate with IL-7 and IL-10 in asthmatic children and Blimp-1 in control
children. (A) Experimental design of human study PreDicta of preschool-age cohorts of children analyzed.
(B) Asthma severity (GINA 2005) of asthmatic children with and without VitD; supplementation according to
questionnaire answer (n = 19 and 5). (C) Requirement for daily steroid treatment of asthmatic children with
and without VitD3 supplementation according to questionnaire answer (n = 19 and 5). (D and E) 1,25-OH-
VitD3 serum levels (ng/mL) in correlation to IL-7 levels (pg/mL) in supernatants of cultured PBMCs of control
and asthmatic preschool children (n = 12 and 14). (F and G) 1,25-OH-VitD; serum levels (ng/mL) in correla-
tion to IL-10 mRNA levels in total blood (Tempus tubes) of control and asthmatic preschool children (n = 6
and 10). (H) Blimp-1/HPRT expression in control and asthmatic children divided by VitD; serum levels <20
ng/mL (n = 3, 11, 3, and 5). (I and J) 1,25-OH-VitDs; serum levels (ng/mL) in correlation to Blimp-1/HPRT
mRNA levels in untouched PBMCs of control and asthmatic preschool children. Correlations were calcu-
lated by Pearson correlation (D, F, and G) and Spearman correlation (E, /, and J). Data are shown as
means = SEMs; *P < .05; **P <.01. HPRT, Hypoxanthine guanine phosphoribosyl transferase.

RESULTS
Higher VitD; levels are associated with increased IL-
10 production in asthmatic children and higher
Blimp-1 expression in controls

First, we wanted to analyze potential positive effects of VitD;
in pediatric asthma. Therefore, we divided the asthmatic cohort
of preschool children in our study PreDicta into 2 subgroups
(with and without VitD3 supplementation), then analyzed asthma
severity, symptom control, symptom occurrence, daily receipt of
steroid treatment, and impairment in activities (Fig 1, A-C, and
see Fig El, A-D, in this article’s Online Repository at www.
jaci-global.org). VitD; supplementation in these children was
associated with less severe asthma, fewer symptoms during the
day, and better symptom control. Additionally, we found a
reduced need for steroid medication in the supplemented asth-
matic group (Fig 1, C).

Next, we wanted to investigate the differences in VitD3-supple-
mented and -nonsupplemented children in T-cell and ILC2 im-
mune responses. IL-7 is a cytokine important for T-cell

maturation and survival, but it also plays a role in ILC2 survival.”’
Thus, we wanted to investigate whether high VitD3; serum levels
are associated with higher or lower IL-7. We found a positive sig-
nificant correlation of 25-(OH)-VitD; serum levels with higher
IL-7 levels in the supernatants of cultured, unstimulated PBMCs
(Fig 1, D and E). IL-33 is a cytokine known to drive T2 immune
responses, but it also stimulates anti-inflammatory nILC2. We
previously reported in a cohort of children a strong positive cor-
relation of 25-(OH)-VitD5; serum levels with IL-33 in nasopha-
ryngeal fluid compared to the control cohort.”® Finally, we
measured IL-10 mRNA expression in the children’s whole blood
to assess the effect of VitD; on circulating IL-10, which is known
to be a major anti-inflammatory cytokine.zg High VitD; serum
levels were associated with higher IL-10 mRNA expression in
the blood of asthmatic children but not in control children (Fig
I, F and G). Therefore, we reasoned that Blimp-1 might be
involved in increased IL-10 production with VitD; treatment
because Blimp-1 is a transcription factor driving regulatory T-
cell IL-10 production.” When we measured Blimp-1 mRNA
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FIG 2. VitD3 supplementation in asthmatic adults leads to less severe clinical asthma manifestation and less
steroid treatment. (A) Experimental design of AZCRA human study of adult cohorts analyzed in this study.
(B) Asthma severity (GINA 2005) of asthmatic adults with and without VitD; supplementation according to
questionnaire answer (n = 14 and 10). (C) need for daily steroid treatment of asthmatic adults with and
without VitD3 supplementation according to questionnaire answer (n = 14 and 10). (D) Experimental design
of PBMC analysis of human study AZCRA. (E) ELISA analysis of IL-10 (pg/mL) levels in supernatant of
cultured PBMCs of asthmatic (A) and healthy control (C) adults treated with (VitD3) and without (CN)
1,25-OH-VitD; for 4 days (n = 18, 19, 16, and 21; *P = .0435; Kruskal-Wallis test). (F and G) Vitamin D recep-
tor/HPRT mRNA levels in correlation (Spearman correlation) to Blimp-1/HPRT mRNA levels in untouched
PBMCs of control and asthmatic preschool children (n = 19 and 25). Data are shown as means = SEMs;

*P<.05, ¥****P < .0001. HPRT, Hypoxanthine guanine phosphoribosyl transferase.

expression, we found that higher VitD; serum levels in control
children were associated with higher Blimp-1 expression in un-
touched PBMCs (Fig 1, H). In control children, but not in asth-
matic children, we observed a positive correlation between
Blimp-1 and VitD; serum levels (Fig 1, I and J).

Taken together, these data led us to confirm that VitD3 supple-
mentation in preschool children plays an asthma-resolving role.
Further, we also found a relationship between VitD5 serum levels
and Blimp-1 expression.

VitD3; supplementation in asthmatic adults is
associated with less severe clinical asthma
manifestation and less steroid treatment

To investigate the role of VitD; supplementation in adult
allergic asthma, we analogously divided the asthmatic cohort of
our study AZCRA into 2 subgroups —those with and without
VitD; supplementation, as reported by the subjects—and corre-
lated them with asthma severity, symptom control, occurrence
of symptoms, daily receipt of steroid treatment, and impairment
in activities (Fig 2, A-C, and see Fig EIl, E-I). VitD;

supplementation in the adult cohort was similarly associated
with less severe asthma, fewer symptoms during the day, and bet-
ter symptom control. Additionally, we found a reduced need for
steroid medication in the supplemented asthmatic group.

Next, we wanted to investigate the direct effect of VitD; on
the inflammatory immune response that drives the airway
inflammation in asthmatic adults. Therefore, we stimulated
cultured PBMCs of asthmatic cohorts and controls with 1,25-
OH-VitD; for 4 days (Fig 2, D). We found a significant induc-
tion of IL-10 in the supernatant of cultured PBMCs of asthmatic
adults on 1,25-OH-VitDj3 stimulation compared to the unstimu-
lated cells of the respective group (Fig 2, E). When we further
analyzed the effects of VitD; on the transcription factor Blimp-
1, we found a significant correlation of vitamin D receptor with
Blimp-1 expression in freshly isolated PBMCs from controls
(Fig 2, F). In contrast, asthmatic adults did not show this corre-
lation (Fig 2, G), thus supporting the findings in our children
cohort. Taken together, these results support the notion of an
immunosuppressive and resolving function of VitD; supplemen-
tation in asthma that might involve regulation of immune cells
via Blimp-1.
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FIG 3. VitD; supplementation leads to higher IL-10 levels in allergen-restimulated cells and reduces serum
IgE levels in a murine model of OVA-induced asthma. (A) Experimental design of murine OVA-induced
asthma model. (B) X-fold weight change of OVA- and PBS-treated mice fed VitDs-deficient or -supplemented
diet from day 0 (day of diet change). (C) Food intake per mouse per day, calculated as average intake per
cage (n = 2, 2, 2, and 2). (D) Lung function, measured as enhanced pause (Penh) by noninvasive plethys-
mography, on increasing doses of methacholine (n = 5, 4, 5, and 5; *P = .0135, ***P = .0003; 2-way AN-
OVA). Lung function, measured as resistance (Rrs) invasively, on increasing doses of methacholine (n =
5, 4, 5, and 5; P = .0890; 2-way ANOVA). (E) PAS score of PAS-stained histologic sections of total lungs
of OVA-treated mice with VitDs-deficient or -supplemented diet (n = 9 and 9; P = .0837, unpaired t test).
Representative PAS-stained histologic sections of total lungs of respective groups and respective PBS-
treated control group; black arrow indicates mucus. (F) Lung inflammation score calculated with HE staining
(n=9,10, 10, and 10; **P = .0013, **P = .0033; Kruskal-Wallis test). Representative HE-stained histologic
sections of total lungs of respective groups. (G) ELISA analysis of IL-10 (pg/mL) levels in supernatant of
OVA-restimulated total lung cells (n = 9 and 9; *P = .0337, unpaired t test). (H) ELISA analysis of serum
IgE levels (ng/mL) (n = 9 and 9; *P = .0400, unpaired t test). (I) ELISA analysis of IL-4 (pg/mL) levels in su-
pernatant of OVA-restimulated total lung cells (n = 8 and 10; *P = .0434, Mann-Whitney test). Data are

shown as means = SEMs; *P < .05, **P< .01, ***P <.001.

Food supplementation with VitD; resulted in
ameliorated allergic trait in a murine model of
OVA-induced asthma

To investigate the mechanism of how supplemented VitD; al-
ters the immune response resulting in improved clinical asthma,
we next set up a model of experimental OVA-induced asthma.
To simulate the state of VitD; deficiency and sufficiency in
asthma, BALB/c wild-type mice were fed with either VitDs-
supplemented or VitDs-deficient food starting 3 weeks before
asthma induction protocol (Fig 3, A). All mice had age-
appropriate weight development (Fig 3, B). After intraperitoneal
sensitization, OVA-treated mice fed a VitDs-deficient diet ex-
hibited significant weight loss compared to the respective group
fed a VitDs-supplemented diet, despite the presence of other
comparable nutrient composition (see Fig E2, A, in the Online
Repository at www.jaci-global.org). In order to check whether
the weight loss was caused by lower food intake, the average
food intake per cage was quantified. We found no significant
differences in food intake between the groups (Fig 3, C). To

exclude the possibility of VitD; hypervitaminosis and, because
calcium has important functions in cellular signal transduction
pathways, hyper-/hypocalcemia due to the special different
food, we measured 25-(OH)-VitD; and calcium serum levels.
We found low or not measurable 25-(OH)-VitD; serum levels
in the deficient groups and no significant differences in calcium
levels in all groups (Fig E2, B and C). Next, we wanted to assess
the severity of asthma by measuring lung function. We per-
formed noninvasive whole-body plethysmography for evalu-
ating airway hyperresponsiveness of the upper respiratory
tract and invasive measurement for evaluating airway hyperres-
ponsiveness of the lower respiratory tract. We observed a trend
to less airway resistance in upper and lower respiratory tract in
asthmatic mice fed a VitDs-supplemented diet compared to the
deficient group (Fig 3, D). In histologic PAS-stained lung sec-
tions, we found a trend to reduced mucus production in the
lungs of VitDs-supplemented asthmatic mice but no differences
in inflammatory cell infiltration in HE-stained lung parts (Fig 3,
E and F).
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FIG 4. VitD; supplementation promotes CD103 in T cells as well as development of effector T cells and
Blimp-1* TRM cells in lungs of asthmatic mice. (A) Flow cytometric analysis of CD69"CD44" cells gated
on CD3"CD4" lymphocytes in total lung cells. (B) Flow cytometric analysis of CD103™ cells gated on
CD3*CD4" lymphocytes in total lung cells. (C) Flow cytometric analysis of CD44"CD69"CD103™ cells gated
on CD3"CD4" lymphocytes in total lung cells. (D) Flow cytometric analysis of Blimp-1"CD44*CD69*CD103*
cells gated on CD3"CD4" lymphocytes in total lung cells. Representative dot plotis provided for each group.
(E) Schematic illustration of TRM, TEM, and TCM cell development and circulation. Statistical significances
in (A, B, C,and D) (n = 5, 5,5, and 5) were calculated by 2-way ANOVA. Data are shown as means = SEMs;

*P<.05; **P<.01, ¥***P<.001, ****P<.0001.

We next reasoned that a VitDs-rich diet might reduce inflam-
matory immune responses or that much more would promote
anti-inflammatory cytokines that suppress potential harmful im-
mune responses, so we measured IL-10 levels. We found that
on allergen restimulation, total lung cells secreted more IL-10
in the supernatants of VitDs-supplemented, OVA-treated mice
compared to the deficient group (Fig 3, G). We next measured
serum IgE levels and found it reduced in VitD3-supplemented
asthmatic mice compared to their VitDs-deficient counterparts
(Fig 3, H). Because IL-4, as opposed to IL-10, is known to induce
IgE, we measured IL-4 in the supernatants of VitDs-supple-
mented, OVA-treated mice compared to the deficient group (Fig
3, [).30 However, IL-4 was found to be upregulated in the OVA
group fed with high VitD;. These data, taken together, show
that VitD; in food induced IL-10, thus suppressing the allergic
IgE response in mice.

VitD3-rich diet promotes effector T cells, CD103
expression in CD4" T cells, and TRM cells

As aresult of the reduced IL-10 levels in VitDs-deficient mice,
we wanted to determine whether regulatory T cells (here defined
as CD4"CD25 Foxp3™ T cells) or regulatory B cells (here
defined as CD197IL-10"&" B cells), known to be typically IL-
10-secreting cells, are reduced in this group.”' We found no dif-
ference between OVA-treated groups with VitDs-enriched or
-deficient diet (Fig E2, D and F). Next we wanted to investigate
the effect of VitD; supplementation on T cells. We asked whether
VitD; deficiency is associated with an increased type 2 inflamma-
tory immune response. Because GATA3 " Ty2 cells mainly drive
type 2 immune responses, we assessed GATA3"CD4™" T cells in
the lung, and found no differences in the numbers of Ty2 cells be-
tween the OVA-treated groups (Fig E2, E). Next, we analyzed dif-
ferences in effector CD4 ™" T cells and found significant induction
of activated effector T cells (CD3"CD4"CD44"CD69") in

VitD3-supplemented, OVA-treated mice (Fig 4, A). Additionally,
we found an induction of CD103™ T cells, a marker of mucosa
associated lymphocytes and activated T cells (Fig 4, B). Because
CD103 is also expressed on TRM lung cells, and TRM cells are
known to be rapid inductors of proinflammatory immune
response, we hypothesized that TRM cells might be enhanced
in VitD;-deficient mice.”> We thus analyzed this CD103" CD4
T-cell population for TRM cell markers. We found significant in-
duction of lung TRM cells and their Blimp-1 expression (Blimp-1
expression is a major driver of TRM cells) in the VitD3-supple-
mented, OVA-treated group (Fig 4, C and D). Because TRM cells
derive from central T memory (TCM) cells from lymph nodes or
secondary lymphoid organs, we analyzed mesenteric lymph node
cells for TCM cell characteristic markers. We found a significant
induction of central memory cells in the OVA-treated, VitD;-sup-
plemented group compared to the respective control group; this
induction was not be observed in VitDs-deficient groups
(Fig E2, G). We additionally found no significant differences in
effector T memory (TEM) cell proportions and TEM/TCM cell
ratios (Fig E2, H).

VitDs-supplemented diet increases GATA3 and
Blimp-1 expression in lung ILC2

The past 2 decades have seen ILC2 become a focal point of
interest in asthma research. Therefore, we analyzed the effect of
VitD; on lung ILC2 phenotypes in a murine model of experi-
mental asthma. Because ILC2 do not express lineage-specific
markers, we stained isolated total lung cells with lineage markers
in the same fluorochrome (lineage markers: CD5, CDI11b,
CD45R, anti-7-4, anti-Gr-1 [Ly6G/C], anti-Terr-119, CD3,
CD4, CDl1c, SiglecF) for flow cytometric analysis to be able
to exclude them (Fig 5, A). Lineage-negative and Thyl.2-
positive cells, known to be surface markers for ILC2, were
defined as ILC2. GATA3 is known as a characteristic transcription
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FIG 5. VitD; supplementation increases GATA3 and Blimp-1 expression in ST2" lung ILC2. (A) Flow cyto-
metric gating strategy for lung ILC2 (here defined as Lin"Thy1.2¥). (B) Flow cytometric analysis of
GATA3"Lin"Thy1.2" cells in total lung cells. (C) Flow cytometric analysis of ST2*Lin Thy1.2" cells in total
lung cells. (D) Flow cytometric analysis of Blimp-1"Lin Thy1.2" cells in total lung cells. (E) Flow cytometric
analysis of Blimp-1"ST2"Lin " Thy1.2" cells in total lung cells. Representative dot plot is provided for each
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are shown as means = SEMs; *P <.05; ¥**P <.01. Lin, Lineage.

factor of ILC2 important for survival and development.” > We
found significant induction of GATA3 in the VitDs-supplemented
asthma group (Fig 5, B). GATA3 is additionally known to regulate
the IL-25R and IL-33R/ST2 expression on the surface of
ILC2.%3% Thus, we also examined ST2 expression on ILC2.
We found a significant induction of ST2 on ILC2 in the VitDs-
supplemented food of the asthmatic group compared to the
respective counterparts (Fig 5, C).

Studies described 2 subgroups of ILC2. iIL.C2 were specified as
the proinflammatory subset, which develops on IL-25 stimula-
tion, and nILC2 were specified as the natural/homeostatic subset,
which is increased by IL-33 stimulation, is able to secrete IL-10,
and has recently been described to expresses Blimp-1 as key
transcription factor necessary for IL-10 production.'’'*'* To
differentiate between the pro- and anti-inflammatory ILC2 sub-
sets, we analyzed Blimp-1 expression in lung ILC2. We observed
significantly increased Blimp-1 expression in the supplemented
asthma group (Fig 5, D). We additionally wanted to know whether

the IL-33R (ST2)+Blimp-l+ ILC2 subset is increased in VitDs-
supplemented asthmatic mice, and this was indeed the case
(Fig 5, E). Taken together, these data indicate that VitD; modu-
lated ILC fate and promoted the development of anti-
inflammatory IL-33-responsive and Blimp-1-expressing nIL.C2.

VitD; food supplementation enhances IL-10
production and Blimp-1* ILC2 under ILC2 skewing
conditions

Next we asked whether a VitD3-supplemented diet has an effect
on ILC fate during ILC2 skewing conditions. To do so, we iso-
lated lung cells and differentiated them under 2 different ILC2
skewing conditions to promote either nILC2 or iILC2 (Fig 6,
A). We performed flow cytometric analysis to assess the differ-
ences in ILC fate between VitDs-deficient and -sufficient mice.
We found a significant decrease in Blimp-1"ST2~ ILC2, but
no difference in GATA3 expression in ST2™ ILC2 between
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VitDs-deficient and -sufficient asthmatic mice in nILC2 skewing
condition (Fig 6, B and C). We additionally found that
VitDs-supplemented animals have a strong trend to increased
Blimp-1" and GATA3"ST2" ILC2 in the IL-33-stimulated
ILC2 culture condition (Fig 6, D and E).

Furthermore, we collected the supernatant and found signifi-
cantly increased IL-10 levels in both nILC2 and iILC2 conditions
in the supplemented asthmatic group, supporting the hypothesis
that VitD; promotes anti-inflammatory response and may pro-
mote ILC fate toward IL-10-secreting nILC2 (also referred to
as ILC10) (Fig 6, F and G). We also hypothesized that the typical
proinflammatory cytokine secreted by ILC2, IL-5, should be
decreased in the supplemented group in both conditions, but
this was the case only by trend in the ilLC2 condition (Fig 6, H
and ).

This indicates that VitDs sufficiency leads to more Blimp-1 ex-
pressing ILC2, IL-10 on stimulation, and slightly reduced IL-5
levels in IL-25-stimulated ILC2 culture conditions.

DISCUSSION

The role of VitD; in inflammatory and autoimmune diseases
has been extensively and controversially discussed. In asthma dis-
ease, injection of 25-(OH)-VitD; improved forced expiratory vol-
ume in 1 second and reduced symptom severity.”” Furthermore, it
has already been described that low VitD; serum levels are

. . . . 20-22 4
associated with more severe asthma manifestation.”">>*°

Although this has been shown by several studies, there is no clear
VitDs-related additional therapeutic recommendation. In our
study, we aimed to better understand the immunoregulatory roles
and potential benefits of VitD; sufficiency in asthma disease.

In our human studies, we clearly found less severe asthma
manifestations regarding occurrence of symptoms, asthma con-
trol, and regular need for steroid medication in adults as well as in
children with VitD; supplementation. Our study confirms similar
findings reported in previous studies.*' To make clear recommen-
dations, a larger study population might be needed.

IL-7 and IL-33 might have proinflammatory potential, as IL.-33
drives T2, but, consistent with our murine data, IL-33 has also
been described as a driver of nILC2 and therefore of anti-
inflammatory immune responses.'>'**%*>*3 In our previous
studies, in asthmatic preschool children of the PreDicta cohort,
we observed increased levels of IL-33 in nasopharyngeal fluid,
where ILC2 reside, in direct correlation with enhanced 25-
(OH)-VitD5 serum levels.”® Consistently, in that study we also re-
ported that the anti-inflammatory form of ST2, soluble ST2,
directly correlated with IL-33 and with previous reports indi-
cating that VitD; induces soluble ST2.** Investigating ILC2 im-
mune responses in human studies in relation to asthma disease
is generally difficult because they are mainly located in nasopha-
ryngeal and lung tissue, and only progenitor cells are circulating
within the blood.*’ For this reason, we measured ILC2-related cy-
tokines in patient sera.
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To understand the mechanism causing overall improved
asthma in patients with VitD; as a supplement, we investigated
the effect of supplemented VitDj3 as a VitDs-enriched diet on in-
flammatory immune responses in a murine model of asthma. An
effect of VitD; on T cells in asthma has already been described
because activated T cells express vitamin D receptor, although
it remains unclear whether it has a positive or negative effect on
T-cell-mediated inflammation.'” We thus wanted to understand
the effect of VitD5 as a supplement in T-cell and ILC2 immune
responses.

In our experimental asthma model, we clearly found reduced
allergy markers such as IgE serum levels or airway mucus
production. In contrast to former findings, we could not see any
effect of VitDs-enriched diet on Ty2 cells. In earlier studies, con-
tradictory findings regarding induction or inhibition of Ty2 cells
by VitD; were also described, as studies showed either induction
or inhibition of Ty2 immune response in combination with
enhanced IgE levels."™*” Here it might be considered that addi-
tional factors like mouse strain, allergen used to induce experi-
mental asthma, or method of sensitization and/or challenge
might be reasons for the results’ variation.

Additionally, regulatory T cells were described to be induced
by VitDs. Unlike the current literature, we could not confirm these
findings."® To determine the potential source of enhanced IL-10
levels in our murine model, we focused on investigating lung
ILC2. We found high expressions of Blimp-1 as well as GATA3
in ILC2, which was associated with higher IL-10 levels in cell cul-
ture supernatants. Why this is remains poorly understood, but it
has been previously described that Blimp-1* ILC2 produce IL-
10 and contribute to anti-inflammatory immune responses in
asthma.'” In ILC2, GATA3 was described to be a major transcrip-
tion factor, one essential for ILC2 survival and development.
GATA3 regulates the expression of IL-25R and IL-33R but was
described to be the key transcription factor of pro-inflammatory
ILC2. However, other studies have described GATA3 as indis-
pensable for ILC2 survival.*”-***’

We found IL-4 to be increased; the literature suggests that T2
cell—derived IL-4 drives IL-10 production in pulmonary ILC2s
and represents an important cytokine to stimulate IL-10 secretion
in nILC2. Interestingly, Howard et al'? report that costimulation
of IL-4 and IL-33 generates the highest numbers of ILC10, which
is consistent with our finding in our experimental asthma model. "
IL-4 is additionally known to promote Blimp-1 expression, indi-
cating that there may exist an IL-4/Blimp-1/IL-10 axis in nILC2
that is affected by VitD; and that might also induce Blimp-1in T
cells, therefore driving TRM cells.””

However, to further investigate the exact effect of VitD; sup-
plementation on ILC2 and ILC2 interaction with other pro- or
anti-inflammatory cell subsets, further experiments with sorted
ILC2 or coculture conditions might be necessary.

CD4" TRM cells are known to have proinflammatory func-
tions, inducing rapid immune response on allergen stimulation
and expressing Blimp-1 as a major transcription factor to drive
TRM cell development.””~'” In this study, we showed an upregu-
lation of this cell type, but without a negative impact on asthmatic
burden; instead, we observed an upregulation of IL-10 in total
allergen-restimulated lung cells. Additionally, enhanced IL-4
levels in restimulated lung cells might be consistent with these
findings, as IL-4 is a cytokine that promotes T-cell activation, up-
regulates Blimp-1 expression, and results in TRM cell differenti-
ation.®'>° This indicates that there might be a protective subset
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or mechanism suppressing the following proinflammatory im-
mune responses by VitD;. To our knowledge, the effect of
VitD; on TRM cells in experimental asthma has not yet been
described. In human studies, higher 25-(OH)-VitDj; levels have
been found to be associated with higher numbers of TEM lym-
phocytes in asthmatic children.”’ Because our knowledge about
TRM cells in asthma is still in its early stages, this might be an
important focus for further studies.

Our results, taken together, indicate that supplementing food
with VitDjs resulted in less severe clinical asthma manifestations
in human studies as well as in a murine model of allergic asthma,
indicating that VitD; alters proinflammatory immune responses
to anti-inflammatory immune responses in asthma and upregu-
lates Blimp-1 in ILC2 cells compared to vitamin D deficiency.
Our study contributes to a better understanding of the complex
interaction of different transcription factors and cytokines in the
context of VitD; in asthma disease. A larger cohort of asthmatic
subjects would be needed in the future to extend our findings
and to investigate if the VitD3 anti-inflammatory action is
observed across the spectrum of asthma severity, even as asthma
phenotype may change from predominance of eosinophils to neu-
trophils in more intractable steroid-refractory asthma.

Surprisingly, VitD3 sufficiency also upregulated TRM lung
cells, but this had no negative effect on the asthma manifestation,
indicating that there might be TRM cells that do not secrete proin-
flammatory cytokines and/or suppress further proinflammatory
responses, but this observation needs further investigation.

Our findings underline the importance of sufficient VitD;
serum levels in asthma patients and provide a new perspective
on the immunoregulatory role of VitD; in allergic asthma. We
demonstrate the potential additional therapeutic benefit of
VitD; for patients with allergen-induced asthma. Further studies
will be needed to clarify the involved pathways so we can make
clear potential therapeutic recommendations.
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Clinical implication: Patients with asthma benefit from VitD;

supplementation because it helps regulate ILC2 and T cells in
the airways.
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