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In infants with sufficient vitamin D status at birth, vitamin D 
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Abstract
Background: Low vitamin D levels have been associated with allergic diseases. 
Vitamin D has potent immunomodulatory properties, but the mechanisms remain 
unclear. We have investigated the effect of oral vitamin D supplementation on circu-
lating immune cell phenotypes in infants.
Method: A double-blinded randomised controlled trial was conducted to investigate 
the effect of oral vitamin D supplementation (400 IU/d) on eczema and immune de-
velopment. A subset of 78 infants was included in this analysis. Phenotypic analysis 
of immune cell subsets was performed using flow cytometry.
Results: Vitamin D supplementation resulted in median 25(OH)D levels of 80.5 vs 
59.5 nmol/L in the placebo group at 3 months of age (P = .002) and 87.5 vs 77 nmol/L 
at 6 months of age (P = .08). We observed significant changes in immune cell compo-
sition from birth (cord blood) to 6 months of age. Vitamin D supplementation did not 
impact these changes, nor did immune cell composition correlate with plasma 25(OH)
D levels. Through exploratory analysis, we identified possible associations with ec-
zema development and increased abundance of naïve CD4- T cells at birth, as well 
as associations with basophils, iNKT and central memory CD4+ T cells, and altered 
expression patterns of IgE receptor (FcεR1) on monocytes and dendritic cells with 
eczema at 6 months.
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1  | INTRODUC TION

Vitamin D and serum levels of its metabolites 25(OH)D and 
1,25(OH)2D during early life have been proposed to be associated 
with the risk of developing allergic diseases, notably as the preva-
lence of allergic disease has been associated with increasing latitude.1 
Low vitamin D status during the first few years of life has also been 
reported to increase the risk of eczema,2 food allergy,3 wheeze,4 al-
lergic rhinitis5 and allergen sensitisation.3 The possible involvement 
of vitamin D in reducing allergic disease risk is further supported by 
experimental data, suggesting that vitamin D plays a regulatory role in 
the immune system.6 Vitamin D acts through the Vitamin D receptor 
which is expressed across a range of immune cells including dendritic 
cells (DC), T cells and B cells. Immune cells such as DC and mac-
rophages also produce 1α-25(OH) vitamin D3 hydroxylase enabling 
local production of the active 1,25(OH)2D from 25(OH)D which may 
further assist with shaping immune responses.7 Experimental and in 
vitro studies have suggested that vitamin D influences a range of im-
mune cells with relevance to allergic disease,6 including modulation of 
Th1/Th2 responses, IgE production in B cells, induction of regulatory 
T (Treg) cells and the ability of DC to induce tolerogenic immune re-
sponses and reduce expression of the IgE receptor (FcεRI)8; however, 
how these effects operate in humans remains unclear.

Eczema is one of the earliest manifestations of allergic disease 
and may affect up to 15%-20% of children.9 The pathogenesis of 
eczema is complex and appears as the result of both genetic and 
environmental factors leading to a defective skin barrier and a dys-
regulated immune system.9 Some infants with eczema become sen-
sitised to common environmental and/or food allergens during the 
first year of life and are at a high risk for progressing to food allergy, 
allergic rhinitis and asthma.10 Notably, there is evidence of immune 
dysregulation already at birth in predisposed infants, with signs of 
attenuated immune responses following stimulation,11 a decreased 
proportion of Treg cells in cord blood12 and reduced IL-10 or IFN-γ. 
This is coupled with increased IL-4 production,13 increased propor-
tion of memory (CD45RO+) T cells14 and alterations in circulating 
DCs with increased levels of FcεRI expression.15

To further examine the potential protective effect of 25(OH)
D status on allergic disease development via immune modulation, 
we established a double-blind, randomised controlled trial (RCT) to 
investigate whether oral vitamin D supplementation over the first 
6 months of life could modulate allergen-specific immune responses 

and reduce the incidence of eczema in infants with high atopic risk, 
but 25(OH)D-sufficient mothers.16 Here, we report the analysis of 
cellular immune profiles in the cord blood mononuclear cells and pe-
ripheral blood mononuclear cells at 6 months of age.

2  | METHODS

2.1 | Clinical study design

This analysis was conducted on a subset of 78 infants participat-
ing in the previously published infant oral vitamin D3 supplementa-
tion (400 IU/d) RCT (Australian New Zealand Clinical Trials Registry 
ACTRN12612000787886).16 The infant subset for this analysis was 
selected from the 195 infants included in the RCT based on the avail-
ability of cord blood and infant blood samples collected at 6 months 
of age (Figure  1). Infant participant characteristics are displayed 
in Table 1. Written informed consent was obtained before partici-
pation. Approval was granted by the Princess Margaret Hospital 
for Children Human Research Ethics Committee (HREC approval 
number 1959EP), and the study conforms to the standards of the 
Declaration of Helsinki.

Additional methods are available in Supplementary material.

Conclusions: Vitamin D supplementation in infants who were vitamin D sufficient at 
birth did not affect developmental changes in immune cells during the first 6 months 
of life. However, immune cell profiles at birth and at 6 months of age were associated 
with early life eczema.

K E Y W O R D S

early life, eczema, immune cell profiles, randomised controlled trial, vitamin D 
supplementation

Key Message

Low vitamin D levels are associated with development of 
allergic disease, possibly due to its immune modulatory 
properties. To assess the impact of vitamin D on immune 
cell development during infancy, we conducted a double 
blinded vitamin D supplementation RCT. Our analysis 
shows that in vitamin D sufficient infants, vitamin D sup-
plementation did not impact the normal development of 
immune cells during the first 6 months of life, neither did 
it influence expression of functional immune cell markers. 
Given that these types of early-life intervention trials are 
rare, our findings provide important insights into the on-
going debate regarding vitamin D supplementation during 
infancy.
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3  | RESULTS

3.1 | Establishment of developmental trajectory

To assess the impact of vitamin D supplementation on immune de-
velopment during the first 6  months of life, we established the 

developmental trajectories of common immune cell subsets using 
flow cytometry, two custom-made antibody panels and a combination 
of FlowSOM and tSNE visualisation (Figure 2A,B). Using CATALYST17 
and diffcyt18 R packages, the developmental changes from birth (cord) 
to 6 months were assessed using paired analysis. The proportion of 
cells in clusters deemed significantly different between the two time 

F I G U R E  1   Study flow of participants. 
CB, cord blood; CBMCs, cord blood 
mononuclear cells; PBMCs, peripheral 
blood mononuclear cells

 
Vitamin D 
intervention group Placebo group P*

Infants (n) n = 40 n = 38  

Maternal 25(OH)D level at late gestation, 
nmol/L, mean, (SD)

75.8 (14.1)a  73.6 (12.1) .467

Birthweight, g, mean (SD) 3412.2 (376.3) 3462.5 (329.0) .534

Gestational age at birth, weeks, median 
(IQR)

39.1 (38.4-40.0) 39.4 (38.5-40.2) .114

Age at randomisation, days, median (IQR) 11.0 (8.0-15.0) 11.5 (9.7-13.0) .943

Infant male sex, n (%) 20 (50%) 19 (50%) 1.0

Caesarean section, n (%) 12 (30.0%) 13 (34.2%) .876

Caucasian infant, n (%) 33 (82.5%) 32 (84.2%) 1.0

Maternal history of allergic disease, n (%) 26 (65.0%) 25 (65.8%) 1.0

Paternal history of allergic disease, n (%) 29 (72.5%) 28 (73.7%) 1.0

Sibling history of allergic disease, n (%) 10 (25.0%) 8 (21.1%) .874

Vitamin D supplementation in 
pregnancy, n (%)

13 (32.5%) 13 (33.3%) 1.0

Exclusively breastfed at randomisation, 
n (%)

25 (62.5%) 26 (68.4%) .756

Currently breastfed at 6 mo, n (%) 28 (70.0%) 31 (81.6%) .354

Any breastmilk within first 6 mo, n (%) 36 (90.0%) 37 (97.4%) .387

Any formula within first 6 mo, n (%) 23 (57.5%) 20 (52.6%) .838

aData are displayed as mean (standard deviation; SD), median (interquartile range; IQR) or 
proportion depending on data distribution. 
*P-values of statistical difference between experimental groups using either Student's t test, 
Mann-Whitney U test or Pearson's chi-square test depending on characteristics of the data. 

TA B L E  1   Infant characteristics
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points were displayed per major cell subset definition (Figure  2C). 
As expected, dramatic changes in cell abundances between birth 
and 6 months of age were observed with over 50% of cells in each 
cell definition changing abundance between the two time points. 
Defining immune cell subsets using conventional marker expression 
(Figure S1A,B), many of the changes occurring from birth to 6 months 
of age were confirmed. In particular, there were significant increases in 
B-cell and T-cell populations whereas abundance of natural killer (NK) 
cells, basophils, monocytes, innate lymphocyte cells (ILC) and invari-
ant natural killer T (iNKT) cells significantly decreased (Figure 2D,E).

3.2 | No impact of vitamin D intervention

We then assessed whether vitamin D supplementation impacted the 
developmental trajectory of any of the identified immune cell subsets. 

As this analysis was performed on a subset of the original RCT par-
ticipants,16 we confirmed the impact of vitamin D supplementation on 
plasma 25(OH)D levels during the first 6 months of life. As maternal 
25(OH)D levels of less than 50 nmol/L were exclusion criteria for in-
fant participation in the RCT, the majority of infants were 25(OH)D 
sufficient at birth and no difference was observed between the groups 
before supplementation (Figure  3A). At 3  months of age, levels of 
25(OH)D were significantly elevated in the intervention group, and at 
6 months of age, a trend of increased levels remained compared to the 
placebo group (Figure 3A). Using the diffcyt package, we assessed if vi-
tamin D supplementation significantly impacted cell subset abundance 
at 6 months of age. In clusters defined as NK cells, 1.5% of cells in this 
definition significantly differed in abundance between the groups, 
suggesting a limited impact by the intervention (Figure 3B). Minor ef-
fects in cells defined as T cells were also observed (Figure 3B). Using 
conventional gating, no significant difference in trajectories between 

F I G U R E  2   (A,B) Immune cell definitions were based on FlowSOM clustering and visualised using tSNE for the DC (A) and T-cell panel (B). 
(C) Paired comparison of cluster abundance at birth and 6 mo of age. The proportion of cells per each definition that are different between 
the two time points are displayed. (D,E) Using conventional gating and unpaired analysis, differences between cell subset abundance are 
compared between birth and 6 mo of age. In A,B, data are visualised from down-sampled files nDC = 89, nT = 118. In C, statistical significance 
is calculated using a paired generalised linear mixed model nDC = 35, nT = 42. In D,E, statistical significance of difference in cell subset 
abundance between the two time points is calculated using multiple t test with adjusted P-value and displayed as ***P < .001, **P < .01. At 
birth, nDC = 46, nT = 47; at 6 mo, nDC = 42, nT = 71
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birth and 6 months of age was observed, suggesting that vitamin D 
supplementation does not impact the developmental trajectory relat-
ing to abundance of defined immune cell phenotypes during the first 
6 months of life in 25(OH)D-sufficient infants (Figure 3C,D).

To further explore the impact of vitamin D supplementation 
on the function of immune cell subsets, we assessed subset-spe-
cific expression levels of several function-associated markers, such 
as CD40, CD86 or CD69, in the vitamin D and placebo groups at 
6  months of age. No impact of vitamin D intervention was ob-
served in expression of these markers across any of the immune 
cell subsets (Figure S2A,B). As oral vitamin D supplementation only 
partly contributed to the circulating levels of 25(OH)D,16 we also 
explored if plasma 25(OH)D levels at 3 and 6 months and UV ex-
posure during the first 3  months of life were associated with an 
increased/decreased abundance of specific immune cell subset 
(Tables S3 and S4). Through this analysis, we observed weak cor-
relations with 25(OH)D levels at 3 months of age and NK, CD14+/
CD16+ monocyte and terminally differentiated effector memory 
(TDEM) CD4+ T-cell abundance at 6  months of age (Table  S3) as 

well as a positive correlation with UV exposure at 3 months of age 
and abundance of effector memory (EM) and central memory (CM) 
CD4- T cells (Table S4), suggesting that 25(OH)D and UV exposure 
only have limited impact on the abundance of specific immune cell 
subset during this period.

3.3 | Immune cell subsets associated with eczema in 
early infancy

The RCT did not detect a beneficial effect of vitamin D supple-
mentation on eczema development during the first 6  months of 
life in 25(OH)D-sufficient infants.16 As an exploratory analysis, 
we assessed if abundance of specific immune cell subsets was 
associated with eczema development during the same period. At 
birth, diffcyt analysis revealed that cells defined as CD4- T cells, 
followed by B cells, contained the largest proportion of cell sub-
sets with significantly different abundance in infants who devel-
oped eczema compared to those who did not (Figure 4A). Indeed, 

F I G U R E  3   (A) 25(OH)D plasma levels at birth, 3 mo and 6 mo of age in the vitamin D intervention or placebo group. (B) Comparison of 
cluster abundance in the vitamin D intervention group or placebo at 6 mo of age. The proportion of cells that belong to clusters that are 
significantly different between the two groups are displayed for each cell definition in the two panels. (C,D) Using conventional gating, the 
ratio of cell subset abundance at 6 mo and at birth was compared between the vitamin D intervention and placebo group. In A, significance 
of difference was calculated using two-way ANOVA followed by Bonferroni's post hoc test, data are displayed as individual data points, and 
box/whiskers display median, 25%-75% percentile and range. In B, statistical significance is calculated using a generalised linear mixed model 
nDC(vit D) = 18, nDC(placebo) = 24, nT(Vit D) = 38, nT(placebo) = 33. In C,D, statistical significance of difference in cell ratios between the two groups 
is calculated using multiple t test with adjusted P-value. At birth, nDC = 46, nT = 47; at 6 mo, nDC(vit D) = 18, nDC(placebo) = 24, nT(Vit D) = 38, 
nT(placebo) = 33
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using conventional gating, we observed elevated levels of naïve 
CD4− T cells in infants who developed eczema compared to those 
who did not (Figure 4B). In a prospective analysis, there was also a 
trend (P = .06) that infants born in the top quartile of naïve CD4− 
T cells were more likely to develop eczema compared to the rest 
of the population (Figure  4C). At 6  months of age, diffcyt analy-
sis indicated that cells defined as CD4+ and CD4− T cell contained 
the largest proportion of cell subsets with significantly different 
abundance in infants with eczema at 6 months of age (Figure 4D). 
However, conventional gating only confirmed that CM CD4+ T cells 
were significantly elevated in infants with eczema at 6 months of 
age (Figure  4E). In addition, manual gating also revealed that in-
fants with eczema at 6 months of age displayed lower proportion 
of basophils (Figure  4F) and iNKT cells (Figure  4G) compared to 
those without eczema.

We recently reported a strong correlation between expression 
of FcεR1, IgE sensitisation and allergic asthma in children aged 
6-14 years.19 To assess whether similar associations were observed 
during the first 6 months of life, we assessed expression of FcεR1 
at 6  months of age across the relevant cell subsets (plasmacytoid 
DC (pDC), conventional DC (cDC), basophils and monocytes) in in-
fants with and without diagnosed eczema. In infants with eczema 
at 6 months of age, an increased proportion of FcεR1+-expressing 
HLA+/CD14+/CD16− monocytes (Figure  5A) as well as increased 
expression of FcεR1 on FcεR1+ cDC (Figure 5B) compared to those 
without eczema was observed, suggesting that the atopic trajectory 
begins early in life. The vitamin D intervention did not have an im-
pact of FcεR1 expression (data not shown); however, the proportion 
of FcεR1+ cDC out of the total cDC population negatively correlated 
with 25(OH)D levels in plasma at 6 months (Figure 5C).

F I G U R E  4   (A) Comparison at birth of cluster abundance in children who developed eczema within 6 mo of age compared to children 
without eczema. The proportion of cells that belong to clusters that are significantly different between the two groups are displayed for 
each cell definition in the two panels. (B) Using conventional gating, the abundance of naïve CD4- T cells at birth in children who developed 
eczema within 6 mo of age compared to eczema-free children. (C) Eczema-free time in children born with the highest quartile of naïve CD4- 
T cells compared to the remainder of the group. (D) Comparison at 6 mo of age of cluster abundance in children with eczema compared to 
children without eczema at 6 mo. The proportion of cells that belong to clusters that are significantly different between the two groups 
are displayed for each cell definition in the two panels. (E-G) Using conventional gating, the abundance of central memory CD4+ T cells (E), 
basophils (F) and iNKT cells (G) in children with or without eczema at 6 mo of age. In A and D, statistical significance is calculated using a 
generalised linear mixed model at birth nDC (eczema+ <6M) = 6, nT (eczema+ <6M) = 5, nDC(eczema− <6M) = 40, nT (eczema− <6M) = 42 and at 6 mo nDC (eczema+ 

6M) = 5, nDC (eczema− 6M) = 37, nT (eczema+ 6M) = 11, nT (eczema− 6M) = 60. In B and E,F, significance of difference was calculated using Student's t 
test, and in G, significance of difference was calculated using Mann-Whitney U test. Data are displayed as individual data points, and box/
whiskers display median, 25%-75% percentile and range. In C, statistical significance of difference between the two groups was calculated 
using log-rank test
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4  | DISCUSSION

In the present study, we investigated the immunological impact of 
oral vitamin D supplementation from birth to 6 months of age. We 
observed dramatic changes in immune cell abundance during the 
first 6  months of infancy. By comparing the intervention versus 
placebo group, none of the changes in immune cell abundance or 
expression of functional markers appeared to be impacted by oral vi-
tamin D supplementation, neither did the abundance of defined im-
mune cell subsets correlate with 25(OH)D status at 6 months of age. 
We did, however, observe immune cell profiles that were associated 
with manifestations of eczema at 6 months of age such as increased 
CD4+ CM T cells and increased expression of FcεR1.

We used paired analyses where possible and a combination of 
algorithm-based and conventional gating strategies. Concordance 
between the two strategies was good in the majority of analysis; 
however, some discrepancies were noted. Detection and robust 
clustering of rare subsets due to intra assay variability and use of a 
subset from original clustering in the analysis may have contributed 
to this. Nevertheless, this type of analysis was a valuable tool that 
guided our gating strategy and analysis.

At birth, a high proportion of naïve CD4- T cells (presumably 
CD8+ T cells, although we did not include CD8 in our panel) ap-
peared to increase the risk of eczema development during the first 
6 months of life. This is in contrast to previous studies that observed 
an increased proportion of CD4+/CD45RA+ T cells in cord blood of 
children who later developed atopic dermatitis.20 We acknowledge 
that these findings are based on a limited number of samples and 
further studies are likely needed to clarify this association.

At 6 months of age, infants with eczema displayed increased pro-
portion of CM CD4+ T cells which is in line with what has previously 

been observed together with a skewing towards Th2-type immu-
nity.21 In addition, infants with eczema displayed lower levels of ba-
sophils and iNKT cells, potentially suggesting decreased generation 
or increased tissue migration. During active disease, we have previ-
ously observed that high levels of circulating basophils are associ-
ated with recurrent asthma exacerbations in children.22 The role of 
iNKT cells in atopic disease is more controversial where low abun-
dance previously has been observed in children with food allergy.23 
However, in adults with eczema, the abundance of iNKT cells may be 
higher compared to health controls.24

Expression of FcεR1 is closely associated with manifestations of 
atopic disease in school-aged children and adults,15,19 possibly due 
to its immune modulatory function on antigen-presenting cells.25 
However, the impact of FcεR1 expression during the first year of life, 
particularly before 12 months of age, is less clear.26 We observed 
that the proportion of FcεR1-expressing HLA+/CD14+/CD16− mono-
cytes was increased in children with eczema and, in addition, the 
level of expression was also increased on cDC. This suggests that 
FcεR1 expression already differs at 6 months of age in children on a 
trajectory towards atopic manifestations. However, given the vari-
ability in expression across individuals, larger sample sizes and lon-
ger follow-ups are likely needed to study these trajectories in further 
detail. Recently, vitamin D was shown to decrease FcεR1 expression 
on cDCs.8 Our results support this finding as we observed a nega-
tive association between 25(OH)D levels and proportion of FcεR1+ 
cells in the cDC population, although cDC constitute several subsets 
where only cDC2 express FcεR1.27 Hence, our findings may relate 
to an association of 25(OH)D levels with the balance of cDC1/cDC2 
rather than with expression of FcεR1 itself.

The impact of vitamin D on atopic outcomes, such as eczema, 
is currently debated. In this trial, vitamin D supplement was unable 

F I G U R E  5   (A,B) Using conventional gating, the proportion of FcεR1-expressing DC and monocytes (A) and levels of FcεR1 expression on 
FcεR1+ cells (B) in children with or without eczema at 6 mo of age. (C) Correlation with plasma 25(OH)D levels at 6 mo of age and proportion 
of FcεR1-expressing cDC. In A,B, statistical significance is calculated using multiple t tests with adjusted P-values and displayed as individual 
data points, and box/whiskers display median, 25%-75% percentile and range, nEczema+ = 5, nEczema− = 37. In C, statistical significance of 
correlation was assessed using Pearson's correlation test, n = 42
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to prevent development of eczema during the first 6  months of 
life16 which is in accordance with previous attempts to prevent 
allergy development in infants through maternal vitamin D sup-
plementation during pregnancy, although insufficient power may 
have been an issue.28 It is important to note that based on ma-
ternal 25(OH)D levels in late pregnancy, no 25(OH)D-deficient 
mothers were included; thus, this study only focused on infants 
with sufficient 25(OH)D levels at birth. Aligned with the clinical 
outcomes of the study,16 we did not observe any impact of vi-
tamin D supplementation on the abundance or development of 
cell subsets, or expression of their functional markers. Further, 
we did not observe any strong correlations between immune cell 
subset abundance and 25(OH)D plasma levels. A possible reason 
may be that the effect sizes were too small to be detected, the 
range of participant 25(OH)D levels were rather limited, local tis-
sue conversion of vitamin D into 25(OH)D was not reflected in 
plasma 25(OH)D levels, or the duration/dose of the intervention 
was insufficient.

In summary, our data suggest that oral vitamin D supplementa-
tion to infants who were 25(OH)D sufficient at birth does not impact 
the developmental trajectory of the circulating cellular immune sys-
tem. In addition, our exploratory analysis identifies possible associa-
tions with eczema development and increased levels of naïve CD4− T 
cells at birth, as well as associations with basophils, iNKT and CM 
CD4+ T cells, and altered FcεR1 expression patterns with eczema at 
6 months.
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METHODS

Blood collection
For processing of cord blood mononuclear cells (CBMC), blood was collected from the umbilical
cord at birth by venepuncture of the umbilical vessels into Roswell Park Memorial Institute medium
(RPMI-1640) (Life Technologies, Grand Island, NY, USA) supplemented with 10 IU/ml of heparin.
Samples were transported at room temperature and processed within 12 hours of collection. Infant
peripheral blood samples were collected at 6 months of age by venepuncture into lithium heparin
tubes (Vacuette, Greiner Bio-One GmbH, Kremsmünster, Austria) and processed immediately after
the clinic visit. Plasma and peripheral blood mononuclear cells (PBMC) and CBMC were isolated
following separation of blood using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway). Plasma
was stored at -20 C and cells were cryogenically preserved in RPMI media supplemented with
43.5% heat-inactivated fetal calf serum (FCS) (Life Technologies, Grand Island, NY, USA) and
7.5% dimethylsulphate in liquid N2.

Measurement of 25(OH)D levels
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25(OH)D levels were measured in plasma by a competitive chemiluminescent immunoassay,
automated on the Abbott Architeci2000 (Abbott Laboratories, Abbott Park [operated by PathWest
Laboratory Medicine, Nedlands, Western Australia]) using a 2-step incubation process with human
serum calibrators. The Abbott Architecti i2000 is accredited by the National Association of Testing
Authorities for measurement of 25(OH)D levels. Here we have defined vitamin D deficiency as a
25(OH)D <50 nmol/L1.

Flow cytometry
For phenotypic analysis of cell subsets, cryopreserved CBMC and PBMC samples were thawed as
previously described2. For staining, 2x106 CBMC/PBMC were incubated with viability dye,
Zombie NIR (BioLegend, San Diego, CA, USA) for 15 minutes followed by incubation of 50 μg/ml
human immunoglobulins (BD Biosciences, Australia) for 10 minutes to block nonspecific antibody
binding by Fc receptors. After washing in PBS supplemented with 4% heat-inactivated FCS,
(FACS buffer) cells were incubated for 30 minutes on ice with 2 separate multi-fluorochrome
panels designed for analysis of either T lymphocyte or myeloid/DC subsets (Table S1 and S2).
Following incubation, cells in the T cell panel, were washed, incubated with Streptavidin-AF700
(BD) for 20 minutes, washed and fix-permeabilised in the Transcription Factor Buffer Set (BD)
according to manufacturer’s instructions and stained for intracellular markers. For the DC panel,
cells were washed in FACS buffer. Cells from both panels were subsequently resuspended in FACS
buffer and analysed on a LSRFortessa (BD). Flow samples were analysed using FlowJo v10.1
software (BD). For analysis in R, compensated and down-sampled files, 50,000 events per sample,
were exported from FlowJo and imported into R 3.6.1 using FlowCore3 and visualised using the
CATALYST4. Differential abundances were assessed using the diffcyt package5.

Statistical Analysis
The study was powered to detect differences in allergen cytokine response in vitro. For flow
cytometry data, we observed a mean SD of 60% allowing detection of a 35% difference in mean
cell abundance between two experimental groups. The statistical significance of difference between
two groups was calculated using Student’s t-test or Mann-Whitney’s test depending on distribution
values; for multiple comparisons, Student’s t-test was used and the p-value was adjusted using the
Holm-Sidak method; for comparison of multiple experimental groups, Two-way ANOVA followed
by Bonnferroni’s post test was used; and for comparison of categorical data between groups,
Pearson’s χ2 test was used; for survival analysis, log-rank test was used. For comparison of
differential abundance of clusters a generalised linear mixed model was used through the diffcyt R-
package. Statistical analysis was performed using R 3.6.1 (R-project.org) or Prism 8.02 (GraphPad
Software, San Diego, CA).
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FIGURES

Figure S1
A-B Gating strategy for the DC (A) and T cell (B) flow cytometry panel. Data is displayed from a
representative individual from n(DC panel) = 88 and n(T panel) = 118.

Figure S1
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Figure S2
A-B Expression of surface markers in the DC (A) or T cell (B) flow cytometry panel that are
associated with the function of immune cell subsets at 6 months of age in the vitamin D intervention
and the placebo group. Statistical significance of difference in marker expression level between the
two groups is calculated using multiple t-test with adjusted p-value; nDC(vit D) = 18, nDC(placebo) = 24,
nT(Vit D) = 38, nT(placebo) = 33. No significant difference were observed.

TABLES

Table S1
Antibody panel with focus on T cell lymphocytes (T panel)
Antigen Fluorochrome Clone Company
Zombie NIR APC-Cy7 BioLegend
CD3 FITC UCHT1 BD
CD4 APC-H7 RPA-T4 BD
CD25 PE-Cy7 M-A251 BD
CD27 BV786 L128 BD
CD45RA BV650 HI100 BD
CD69 BV605 FN50 BD
CD127 BV421 HIL-7R-M21 BD
CCR7 PE-CF594 150503 BD
HLA-DR BV510 G46-6 BD

TCR-V24 PerCP-Cy5.5 C15 Beckman Coulter

TCR-V11 Biotin/Strep AF700 C21 Beckman Coulter

Intracellular
FoxP3 PE 259D/C7 BD
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Table S2
Antibody panel with focus on myeloid/DC (DC panel)
Antigen Fluorochrome Clone Company
Zombie NIR APC-Cy7 BioLegend
CD16 AF700 3G8 BD
CD40 BV421 5C3 BD
HLA-DR BV510 G46-6 BD
CD19 BV605 SJ25C1 BD
CD86 BV650 2331 BD
CD141 BV711 1A4 BD
CD123 BV786 9F5 BD
CD303 FITC AC144 Miltenyi Biotec
CD1c PE AD5-8E7 Miltenyi Biotec
CCR7 PE-CF594 150503 BD
CD56 PE-Cy5 B159 BD
CD11c PE-Cy7 B-ly6 BD
CD14 PerCP Cy5.5 Mp9 BD

FcR1 APC AER-37 eBioscience
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Table S3
Correlations with serum 25(OH)D levels at 3 and 6 months of age and abundance of cell subset at 6
months of age.

25(OH)D levels at 3 months 25(OH)D levels at 6 months
Cell type

r2 p
(ANOVA)

Direction
(if p<0.2)

r2 p
(ANOVA)

Direction
(if p<0.2)

DC panel
NK cells 0.1 0.05* Positive 0.002 0.77
16- NK 0.05 0.18 0.001 0.83
16+ NK 0.1 0.06 Positive <0.001 0.99

B cells <0.001 0.88 <0.001 0.96
1c+ B 0.07 0.14 Positive 0.003 0.73
1c- B 0.09 0.09 Negative 0.002 0.80

HLA+ Mono
14+/16+ 0.13 0.04* Positive 0.006 0.64
14+/16- 0.07 0.14 Positive 0.02 0.44
14-/16+ 0.07 0.13 Positive 0.001 0.81

HLA- Mono
14+/16+ 0.11 0.05 Positive <0.001 0.98
14+/16- 0.05 0.22 0.02 0.37
14-/16+ 0.06 0.16 Positive 0.06 0.13 Positive

cDC 0.002 0.78 0.009 0.54
Fc- cDC 0.007 0.62 0.01 0.54
Fc+ cDC 0.007 0.63 0.004 0.7

pDC <0.001 0.88 0.05 0.16 Negative
Basophils <0.001 0.92 0.002 0.76
T cell panel
CD3+ 0.003 0.67 0.01 0.39
CD4+ T 0.006 0.57 0.04 0.08 Negative
CM 0.02 0.33 0.003 0.68
EM 0.05 0.11 Negative 0.005 0.57
Naive 0.001 0.81 0.04 0.12 Negative
TDEM 0.07 0.05* Negative 0.03 0.18 Negative

CD4- T <0.001 0.86 0.03 0.16 Positive
CM 0.002 0.72 0.002 0.68
EM 0.003 0.66 0.03 0.17 Positive
Naive 0.02 0.28 0.008 0.46
TDEM 0.01 0.39 0.02 0.25

HLA+ 0.004 0.62 0.002 0.70
CD45RAlow <0.001 0.99 0.01 0.39
B cells (T) 0.01 0.45 <0.001 0.93

ILC2-3 <0.001 0.9 0.04 0.09 Positive
ILC1 <0.001 0.86 0.02 0.24
iNKT 0.02 0.26 0.01 0.32
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Table S4
Correlations with UV exposure at 3 months of age and abundance of cell subset at 6 months of age.

UV exposure at 3 months
Cell type

r2 p
(ANOVA)

Direction
(if p<0.2)

DC panel
NK cells 0.007 0.7
16- NK <0.001 0.96
16+ NK <0.001 0.88

B cells 0.003 0.77
1c+ B 0.05 0.3
1c- B 0.01 0.63

HLA+ Mono
14+/16+ <0.001 0.92
14+/16- 0.04 0.32
14-/16+ 0.03 0.4

HLA- Mono
14+/16+ 0.002 0.84
14+/16- 0.005 0.75
14-/16+ 0.006 0.72

cDC 0.03 0.38
Fc- cDC 0.09 0.16 Positive
Fc+ cDC 0.07 0.19 Negative

pDC 0.1 0.13 Negative
Basophils 0.02 0.49
T cell panel
CD3+ 0.02 0.4
CD4+ T 0.03 0.29
CM 0.02 0.45
EM 0.01 0.5
Naive 0.04 0.25
TDEM 0.03 0.34

CD4- T 0.003 0.75
CM 0.13 0.03* Positive
EM 0.14 0.03* Positive
Naive 0.01 0.55
TDEM 0.01 0.55

HLA+ 0.02 0.45
CD45RAlow 0.04 0.24
B cells (T) <0.001 0.86

ILC2-3 <0.001 0.98
ILC1 <0.001 0.99
iNKT 0.02 0.35
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