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Abstract 29 

Background: Food allergy naturally resolves in a proportion of food allergic children 30 

without intervention, however the underlying mechanisms governing the persistence or 31 

resolution of food allergy in childhood are not understood.  32 

Objectives: This study aimed to define the innate immune profiles associated with egg 33 

allergy at one year of age, determine the phenotypic changes that occur with the development 34 

of natural tolerance in childhood and explore the relationship between early life innate 35 

immune function and serum vitamin D. 36 

Methods: This study used longitudinally collected PBMC samples from a population-based 37 

cohort of challenge-confirmed egg allergic infants with either persistent or transient egg 38 

allergy outcomes in childhood to phenotype and quantify the functional innate immune 39 

response associated with clinical phenotypes of egg allergy.  40 

Results: We show that infants with persistent egg allergy exhibit a unique innate immune 41 

signature, characterised by increased numbers of circulating monocytes and dendritic cells 42 

that produce more inflammatory cytokines both at baseline and following endotoxin exposure 43 

when compared to infants with transient egg allergy. Follow up analysis revealed that this 44 

unique innate immune signature continues into childhood in those with persistent egg allergy 45 

and that increased serum vitamin D levels correlate with changes in innate immune profiles 46 

observed in children who developed natural tolerance to egg.  47 

Conclusion: Early life innate immune dysfunction may represent a key immunological driver 48 

and predictor of persistent food allergy in childhood. Serum vitamin D may play an immune-49 

modulatory role in the development of natural tolerance.   50 
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Key Messages: 51 

• Altered innate immune function in the first year of life is not only associated with 52 

active food allergy in infancy but may represent a key immunological driver and 53 

predictor of persistent food allergy outcomes in childhood 54 

• Infants with persistent food allergy show elevated numbers of circulating monocytes 55 

and dendritic cells that uniquely produce more IL-1β and IL-8 at baseline and more 56 

TNF-α and IL-8 following in vitro endotoxin exposure when compared to infants with 57 

transient allergy that resolves in childhood  58 

• Increased serum vitamin D was associated with innate immune profiles during the 59 

natural resolution of food allergy 60 

Capsule Summary: Identification of an early life innate immune signature that may predict 61 

persistent food allergy outcomes in childhood and the immunomodulatory role of vitamin D 62 

during the development of natural tolerance.  63 

Key words: Food allergy; innate; monocytes; persistent; natural tolerance; endotoxin; 64 

cytokines; vitamin D; HealthNuts 65 

Abbreviations: 66 

ANOVA: analysis of variance  67 

CBA: cytometric bead array 68 

CD: Cluster of Differentiation 69 

DCs: dendritic cells 70 

HLA: Human Leukocyte Antigen 71 

Ig: Immunoglobulin 72 

IL: Interleukin  73 

LPS: lipopolysaccharide 74 

MFI: Mean fluorescence intensity 75 

sIgE: specific IgE 76 

SPT: skin prick test 77 

Th: T helper 78 

TNF: Tumour Necrosis Factor 79 

TLR: toll like receptor  80 
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Introduction  81 

The burden of food allergy is increasing globally, particularly during infancy and early 82 

childhood 1, 2. Using gold standard oral food challenge outcomes, it was recently shown that 83 

3% of 12 month-old-infants were allergic to peanut and 9% to egg 3, 4.  A proportion of these 84 

naturally outgrew their food allergy in childhood, with immunological tolerance developing 85 

in up to half of egg allergic children by 2 years and 22% of peanut allergic children by 4 86 

years of age 5, 6. The immunological mechanisms underlying the initial development of food 87 

allergy and the induction of natural tolerance in childhood are poorly understood.  88 

Recent work suggests a role for the innate immune system in the development of allergic 89 

disease, including evidence that heightened inflammatory innate immune responses to both 90 

non-specific 7, 8 and antigen specific 9 activation may be associated with the development of 91 

food allergy. Monocytes from cord blood of infants who go on to develop food allergy were 92 

recently shown to secrete higher levels of inflammatory cytokines in response to 93 

lipopolysaccharide (LPS) 8. These inflammatory cytokines skewed naive T cells toward an 94 

allergic Th2 phenotype, suggesting a casual role for early life innate immune activation in 95 

predisposing to food allergy in infancy. However, it remained unclear if these responses 96 

persisted into postnatal life and if innate immune profiles were distinct between the clinical 97 

phenotypes of persistent and transient food allergy.  98 

Furthermore, the development of natural tolerance to food allergens is poorly characterised in 99 

humans. Exposure to vitamin D has previously been strongly associated with tolerogenic 100 

immune function, acting through diverse immunological pathways to skew the immune 101 

response toward a regulatory phenotype 10. In fact, infants with vitamin D insufficiency are 3 102 

times more likely to have egg allergy and 11 times more likely to have peanut allergy 11, 103 

suggesting that early life vitamin D plays an important role in immune tolerance.  However,  104 
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the mechanistic relationship between early life vitamin D and immune function in paediatric 105 

food allergy is unclear 106 

Using novel longitudinally collected samples from a population-based cohort of challenge-107 

confirmed egg allergic one year old infants with either persistent or transient egg allergy 108 

outcomes in childhood, we aimed to define the innate immune profiles associated with egg 109 

allergy at one year of age, determine the phenotypic changes that occur with the development 110 

of natural tolerance in childhood and explore the relationship between early life innate 111 

immune function and serum vitamin D.   112 
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Materials and Methods 113 

Subjects and study design 114 

A total of 54 subjects from the HealthNuts cohort 4 were used in this study (n=36 one year 115 

old infants who were egg allergic at one year of age; n=18 one year old infants with no food 116 

allergy at one year of age). Table 1 describes the demographics and clinical characteristics of 117 

the selected cohort. Egg allergic subjects (n=36) had challenge-confirmed egg allergy 12 at 118 

one year of age, follow up egg allergy status (age two-four years), and blood samples 119 

collected at both one year of age and at follow up for longitudinal analysis. All egg allergic 120 

subjects had negative SPT (<2mm) and sIgE (<0.35kUA/L) to both peanut and sesame at one 121 

year of age. Persistent egg allergic (n=14) or transient egg allergic (n=22) subjects were 122 

classified according to egg allergy status at follow up (positive at follow up, persistent egg 123 

allergy; negative at follow up, transient egg allergy). Only subjects with both a positive oral 124 

egg challenge 12 and a skin prick test (SPT) wheal size of 2mm or more or a specific IgE level 125 

of 0.35kUA/L or more were classified egg allergic. Selection criteria for non-food allergic 126 

control one year old infants (n=18) were SPT wheal sizes of <2mm and specific IgE of 127 

<0.35kUA/L to all foods at the clinic and a negative oral food challenge to egg or peanut at 128 

one year of age. Oral food challenges were performed as described previously 12, and serum-129 

specific IgE was measured using the ImmunoCAP System FEIA (Phadia AB). Eczema at one 130 

year of age was defined as either a parent report of doctor diagnosed eczema requiring topical 131 

steroid treatment or eczema observed by a trained nurse. 132 

Blood collection and measurements of vitamin D  133 

Blood was collected at clinic appointments 2 hours following egg OFC for all subjects, 134 

excluding a subset of n=10 egg allergic infants who had blood collected at a clinic 135 

appointment that did not include an OFC (non-OFC day) and were subsequently challenged 136 
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to egg the following week. To determine whether collecting blood immediately following 137 

OFC influenced immune parameters investigated in this study, we compared results from 138 

blood samples of egg allergic individuals taken following OFC (n=26) with those taken on a 139 

non-OFC day (n=10). There were no significant differences in any innate immune parameter 140 

between the bloods that were taken following OFC vs the bloods taken on a non-OFC day 141 

(Supplementary Figure 1). Peripheral blood mononuclear cells (PBMCs) were isolated by 142 

density gradient and cryopreserved using protocols previously described 13. Serum vitamin D 143 

(25(OH)D3) level was measured using liquid chromatography-tandem mass spectrometry at 144 

the Royal Melbourne Institute of Technology as previously described 14. Vitamin D 145 

deficiency was defined as 25(OH)D3 level of ≤50nmol/L 15.   146 

Preparation of PBMCs for cell sorting 147 

PBMCs collected at age one and at follow up for each subject were randomly selected to 148 

avoid batch effects and thawed using warm RPMI (Sigma-Aldrich) supplemented with 10% 149 

heat-inactivated FCS (HyClone), centrifuged at 500 x g and washed twice before viability 150 

count. Mean PBMC viability after thawing as determined by trypan blue exclusion was 87%.  151 

Cell pellets were resuspended at 1x106/ml in PBS and 0.5µl of fixable viability stain 510 (BD 152 

Biosciences) was added per ml of cell suspension. Cells were incubated at room temperature 153 

for 15 minutes protected from light, washed twice in FACS buffer (2% FCS, 2mM EDTA in 154 

PBS) and resuspended in 50µl FACS buffer for antibody staining. 50µl of antibody cocktails 155 

made up at 2X (Supplementary Table 1) were added 1:1 to the resuspended cells and 156 

incubated on ice for 30 minutes. Cells were washed and resuspended in 300µl of FACS 157 

buffer for cell sorting. Live, CD3 negative cells were sorted using an Influx Cell Sorter (BD 158 

Biosciences).   159 

Flow cytometry analysis and cell culture 160 
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The CD3 negative cell fraction was then used to (1) quantify and phenotype innate cell 161 

populations in peripheral blood and (2) quantify the resting and stimulated cytokine responses 162 

to lipopolysaccharide (LPS) in cell culture supernatant. To assess innate cell populations, 163 

6x105 CD3 negative cells were washed in FACS buffer and prepared for flow cytometry as 164 

described above. Count bright beads (Thermo Fisher Scientific) were added to stained cells 165 

prior to sample acquisition on an LSR II X-20 Fortessa (BD Biosciences) to allow 166 

enumeration of absolute cell numbers. For all flow cytometry experiments, compensation was 167 

performed at the time of sample acquisition using compensation beads (BD Biosciences) and 168 

all results analysed using FlowJo Version 10 software (FlowJo LLC).  169 

For innate cell phenotyping, lineage negative (CD3- CD19- CD20- CD56-) cells were first 170 

excluded by appropriate gating analysis. Classical monocytes (HLADR+CD14+CD16-), non-171 

classical monocytes (HLADR+CD14lowCD16+), intermediate monocytes (HLADR+CD14+ 
172 

CD16+), myeloid dendritic cells (DCs) (HLADR+CD14-CD16-CD11c+CD123-) and 173 

plasmacytoid DCs (HLADR+CD14-CD16-CD11c-CD123+) were quantified using the innate 174 

cell antibody cocktail described in Supplementary Table 1.  175 

Where cell number permitted, remaining freshly sorted CD3 negative cells were resuspended 176 

at 5x105/ml in RPMI supplemented with 10% FCS. Cells were then cultured in duplicate in 177 

96 well plates with media alone or LPS (1ng/ml) for 24h at 37°C, 5% CO2. Cell culture 178 

supernatants were harvested and frozen at -80°C for later quantification of IL-12p70, TNF, 179 

IL-6, IL-1β, IL-8 and IL-10 by cytometric bead array (CBA). Cell culture supernatants were 180 

thawed and prepared for CBA analysis using the Human Inflammatory Cytokine bead array 181 

Kit (BD Biosciences) according to manufacturer’s instructions. CBA data was acquired on an 182 

LSR II X-20 Fortessa (BD Biosciences) and analysed using LEGENDplex software 183 

(BioLegend).  184 
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Statistical analysis 185 

Results are presented as box and whisker plots (where the box represents the 25th to 75th 186 

percentiles, the line in the box represents the median, and the whiskers extend to minimum 187 

and maximum values) or mean ± SEM. For cross-sectional analysis, a Mann-Whitney U-test 188 

(two tailed) was performed to compare between two groups and a Kruskal-Wallis test with 189 

Dunn’s multiple comparisons test was performed to compare between more than two groups. 190 

For all cytokine and longitudinal analyses, differences between groups and within each group 191 

over time were calculated with a two-way repeated-measured ANOVA using a Holm-Sidak 192 

post-test to correct for multiple comparisons.  For correlations, a two-tailed Spearmen test 193 

was performed. To determine significance between proportions in two populations, a 2-194 

proportion z test was used. Significance was determined as p<0.05. All statistical analyses 195 

were performed using GraphPad Prism, version 6.01. 196 

Ethics 197 

Approval to conduct the HealthNuts study was obtained from the Victorian State Government 198 

Office for Children (reference no. CDF/07/492), the Victorian State Government Department 199 

of Human Services (reference no. 10/07), and the Royal Children’s Hospital Human Research 200 

Ethics Committee (reference no. 27047). 201 

  202 
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Results  203 

Characterising the innate immune response of egg allergy in infancy 204 

To determine the innate response of egg allergic and healthy one year old infants, multiplex 205 

flow cytometry was performed to quantify monocyte (classical, intermediate and non-206 

classical) and dendritic cell (DC; myeloid and plasmacytoid) subsets (Figure 1A) in PBMCs 207 

from all one year old infants. Multiplex cytometric bead arrays were also used to quantify the 208 

production of TNF, IL-6, IL1β, IL-8, IL-12p70 and IL-10 in CD3-depleted mononuclear cells 209 

following 24h resting in culture or stimulated with 1ng/ml of LPS.  210 

Cross-sectional analysis revealed a significant increase in the numbers of circulating classical 211 

monocytes (7.9x104cells/ml vs 2.9x104cells/ml, p=0.0015), intermediate monocytes 212 

(5.6x103cells/ml vs 2x103cells/ml, p=0.035) and myeloid DCs (1.2x104cells/ml vs 213 

9.4x103cells/ml, p=0.048) in egg allergic one year old infants compared with non-allergic 214 

controls (Figure 1BI-IV ). Significantly increased expression of HLA-DR was also observed on 215 

monocytes from egg allergic infants when compared with non-allergic controls (Figure 1C). 216 

Mean fluorescence intensity (MFI) of HLA-DR was assessed in classical monocytes (6.4x103 217 

vs 3.7 x103, p=0.04), non-classical monocytes (6.7x103 vs 3.1x103, p=0.019) and 218 

intermediate monocytes (13x103 vs 5x103, p=0.012) from egg allergic infants compared with 219 

non-allergic controls. HLA-DR expression on myeloid DCs was comparable between groups 220 

(10.8x103 vs 9.4x103, p=0.33) (Figure 1C).  221 

Egg allergy was also characterised by significantly higher baseline production of the 222 

inflammatory cytokine IL-8 and significantly lower baseline production of Th1 associated 223 

(IL-12p70) and regulatory (IL-10) cytokines in unstimulated CD3-depleted cells relative to 224 

non-allergic infants (Figure 2). LPS-stimulated CD3-depleted cells from egg allergic one year 225 
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old infants produced significantly more TNF-α, IL-6, IL-1β, IL-8 and IL-10 when compared 226 

with non-allergic controls (Figure 2).   227 

Persistent egg allergy is associated with a distinct innate immune signature in infancy and at 228 

follow up 229 

We next sought to determine if the altered innate signatures observed in egg allergic one year 230 

old infants were associated with allergy outcomes in later childhood. To do this, we stratified 231 

the egg allergic infants by their subsequent egg allergy status at follow up and performed 232 

cross-sectional analysis comparing immune responses at one year of age. Infants with 233 

subsequent persistence of egg allergy exhibited significantly higher numbers of classical 234 

monocytes (p=0.0004), non-classical monocytes (p=0.044), intermediate monocytes 235 

(p=0.035) and myeloid DCs (p=0.021) relative to non-allergic one year old controls (Figure 236 

3AI-IV ). In contrast, infants with subsequent transient egg allergy (clinical tolerance to egg at 237 

follow up) showed significantly higher numbers of circulating classical monocytes only (not 238 

other monocyte subsets or myeloid DCs) relative to non-allergic controls at one year of age 239 

(p=0.027) (Figure 3AI).  240 

Reduced baseline production of IL-12p70 by unstimulated CD3-depleted cells at one year of 241 

age was a common feature of both persistent and transient egg allergy when compared to 242 

healthy controls (p<0.01), however higher baseline levels of IL-8 and IL-1β were unique to 243 

infants who go on to develop persistent egg allergy (p<0.05) (Figure 3B-C). Following LPS 244 

stimulation, CD3-depleted cells from infants with both persistent and transient egg allergy 245 

produce significantly more IL-6 and IL-1β when compared with healthy controls (Figure 3B). 246 

However, increased production of TNF-α and IL-8 were unique to infants who go on to 247 

develop persistent egg allergy when compared to both non-allergic controls (p<0.001 and 248 

p<0.001, respectively) and infants with transient allergy (p<0.001, and p<0.05, respectively) 249 
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(Figure 3B). Both phenotypes of egg allergy were characterised by reduced production of IL-250 

12p70 following LPS stimulation, however increased production of LPS-induced IL-10 was 251 

unique to persistent egg allergy when compared to non-allergic controls (p<0.01) (Figure 252 

3C).  253 

Immune cell profiles and cytokine production were also longitudinally analysed in matched 254 

samples at one year of age and at follow up from children with persistent or transient egg 255 

allergy (Figure 4). We observed that children with transient egg allergy showed a significant 256 

increase in the numbers of myeloid DCs from baseline to follow up (1.5x104 cells/ml vs 257 

2.2x104 cells/ml p=0.033) but this was not seen in those with persistent egg allergy (Figure 258 

4AIV). At follow up, children with persistent egg allergy continued to show significantly 259 

more IL-6, IL-1β and IL-8 from unstimulated CD3-depleted cells compared to children who 260 

developed tolerance to egg at follow up (p=0.002, p=0.006, and p=0.026, respectively), 261 

whilst no difference was seen in TNF, IL-12p70 and IL-10 (Figure 4B-C).   262 

Serum vitamin D levels are uniquely associated with innate cell profiles in children with 263 

transient egg allergy  264 

Given that vitamin D has previously been shown to modulate the allergic immune response 16, 
265 

17, and is a key regulator of innate immune cells 10, we next sought to investigate the 266 

relationship between serum vitamin D concentration, innate responses and the clinical 267 

phenotypes of egg allergy. In Table 1, we show that children with persistent egg allergy 268 

demonstrate higher rates of vitamin D deficiency (≤50nmol/L) at follow up compared to 269 

children with transient egg allergy (54% vs 13%, p=0.027). Serum vitamin D levels at follow 270 

up inversely correlated with proportions of classical monocytes (r = -0.709, p=0.027) and 271 

positively correlated with proportions of myeloid DCs (r = 0.806, p=0.007) in children with 272 

transient egg allergy; however, these associations were not observed in children with 273 
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persistent egg allergy (Figure 5A-B). No significant correlations were observed between 274 

serum vitamin D and cytokine production at baseline or following LPS stimulation at either 275 

time point (data not shown).  276 

Innate signatures of egg allergy are not driven by eczema at one year of age 277 

Given early eczema is a strong risk factor for the development of egg allergy, we sought to 278 

determine if the immune profiles observed in egg allergic one year old infants were 279 

influenced by the presence of eczema. We found that 47% of infants with persistent egg 280 

allergy, 40% of infants with transient egg allergy and 25% of non-allergic infants had eczema 281 

at one year of age (Table 1). Significant increases in circulating innate cell numbers were 282 

observed only in infants with egg allergy without eczema and not observed in infants with 283 

both egg allergy and eczema (Supplementary Figure 2). Infants with persistent egg allergy 284 

without eczema had elevated numbers of classical (p=0.0003), non-classical monocytes 285 

(p=0.02) and intermediate monocytes (p=0.027), and myeloid DCs (p=0.002) relative to no 286 

egg allergy no eczema controls. This was also observed in infants with transient egg allergy 287 

without eczema who had elevated numbers of classical monocytes when compared to no egg 288 

allergy no eczema controls (p=0.02) (Figure 5A). No significant differences in numbers of 289 

monocyte and dendritic cell subsets were observed in one year old infants with eczema alone 290 

(without egg allergy) compared with non-egg allergic, no eczema controls (Supplementary 291 

Figure 2).   292 
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Discussion  293 

This is the first study to investigate the innate immune response of infants and children with 294 

carefully defined clinical phenotypes of egg allergy. We show that altered innate immune 295 

function in the first year of life is not only associated with active food allergy in infancy but 296 

may represent a key immunological driver and predictor of a persistent food allergy outcome 297 

in childhood. Infants with persistent food allergy showed heightened inflammatory cytokine 298 

responses both at baseline and following in vitro endotoxin (LPS) exposure when compared 299 

to infants with transient egg allergy. Follow up analysis revealed that elevated baseline 300 

production of inflammatory cytokines continues into childhood in those with persistent food 301 

allergy and is not observed in children whose allergy had resolved by this time.  We also 302 

showed that innate immune profiles observed in children who resolve their food allergy 303 

significantly correlate with their serum vitamin D levels, revealing a relationship between 304 

serum vitamin D and the development of natural tolerance in childhood.     305 

Previous work has revealed that an inflammatory cord blood environment is associated with 306 

the development of food allergy in the first year of life 8. Here, we extend these findings to 307 

show that innate immune dysfunction is also observed in postnatal life of one-year-old infants 308 

with egg allergy, characterised by increased numbers of circulating monocytes that express 309 

higher levels of HLA-DR and elevated production of TNF-α, IL-6, IL-1β and IL-8 following 310 

in vitro endotoxin exposure relative to non-allergic healthy infants. To our knowledge we are 311 

the first to report these findings in the context of challenge-confirmed paediatric food allergy, 312 

however a similar monocyte-driven innate profile was recently observed in older asthmatic 313 

children. A study comparing the innate profiles of children from two genetically similar U.S. 314 

farming populations – the Amish and the Hutterites – showed that monocytes from Hutterite 315 

children, who show strikingly higher rates of asthma, exhibited a pro-inflammatory 316 
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phenotype that included increased HLA-DR expression, reduced expression of the regulatory 317 

receptor ILT-3 and heightened cytokine production following LPS stimulation 18. 318 

We additionally show that early life innate immune function differs between the clinical 319 

phenotypes of food allergy, with infants whose allergy persists into childhood exhibiting 320 

significantly elevated number of monocytes and myeloid DCs at one year of age, that 321 

uniquely produce more IL-1β and IL-8 at baseline and more TNF-α and IL-8 following in 322 

vitro endotoxin exposure when compared to infants with transient allergy that resolves in 323 

childhood. A recent study showed that genes associated with monocyte and toll-like receptor 324 

4 (TLR-4) activation were upregulated in children who are raw egg allergic and also reactive 325 

to baked egg 9. Interestingly, we have previously shown that infants with both raw and baked 326 

egg allergy are less likely to resolve their allergy by 2 years of age compared with infants 327 

who are raw egg allergic but tolerant to the baked form 5. Our current findings add to the 328 

small but growing body of evidence implicating monocyte function, TLR-4 activation and 329 

heightened inflammatory responses in the development and maintenance of childhood 330 

allergic disease, including food allergy.  331 

The strengths of this study include the longitudinally collected samples from a population-332 

based cohort of clearly phenotyped persistent and transient egg allergic children, with food 333 

allergy outcomes confirmed via both SPT and oral food challenge at age one and follow up. It 334 

should be taken into account, however, that a positive food challenge could influence some of 335 

the innate immune parameters investigated in this study. Indeed, IgE cross-linking on 336 

monocytes enhances monocyte proinflammatory processes, including increased CD14 337 

expression and secretion of TNF-α and IL-6 19.  Here, we showed no differences in innate 338 

activation or cytokine production in egg allergic infants that had bloods taken on a non-339 

challenge day vs an active challenge day, consistent with a previous report by our group 340 

showing no changes in plasma TNF-α  and IL-6 levels pre or post oral food challenge 20. In 341 
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addition, the similar levels of TNF-α and IL-6 in unstimulated cell culture conditions between 342 

egg allergic and non-allergic infants argues against IgE-dependent monocyte activation post 343 

challenge as an explanation for our study findings. Due to limited cell numbers, we could not 344 

perform allergen-specific co-culture experiments to determine if activated monocytes and/or 345 

DCs from our egg allergic one year old infants are directly responsible for the Th2 allergic 346 

immune skew associated with food allergy. These are important experiments that will be 347 

required to determine if these cells can be targeted to reduce inflammation for the prevention 348 

of allergic disease.  349 

Reduced vitamin D in early life has also been associated with increased risk of eczema 21, 350 

asthma 22 and food allergy 11, 14. However, due to limited studies that collect well-defined 351 

clinical measures of allergy, serum vitamin D measurements and detailed immunological 352 

responses, the relationship between early life vitamin D and immune function in paediatric 353 

food allergy is unclear. We found that increased serum vitamin D was associated with 354 

circulating numbers of monocytes and myeloid DCs during the natural resolution of egg 355 

allergy, suggesting that these innate cell types may be targets of early life vitamin D immune-356 

modulation. A previous study has shown that infants at high risk of allergy with increased 357 

serum vitamin D at birth produced less inflammatory cytokines following in vitro allergen 358 

stimulation16. However, follow up studies are required to determine if vitamin D can directly 359 

act on innate cells to reduce inflammatory cytokine production in egg allergic infants. 360 

Randomised controlled trials of postnatal vitamin D supplementation are also required to 361 

confirm if vitamin D plays a causal role in the onset or resolution of early life food allergy 23.  362 

In conclusion, we show that infants with persistent food allergy demonstrate a unique innate 363 

immune signature in the first year of life, characterised by increased numbers of circulating 364 

monocytes and dendritic cells that produce more inflammatory cytokines both at baseline and 365 

following endotoxin exposure when compared to infants with transient egg allergy. This 366 
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could have important implications for current patient care, assisting in the early identification 367 

of high risk infants whose food allergy is likely to persist into childhood. Our results also 368 

reveal a novel relationship between the early life circulating innate immune profile, serum 369 

vitamin D and the natural resolution of food allergy.  370 

  371 
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Table 1. Demographics and clinical characteristics of study cohort 454 

 455 

  456 

 
Non-Allergic 

Persistent  
Egg Allergic 

Transient  
Egg Allergic p-value 

Total number n=18 n=14 n=22  
Sex: male (%) 42 52 46 ns 
Both parents born in Australia (%) 76.2 70.5 60.7 ns 
Any siblings (%) 60 41.2 46.4 ns 

Family history of allergy* (%) 57.1 82.4 96.4 

a ns 
b 0.0008 
c ns 

Sensitised to peanut or sesame (%) 0 0 0  
Eczema at age one year ǂ (%) 25 47 40 ns 
Egg SPT (mm) (mean ± SD) 
Age one year 
Follow up  

 
0.1 ± 0 .3 5.2 ± 2.2 

3.1 ± 2.4 
3.9 ± 2.3 
0.5 ± 1.0 

a <0.0001 
b <0.0001 
c ns 
d <0.0001 

Egg sIgE (kUA/L) (mean ± SD) 
Age one year 
Follow up 

 
0.1 ± 0.1 8.8 ± 13.9 

5.2 ± 14.9 
1.2 ± 1.2 
0.2 ± 0.39 

a <0.0001 
b <0.0001 
c 0.0471 
d 0.0002 

Serum vitamin D (nmol/L) (mean ± SD) 
Age one year 
Follow up 

 
77.4 ± 26.2 

 
63.5 ± 29.9 
53.26 ± 18.67 

 
67.3 ± 20.6 
61.71 ± 14.47 

ns 

Vitamin D deficient (≤50nmol/L) (%) 
Age one year 
Follow up 

 
19 

 
29.4 
54 

 
21.4 
13 

a ns 
b ns 
c ns 
d 0.0276 

*asthma, allergic rhinitis, eczema or food allergy 
ǂ doctor diagnosed eczema requiring topical steroid treatment or eczema observed by a trained nurse 
ns; not significant 
a p value (age one persistent vs non allergic), b p value (age one transient vs non allergic), c p value (age one 
persistent vs transient), d p value (follow up persistent vs transient) 
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Figure 1. Circulating innate immune profiles in one year old egg allergic and healthy infants. 457 

(A) Representative flow cytometry gating strategies, where CD14 and CD16 were used to 458 

identify the three circulating monocyte subsets (NC; non-classical, Int; intermediate and C; 459 

classical), and CD11c and CD123 used to identify myeloid (mDC) and plasmacytoid (pDC) 460 

dendritic cell populations. (BI-IV ) Classical monocytes, non-classical monocytes, intermediate 461 

monocytes, and myeloid DCs expressed as cell number per ml in egg allergic (n=36) and 462 

non-allergic (n=18) one year old infants. (C) Representative flow cytometry histogram 463 

showing HLA-DR expression on classical monocytes, non-classical monocytes, intermediate 464 

monocytes and myeloid DCs in egg allergic (red) and non-allergic (grey) infants. *p<0.05, 465 

**p<0.01. 466 

Figure 2. Innate cytokine production from FACS-sorted CD3- cells in egg allergic and 467 

healthy one year old infants. CD3- cells from egg allergic (n=11) and non-allergic (n=13) 468 

infants were cultured for 24h in the presence of media alone or LPS. Following culture, 469 

supernatants were harvested and production (A)TNF-α, (B) IL-6, (C) IL-1β, (D) IL-8, (E) IL-470 

12p70 and (F) IL-10 was assessed by cytometric bead array, *denotes significance between 471 

groups, #denotes significance from baseline (media), *p<0.05, **p<0.01, ***p<0.001,  472 

##p<0.01, ###p<0.001.  473 

Figure 3. Circulating innate immune phenotype and function in one year old infants when 474 

stratified by their persistent or transient food allergy outcome at follow up. (AI-IV ) Classical 475 

monocytes, non-classical monocytes, intermediate monocytes, and myeloid DCs expressed as 476 

cell number per ml in egg allergic one year old infants, stratified by their persistent (n=14) or 477 

transient (n=22) outcome at follow up compared to non-allergic control infants (n=18). (BI-IV ) 478 

FACS sorted CD3- cells from infants with persistent (n=5) or transient (n=6) allergy and non-479 

allergic healthy infants (n=13) were cultured for 24h in the presence of media alone or LPS. 480 

Following culture, supernatants were harvested and production of TNF-α, IL-6, IL-1β and IL-481 
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8, along with (CI)  IL-12p70 and (CII ) IL-10 were assessed by cytometric bead array, *denotes 482 

significance between groups, #denotes significance from baseline (media), *p<0.05, 483 

**p<0.01, ***p<0.001, #p<0.05, ##p<0.01, ###p<0.001. 484 

Figure 4. Longitudinal analysis of circulating innate immune profiles in matched samples 485 

collected at age one and at follow up in children with persistent or transient egg allergy. (AI-486 

IV ) Classical monocytes, non-classical monocytes, intermediate monocytes and myeloid DCs 487 

expressed as cell number per ml in matched samples at age one and follow up from children 488 

with persistent (n=14) and transient (n=22) egg allergy. (B) FACS sorted CD3- cells were 489 

cultured for 24h in the presence of media alone or LPS and production of inflammatory 490 

cytokines TNF, IL-6, IL-1β and IL-8, (CI)  Th1 inducing cytokine IL-12p70 and (CII )  491 

regulatory IL-10 were assessed in matched samples at age one and follow up from children 492 

with persistent (n=5) and transient (n=6) egg allergy. *denotes significance between groups, 493 

#denotes significance from baseline (media), *p<0.05, **p<0.01, ***p<0.001, #p<0.05, 494 

##p<0.01, ###p<0.001. 495 

Figure 5. Correlations between serum vitamin D level and immune profiles at follow up in 496 

children with persistent and transient egg allergy. (A-B) Classical monocytes and myeloid 497 

DCs at follow up in persistent (n=7) and transient (n=10) two-year-old children. A Spearman 498 

test with two-tailed p-value was performed, *p<0.05, **p<0.01. 499 

 500 

 501 
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Supplementary Figure 1. Comparison of innate parameters in egg allergic infants that had 
blood collected on a non-OFC day with egg allergic infants that had blood collected following 
OFC. No statistical difference was observed between (A) circulating innate cell subsets and (B) 
cytokine production between the post OFC blood collection and no OFC blood collection. 
 
Supplementary Figure 2. Circulating innate immune profiles in one year old egg allergic and 
non-egg allergic infants when stratified by eczema status at one year of age. (A) Classical 
monocytes, (B) non-classical monocytes, (C) intermediate monocytes, and (D) myeloid DCs 
expressed as cell number per ml in persistent egg allergic one year old infants (n=8 with eczema, 
n=6 no eczema), transient egg allergic one year old infants (n=11 with eczema, n=10 no 
eczema), and non-egg allergic infants (n=5 with eczema, n=12 no eczema).  
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supplementary Figure 1 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Supplementary Table 1. Flow cytometry antibody cocktail and dilutions.  

 

Antibody cocktail for phenotyping 
monocyte and DC subsets 

 Dilution (2X) 
HLADR BB515 1:50 
CD123 PerCPCy5.5 1:20 
CD11c PE-Cy7 1:200 
Lineage APC-H7 1:100 
CD14 V450 1:200 
CD16 BUV395 1:200 
Live/dead V500  


