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ABSTRACT 
Background: Early life factors are associated with allergic respiratory diseases, but the role of high grass pollen concentrations during pregnancy and shortly after birth is not known. 

Objective: To assess outdoor levels of grass pollen during the intrauterine period and at birth during peak pollen season on cord blood IgE in birth cohorts. 

Methods: Three birth cohorts were included: MACS, Australia; COPSAC2000, Denmark; and LISA, Germany. Cord blood IgE was categorized (<0.5 kU/L, 0.5-1 kU/L, >1 kU/L) and dichotomized (high IgE ≥ 0.5 kU/L). Birth during the grass pollen season months and cumulative exposure to outdoor grass pollen counts during pregnancy with cord blood IgE were analysed using multinomial regression and analysed in meta-analysis using binomial regression adjusted for potential confounders.
Results: Birth during the grass pollen season had higher pooled odds of cord blood IgE >0.5 kU/L 1.37 (95% CI 1.06, 1.77) in a meta-analysis with little heterogeneity between the three cohorts.  Cumulative exposure to outdoor grass pollen counts during the entire pregnancy were associated with slightly lower pooled odds but significant (OR = 0.98, 95% CI: 0.96 to 0.99).
Conclusions: Birth during grass pollen seasons were associated with increased risk of high cord blood IgE in cities from both hemispheres, but high pollen loads in the environment  during the entire pregnancy appeared protective. As IgE responses develop during the first months of life, our study findings provide new insights into the mechanisms of grass pollen exposure  at birth and shortly after on possible allergic respiratory diseases. 

 Key words:  cord blood IgE, grass pollen, in utero, allergic respiratory disease

INTRODUCTION

Globally, especially in developed countries1 allergic respiratory diseases in children are an important public health problem, and understanding the role of allergen exposure on IgE could help in managing this problem. Cord blood IgE may be important in identifying children at risk of developing allergic diseases. Although studies analysing cord blood IgE have been mixed, the majority of these studies found higher levels of IgE in cord blood in infants who go on to develop allergies in later childhood.2, 3 Understanding factors that may be associated with cord blood IgE, may help to understand the risk profile in the early life of children who are at risk of allergic diseases. 
Season of birth as a possible marker of environmental allergen exposure has been consistently associated with cord blood IgE.4 However season of birth may act as a proxy for other prenatal exposures such as ultraviolet-B5, seasonal variations in maternal nutrient intake6 or viral infections during pregnancy.7 Little is known about cord blood IgE when exposed to high levels of pollen during pregnancy. To our knowledge, only two studies have reported the effect of exposures to pollen during pregnancy and risk of allergic disease in childhood. One study reported that exposure to high levels pollen in the last 12 weeks of pregnancy was associated with increased risk of asthma hospitalisation during the first year of life.8 Another reported a trend that high exposures to birch pollen during pregnancy increased the risk of sensitization to birch pollen at 5 years of age.9
Studies including our own, have shown that outdoor pollen exposure during the first couple of months after birth is important in subsequent allergic respiratory diseases.10, 11 We hypothesized that it may also be important during the pregnancy, especially during the 2nd and 3rd trimesters where the immune system develops12 and among women with a history of allergic disease . In this analysis, using three cohorts from different countries with varying pollen seasons and distributions, we sought to investigate what role pollen concentrations in the outdoor environment have during pregnancy, at birth during months where outdoor levels of pollen peak (pollen seasons) on cord blood IgE. We specifically focussed on grass pollen as this is the predominant species with longer seasons and highest allergenic load and common to all regions included in this study. 
METHODS

Study design and population

This study was a cross-sectional analysis of data from the Melbourne Atopic Cohort Study (MACS) in Australia, Copenhagen Prospective Study of Asthma in Childhood (COPSAC2000) cohort in Denmark, and Life-style Related Factors on the Immune System and the Development of Allergies in Childhood (LISA) cohort in Germany. Details of these studies, recruitment and data collection have been described previously.13-17 All studies required written informed consent from participating parents. In general, detailed demographic, environmental and familial allergy data were obtained at birth for all birth cohorts.

Briefly, 620 babies were enrolled into MACS by recruiting pregnant women living in Melbourne, Australia between March 1990 and November 1994. Infants were eligible to be enrolled if they had at least one-first-degree family member with a history of eczema and/or asthma and/or allergic rhinitis and/or severe food allergy. Ethical approval for MACS was given by the Mercy Maternity Hospital Ethics Committee. 

COPSAC2000 recruited 411 children between 1998 and 2001 from Copenhagen, Denmark, born to mothers with a verified history of asthma. The study was approved by Copenhagen Ethics Committee and the Danish Data Protection Agency. 
LISA recruited a population based sample of 3097 healthy, term-born neonates between 1997 and 1999 from obstetric clinics in Munich, Leipzig, Wesel and Bad Honnef, Germany. Neonates displaying any of the following excluded from the study: preterm birth (maturity <37 gestational weeks), low birth weight (<2,500 g), congenital malformation, symptomatic neonatal infection, antibiotic medication, hospitalization or intensive medical care during neonatal period. In addition, newborns from mothers with immune-related diseases (autoimmune disorders, diabetes, hepatitis B), on long-term medication or who abuse drugs and/or alcohol, and newborns from parents with a nationality other than German or who were not born in Germany, were excluded. Approval was given by the Ethics Committees of the Bavarian Board of Physicians, University of Leipzig and the Board of Physicians of North-Rhine-Westphalia. Written consent from the participant’s families was obtained. A requirement for each cohort was that all children were born full-term. 

Pollen collection and measurement
Pollen data of all three study areas (Australia, Denmark, Germany) were collected using a 7-day volumetric spore trap (Burkard).18 Burkard trap for MACS was located on the roof top of the Earth Sciences building, The University of Melbourne in Melbourne. For COPSAC, the pollen trap was placed at the Danish Meteorological Institute in Copenhagen. For LISA, volumetric spore traps were located within the city limits of Bochum, Dresden and Munich on the roofs of hospital buildings or university buildings. For each city, all traps were located more than 15 metres above the ground as per standard in pollen monitoring. Airborne grass pollen grains were trapped on an adhesive surface and identified under a light microscope. The daily average grass pollen counts are expressed as pollen grains/m3 of air. High grass pollen concentrations in Melbourne appear usually between October to December. Daily pollen concentrations for grass were only available between October 1991 and January 1994 from one  pollen trap located at the University of Melbourne. Grass pollen season in all study centers of LISA were detected usually between end of April to end of August with maximum concentrations between May to June. Daily average pollen concentrations of the three pollen monitoring stations in Bochum, Dresden and Munich were used for Germany, available for the whole period of birch and grass pollen season between 1997 and 1999. The grass pollen season in Copenhagen, Denmark, was from May to August with the peak between May to June. Daily pollen data in Copenhagen were available during the pollen season for all the year of births of COPSAC2000. 
Cord blood collection and measurement

In MACS, cord blood was collected from the umbilical vein at birth. Total IgE was measured using solid-phase radio-immunoassay based on a sandwich technique, RIA Ultra kit (Pharmacia, Uppsala, Sweden), with a detection limit of 0.5 kU/L. Cord blood also measured for IgA using low-level IgA radial diffusion plates (Behring AG, Germany), samples with IgA levels more than 32 μg/L were considered as contaminated by maternal IgE and removed from analysis.19
In COPSAC2000, cord blood was collected by needle puncture of the umbilical cord vein. Total IgE level was measured via ImmunoCAP assay (Phadia AB, Uppsala, Sweden) with a very low detection limit 0.1 kU/L. Total IgA was analysed using ELISA assay with a very low level detection limit 0.1 μg/L (analysed by Phadia AB). Samples with IgA levels > 50 μg/L were considered as contaminated by maternal IgE and removed from the analysis.20
In LISA, cord blood samples were collected during recruitment in maternity wards as described previously.16 Total-serum IgE was determined with the Pharmacia system (neonate IgE kit; Pharmacia, Freiburg, Germany). The limit of detection was 0.35 kU/L. IgA was also determined to exclude cord blood contaminated by the mothers’ blood.16, 19 No single IgA level exceeded the cut-off point of 32 μg/L.
Definition of outcomes/exposures for statistical analysis

Outcome definitions
We defined IgE levels based on three cutoffs: low (<0.5 kU/L), moderate (0.5 to 1 kU/L), and high (>1 kU/L). We used 0.5 kU/L as the limit for lowest group because this was a frequent cut-off level in previous studies to detect IgE in newborns21-24 and it was also the highest detection limit among all cohorts in this study. We used 1.0 kU/L as the limit for highest group as it was the highest IgE level used in previous studies to detect IgE in newborns.25,26 
We also dichotomized IgE levels into low (<0.5 kU/L) and high (≥0.5 kU/L) to be used for the meta-analysis.
Exposure definitions
We defined grass pollen exposure in multiple ways: First, we defined pollen exposures as being born inside or outside pollen season where pollen season was defined as months where the grass pollination occurs in each region. For example, in Melbourne the main flowering period for the grasses is from October to December. Born inside refers to the child being born during this pollen season period. We also then analysed those born in months of the pollen season. Second, we defined the variable, cumulative grass pollen measurements during entire pregnancy, as a continuous measurement where we summed the daily grass pollen measurements corresponding to the pregnancy months of the child’s mother. We then divided the amount by 100 to get the effect of an increase of 100 grains/m3 grass pollen exposure during the whole pregnancy. 
Potential confounders/effect modifiers
We used mother’s age, history of hayfever and smoking during pregnancy, parent’s socioeconomic status and infant’s birth weight as adjustments in the regression analysis. For MACS, history of hayfever was defined as mother reporting currently or ever having hayfever, and smoking history was defined as currently smoking, or smoking in the last 3 months or in the last 6 months during pregnancy. Parent’s socioeconomic status was comprised of mother’s education, father’s education, and father’s occupation. Infant’s birth weight data in MACS was not available instead we used infant’s weight at 4 weeks age. In LISA, mother’s history of allergy was defined as ever having asthma, eczema or hay fever. Smoking history  was defined as ever smoking during the third trimester of pregnancy. Parent’s socioeconomic status was represented by mother’s education in LISA cohort. As LISA was a multi-centre study, the study centres were considered as covariates in the models. Mothers history of hayfever in COPSAC2000 was defined as history of doctor diagnosed hayfever. Symptoms were typically defined as significant problems with sneezing, blocked or runny nose in periods outside the common cold or flu and upon relevant exposure to a known allergen. Smoking history for COPSAC2000 was defined as smoking ≥1 cigarette/week during the third trimester of pregnancy. Mother’s education and father’s education represented socioeconomic status in COPSAC2000. 
Statistical analysis

We used multinomial logistic regression for the three level cord blood IgE outcome. Results were presented as crude and adjusted relative-risk ratios (RRR) with corresponding 95% confidence intervals (CI). We used logistic regression for dichotomized cord blood IgE  ( > 0.5 kU/L) as estimates from these models were required for the pooled meta-analysis. These  results were presented as crude and adjusted odds ratios (OR) with corresponding 95% CI. 
All statistical analyses were performed locally in each study centre. Cohort-specific effect sizes from a binary regression analysis were later meta-analysed for pollen season of birth and cumulative pollen exposures during pregnancy using inverse variance weighted random-effect models. I2 statistics were calculated for statistical heterogeneity among studies. All analysis was performed in Stata™ version 14.2 (StataCorp, Texas, TX, USA). In LISA, analysis was performed in R version 3.3.2 (R Core Team (2016))27 using the function multinom from the package nnet for the multinomial regression models.28
RESULTS
In MACS, cord blood samples were available for 69% of participants. Although 
mothers with cord blood samples were slightly older than those without, there were no differences in the distribution of hayfever history, smoking history, or season of delivery between mothers with and without cord blood samples. Cord blood samples were available for 64% of all LISA participants. Those mothers without cord blood samples available were significantly older and more likely to ever have allergy (asthma, eczema or hay fever/rhinitis), but there was no difference in the prevalence of smoking during pregnancy. Cord blood samples were available for 49% of all COPSAC2000 participants. There was no difference between the mothers with and without cord blood samples with regards to age, allergy (all mothers had asthma), smoking during pregnancy or season of delivery.
The characteristics of each study cohort with available cord blood data are detailed in Table 1. Maternal age was similar across the three cohorts.  As high risk cohorts, MACS and COPSAC2000 had a high prevalence of maternal hayfever (60 and 74% respectively), while being population based LISA had the lowest prevalence (34%). 

Revised Table 1. Characteristics of study participants from each cohort with available cord blood data 
	
	No (%) or Mean (SD)

	
	MACS

(n=429)
	LISA

(n=1968)
	COPSAC2000
(n=200)

	Mother’s age (mean (SD))
	31 (4)
	31 (5)
	30 (4)

	Mother’s history of hayfever 
(No (%))
	256 (60)
	653 (34)
	148 (74)

	Mother’s history of smoking during pregnancy (No (%))
	39 (7)
	205 (11)
	25 (13)

	Mother’s education in year (mean (SD))

Mother’s education (No (%))

· Low

· Medium

· High
	13 (2)
	196 (10)

805 (42)

938 (48)
	

	Mother’s education

· Elementary or college

· Medium

· University
	
	
	220 (58)

104 (27)

58 (15)

	
	
	
	

	High IgE

· Low IgE (<0.5 kU/L)

· High IgE (≥0.5 kU/L)
	326 (76.0)

103 (24.0)
	1528 (78)

440 (22)
	160 (80)

40 (20)

	IgE as three levels (No (%))

· Low (<0.5 kU/L)

· Intermediate (0.5-1 kU/L)

· High (>1 kU/L)
	326 (76.0)

49 (11)

54 (13)
	1528 (78)

196 (10)

244 (12)
	160 (80)

17 (9)

23 (11)


Revised Table 2. The number of births during the pollen season and cumulative exposure to grass pollen exposure during the mother’s entire pregnancy for each cohort

	
	MACS

(n=429)

No (%)
	LISA

(n=1968)

No (%)
	COPSAC2000
 (n=200)

No (%)

	Born in the pollen 
season 
Months corresponding to birth during the pollen season
· Month 1

· Month 2

· Month 3

· Month 4

· Month 5

· Month 6
	307 (71)

51 (12)

39 (9)

32 (8)
	666 (34)

136 (7)

149 (8)

156 (8)

225 (11)
	101 (51)

9 (4)

11 (5)

21 (11)

21 (11)

8 (4)

29 (14)

	Grass pollen during pregnancy, Mean (SD)
	47.2 (26.1)
	9.6 (5.9)
	19.7 (10.4)


Notes: 

For MACS: month 1 was October, month 2 was November, and month 3 was December. For LISA: month 1 was April, month 2 was May, month 3 was June, month 4 was July. For COPSAC2000: month 1 was March, month 2 was April, month 3 was May, month 4 was June, month 5 was July, month 6 was August.

Grass pollen measurement was in 100 grains/m3
The prevalence of children born in the pollen season was highest in MACS,  followed by LISA and COPSAC2000 (Table 2). The mothers of children in MACS had the highest exposure of grass pollen during the entire pregnancy, almost five times that of  children in LISA and more than double that of COPSAC2000 (Table 2).
In MACS, birth during the grass pollen season was associated with high cord blood IgE > 1 kU/L in a multinomial analysis (RRR=2.48, 95%CI: 1.38, 4.48) (Supplementary table 1). In particular, birth during October was associated with high cord blood IgE > 1 kU/L (3.03, 95%CI: 1.41, 6.52) and birth in December was associated with cord blood IgE > 1 kU/L (2.78, 95%CI: 1.09, 7.11). In LISA, birth in the first month of the pollen season was associated with increased risk  of high cord blood IgE > 1 kU/L (2.05, 95%CI: 1.26, 3.33). 
Adjusted analysis in MACS showed a stronger effect than in the crude analysis (Table 3), as birth in the grass pollen season was associated with IgE > 1 kU/L (RRR=3.01, 95%CI: 1.58, 5.73). Birth in October and December was also associated with increased -risk of IgE > 1 kU/L (3.61, 95%CI: 1.59, 8.17 , 4.10, 95%CI: 1.50, 11.24 respectively). In adjusted analysis, an April birth in LISA was associated with cord blood IgE > 1 kU/L (2.03 , 95%CI: 1.24, 3.31). There were no significant associations in the adjusted analysis of the COPSAC2000 cohort. Cumulative exposure to grass pollen in mothers during the entire pregnancy was associated with a slightly reduced risk for high cord blood IgE in MACS (0.97, 95%CI: 0.95, 0.99) and in LISA (0.96 [95%CI: 0.93, 0.99]) but not in the COPSAC2000 cohort (Table 3).

Revised Table 3. Adjusted effects of birth in pollen seasons and grass pollen exposure on cord blood total IgE

	Cohort
	n
	Exposure
	High IgE

(<0.5 kU/L as ref)

OR (95% CI)
	p
	Multinomial IgE (<0.5 kU/L   as ref)

	
	
	
	
	
	0.5-1 kU/L  

RRR (95% CI)
	p
	>1 kU/L  

RRR (95% CI)
	p

	MACS
	403
	Born in grass pollen season
	1.91 (1.16, 3.15)
	0.01
	1.19 (0.59, 2.42)
	0.62
	3.01 (1.58, 5.73)
	<0.01

	
	403
	Born in grass pollen months

· Oct

· Nov

· Dec
	2.24 (1.16, 4.35)

1.19 (0.51, 2.80)

2.42 (1.06, 5.48)
	0.01

0.68

0.03
	1.35 (0.52, 3.52)

0.82 (0.23, 2.89)

1.48 (0.46, 4.74)
	0.54

0.75

0.51
	3.61 (1.59, 8.17)

1.70 (0.58, 5.4.97)

4.10 (1.50, 11.24)
	<0.01

0.33

<0.01

	
	169
	Total grass pollen during pregnancy
	0.98 (0.97, 0.99)
	0.02
	1.00 (0.98, 1.01)
	0.64
	0.97 (0.95, 0.99)
	<0.01

	LISA
	1797
	Born in grass pollen seasons
	1.25 (0.99, 1.58)
	0.06
	1.34 (0.97, 1.85)
	0.07
	1.18 (0.87,1.59)
	0.29

	
	1797
	Grass pollen month birth

· April

· May

· June

· July
	1.59 (1.05, 2.43)
1.35 (0.89, 2.03)

1.16 (0.76, 1.76)

1.08 (0.75, 1.54)
	0.03

0.15 

0.49

0.68
	1.07 (0.55, 2.09)

1.55 (0.90, 2.66)

1.19 (0.66, 2.12)

1.45 (0.93, 2.28)
	0.83

0.12

0.56 

0.10
	2.03 (1.24, 3.31)
1.19 (0.7, 2.04)

1.14 (0.67, 1.94)

0.77 (0.46, 1.29)
	<0.01

0.52

0.64

0.32

	
	1797
	Total grass pollen during pregnancy
	0.96 (0.94,0.99) 
	<0.01
	0.96 (0.93, 0.99)
	0.03
	0.96(0.93,0.99)
	0.02

	COPSAC2000
	
	Born in grass pollen seasons
	1.21 (0.49, 2.80)
	0.67
	1.23 (0.31, 4.00)
	0.76
	1.11 (0.33, 3.28)
	0.86

	
	
	Grass pollen month birth

· March

· April

· May

· June

· July

· August
	0.67 (0.03, 4.35)

2.49 (0.58, 9.63)

0.92 (0.23, 3.00)

1.26 (0.36, 3.89)

0.70 (0.09, 3.81)

0.47 (0.12, 1.44)
	0.72

0.19

0.90

0.70

0.70

0.22
	N/A

2.44 (0.30, 14.0)

1.41 (0.19, 6.88)

0.78 (0.10, 3.92)

N/A

0.54 (0.07, 2.52)
	0.34

0.69

0.78

0.47
	1.74 (0.08, 13.4)

3.43 (0.44, 18.9)

0.64 (0.09, 3.07)

1.54 (0.30, 6.33)

0.71 (0.07, 4.71)

0.35 (0.05, 1.59)
	0.64

0.18

0.62

0.57

0.74

0.22

	
	
	Total grass pollen during pregnancy
	0.97 (0.94; 1.00)
	0.08
	0.97 (0.92; 1.02)
	0.23
	0.97 (0.93; 1.01)
	0.15


Model adjustments:

· Mother’s age, mother’s education, father’s education, father’s occupation, mother’s history of hayfever, mother’s history of smoking during pregnancy and infant’s weight at 4 weeks age for MACS.

· Mother’s age, mother’s history of allergic disease, mother’s history of smoking in pregnancy, mother’s education, and study centers in LISA. In LISA models, study center was adjusted as a covariate as mixed effects models showed no difference in estimated effect sizes or p values.

· Mother’s age, mother’s education, father’s education, mother’s history of hayfever, mother’s history of smoking during pregnancy, and infant’s birth weight in COPSAC2000.

A meta-analysis of all three cohorts and pollen season of birth indicated significantly higher odds of having high cord blood IgE compared to birth outside the grass pollen season (OR = 1.37, 95%CI: 1.06 to 1.77). There was no significant heterogeneity (I2 = 14%, p=0.31), suggesting little variation between the three studies (Figure 1). The pooled odds of cumulative exposure to grass pollen in mothers during their entire pregnancy and cord blood IgE (≥ 0.5 kU/L) was slightly lower odds but significant (OR = 0.98, 95% CI: 0.96 to 0.99). The meta-analysis for this also found no significant heterogeneity (I2 = 13.5%, p=0.31) (Figure 2). 
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Figure 1. Forest plot of associations between being born during grass pollen seasons and cord blood IgE (≥ 0.5 kU/L). Estimates are expressed as adjusted odds ratios (ORs) and 95% confidence intervals (CIs; pooled using a random-effects meta-analysis). 
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Figure 2. Forest plot of associations between cumulative exposure to outdoor grass pollen in mothers during their entire pregnancy and cord blood IgE (≥ 0.5 kU/L). Estimates are expressed as adjusted odds ratios (ORs) and 95% confidence intervals (CIs; pooled using a random-effects meta-analysis).

As a sensitivity analysis, we redid the meta-analysis using only the MACS and COPSAC2000 cohorts as both were high risk. We also redid the analysis only including mothers with a history of allergic disease in LISA. Results remained the same but became slightly stronger (Supplementary Figure 1, 2, 3 and 4).
DISCUSSION
This is the first study of three birth cohorts from three different countries (Australia and two in Europe) to show evidence of a pooled association between birth in grass pollen seasons and high cord blood IgE, with no evidence of heterogeneity between studies. Birth during the first month of the high grass pollen season seemed important for MACS and LISA. In Australia, cord blood IgE was higher in infants born in October (Southern spring).  In Denmark and Germany cord blood IgE appeared to be higher in those born around April respectively. The estimated effect sizes were stronger in MACS, but the trends and significance level were consistent with LISA. COPSAC2000 estimates also tended towards the same direction but not significant. Although birth in the entire pollen season was not significant, levels for individual months seemed to be significant. However, this needs to be interpreted with caution as power is much lower to detect associations and less reliable than the data sets as a whole. 
There was some evidence that cumulative outdoor grass pollen exposure in mothers during their entire pregnancy maybe protective, but this was borderline significant in a pooled meta-analysis. It is possible that the third trimester could be the development of a sensitisation barrier to other environmental factors (sensitisation hypothesis). However, this is not the case when they are born during the high grass pollen seasons. This possible inverse effect indicates that season is independent of grass pollen suggesting exposure to other environmental factors may be important. It is also possible that infants born at the start of spring would have been carried through winter, and low maternal vitamin D was influencing the estimated effects. We do not have maternal vitamin D measurements to test this directly.
It is also possible that we are observing an effect of pollen exposure on sensitised mothers resulting in increased IgE at the start of the pollen season. As the season progresses, the immune response may lessen. Any possibility that there is a higher effect in MACS could be attributed to more pollen sensitised mothers, due to the location and sampling frame. Maternal pollen sensitization was not available in MACS. In the MACS analysis, birth in December (usually the last month of the pollen season) also had increased odds of >1 kU/L which could partly be explained by the high pollen load in December during the study period (3 to 4 times the total pollen load occurred in December compared to November in 1992 and 1993).
No studies to date have investigated the association between birth during any pollen season and cord blood IgE level. Therefore, we compared our results with two previous studies that examined the distribution of high cord blood IgE level only in each month of birth with no data on pollen concentrations. A study of 1,652 children in Sweden reported that children born in grass pollen season, around June to August, had a slightly higher cord blood IgE levels, but this association was not significant (OR 1.03, 95%CI: 0.74, 1.45).29  Another study of 5,353 children in Belgium showed that children born in grass pollen season, mid-May to mid-July, had higher odds of  high cord blood IgE levels compared to children born in the rest of the year, although not significant (OR 1.21, 95%CI: 0.88, 1.66).24 These results are consistent with another study finding from LISA cohort on impact of prenatal exposure to indoor allergens derived from mites and cats.16 Increased maternal exposure to these indoor allergens during pregnancy showed increased odds for elevated total IgE in cord blood of offsprings. However, high pollen loads in the outdoor environment during pregnancy in this multicenter study were associated with lower cord blood IgE in both the Australian and the German cohorts but these were not significant in a pooled meta-analysis of cohorts. 
There are several strengths in our analysis. First, we included cord blood IgE data from three birth cohorts in both hemispheres to investigate the consistency of the role of birth during a pollen season and high pollen loads in the outdoor environment in utero. Second, all three cohorts used the same assay manufactured by Pharmacia which increased the reliability of the cord blood IgE measurement although COPSAC used a more sensitive assay with a different cutoff for IgA. We used the same levels for IgE categorization. Third, we removed suspected contaminated samples from our analysis, so our results were specific for fetal IgE and minimized the possibility of maternal IgE contaminated cord blood.
Some limitations also need to be considered in interpreting our results. MACS and COPSAC2000 recruited high-risk children (defined as having at least one family member with asthma and/or allergies), while LISA was a general population sample, it may not be representative and hence, generalisability may be limited. We did however conduct additional analysis by adjusting for maternal education and found that this adjustment did not substantially change the observed associations. Although there were different dominant pollens in each birth cohort, grass was still considered an important species in each country. However, we still cannot exclude overlapping of other aeroallergens in the atmosphere (such as other pollens) which may be different across the study settings and therefore may play a role. Only MACS and LISA had pollen measurements for the entire year of birth, so children from COPSAC2000 born outside of the pollen seasons did not contribute to the findings. In addition, we acknowledge the complexity in defining the pollen exposure, especially during the mother’s entire pregnancy and interpreting these effects and birth during months where pollen peaked was somewhat challenging. 

Although the cut points used for IgE levels are somewhat arbitrary the aim was to be consistent with other published studies assessing risk and cord blood IgE. We did not have other data on maternal environment, such as level of vitamin D during pregnancy, that might have affected cord blood IgE levels.30 While we have adjusted for a range of factors associated with cord IgE level, we cannot exclude the possibility of residual confounding, particularly by environmental exposures that vary across seasons, such as pollution. In MACS and COPSAC2000 we did not have data on the time women spent indoors or outdoors during their pregnancy. Although some of the centers participating in the LISA cohort did collect some of this data it is incomplete and therefore adjustments for time spent outdoor could not be performed. The low sampling proportions from each cohort with available data on cord blood IgE makes our study vulnerable to sampling bias. However, there was little difference in characteristics between participants with/without cord blood data from each cohort. 
In summary, this is the first analysis of three birth cohorts from both hemispheres to show that a pooled effect of birth during high grass pollen seasons were associated with increased risk of high cord blood IgE. On the other hand, exposure to high pollen loads in women during their entire pregnancy seemed protective  Although the link between cord blood IgE and subsequent allergic respiratory diseases is still unproven, IgE responses develop during the first months of life.  Therefore, our study findings provide new insights into the mechanisms of exposure during the first year of life and possible subsequent allergic respiratory diseases. 
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Revised Supplementary Table 1. Crude effect of birth in grass pollen seasons and grass pollen exposure on cord blood total IgE

	Cohort
	Exposure
	High IgE
(<0.5 kU/L as ref)

OR (95% CI)
	p
	Multinomial IgE (<0.5 kU/L   as ref)

	
	
	
	
	0.5-1 kU/L  

RRR (95% CI)
	p
	>1 kU/L  

RRR (95% CI)
	p

	MACS
	Born in grass pollen seasons
	1.68 (1.05, 2.70)
	0.03
	1.04 (0.53, 2.06)
	0.91
	2.48 (1.38, 4.48)
	<0.01

	
	Grass pollen month of birth

· Oct

· Nov

· Dec
	2.03 (1.07, 3.84)

1.12 (0.51, 2.47)

1.95 (0.89, 4.25)
	0.03

0.79

0.09
	1.22 (0.48, 3.12)

0.67 (0.20, 2.32)

1.28 (0.42, 3.94)
	0.68

0.53

0.67
	3.03 (1.41, 6.52)

1.67 (0.64, 4.35)

2.78 (1.09, 7.11)
	<0.01

0.29

0.03

	
	Total grass pollen during pregnancy
	0.99 (0.98, 1.00)
	0.06
	1.00 (0.98, 1.02)
	0.94
	0.98 (0.96, 0.99)
	0.01

	LISA (n=1968)
	Born in grass pollen seasons
	1.24 (0.99, 1.55)
	0.06
	1.37 (1.01, 1.86)
	0.04
	1.15 (0.86, 1.52)
	0.35

	
	Grass pollen month birth

· April

· May

· June
· July
	1.52 (1.02, 2.26)
1.32 (0.89, 1.95)

1.16 (0.78, 1.72)

1.10 (0.79, 1.55)
	0.04
0.17
0.47
0.57
	1.09 (0.58, 2.05)

1.69 (1.02, 2.81)

1.19 (0.68, 2.08)

1.44 (0.93, 2.23)
	0.80
0.04
0.54
0.10
	1.84 (1.16, 2.93)
1.04 (0.61, 1.77)

1.13 (0.69, 1.86)

0.85 (0.53, 1.36)
	0.01

0.88
0.63
0.49

	
	Total grass pollen during pregnancy
	0.96 (0.94,0.99)
	<0.01
	0.96 (0.93, 0.99)
	0.01
	0.97 (0.94, 1.00)
	0.03

	COPSAC2000
	Born in grass pollen seasons
	1.12 (0.46, 2.50)
	0.80
	1.18 (0.32, 3.30)
	0.78
	1.07 (0.33, 2.91)
	0.90

	
	Grass pollen month birth

· March

· April

· May

· June

· July

· August
	0.51 (0.03, 3.00)

2.31 (0.56, 8.47)

0.95 (0.25, 2.92)

1.27 (0.38, 3.68)

1.35 (0.19, 6.38)

0.65 (0.18, 1.91)
	0.53

0.21

0.94

0.68

0.73

0.47
	N/A

2.57 (0.35, 12.8)

1.06 (0.15, 4.59)

1.13 (0.16, 4.90)

N/A

0.72 (0.11, 3.03)
	0.28

0.95

0.89

0.69
	0.92 (0.05, 5.76)

2.10 (0.29, 10.1)

0.87 (0.13, 3.62)

1.38 (0.29, 5.04)

2.45 (0.33, 12.3)

0.59 (0.09, 2.39)
	0.94

0.39

0.86

0.65

0.31

0.51

	
	Total grass pollen during pregnancy
	0.97 (0.94, 1.01)
	0.411
	0.97 (0.93, 1.02)
	0.25
	0.97 (0.94, 1.02)
	0.21


LISA is adjusted for study center as it is a multi-center study (Munich, Wesel, Leipzig, and Bad Honnef).

Supplementary Table 2. Crude and adjusted effects of birth in the pollen seasons and grass pollen exposure during pregnancy on cord blood total IgE in LISA infants whose mother had a history of allergic disease

	
	Exposure
	High IgE

(<0.5 kU/L as ref)

OR (95% CI)
	p
	Multinomial IgE (<0.5 kU/L   as ref)

	
	
	
	
	0.5-1 kU/L  

RRR (95% CI)
	p
	>1 kU/L  

RRR (95% CI)
	p

	Crude (n=653)
	Born in pollen seasons
	1.12 (0.78, 1.61)
	0.55
	0.86 (0.51, 1.45)
	0.57
	1.36 (0.87, 2.13)
	0.18

	
	Grass pollen month birth

· April

· May

· June

· July
	1.49 (0.81, 2.74)

0.84 (0.43, 1.66)

1.11 (0.57, 2.13)

1.10 (0.63, 1.91)
	0.20
0.62
0.76
0.74
	0.34 (0.08, 1.48)

0.73 (0.28, 1.96)

0.83 (0.31, 2.22)

1.27 (0.63, 2.56)
	0.15
0.54
0.71
0.50
	2.53 (1.31, 4.31)

0.93 (0.40, 2.20)

1.36 (0.62, 2.98)

0.93 (0.43, 2.00)
	0.01

0.88
0.45
0.85

	
	Total grass pollen during pregnancy
	0.96 (0.93, 1.00)
	0.06
	0.99 (0.94, 1.05)
	0.72
	0.95 (0.90, 0.99)
	0.02

	Adjusted (n=615)
	Born in pollen seasons
	1.21 (0.83, 1.75)
	0.33
	0.86 (0.50, 1.48)
	0.59
	1.56 (0.87, 1.59)
	0.29

	
	Grass pollen month birth

· April

· May

· June

· July
	1.94 (1.03, 3.68)

0.84 (0.41, 1.72)

1.16 (0.6, 2.25)

1.12 (0.64, 1.98)
	0.04

0.64

0.66

0.70
	0.42 (0.10, 1.82)

0.59 (0.20, 1.75)

0.82 (0.31, 2.22)

1.31 (0.64, 2.66)
	0.24
0.34
0.70
0.46
	3.62 (1.79, 7.31)

1.09 (0.46, 2.61)

1.54 (0.69, 2.43)

0.91 (0.40, 2.05)
	<0.01

0.84
0.29
0.81

	
	Total grass pollen during pregnancy
	0.95 (0.92, 0.99)
	0.01
	0.99 (0.93, 1.05)
	0.68
	0.92 (0.88, 0.97)
	<0.01


LISA is adjusted for study center as it is a multi-center study (Munich, Wesel, Leipzig, and Bad Honnef) for crude effect. Adjusted for mother’s age, mother’s history of smoking in pregnancy, mother’s education, and study centers in LISA. In LISA models, study center was adjusted as a covariate as mixed effects models showed no difference in estimated effect sizes or p values for adjusted effect.
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Supplementary Figure 1. Forest plot of born in pollen season effect on cord blood IgE (MACS and COPSAC2000 only)
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Supplementary Figure 2. Forest plot of pollen exposure during pregnancy effect on cord blood IgE (MACS and COPSAC2000 only)
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Supplementary Figure 3. Forest plot of born in pollen season effect on cord blood IgE (LISA only included mother with allergy history)
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Supplementary Figure 4. Forest plot of pollen exposure during pregnancy effect on cord blood IgE (LISA only included mother with history allergy)

�We need to add how many have cord blood IgE data n=


�N=429 of cord blood but for the exposure during trimester we only have it for n=170.. 


�In LISA, this is maternal allergy but not only hayfever


�Add the actual sample size for grass pollen exposure during pregnancy in the footnote


�The pollen season definition was not specifically for grass pollen


�Sample size needs to be revised
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